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WELCOME MESSAGE

It is our pleasure to publish the Book of Abstracts of the 12th
international conference of the International Ecological Engineering
Society “Closed cycles and the Circular Society 2023: The power of
ecological engineering”, organized in Chania, Greece between 1-5
October 2023.

Our Laboratory of Environmental Engineering and Management at the
Technical University of Crete was honoured to host and organize this
event in Chania on the island of Crete and bring the conference series
in Greece for the very first time.

This conference is special for our Society as it marks the 30th
anniversary since the foundation of the IEES in 1993!

It is now the time and our wish to deliver and spread the message of
redefining the ecological engineering discipline and communicate our
vision of an ecology-inspired engineering, as declared in our Manifesto
of Ecological Engineering.

In this booklet you will find useful information about the conference
such as:
v/ The structure of the conference program, following
the session titles
v All conference abstracts, presented in a way that follows
the conference format

The Book of Abstracts is available on the conference website

http://www.iees.tuc.gr/



http://www.iees.tuc.gr/

CONFERENCE CHAIRS

Asst Prof Dr Alexandros Stefanakis

President of the International Ecologjcal
Engineering Society

Dr Andreas Schoenborn is Lecturer and
Researcher at the Institute of Natural Resource
Sciences, School of Life Sciences and Facility
Management, Zurich University of Applied
Science - ZWACH in Switzerland. He is also Head
of the Ecological Engineering Group.
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Andreas Schonborn,
Zurich University of Applied Sciences, Switzerland

Glenn Dale,
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Raffael Kanzig,
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ALEXANDROS STEFANAKIS, Assistant Professor
ELISSAVET KOUKOURAAI, Teaching and Laboratory Assistant
PANAGIOTIS REGOUZAS, PhD Student

IOANNIS ASIMAKOULAS, PhD Student

IOANNIS MOUKAZIS, PhD Student

ELAINE JACINTO, Secretariat

DIMITRA MOSCHOGIANNI, Undergraduate Student

ANNA VETSOU, Undergraduate Student

EIRINI ATHANASIADOU, Undergraduate Student
KONSTANTINOS PARAGIOUDAKIS, Undergraduate Student
FOUSKA VIRGINIA, Undergraduate Student

KETSITZI THEODORA, Undergraduate Student
THALASSELIS PANAGIQTIS, Undergraduate Student
FRANTZESKOU MARIA, Master Student

DAFNI FLORIDI, Erasmus Undergraduate Student
ODYSSEAS POTAGAS

Use of ecological elements and ecosystems to reduce pollution

Use of ecosystems in a circular society

Circular design and integrated planning approaches for increased resiliency
Resource recovery and reuse

Climate change, green and just transition, and carbon neutrality: the role of
ecological engineers

Regenerative agriculture

Ecological Engineering and the mining industry

Ecological Engineering Education
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IEES

THE INTERNATIONAL ECOLOGICAL
ENGINEERING SOCIETY
https://iees.ch

The IEES was founded in 1993, with the
idea to bring together experts and conduct
Ecological Engineering activities within an
international society.

IEES is a non-profit organization seeking
to promote and advance a broad view of
Ecological Engineering (working definition
of IEES) through:

2. Exchange

Promote the exchange between scientific
and educational organizations, enterprises,
and (non-) governmental organizations

1. Connect

Facilitate and improve the cooperation
between ecologists, engineers and other
scientific fields

3. Educate
Support the development of a common
Ecological Engineering curriculum

4. Promote
Raise the awareness of Ecological Engineer-
ing practice worldwide



OUR HISTORY

The idea to bring together experts and conduct Ecological Engineering
activties within an international society was born at the 1st Conference on
Ecological Engineering in Stensund, Sweden in 1991,

The Stensund Ecological Center with its ‘Vattenbruket, a Wastewater
Aquaculture greenhouse demonstrating Ecological Engineering principles of
closed nutrient cycles served as a unique crystallization point.

Two years later, in October 1993 the society was officially founded in Utrecht,
Netherlands by thirteen engaged participants. The first annual meeting was
held in June 1994 in Stangvik, Norway. Since then the network has been
spanning widely around the globe with its headquarter today located in
Switzerland at ZHAW Wadenswil.

IEES BOARD (2023 - TODAY)

Asst. Prof. Dr ALEXANDROS STEFANAKIS
Greece, President

Asst. Prof. Dr DAVID FINGER
Iceland, Vice-President

Mr RAFFAEL KANZIG
Switzerland, Treasurer
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OUR MANIFESTO OF ECOLOGICAL
ENGINEERING

https://iees.ch/our-manifesto/

The planetary ecosystem today faces significant environmental
challenges, such as climate change and the unsustainable
use of resources that may have disastrous and irreversible
impacts at local and global scale.

These threats to the very existence of our global society
indicate that we urgently need new approaches to deal with
these rising challenges.

In order to cope with these, we need to fundamentally change
the way we think, the way we approach modern environmental
problems and the way we make decisions and develop
solutions.

We are dealing with multi-dimensional, complex and
interrelated issues, which render ineffective the conventional
one-dimensional linear, technology-focused approach to
problem-solving.




Engineering and ecology have crucial roles to play in solving many of these
global issues. For this, a new design paradigm for engineering is now a
necessity to support the transition to a truly sustainable society.

We are convinced that systems thinking is the first critical step towards the
development of new holistic and interdisciplinary engineering solutions at all
scales.

We are convinced that an ecology-inspired approach to engineering provides
answers to these challenges.

We view the inherent value of nature as part, not only of future solutions, but
also of the design process itself.

Ecological engineering integrates ecological principles, processes, and
organisms with the existing engineering practice, forming a new, holistic
approach for problem-solving.

Ecological engineering reshapes
engineering solutions, nat just to minimize
waste output but to design out waste,
restore the ecological functions and
eliminate the unwanted impact of all
processes and interventions.

Ecological engineering adopts circularity
in problem-solving methodology by re-
establishing cycles of materials to deal
with resource scarcity.

Ecological Engineers view nature as
an inspiration and model to develop
and expand the nature-based toolbox,
using ecosystem services and renewable
resources.

Ecological Engineers work with nature for

the benefit of society and the environment
and see people and civil society as an
integral part of this new problem-solving
approach.

As an independent worldwide group
of professional engineers and scientists,
Ecological Engineers work to create a more
resilient, sustainable and equitable global
ecosystem for all.

We address this call to the global community
for a change to make the world a better and
safer place through awareness and action
in ecological engineering for environmental
resilience, social responsibility and
sustainable development.
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IEES 2023 PROGRAM

Sunday 1 Oct Grand Arsenal (Chania old port)
17:30 Registration desk open
18:00 - 20:00 Welcome reception
O = Oral presentation: 10 min talk + 4 min Q&A + 1 min buffer (Speaker change)
F = Flash Oral presentation: 4 min talk + 1 min buffer (Speaker change)
Monday 2 Oct IMPERIAL MAIN HALL |IMPERIAL ROOM 1 |IMPERIAL ROOM 2

08:00 - 09:00 Registration (lobby area)

PLENARY SESSION |

Chair: Al dros Stefanakis

09:00 - 09:15 CONFERENCE OPENING AND WELCOME

Alexandros Stefanakis, IEES President
09:15 - 09:30 WELCOME MESSAGES
Professor Michalis Zervakis (TUC Rector)
loannis Malandrakis (Mayor of Platanias Municipality)
09:30 - 10:15 KEYNOTE: Nature-based Solutions for Wastewater Treatment and
Application of Circular Economy strategies
Fabio Masi (Iridra Srl, Italy)
10:15 - 10:45 Coffe break (lobby area) Q
Session A1: Circularity in the built environment Session A2: Social dimension of NBS Session A3: Resource recovery from water
Chair: Mateus Dina & Schubert Hendrik Chair: Pagano Alessandro & Johannes Heeb Chair: Raffael Kinzig + Gajl k gdal
10:45 - 11:00 (0-099) A spatial perspective on circular economy and the construction (0-030) Methodological approach for assessing the effectiveness of co- (0-040) Production and recovery of orthophosphate from phosphonate-
sector within Flanders (Belgium) creation processes of Nature-based solutions: The case-study application of  [contaminated wastewater combining ozonation and ultraviolet advanced oxidation
CLEVER Cities project. processes
Pisman Ann (Belgium) Mahmoud Israa (Italy) Ji Yuxian (Belgium)
11:00 - 11:15 (0-021) Valorisation of the stabilized organic fraction of mixed municipal |(0-112) Why there are not more Nature-Based Solutions implemented in (0-119) Framework elaboration for the development of hybrid modelling for
waste as building materials within a circular economy European cities: A Stakeholder Analysis resource recovery from municipal wastewater and impact mitigation in Gotland/SE
(R)
Santos Michael M. (Portugal) Pineda-Martos Rocio (Spain) Francisco Erika Cristina (Sweden)
11:15-11:30 (0-014) Formalising the temporal aspect of timber component reusability |(0-087) The use of Participatory System Dynamics Modelling to support (0-044) Exploring the potential of cyanobacterial microbiomes for sustainable
in a circular construction indicator ‘Nexus doing’: preliminary results from the Koiliaris (Greece) case study bioproducts
Anastasiades Kostas (Belgium) Pagano Alessandro (ltaly) Joan Garcia (Spain)

11:30- 11:45 (0-135) Waste to construction: A novel Hempcrete product research (0-152) Multi-criteria tool for Nature-based Solutions and Bioeconomy (0-048) Electrocoagulation flotation treatment technology in perspective of resource
practices selection towards WEFE Nexus implementation: the case of Tinos recovery and reuse of municipal wastewater in different regions of the world
island

Meir Isaac (Israel) Tsatsou Alexandra (Greece) Hassan Nazia (Belgium)
11:45 - 12:00 (0-096) Why edible cities? (0-163) Tiganokinisi: social innovation though the collection and recycling of |(0-134) Sidestream sulphide-driven denitrification as robust solution to enable
domestic used cooking oil in Cyprus resource recovery in a large-scale industrial WWTP

Regelsberger Martin (Austria) Petsa Demetra (Cyprus) Polizzi Cecilia (Italy)
12:00 - 12:05 (F-016) Plant-based biocides for the sustainable conservation of built

heritage — Field experiments

Mateus Dina (P_ortu.gal) - - - (0-009) Combining public participation, participatory design and Al to (0-069) Recovery of resources and generation of valuable products from municipal
12:05 - 12:10 (F-034) Advancing circular economy in the built environment: The . . .

) A promote integrated planning approaches wastewater — assessment of products quality

CfrcularB Action , . Dyer Mark (New Zealand) Krzeminski Pawel (Norway)

Pineda-Martos Rocio (Spain)
12:10-12:15 (F-057) Biomimicry in architectural design in a holistic design process

Nowak Anna (Poland)

12:15 - 13:45

Lunch time!

Session A4: Novel designs of Constructed Wetlands

Chair: Uggetti Enrica & Jan Vymazal

Session A5: The impact of urban NBS on public health and well-being

Chair: Kolokotsa Dionysia & Mahmoud Israa

Session A6: Circular design for increased resilience |

Chair: Filippos K. Zisopoulos & Goonetilleke Ashantha

13:45 - 14:00 (0-104) The Integrated constructed wetland design approach: A review (0-008) On the integration of nature-based solutions for health and wellbeing |(0-083) Bioregional approach for circular design: case study in Roma via Guido Reni
in two European Cities: The case studies of Dundalk and Skelleftea (Italy)
Harrington Rory (Ireland) Kolokotsa Dionysia (Greece) Francese Dora (Italy)
14:00 - 14:15 (0-095) Efficiency removal of specific substances in multistage treatment  |(0-110) Measuring the impact of Nature-Based Solutions on citizens’ health  |(0-085) El Remanso experimental center in Choachi-Colombia, A laboratory Eco-
wetland for urban drainage water and well-being: risks and challenges of using wearable devices Village to learn and co-build
Gajewska Magdalena (Poland) Biesaga Mikotaj (Poland) Rojas Hector (Mexico)
14:15 - 14:30 (0-100) Removal performance of different types of bioelectrochemical (0-088) Greenness visibility in urban living environments as pathway to (0-185) Advancing sustainability in industrial supply chains by embracing circular
constructed wetlands for dairy wastewater treatment promote health and well-being: mapping spatial differentiation in Flanders approaches and digital transformation
(Belgium) based on viewshed analysis
Knowledge Transfer Event Kotsia Dimitra (Greece) Vervoort Peter (Belgium) Maria Aryblia (Greece)
(lobby area) 14:30 - 14:45 (0-171) Performance of pilot-scale constructed wetlands with different (0-151) Urban greenery’s effects on public health and wellbeing of citizens (0-162) Eco-traditional buildings in Makkah: Al-Byaddiah Palace as a case study
designs and substrates treating olive mill wastewater and how to assess it — preliminary euPOLIS findings
T Dimitra Moschogianni (Greece) Randelovic Anja (Serbia) Faredah Almurahhem (Saudi Arabia)
SERLIVE 14:45 - 14:50 (F-052) Floating constructed wetlands based on recycled polymers to
T restore aquatic ecosystems
Strategies of Circular Lépez Daniela (Chile)
Economy and Advanced bio- [14:50- 14:55 (F-009) Selecting innovative substrates materials: characterization and (0-155) Innovative urban solutions to enhance public spaces and promote (0-184) Advancing Sustainability of Process Industries through Digital and Circular
based solutions to keep our potential application for enhancing CWs sustainability good public health and wellbeing - the case studies of euPOLIS and VARCITIES [Water Use Innovations — Experience from AquaSPICE project
Lands and seas allVE from Ventura Delia (Italy) Randelovic Anja (Serbia) Arampatzis Goerge (Greece)
plastic contamination 14:55 - 15:00 (F-017) Smart monitoring of waste-filled constructed wetlands for the
JE— removal of nutrients from wastewater with low carbon content
ISOTECH Ltd Pinho Henrique (Portugal)
AKTI Project & Research ~ |15:00 - 16:00 Coffe break (lobby area) & Postersession @&
Center Session A7: Sludge management Session A8: Sustainable Drainage Systems Session A9: Circular water economy
Chair: Alexandros Stefanakis & Lopez Daniela Chair: Frank van Dien & Tsatsou Al dra Chair: Simos Malamis & Tjasa Griessler Bulc
16:00 - 16:15 (0-032) A pilot study of domestic sewage sludge dewatering using Sludge |(0-076) Blue-green infrastructure in highly urbanized areas - practical design |(0-159) Water companies and circular economy : Challenges and opportunities
Treatment Reed Beds in Oman examples
Al-Rashdi Tahra (Oman) Rous Vit (Czech Republic) Kotsifaki Christina (Greece)
16:15 - 16:30 (0-133) Sludge Treatment Constructed Wetland: a solution for treating (0-150) Sustainable drainage systems (SuDS) for rainwater harvesting and (0-114) Water recovery in swimming pools in accordance with the assumptions of
sewage sludge for agricultural reuse stormwater management in temporary humanitarian settlements the circular economy
Uggetti Enrica (Spain) Tota-Maharaj Kiran (United Kingdom) Kudlek Edyta (Poland)
16:30 - 16:45 (0-173) DIALKOP project: design and operation optimization of Sludge (0-149) Experimental study and nodelling of granular filter nedia used within |(0-153) Water quality monitoring of recycled water using effect-based bioassays — a
Treatment Reed Beds in Greece SuDS for stormwater purification tool for the circular economy
loannis Asimakoulas (Greece) Tota-Maharaj Kiran (United Kingdom) Schoenborn Andreas (Switzerland)
16:45 - 17:00 (0-067) Fate of pit latrine sludge buried in entrenchments (0-023) Assessment of the potential for microplastic retention in mature (0-136) Greywater treatment and reuse in a residential building in Zurich,
SuDS Switzerland: Evaluation of the treatment performance and user acceptance
Bakare Babatunde Femi (South Africa) Calzadilla Cabrera Dario (Spain) Vischer Tabea (Switzerland)
PLENARY SESSION II
Chairs: Alexandros Stefanakis & Raffael Kénzig
17:00 - 17:45 30 years of IEES (all participants invited!)
Tuesday 3 Oct IMPERIAL MAIN HALL IMPERIAL ROOM 1 IMPERIAL ROOM 2

08:30 - 09:00 Registration (lobby area)
Session B1: Resource recovery and reuse from waste Session B2: Green roofs and walls Session B3: Sustainable management of waste biomass
Chair: Antonopoulou Georgia & Ashley Hall Chair: Michael Ruby & Pineda-Martos Rocio Chair: Asli Isci Yakan & Timo Steinbrecher
09:00 - 09:15 (0-124) Development of a beach management technology solution to (0-144) If you build it, they will come: invertebrates on green roofs (0-027) Deep eutectic solvent pre-treatment of residual biomass streams - effects on
monitor and mitigate plastic marine littering anaerobic degradability
Tzanetou Dimitra (Greece) Michael Ruby (Australia) Schultz Jana (Germany)
09:15 - 09:30 (0-066) Turning a nuisance into a resource: options and obstacles for (0-128) Proposing a holistic experimental setup for green roof flammability ~ |(0-053) Transforming biogenic waste through anaerobic digestion in achieving the
sustainable use of beach wrack derived from case studies testing circular economy
Schubert Hendrik (Germany) Chell Sylvie (Australia) Fan Chihhao (Taiwan)
09:30 - 09:45 (0-138) Location-based resource analysis tool for waste management and |(0-168) On the influence of plant morphology in the extensive green roof (0-089) Deep eutectic solvent pretreatment of cork dust: effects on biomass
makers: a case study of Pop-Machina cover: a case study in Mediterranean area composition, phenolic extraction and anaerobic degradability
Conserva Andrea (Spain) Sara di Lonardo (ltaly) Bagder Elmaci Simel (Turkey)
09:45 - 10:00 (0-157) 3D printed Mn-based monoliths for lithium recovery from oilfield |(0-158) Novel computational tool for coupling water and heat transport (0-093) Potential applications of hazelnut industry waste based on material
brines models — application on green roofs properties
Knapik Ewa (Poland) Stanic Filip (Serbia) Aguado Gonzalez Laura (Spain)
10:00 - 10:05 (F-005) Wool of mountain sheep - maximizing resources utilisation
Kobiela-Mendrek Katarzyna (Poland)
10:05 - 10:10 (0-010) Reusing depleted hydrocarbon reservoirs: An ecological (0-078) Performance of three ornamental species for indoor living walls (F-029) Wheat bran proteins — raw material for production of nutritional-valued food
alternative? irrigated with greywater
Bauer Johannes Fabain (Germany) Pérez-Urrestarazu Luis (Spain) Slavikova Zuzana (Czech Republic)
10:10 - 10:15 (F-004) Application of sheep wool as slowly released organic fertilizer in tomato and
winter wheat cultivation
Broda Jan (Poland)
10:15 - 10:20 (F-046) Energy-efficient bipolar membrane electrodeionization for (F-008) Integrated chemicals and waste management for reduction of adverse
integrated water and chemical recoveries from wastewater of recycled effects to environment
polyethylene terephthalate processes
Lin Yu-I (Taiwan) Aleksandryan Anahit (Republic of Armenia)
10:20 - 10:45 Coffe break (lobby area) =
. . R Session B5: Bioenergy, Renewable energy systems and energy R . ) ) -
Session B4: Urban and regenerative agriculture efficiency Session B6: Circular design for increased resilience Il
Chair: Argiiello Jazmin & Broda Jan Chair: Kolokotsa Dionysia & Stergios Vakalis Chair: Nowak Anna & Ann Pisman
10:45 - 11:00 (0-098) Urban agriculture in Latvia — is that a choice between business, (0-130) Carbon neutrality of energy produced from woody biomass (0-061) How circular design and integrated planning approaches may increase

community networking and individual traditions?
Dobele Madara (Latvia)

Jandl Robert (Austria)

resiliency and biodiversity?
Adam Avshalom M. (Israel)




11:00 - 11:15 (0-115) Linking nature, culture, and food as an urban farming nature- (0-071) An innovative approach towards energy conservation using single (0-011) Regenerative economics for assessing and monitoring transitions towards a
based solution RGB camera technology for obtaining occupant location in buildings circular economy
Argiello Jazmin (France) Jeoung Jaewon (South Korea) Zisopoulos Filippos Konstantinos (Netherlands)
11:15-11:30 (0-132) HABSIM — Unique R&D Infrastructure for closed-loop food (0-072) Sustainable solutions under climate change towards water and (0-052) Voluntary standards, as a way how the food industry and retailers control
production in space and on Earth energy independence using wind power and hydrogen storage impact of their supply chains on ecosystem services provided by soil
Blomqvist Tor (Germany) Bertsiou Maria Margarita (Greece) Frouzova Jaroslava (Czech Republic)
11:30 - 11:45 (0-146) Fighting poverty of West African fishermen through aquaponics (0-118) Design and implementation of a solar thermal system as a (0-097) Measurement scale validation for inner and outer circular economy loops: a
training centre in Kokrobite, Ghana contribution to resilience and sustainable development in paramo proposal based on food and beverage circular packaging and wishcycling
ecosystems
Kaenzig Raffael (Switzerland) Kafarov Viatcheslav (Colombia) Vayona Anastasia (United Kingdom)
11:45 - 11:50 (F-013) Recovery of bioenergy and high added value bioproducts from
confectionary industrial wastewaters
. X . . |Ntaikou loanna (Greece) . . - -
1150 11:55 (O-1q3) Url.)anlb.loeconomy: mapplng organic res?urce streams alnd the bio- (F-018) Coupling retired electric vehicle batteries with PV systems for urban (9-183) It is a waste to waste waste: examples of circularity in Kenya and Mali (just
symbioses in cities through Geospatial and Material Flow Analysis L listen to your grandfather) Ruud
Yang Nan-Hua Nadja (United Kingdom) SUStama?I“ty: Fhe case study of Greece Kampf (Netherlands)
Kastanaki Eleni (Greece)
11:55-12:00 (F-021) Renewable resources in the conditions of the Slovak Republic
Daneshjo Nagib (Slovakia)
12:00 - 12:05 (F-038) Analysis of the aquaponics system sustainability via system (F-020) Effect of environmental factors on dust accumulation and the (F-003) Training a new generation of farmers and agricultural entrepreneurs to
dynamics modelling — FEW nexus approach efficiency of photovoltaic panels: A study case in an Andean City implement the concept of circular economy in agriculture — the TANGO-Circular
Erasmus plus project
Francisco Erika Cristina (Sweden) Sanchez Nazly (Colombia) George P. Spyrou (Greece)
12:05-12:10 (F-064) Analysis of selected factors determining the possibility of (F-045) Forest conversion and GHG emission in screening and EIA procedures |(F-065) Towards sustainable food systems deploying Circularity Compass Strategy
introduction and effective operation of rainwater sharing systems for regarding PV sys-tems in Croatia
hydroponics in existing multi-family buildings
Bak Joanna (Poland) Kalcicek Matea (Croatia) Papadopoulou Kyriaki Maria (Greece)
12:10-12:15 (F-056) Close cycle approach in a food farm in Reggio Emilia, Italy (F-048) Implementation of DSS to optimize the selection of marine energy (F-067) Development of a blockchain solution for food waste management
sites on the Mexican coastline
Romagnolli Floriana (Italy) Rivera Camacho Graciela (Mexico) Plakas George (Greece)
12:15-12:20 (F-022) Optimization of wheat nutrition for regenerative agriculture (F-049) Osmotic power generation-based System for self-consumption

Sadovski Alexander (Bulgaria)

electricity
Ortiz Salcedo Monserrat Karina (Mexico)

12:20 - 14:00

Lunch time!

14:00 - 14:45 KEYNOTE: Nature-based solutions to optimize the Water-Ecosystem-
Food Nexus at the basin scale
Nikolaos Nikolaidis (Technical University of Crete, Greece)
Session B7: Stormwater management Session B8: Constructed wetlands applications Session B9: Ecological restoration
Chair: Polizzi Cecilia & Henrique Joaquim de Oliveira Pinho Chair: Giuseppe Cirelli & loannis Asimakoulas Chair: Zhang Mingye & Schoeman Yolandi
14:45 - 15:00 (0-057) Nature-Based Solutions for flooding risk mitigation in an urban (0-013) Assessing the treatment capacity of an ecological engineered wetland |(0-051) The role of natural processes in post mining land reclamation
area: The case study of Catania (Sicily, Italy) receiving AMD over a period of nine years using water quality and periphyton
as indicators
Sciuto Liviana (Italy) Oberholster Paul Johan (South Africa) Frouz Jan (Czech Republic)
15:00 - 15:15 (0-165) Adoption of ecohydrology approaches for urban stormwater (0-172) Efficiency of pilot scale constructed wetlands with various substrates |(0-073) Phytocap soil density specification for optimum plant water use and root
management and advancing the circular economy concept for landfill leachate treatment growth
Goonetilleke Ashantha (Australia) loannis Asimakoulas (Greece) Ruby Michael (Australia)
15:15 - 15:30 (0-019) Advancing Nature-Based Solutions for the management of water |(0-074) Use of Vertical Flow Constructed Wetlands for domestic laundry (0-033) Organic amendments-based technosols for the restoration of
quality under the umbrella of the UNESCO IHP Ecohydrology Programme: |wastewater treatment with ornamental plants Mediterranean habitats and soil-carbon sequestration
case study of Pilica river catchment in Poland
Jarosiewicz Pawet (Poland) Stefanatou Aimilia (Greece) Carabassa Viceng (Spain)
15:30 - 15:45 (0-101) Science behind STORMEE - STORMwater Environmental Efficiency |(0-043) Small constructed wetland in Norwegian agricultural catchment — 18 |(0-045) Ecological engineering enhances ecological restoration in Chinese
toolkit: 1) infiltration basin years monitoring and perspectives for the future desertified lands
Vasilic Zeljko (Serbia) Krzeminska Dominika (Norway) Xinrong Li (China)
15:45 - 15:50 (F-019) Sub-calibration of soil moisture sensor for stormwater (F-037) Life cycle assessment of Horizontal Subsurface Flow Constructed (F-023) Significance of soil type and applied fertilization on the content and uptake
management Wetlands: The importance of regional characteristics to enhance of macroelements with sunflower biomass
environmental protection
Perry Joseph (Finland) Goulart Coelho Lineker Max (Denmark) Petkova Zdravka (Bulgaria)
15:50 - 16:30 Coffe break (lobby area) & Poster session ﬁ
Session B10: NBS for climate change adaptation Session B11: Water quality improvement for resource efficiency biodiverzi];‘.\z/' E ing for the protection of land and
Chair: Nikolaos Nikolaidis & Dimitra Kotsia Chair: Darja Isteni¢ & Pawel Krzeminski Chair: Carabassa Viceng & Joan Garcia
16:30 - 16:45 (0-169) CARDIMED - Climate Adaptation and Resilience Demonstrated In  |(0-077) Degradation of organic micropollutants in a modified OECD 308 test: |(O-164) Integrating the scope of ecological engineering applications: A structured
the MEDiterranean region implications for the use of reactive amendments in nature-based systems framework with case studies from Australia
Simos Malamis (Greece) Perdana Mayang Christy (Czech Republic) Dale Glenn (Australia)
16:45 - 17:00 (0-050) Development of a climate change adaptation plan for the Jordan |(0-020) Degradation of perfluoroalkyl and polyfluoroalkyl substances (PFAS) |(O-160) Field application of processed biosolids: Integrating municipal waste
Valley based on WEFE nexus analysis: The EcoFuture project in secondary effluent by nonthermal plasma: role of reactive oxidative and management and regenerative agriculture in Canada
reductive species
Nikolaos Nikolaidis (Greece) Chen Changtao (Belgium) Grant Clark (Canada)
17:00 - 17:15 (0-143) A glimpse into the euPOLIS multi-dimensional indicator system for |(0-179) Techno-Economic Feasibility Analysis (TEFA) of the Advanced Primary |(0-113) Innovative bioinspired intervention to control the growth of a new spit and
site screening & NBS assessment Filtration (APF) process as a retrofit system at the municipal Wastewater reduce the occlusion of the mouth of the Goro lagoon (ltaly)
Treatment Plant (WWTP) of Marpissa, Paros, Greece
Baki Sotiria (Greece) Petros Gikas (Greece) Corbau Corinne (Italy)
17:15-17:30 (0-154) The water reuse potential of nature-based solutions in response to |(0-080) Quantifying the effects of grazing beef cattle on microbial quality of |(0-029) Modification of spent coffee grounds for their use as organic fertilizer
the increased water scarcity risks imposed by climate change surface water
Apostolaki Stella (Greece) Gilboa Ben-David Yael (Israel) Juglova Zuzana (Czech Republic)
17:30-17:35 (F-031) Development of an NbS evaluation framework in the nexus of (F-041) Occurrence of ESKAPE pathogens in wash waters of the agri-food (F-010) Nature-based solutions using ecological engineering and dedicated to
Sustainability, Circularity and Justice industry in view of the implementation of a closed loop economy combine the mitigation of natural risks linked to water with benefits for biodiversity:
considering interdisciplinary and transdisciplinary approaches
Mavrigiannaki Angeliki (Greece) Kanarek Piotr (Poland) Rey Freddy (France)
17:35-17:40 (F-036) What do we know about the interactions between Nature-based (F-053) Biological treatment of synthetic hypersaline wastewater: inoculum (F-014) Short term results of different planting technologies applied in the
solutions (NBS) and landscape? selection and start-up of a sequencing batch rector restoration of European habitats
Sowiriska-Swierkosz Barbara (Poland) Polizzi Cecilia (Italy) Carabassa Viceng (Spain)
17:40 - 17:45 (F-054) Integrating YamiTao traditional ecological knowledge into ecology |(F-002) Innovative hybrid dairy wastewater system assisted by an intelligent  |(F-042) Ecosystem services value dynamics under land use alterations in the upper

education - an exemplification of Nature-Based Learning
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08:30 - 09:00 Registration (lobby area)
Session C1: Constructed wetlands technology | Session C2: Bio-based materials | Session C3: Ecosystem services provision and assessment
Chair: Michail Fountoulakis & Seintos Taxiarchis Chair: Glenn Dale & Johannes Fabian Bauer Chair: Oberholster Paul Johan & Sowiriska-Swierkosz Barbara
09:00 - 09:15 (0-170) Performance of pilot-scale vertical flow constructed wetlands with |(0-003) Plant growth under different bio-composts applications (0-081) Assessing and mapping yearly ecosystem services supplies in areas affected
and without aeration for municipal wastewater treatment by land degradation processes with the support of remote sensing indices: two case
studies from the NewLife4Drylands Project
Panagiotis Regouzas (Greece) Al-Busaidi Ahmed (Oman) Ungaro Fabrizio (Italy)
09:15 - 09:30 (0-117) Diffuse pollution treatment wetlands in cold climate: the (0-064) Biomass waste-based material: Electrochemical performances and (0-046) Planting xerophytic shrubs significantly increased the carbon sequestration
importance of flood meadows CO2 uptake capability capacity and potential of sandy land
Wahlroos Outi (Finland) Trinh Kieu Trang (Japan) Haotian Yang (China)
09:30 - 09:45 (0-016) Effects of arbuscular mycorrhizal fungi on the metabolism of (0-129) Kitchen waste from cooked food: source of contamination or a (0-055) Life-cycle environmental assessment of strategies for sewage treatment and
ibuprofen in constructed wetland with different substrates valuable source for organic composting serving circular economy reuse: a case study considering local conditions in south-central Chile
perspectives? Use of waste vermicompost as a soil amendment for
greenhouse vegetables (11)
Chen Zhongbing (Czech Republic) Kinigopoulou Vasiliki (Greece) Neumann Patricio (Chile)
09:45 - 10:00 (0-102) Long term performance of nature-based solutions as decentralized |(0-167) Material flow analysis of the organic fraction of municipal solid waste |(0-034) The Ecological Engineering Nexus Accounting Framework: a tool for impact
wastewater treatment: a case study of a retail store in southern Italy in EU: monitoring current uses with emphasis on bio-based applications valuation of ecological engineering projects
Marzo Alessia (Italy) Stamatia Skoutida (Greece) Schoeman Yolandi (South Africa)
10:00 - 10:15 (0-166) Investigating GHG emissions from vertical subsurface flow (VSSF)  [(O-108) Organic-mineral composite material for removal of chromium from  |(0-137) Nature-based and solar energy building solutions in the water-energy-food
Constructed Wetlands treating the UASB effluent originating from natural water nexus across diverse climatic zones in Europe
Seintos Taxiarchis (Greece) Ekonomakou Antonia (Greece) Karamanis Dimitrios (Greece)
10:15 - 10:20 (F-070) The Application of GeoPlanner in Local Development Management
Jan Kazak (Poland)
10:20 - 10:25 o186 g s g ’ |(0-177) The awarded EUTeens4Green projects to TUC students: promoting (F-068) Asse§sment of carbon s.equestra.tion potential of targeted plants using
fcz'elm )R»ZeLa;ﬁc] wetlands for water reuse - Hydropolis Prague Rous Vit nature-based solutions and circular economy re.mot.e sen.smg, GIS, and machine learning systems
P Dionysis Tselentis (Greece) Aljabri Khalid (Oman)
10:25 - 10:30 (F-007) Remote sensing-based water quality inversion in Tfebon fishponds: a
comparative analysis of machine learning algorithms
Ge Ying (Czech Republic)
10:30 - 11:00 Coffe break (lobby area) & Poster session 3
Session C4: Constructed wetlands technology Il Session C5: Bio-based materials Il Session C6: Aquatic vegetation systems
Chair: Fabio Masi & Chen Zh bing Chair: Grant Clark & Panagiotis Regouza Chair: Vlysidis Anestis & Daniela Andrea Lépez Leyton
11:00 - 11:15 (0-086) A natural coagulant for colour removal from raw and treated (0-012) Optimization of biochar filter for handwashing wastewater treatment |(0-026) A semi-self-sustaining microalgal-bacterial granular sludge process could
tequila vinasses (with constructed wetlands) and recycling at the point of use reduce the cadmium-effect on wastewater treatment efficiency
Zurita Martinez Florentina (Mexico) Bautista Quispe Jhonny Ismael (United Kingdom) Li Yanyao (Belgium)
11:15-11:30 (0-063) Treatment performance of constructed wetlands with subsurface |(0-047) Removal of Heavy Metals and Antibiotics from Water Using Biochar: |(0-059) Assessing Contaminants of Emerging Concern, Heavy Metals, and Pathogens
horizontal flow after thirty years of operation From Lab to Real-World Use in Wastewater-Grown Microalgae for Agricultural Applications
Vymazal Jan (Czech Republic) Ahmed Mushtaque (Oman) Uggetti Enrica (Spain)
11:30- 11:45 (0-180) Transforming polluted urban waters into liveable urban space with | (0-176) Production and characterization of Carbon Nanotubes and Graphene [(0-091) Algal technologies for green products — preliminary microbiological
the help of NBS taking the Flussbad Berlin as an example Oxide biochar nanocomposites from rice husks and sewage sludge and examination
adsorption tests of six Emerging Contaminants from wastewater
Heribert Rustige (Germany) Panagiotis Regouzas (Greece) Isteni¢ Darja (Slovenia)
11:45 - 12:00 (0-079) Septage treatment using the First Stage of French Vertical Flow (0-161) Coffee-oil: production of biocrude oil from spent coffee grounds via  |(0-145) Tertiary wastewater treatment of anaerobic digestion effluents using a
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Arévalo Durazno Maria Belén (Ecuador)

Vakalis Stergios (Greece)

Vlysidis Anestis (Greece)

12:00 - 12:05 (F-030) Production and characterization of biochar produced from different  |(F-055) Nitrogen fixation rate measurement by nitrogen fixing bacteria in a Lemna
type of bran minor aquatic system
Potizka Jaromir (Czech Republic) Vlysidis Anestis (Greece)
12:05-12:10 (0-175) Large-scale constructed wetlands from Brazil to the Middle East:  |(F-051) Activation of persulfate with hydrochar for catalytic degradation of (F-069) Assessing Heavy Metal Pollution with Common Weeds: Unveiling their
scaling up NBS Alexandros bisphenol A in view of water treatment Bioindicator Potential
Stefanakis (Greece) Zhang Xian (Belgium) Cakaj Arlinda (Poland)
12:10-12:15 (F-035) Acute toxicological evaluation of green biocides for outdoor cultural |(F-032) Study on algae composition of a river entering Taihu Lake and effect of
heritage, using Lactuca sativa seeds constructed wetland
Rosa Manuel (Portugal) Du Yingming (China)
12:15 - 14:00 Lunch time!
PLENARY SESSION Il

Chair: Alexandros Stefanakis

14:00 - 14:45 Discussion panel
The future of Ecological Engineering: integrating nature in problem-
solving for a circular society
Session C7: Sustainability in practice Session C8: Water reuse and sustainability
Chair: Alexandros Stefanakis Chair: Jan Kazak & Marzo Alessia
14:45 - 15:00 (0-041) Utilizing treated wastewater for pasture irrigation: effects on
productivity, plant community structure and soil properties
(0-182) Sponsored speech: Novel equipment of wetlands maintenance Dovrat Guy (Israel)
15:00 - 15:15 Ruud Kampf (Netherlands) (0-092) Native vegetation for the reuse of treated municipal wastewater:
Implications for greenhouse gas emissions
Meister Alexandra (New Zealand)
15:15 - 15:20 (F-071) The SunAir Fountain panel: solar-powered drinking water (F-047) Over 80% water recovery from urban greywater using nanofilter
production from the air humidity membranes — A Swedish case study
Alexandros Stefanakis (Greece) Hall Ashley (Sweden)
15:20 - 15:25 (F-027) Integrating academic knowledge on "Sustainability of Agricultural
Water Management"
Dahal Bishal (Finland)
15:20 - 16:00 Coffe break (lobby area) Q

PLENARY SESSION IV

Chair: Alexandros Stefanakis & Andreas Schonborn

16:00 - 16:45

KEYNOTE: Design of green infrastructure for a circular economy: case
studies from different social and economic contexts

Emmanouel Stefanakis (Sustainable Strategies International, USA)
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NAME COUNTRY POSTER TITLE
Pastor Michal Slovakia (P-002) Survival rate of selected newly planted urban trees in the city of Nitra (Slovakia) in the context of circular economy
Bauer Johannes Fabain Germany (P-005) Reclamation of land from fluid hydrocarbon extraction: State of the art and current challenges
Sirakov Ivaylo Bulgaria (P-006) Influence of different exposure times of treatment with a microelement in an aquaponic system on hydrochemical indicators and productivity of pepper (Capsicum annuum) cultivated integrated with common carp
v s (Cyprinus carpio)
Zou Yuanchun China (P-008) Wetland-based solution for sustainable water management in a semiarid irrigation area subject to water use conflict

Aleksandryan Anahit Republic of Armenia (P-009) Tailings management facilities: risk reduction

Yang Mingyue China (P-010) Efficient removal and electrochemical detection of heavy metals by utilizing heavy-metal-tolerant bacteria from sludge

Lyu Xianguo China (P-011) Effect of reclamation on the vertical distribution of SOC and retention of DOC in the wetland landscapes in the Sanjiang Plain, Northeast China
Da Costa Maria Portugal (P-014) Physics of sound and SDGs: Raising awareness for the dangers of noise pollution

Cam Miyase Deniz Tiirkiye (P-015) Deep eutectic solvent pretreatment of olive tree biomass

Janczukowicz Wojciech Poland (P-016) The effect of external carbon source type and dose on nitrogen and phosphorus removal in Sequencing Biofilm Batch Reactor (SBBR)
Rodziewicz Joanna Poland (P-017) The influence of the method of organic substrate dosing on the efficiency of Sequencing Biofilm Batch Reactor (SBBR)

Jang Jeonghwan Republic of Korea (P-018) Aerobic DNRA-performing neobacillus sp. strain isolated from rice paddy field soil, Republic of Korea

Petkova Zdravka Bulgaria (P-019) Significance of soil type and applied fertilization on the content and uptake of macroelements with sunflower biomass in pot experiments
Barati Bahram Belgium (P-020) Enhancing biomass and phycocyanin productivity of spirulina sp. cultivated in anaerobically digested brewery effluent

Mielcarek Artur Poland (P-021) Biofilm - Supporting denitrification and dephosphatation with citric acid

Borodinecs Anatolijs Latvia (P-022) Dynamic electricity price: challenge for selection of cost-optimal PV Systems for households

Aljabri Khalid Oman (P-023) Remote sensing analysis for vegetation assessment of a large-scale constructed wetland treating produced water polluted with Oil hydrocarbons
Lin Chiao-Wen Taiwan (P-024) Greenhouse gas emissions from Lumnitzera racemosa mangroves

Lin Chiao-Wen Taiwan (P-025) Establishment of carbon sink coefficients of seagrasses in tropical islands

Isci Asli Turkey (P-026) Bioethanol production from microwave-assisted deep eutectic solvent pretreated wheat straw

Aslanhan Dicle Delal Turkiye (P-028) Deep eutectic solvent pretreatment of olive pomace

Kovats Nora Hungary (P-029) Can landraces better cope with environmental stress?

Schubert Hendrik Germany (P-030) Nature-based coastal protection measures in a circular society

Nabelek Jakub Czech Republic (P-031) Effect of wheat bran pre-treatment on isolation of ferulic acid

Steinbrecher Timo Germany (P-032) Production of biogenic aromatics from lignocellulosic agricultural residues

Sarabi Shahryar Netherlands (P-033) Promoting environmental justice in urban transitions: an embedded view

Lin Wei-Jen Taiwan (P-034) Mangrove carbon budgets suggest the estimation of net production and carbon burial by quantifying litterfall

Ghosh Sayanti India (P-035) Biochar supported Ag-TiO2: A green catalyst for degradation of pharmaceutically active compounds and disinfection in wastewater

Truu Jaak Estonia (P-036) Microbial fuel cells as a sustainable pathway to remediate oil-contaminated sediments and soils

Kimura Keiichi Japan (P-037) Cyanobacterial biocrust development on biomineralized sandy soil: new dryland restoration method

Tejada Manuel Spain (P-038) Green pepper (Capsicum annuum) fruit quality. Effects of the application of biostimulants obtained from slaughterhouse sludge

Tejada Manuel Spain (P-039) Application of a biostimulant obtained by enzymatic hydrolysis from slaughterhouse sludge in the bioremediation of soils polluted by the imazamox herbicide
Montero Pau Spain (P-041) Drone monitoring of extractive activities in Catalonia: a collaborative system for improving the sustainable management of the mining sector
Parrado Juan Spain (P-042) Design of a chemical/biological biphasic process for circular economy for the conversion of polyurethane into agronomic biostimulants

Kulbat Eliza Poland (P-043) Effect of sewage sludge mono- and co-digestion on nutrients removal from reject water

Parrado Rubio Juan Spain (P-044) Bioprocess of Keratin wastes conversion into agronomic biostimulants and biofertilizer

Wilinska-Lisowska Anna Poland (P-045) Possibilities of nutrients recovery from the liquid fraction of digestate from agricultural biogas plants in Poland

Montero Pau Spain (P-046) Remote sensing indicators for the study of drylands in Mediterranean climate

Ponis Stavros Greece (P-047) Be Well and Green When Digital - Lessons Learnt from the BeWEEN project

Truu Marika Estonia (P-048) Enhancing methane mitigation in landfills: insights from biocover composition and microbial parameters

Goulart Coelho Lineker Max |Denmark (P-049) Proposal of a multicriteria decision making method to support the selection of nature-based solutions addressing rainwater management
Krzysztof Jé2wiakowski Poland (P-051) New generation Christmas tree shape hybrid treatment wetland for wastewater treatment in Roztocze National Park, Poland

Dong Pengyu Belgium (P-053) Optimized removal of silica during manure treatment by electrocoagulation-flotation (EC-F) in view of fouling prevention of reverse osmosis membranes
Gerasimova lliyana Bulgaria (P-055) Fertilization and uptake of macroelements with maize biomass (a pot experiment with pelic vertisol)

Okuro Toshiya Japan (P-056) Effects of mixed seeding of several plants with different growth forms on mitigating sand drifting in desertified grassland in the Northeast Asia
Rusyn Iryna Ukraine (P-057) Green electricity: a renewable resources biotechnology and ecological engineering tool

Marijuan Raquel Spain (P-058) Evaluating the impact of Nature-based Solutions on the provision of water-related and water-dependant Ecosystem Services

Ldpez Leyton Daniela Chile (P-059) Hybrid constructed wetlands for enhance quality of urban aquatic ecosystems

Olaniran Ademola South Africa (P-060) Enhanced bioremediation of polycyclic aromatic hydrocarbons by laccases from two indigenous fungal isolates via the ABTS Mediator Systems
Was Adam Poland (P-061) Modelling policy options for GHG mitigation in Polish agriculture

Karamanis Dimitrios Greece (P-062) Climate-neutral EU Regions: Expanding the mission of 100 EU carbon-neutral cities to 30 European carbon-neutral regions through S3 platform until 2030
Perez Rubi Maria Germany (P-063) Scaling-up Nature-Based Solutions for decentralized greywater treatment retrofitted in urban areas of Costa Rica

Szymanska Magdalena Poland (P-064) A Bio-refinery concept for N and P recovery - a chance for biogas plant development

Sosulski Tomasz Poland (P-065) Reduced tillage, fertilizer placement, and soil afforestation as methods of CO2 soil emissions mitigation

Dafnos loannis Greece (P-067) Exploring the hydrological dynamics of Kifissos basin in Greece - an integrated analysis of water and groundwater resources

Gomez Silvia Spain (P-068) Agroecological solutions for resilient farming in West Africa: Identification of farmers' and communities' needs

Antonopoulou Georgia Greece (P-069) Biohydrogen production from household food waste through dark fermentation: the possibility of water minimization during dilution

Goémez Garrido Melisa Spain (P-070) Sustainable Environmental Management of pig production with an Integral Manure Management System with Constructed Wetlands
Rontogianni Anatoli Greece (P-071) High and low technological implementation of bio based energy sources in Europe: Comparisons and contrasts

El Bied Oumaima Spain (P-072) Decision Support System (DSS) for Controlled Pig Slurry Application and Sustainable Resource Management

Terrero Turbi Angélica Spain (P-073) Use of techniques to mitigate Greenhouse Gas emissions and ammonia from pig slurry storage

Dobele Aina Latvia (P-074) Aspects of urban agriculture in the sustainable development - the case of Latvia

Ho Chuan-Wen Taiwan (P-075) Enhancing carbon sinks through mangrove afforestation in a coastal constructed wetland park

Bauwe Andreas Germany (P-076) Performance of a denitrifying bioreactor for the treatment of nitrate-laden agricultural drainage water in northeastern Germany
Rubio-Clemente Ainhoa Colombia (P-077) Elimination of Crystal Violet in water by Pinus patula biochar: process optimization and validation

Rubio-Clemente Ainhoa Colombia (P-078) Life cycle assessment in the production of raw and Fe-modified biochars

Daphne Argyropoulou Greece (P-079) Greywater treatment with green walls for the washing of reusable cups and bottles

Fountoulakis Michail Greece (P-080) Integrate management of residues generated from olive cultivation and olive oil production process for soil resource recovery: the “Elaionas” project
Bak Joanna Poland (P-081) Introduction of aquaponic farms partly supplied by rainwater into the urban tissue - possibilities, barriers, limitations and challenges

Seintos Taxiarchis Greece (P-083) BIODAPH20 — Investigating a novel system for tertiary wastewater purification

Klontza Eleftheria Greece (P-084) Arthrospira (Spirulina) platensis growth and biofixation of CO2 using cheese whey in the context of circular economy

Zabaniotou Anastasia Greece (P-085) Closed loops and the circular economy of polypropylene waste: Design, engineering and feasibility of pyrolysis

Tong Shouzheng China (P-086) The driving mechanisms for community expansion in a restored Carex tussock wetland

Zhang Mingye China (P-087) Effects of melatonin priming on Suaeda corniculata seed germination, antioxidant defense, and reserve mobilization: Implications for salinized wetland restoration
Lin Wei-Jen Taiwan (P-088) The carbon budget in aquaculture systems with the Asian clam (Corbicula fluminea) in eastern Taiwan

K. Lasaridi Greece (P-089) Comparative analysis of composting source-separated biowaste and the organic fraction of the Chania MBT plant

Maria Frantzeskou Greece (P-090) Short term effects of non-tillage on soil health restoration in Mediterranean environments

Athanasios Tsilimigkras Greece (P-091) Drivers of Change: Analyzing the Historical Shifts and Future Pathways for Biophysical and Socioeconomic Influences on Land Degradation in the Mediterranean
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ABSTRACT

The Manifesto of the International Ecological Engineering Society addresses, amongst other things, the
unsustainable use of resources that may have disastrous and irreversible impacts at local and global scale and
introduces the concept of systems thinking as a critical step towards the development of new holistic and
interdisciplinary engineering solutions at all scales. By re-establishing cycles of materials in circular systems
we can deal with resource scarcity (IEES, 2022). In this paper we aim to elaborate further on this topic within
the regional context of Flanders, within the domain of spatial and regional planning and focussing on the
transition towards a more sustainable and circular built environment.

The circular transition is not only changing our economy, but also our space. This makes the transition to a
circular economy - besides a socio-economic task - also an issue of spatial planning and governance. From the
focus of spatial and regional planning, we need to free up space and at the same time transform space so that
circular activities can emerge, grow and become mainstream.
In the end we want to answer these main research questions with our research:

- What is the impact of circular economy on the construction sector in Flanders?

- Which (size of) plots do we need to make the construction sector more circular?

- What flows are created by this circularity and how can we organize them?
In this paper we aim to describe the current organisation of the construction sector within Europe and
Flanders and their societal and environmental impact, and the challenges we are facing to make the current
practice more circular. In the end we would like to propose some future changes. We use mixed methods to
answer the research questions: literature study, GIS and conceptual design.

The construction sector is responsible for 38% of global CO, emissions and for about half of all extracted
materials and roughly one-third of water consumption in the European Union (United Nations Environment
Programme, 2020). Within Flanders we have similar figures. Expenditures related to residential housing are
linked to just over a quarter of the overall Flemish carbon footprint (Breemersch, Lam Wai, Vercalsteren,
2020). The European Commission has pronounced in the Green Deal to become the first climate-neutral
continent and adopted a set of proposals to reduce the net greenhouse gas emissions by at least 55%. Europe
has set ambitious targets to reduce emissions related to buildings by 48% by 2030 while the planned reduction
of carbon emissions from residential buildings is 50% by 2030. The European Commission also proposed to
set a benchmark of 49% of renewables used in buildings by 2030 (European Commission, 2021). The Flemish
Energy and Climate Plan (Vlaams Energie en Klimaatplan, VEKP) was recently approved in 2023 (Flemish
Government, 2023) . This plan strengthens efforts in the transport, buildings, agriculture, (light) industry and
waste sectors, the so-called ESA sectors. The ambition in the new 2021-2030 VEKP in terms of GHG emission
reductions in the ESA sectors is increased to -40% by 2030 (compared to 2005), but is still less ambitious than
the European targets.

To achieve these targets we need to rethink the construction sector and system. First of all circular building
or constructing refers to multiple levels ranging from (building) materials, building elements and buildings to
infrastructure works and regional development. Circular building also refers to all phases of the building cycle
and to all the phases of circularity. From the (avoidance of) extraction of raw materials, to the design and
construction of a structure, and to the reuse and recycle of (parts of) structures and reclaimed materials. In
the figure below just one of the possible relations within a circular construction system is indicated, the reuse
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of materials. Buildings can be dismantled and elements and materials can be separated to direct reuse in new
buildings or renovation projects. In addition (raw) materials can also be recycled and transformed into new
building materials rather than end up on the waste piles.
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Figure 1: The advantage of reuse. (Rotor asbl & Brussels-Capital Region, 2015)

By 2035, Flanders will have, by estimation, over 300,000 inhabitants more than today. These demographic
changes and their sociological impact will further increase the demand for buildings and adapted
infrastructure. By 2035, Flanders is calculated to need more than 295,000 new housing units. This is a growth
of 10.5% (Verachtert, Poelmans & Vanderstraeten, 2022). The existing houses, over half of which were built
prior to 1970, are characterised by their relatively large size and low energy scores. Breemersch, Lam Wai and
Vercalsteren (2020) calculated the impact of the renovation of the current building stock, using two circular
strategies. The first strategy aims to make more intensive use of the living space in houses by reducing the
size of new dwellings and through the splitting up a small fraction of existing larger detached houses into
semi-detached houses. The second circular scenario looks at the impact of using a different construction
method and the increase of recycling and reuse of demolished materials. In the paper we will elaborate on
the results in relation to the expected use, reuse and reduction of specific building materials and the
associated locations needed to extract, produce and (re-)assembly these building materials in a more circular
construction system within Flanders. For these activities, available space is important but just as important is
the distance to the housing and construction market. Flanders is characterized by a sprawled pattern of
housing, which increases the challenges of logistics and transport of the circular materials for the building
sector and thus hinders the opportunities for urban mining (Pisman, A. & Vanacker, S., 2021)

But of course we do not only need to consider the construction materials but also the treatment of
construction and demolition waste, such as rubble, wood waste, insulation, broken glass and rebar created
during the construction, (re)building and demolition of buildings, roads, pavements etc. Construction and
demolition waste is by far the largest waste stream in Flanders (in 2018 22% of primary industrial waste, five
times more produced than household waste). However, more than 90% of construction and demolition waste
is recycled (Pisman et al., 2021). The stony fraction (which is also the largest fraction) is processed into
recycled aggregates. This is done by mechanical treatments such as sorting, crushing and screening and can
take place at a fixed site at a "fixed rubble crusher" or at a job site, with a mobile plant. In the latter case,
debris from a particular construction or demolition site is processed on site and no debris may be brought in
from other locations. In 2018, 84% of recycled aggregates came from a fixed debris crusher compared to 12%
from mobile installations. Quantities have increased from about 0.5 million tons in 1997 to 16 million tons in
2018 (Department of Environment and Spatial Development, OVAM, VITO, 2021).
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The analysis of specific building materials, according plots and flows for the construction and reconstruction
of these materials will lead to specific conclusions for the Flemish situation and to general conclusion within
a European context. These conclusions will deal with still necessary (and more local?) plots for the extraction
of raw materials, many more plots for demolition and stockade of used building materials that can be
organised on a local and a regional scale, the impact of the flows that will be created by these (re)used building
materials and the need for more research about urban mining and potentially reusable constructions.

References:

Breemersch, Lam Wai & Vercalsteren, 2020, Impact of Circular Economy on Achieving the Climate Targets: Case Housing.
https://circulareconomy.europa.eu/platform/sites/default/files/impact_of circular economy on achieving the clima
te targets - case housing.pdf

Departement of Environment and Spatial Development, OVAM, VITO, 2021. Monitoringsysteem Duurzaam
Oppervlaktedelfstoffenbeleid (MDO). https://omgeving.vlaanderen.be/monitoringsysteem-duurzaam-
oppervlaktedelfstoffenbeleid-mdo

European Commission, 2021. ‘Fit for 55’: delivering the EU’s 2030 Climate Target on the way to climate neutrality.
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/delivering-european-
green-deal en#frenovating-buildings-for-greener-lifestyles

Flemish Government, 2023, Ontwerp Vlaams Energie- en Klimaatplan 2021-2030.
https://www.vlaanderen.be/veka/energie-en-klimaatbeleid/vlaams-energie-en-klimaatplan-vekp-2021-2030

International Ecological Engineering Society (IEES), 2022. Our Manifesto. https://iees.ch/our-manifesto/

Pisman, A., Vanacker, S., Bieseman, H., Vanongeval, L., Van Steertegem, M., Poelmans, L., Van Dyck, K. (Eds), 2021.
Ruimterapport 2021. Brussel: Departement of Environment and Spatial Development
https://omgeving.vlaanderen.be/het-ruimterapport

Pisman, A. & Vanacker, S., 2021. Diagnosis of the state of the territory in Flanders : reporting about new maps and
indicators differentiating between urban and rural areas within Flanders. Smart and sustainable planning for cities and
regions : results of SSPCR 2019. In Green Energy and Technology p.209-224
https://link.springer.com/chapter/10.1007/978-3-030-57764-3 14

Rotor asbl & Brussels-Capital Region, 2015, How can reusable materials be extracted from public buildings? Handbook
for reuse off site

United Nations Environment Programme, 2020. Emissions Gap Report 2020. Nairobi. https://www.unep.org/emissions-
gap-report-2020

Verachtert, Poelmans & Vanderstraeten, 2022. Waar woont de Vlaming in 2035.
https://researchportal.be/nl/publicatie/waar-woont-de-vlaming-2035

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,


https://circulareconomy.europa.eu/platform/sites/default/files/impact_of_circular_economy_on_achieving_the_climate_targets_-_case_housing.pdf
https://circulareconomy.europa.eu/platform/sites/default/files/impact_of_circular_economy_on_achieving_the_climate_targets_-_case_housing.pdf
https://omgeving.vlaanderen.be/monitoringsysteem-duurzaam-oppervlaktedelfstoffenbeleid-mdo
https://omgeving.vlaanderen.be/monitoringsysteem-duurzaam-oppervlaktedelfstoffenbeleid-mdo
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/delivering-european-green-deal_en#renovating-buildings-for-greener-lifestyles
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/delivering-european-green-deal_en#renovating-buildings-for-greener-lifestyles
https://www.vlaanderen.be/veka/energie-en-klimaatbeleid/vlaams-energie-en-klimaatplan-vekp-2021-2030
https://iees.ch/our-manifesto/
https://omgeving.vlaanderen.be/het-ruimterapport
https://link.springer.com/chapter/10.1007/978-3-030-57764-3_14
https://www.unep.org/emissions-gap-report-2020
https://www.unep.org/emissions-gap-report-2020
https://researchportal.be/nl/publicatie/waar-woont-de-vlaming-2035

A

Valorisation of the stabilized organic fraction of mixed municipal waste as building
materials within a circular economy

Michael M. Santos"**, Antonio Luis Marqués Sierra®, Alvaro Amado-Fierro!, Marta Sudarez®, José Manuel
Gonzalez La Fuente®, Maria A. Diez!, Teresa A. Centeno?

"Instituto de Ciencia y Tecnologia del Carbono (INCAR-CSIC), Francisco Pintado Fe 26, 33011 Oviedo, Spain

2 Department of Civil Engineering and Architecture, Centre of Materials and Building Technologies (C—
MADE/UBI), University of Beira Interior (UBI), 6201-001 Covilh3, Portugal

3 Grupo de Modelizacién Matematica Aplicada (MOMA). Laboratorio de Tecnologia de Cementos y
Hormigones. Escuela de Ingenieria de Minas, Energia y Materiales de Oviedo, ¢/ Independencia 13, 33004
Oviedo, Spain

4 Centro de Investigaciéon en Nanomateriales y Nanotecnologia (CINN). Consejo Superior de Investigaciones
Cientificas (CSIC) - Universidad de Oviedo (UO) - Principado de Asturias, Avenida de la Vega 4 6, El Entrego,
33940 San Martin del Rey Aurelio, Spain

5 R&D, COGERSA SAU, Carretera de Cogersa 1125, 33697 Gijon, Spain

*Corresponding author: michael.santos@ubi.pt

Keywords: waste recovery; hydrothermal carbonization; hydrochar; sustainable particleboard; blended
mortar

ABSTRACT

The urgent minimization of CO, emissions from the construction sector is driving the use of urban,
agroforestry and industrial wastes as substitutes for raw materials. This approach not only mitigates the
intensive exploitation of primary resources, but also offers a solution to dispose of the massive waste streams
generated worldwide.

Biomass residues display a very promising potential in the building materials industry, but a number of
drawbacks, mainly due to their high moisture content, low mechanical properties and poor compatibility with
other components, still limit their direct application.

Biochar, the solid product from the thermochemical transformation of biomass, is receiving great interest as
a carbon-negative material with efficient performance in particleboards, mortars, concrete, etc. The
production of biochar involves heat treatment of the precursor in an oxygen-free atmosphere at temperatures
typically ranging from 300 °C to 650 °C. This technology is severely penalized by the high moisture content of
most bio-waste

As a competitive alternative, hydrothermal carbonization (HTC) is an affordable technology particularly
suitable for thermochemical processing of wet feedstocks, as water is involved as a reactant. Hydrothermal
degradation of biomass follows similar reaction mechanisms as standard carbonization (hydrolysis,
dehydration, decarboxylation, aromatisation and recondensation), but takes place at milder temperatures of
180-250 °C under the respective water vapor saturation pressure. Under such conditions, the high ion
concentration resulting from the reduced dielectric constant of subcritical water favours the decomposition
of biopolymers and the solubilization of organic compounds. Studies have shown that HTC successfully
converts a wide variety of biomass residues into a carbon-enriched solid (hydrochar) and an aqueous phase
that can be recirculated to the process or used as a source of valuable organic compounds. In addition, the
gas release is typically less than 10 wt%.

The transformation of organic waste into hydrochars is dictated by feedstock composition and operating
conditions, and therefore a wide variety of materials can be obtained for various applications such as energy
production and storage, soil improvement, adsorbents, catalysis, chemical and nutrient recovery.
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This study explores the use of hydrochar as a challenging option for the development of novel low-CO,
building materials. Specifically, it is approached for sustainable particleboards and mortars.

Mechanical and biological treatment (MBT) is a globally widespread technology that aims to recover materials
and reduce the discharge of mixed municipal waste. Currently, stabilized organic waste (SOW) from MBT
remains a problematic stream, as it is not counted as EC compost and is traditionally used for landfill cover
purposes, or directly landfilled.

In this study, stabilized organic waste with a moisture of 48.9 wt% and inorganic fraction of 35.5 wt% is
selected as feedstock (Figure 1). The HTC process consisted of the treatment of SOW with water (solid-to-
water ratio of 1:4 by weight) at temperatures of 180 and 200 °C and the respective pressures of 9 and 16 bar
for 2 hours (3-L stainless-steel lined pressure reactor ILSHIN).

It is found that, without pre-drying, SOW is efficiently transformed into 76.5 and 71.8 wt.% of hydrochars
HSOW-180 and HSOW-200, with a recovery (Crec) of 77 and 68 wt.% of carbon from the initial residue (dry
basis), respectively. Both materials are pathogen-free and stable, with no degradation observed over time.

Figure 1. Transformation of stabilized organic fraction from MBT by means of hydrothermal carbonization and application
of hydrochars as construction materials.

The modification of the chemical composition of SOW (Table 1) conforms to the general profile described for
biomass conversion by HTC, although the magnitude of the changes is significantly smaller since the feedstock
had already been subjected to biological pre-treatment. It is worth noting the high ash content of SOW-based
hydrochars, which hinders their use in bioenergy, advanced carbon materials, etc., but makes them
interesting to apply in construction.

Table 1. Chemical features of the original waste (SOW-MBT) and the hydrochars produced at 180 and 200 °C for 2 hours
(referred to dry basis)

Yield Crec Ash  Volatile Fixed ¢ H 0 Atamic ratin
Material

(Wt%) (wt%) (wt%) Matter Carbon (wt%) (wt%) (wt%) O/C  H/C
SOW - 355 59.1 5.4 349 4.2 23.0 0.49 1.44
HSOW-180 765 77 359 57.4 6.7 353 45 228 048 143
HSOW-200 71.8 68 42.8 48.9 8.3 32.9 3.8 19.0 0.43 1.39

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

The presence of extractives as natural binders facilitates the successful agglomeration of HSOW-180 particles
at 25 °C by pressing at 300 MPa without dwell time (static hydraulic press). Circular probes of 12.5 mm in
diameter and up to 10 mm in height and rectangular-shaped elements of 50.5 x 10.4 x 5-6 mm were prepared.
Heating of the probes in an inert atmosphere (N,) at temperatures below 300 °C for periods of less than 2.5
hours yielded binder-free items with a density of 1118 kg/m?3.

12.5 mm in diameter and up to 10 mm in height and rectangular-shaped elements of 50.5 x 10.4 x 5-6 mm
were prepared. Heating of the probes in an inert atmosphere (N,) at temperatures below 300 °C for

The affinity to water, which is one of the main weaknesses of biomass-based particleboards and is also
observed in those containing hydrochars, is notably reduced with post-curing. The HSOW-180 probes absorb
only 5.2 wt% after immersion in water for 2 hours and experience a thickness swelling limited to 1.5%, which
implies an excellent dimensional stability.

The compression strength of 35.09 MPa, the modulus of elasticity of 540 MPa and the modulus of rupture of
18.53 MPa of the HSOW-180 items compete favourably with the values shown by probes produced from lingo-
cellulosic materials and exceed those achieved with agricultural residues. Such characteristics indicate great
prospects for SOW-derived hydrochar as a resource for filler boards in duct-housing structures as well as in
non-structural panels and partitions.

On the other hand, the high amount of inorganic matter (Table 1), with ~ 16 wt% silica, in the hydrochar
produced at 200 °C suggests the potential of HSOW-200 as a substitute for reducing cement consumption in
mortars. For a comprehensive evaluation of its impact on the performance of both fresh and hardened
mortars, the cement was partially replaced with 1.25, 2.5 and 5 wt% of hydrochar. The respective blended
mortars correspond to HSOW-200-1.25, HSOW-200-2.5 and HSOW-200-5.

It is observed that the presence of hydrochar does not significantly modify the water need for mortar
production, and with 2.5 and 5 wt% cement substitution, the water requirement is only 1 and 3 wt% higher.

The addition of 1.25% HSOW-200 results in a slightly higher consistency (Table 2), which may be due to a
better combination with water as a consequence of the presence of some hydrochar particles larger than
those of cement. For higher dosage, this effect appears compensated by the high water absorption capacity
of HSOW-200 and the incorporation of 5 wt% reduces the workability of the blended mortar HSOW-200-5.
The setting time is significantly affected when 5 wt% cement is replaced by hydrochar, being both the onset
and end of setting delayed.

Table 2. Characteristics of fresh and hardened mortars

Fresh mortar Hardened mortar (28-days)
Sample Consistency ::Lksity Bulk density SCtCI’rZ“nF;rtiSS'O" Igsgr:j‘tlivity Ezf::\:at:,
mm) (g/cm3) (g/em’) (MPa) (W/m.K)  (kQ.cm)
Control 119 2.22 2.16 60.48 1.66 6.12
HSOW-200-1.25 128 1.97 1.89 31.52 134 5.13
HSOW-200-2.5 119 1.85 1.90 23.88 1.26 4.52
HSOW-200-5 109 1.80 1.90 26.65 1.40 4.22

Partial replacement of cement by hydrochar induces a decrease in the bulk density of the mortar in fresh and
hardened states and leads to a significant reduction in the compression strength of mortars and, to a lesser
extent, in the flexural strength. However, compression strength of 23.88-31.52 MPa of the blended mortars
holds promise for use in plastering, rendering, masonry and partition blocks. Moreover, the presence of
hydrochar decreases the thermal conductivity and electrical resistivity of the mortar by 25-30%, which favors
thermal insulation properties and durability.
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In conclusion, the alternative presented in this paper fits into a circular economy framework based on the
recovery of low-quality biomass waste through mild hydrothermal carbonization to provide secondary raw
materials for sustainable construction.
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EXTENDED ABSTRACT

1 Introduction

To make a shift toward a Circular Economy (CE), it is vital to enable the measurement of circularity and, thus,
the progress toward a CE that is made [1]. Therefore, Anastasiades et al. (2023a) presented their Circular
Construction Indicator (CCl) that considers the 4 Rs of the CE in the Design, Construction and End-of-Life (EoL)
phase. They point out that the number of components that can be reused, recycled and collected for energy
recovery in the Eol phase is time-dependent, corresponding to the construction’s age and condition.
Therefore, they propose to implement service life prediction models to estimate the amount of materials that
can be assigned to each value stream [2]. This is particularly important for timber components, considering
the increasing attention for wood construction. The more so, because the required tree growth periods before
harvesting vary from 30 to 100 years [3] so when all demolition wood is merely incinerated after a first use
cycle, the timber rotation period will rarely be matched . This will sooner than later lead to an unsustainable
timber construction industry [4]. Therefore, Anastasiades et al. (2023b) presented a reuse potential indicator
for timber components based on a service life prediction model. The indicator predicts the decay rate for a
certain timber component in a certain environment and composition with other components. Subsequently,
it determines the reusability rating according to the European standard EN 252 [5] and shows how the rating
progresses in time [6]. Combining the knowledge of material decay with circularity principles, such as
disassemblability, allows designers to more accurately and more efficiently improve the circularity of their
designs.

In this paper, a methodology is presented to combine the timber reuse potential indicator with the CCI.

2 Material and methods

In a construction’s EoL phase, the number of components that can be collected for reuse, recycling and energy
recovery can be described as interdependent through a time-quality function that is determined by factors
describing design specifications, environmental aspects and material properties [2]. When considering the
timber reuse potential indicator [6], this time-quality function is embodied by the decay rate Uwooqs. This is the
speed, expressed in mm/year, at which fungal decay progresses along the thickness of the considered timber
component. For above-ground exposure, Uwood,e-g iS given in Eq. (1) [6].

Uwood,a—g = kwood * Kctimate * kpaint *Kwiath * Kenickness * Kconnection * Kcontact
— [ﬂ (1)
position year
With:
- kwooq: @ parameter corresponding to the above-ground durability of the used wood species
- keimate: @ parameter considering the region where the wood is exposed
- kpaint: @ parameter that considers a paint layer
- Kuwidth, Kinickness: geometric parameters
- Kconnection: @ parameter considering the type of connection to other components
- Keontact: @ parameter considering the type of contact to other components

- kposition: @ cOmponent considering the position of the component in the greater structure

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

This decay rate combined with the corresponding EN 252 based reuse potential rating (see [6]), can be used
to objectively determine the fractions of material that are collected for resp. recycling (Cr4), reuse (Cuy,4), and
energy recovery (Ceq). The procedure will be determined and tested using the case of a timber Warren truss
bridge structure and a wooden bridge deck, located in Flanders, Belgium. For the Warren truss, the
components will be considered as Norway spruce (Picea abies) of strength class C24, according to the EN 338
[7], with a thermal modification for above-ground outdoor use. The bridge decking will be considered as
Southern yellow pine (Pinus spp.) with an acetylation treatment.

3  Results

Considering the case study of the timber Warren truss bridge structure and the bridge decking, a total of 10
timber reuse potential simulations are necessary: there are 4 beam sizes and the bridge deck plank, and for
each the decay is assessed at the connection and along the free length of the component. As an example, the
simulation for the bridge deck plank is shown in Figure 1.

70x150
4,0 J———————~— 100
e
3,0 R [EIR:-N - - - - connection - rating
oo /I I f’
c =% beam length - ratin
B 2,0 i 50 2 & &
5 A 5 = = connection - decay depth
L (]
210 /'I 25 © beam length - decay depth
w
7
/
0,0 = 0
0 5 10 15 20 25 30 35 40
t [year]

Figure 1: decay rating and decay depth for the bridge deck plank

Combining the resp. curves for the decay rating and decay depth, allows to determine the different EolL
streams, which are variable in time. In the example of the bridge decking, the decay depth along the plank’s
length is 16.3% after 10 years with a corresponding reuse rating of 1.2 . The reuse rating prescribes in this
case that the decayed 16.3% should be collected for energy recovery. The remaining 83.7% can be collected
for reuse. At the connection, the decay depth is 59.5% after 10 years, with a corresponding reuse rating of 3.2
. In this case the decayed 59.5% is again collected for energy recovery, but the remaining 40.5% should be
collected for recycling.

The decay around the connection and along the beam’s length clearly progress at different rates, which needs
to be considered to determine the different EoL streams as well. Therefore, the simplified assumption is made
that 15% of the beams’ lengths is assigned to the connection. In this way, a weighted average can be calculated
for the different EoL fractions for each beam type, as shown in Eq. (2) for the reuse stream Cy,4; of beam type
i. The equation is equivalent for the recycle stream Cgq,i.

CU.d,i =0.15- CU,d,i,connection +0.85- CU,d,i,free length (2)
With:
- Cuyaq,i: the reuse fraction of beam jin the EoL phase
- Cud,iconnection: the reuse fraction at the connection of beam i
- Cudifreelengtn: the reuse fraction along the free length of beam i
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These different EolL fractions for each beam type can be combined into weighted overall Eol fractions using
the beam types’ weight fractions in the total structure. As an example, this is shown for the reuse stream Cy
in Eqg. (3).

k
M:
Cya = ZM_l “Cyai (3)
=1 ¢

With:

- Cuyaq: the total reuse fraction of the construction

- Cuyaq,i: the reuse fraction of beam type i in the EoL phase

- M;: the combined mass of all beams of type i

- Myg: the total mass of the structure
Considering that Norway spruce has an average density of 405 kg/m3 and Southern yellow pine 420 kg/m3,
the total EoL fractions can be determined in time, using the methodology described above. For the presented
case study, the different fractions Cu4, Cr4 and Cegq, as well as the total waste Wy are plotted in time in Figure
2.

100 3500
90 3150
80 2800
70 2450 —

< 60 2100 X

= 50 1750 ©

O 40 1400 =

T 30 1050

£ 20 .. - 700 €
10 et N e, 350
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t [year]
CU,d eeseee CRd CE,d wd

Figure 2: evolution in time of the EoL fractions

4  Discussion

The results in Figure 2 indicate that after 15 years of service, 71% of the bridge’s timber components can still
be reused. In addition, when considering the decay rates and reuse ratings (of which an example is shown in
Figure 1), it becomes clear that both the connections and the timber size, or more generally the shape of the
beam section, have a large influence on the reusability. Initially, the simplified assumption was made that 15%
of the beams’ lengths is assigned to the connection. Considering Eq. (2), it becomes clear that a smaller or
larger connection influences the reuse stream C, 4. Also the type of connection (e.g. bolted or clamped) will
have an influence. Therefore, a sensitivity analysis is performed of which an example is shown in Figure 3.
Now the reusable portion of timber components after 15 years varies between 65%, in the case where the
connections encompass 30% of the beams’ lengths, and 77%, in the case where the connections are clamped
instead of bolted. It is self-evident that many more combinations are possible. Hence, the service life design
of a timber structure is highly influenced by the design of the connections.

A similar sensitivity analysis is performed for different cross sections of the beams, showing that choosing the
cross sections wisely is equally important in order to optimise the reuse stream.
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Figure 3: influence of the connection size and type on the reuse stream

5  Conclusion

This paper presents a methodology to integrate a timber service life prediction model with a circular
construction indicator to formalise the temporal aspect of timber component reusability. The methodology
shows the time-dependency of the material fractions destined for reuse, recycling and energy recovery. In
addition, it points out where designers can optimise their design further for component reusability. The test
case in this investigation already points out that the design of the connections and the choice of the cross
sections greatly influence the timber components’ durability and, consequently, their reusability in time.
Future research could therefore focus on the design of timber connections and how these can be optimised
for reuse.

The major contribution of this research is that it raises designers’ awareness of the reuse potential of timber
components and how to improve it. This awareness should prevent reusable timber from being sent straight
to heat and power plants for energy recovery. After all, ideally, components remain in their highest possible
value stream. Hence, it allows the construction industry to progress towards a truly circular construction
industry.
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ABSTRACT

World population is growing and so are cities. Projections of current trends estimate that urbanites will
comprise 68% of world population by 2050 (UN, 2017). Both processes — population growth and urbanization
— create a growing need for rapid construction of all building types. However, the construction industry is
already responsible globally for significant portions of energy consumption, CO, emissions and waste
products. As such, it is directly responsible for resources usage, environmental degradation, and public health.
The way we build, not least the materials we use, impact energy consumption it two ways. The extraction of
raw materials, their processing into construction materials and components, transporting these, the
construction process itself, and finally building demolition, account for at least 10% of the overall energy used
in industrialized countries, a percentage known as Embodied Energy (EE). Another 40% account for the energy
used primarily for heating and cooling buildings, as well as lighting and ventilating them, and providing for
other energy-related needs (pumps, elevators, etc.) and are known as Operational Energy (OE). However, as
building design and construction become more energy-aware and environment-responsive, the relative parts
of EE and OE change constantly - insulating materials allow energy conservation, thus a lower OE account, but
need much more EE in their production compared to conventional, energy wasting construction (Litzkendorf
et al., 2014).

Thus, a wholistic approach is needed if the construction industry is to limit its environmental impact in all
respects and its products are to provide decent indoor conditions at a minimal energy investment.

This research attempts to tackle the issue wholistically:

1 using waste products for the production of construction materials;
2 which have a low EE and high carbon sequestration, or low embodied carbon (EC);
3 and promote the construction of building envelopes with a high insulating value, lowering OE.

Cement and concrete are currently the most ubiquitous building materials worldwide, with global cement-
based concrete production surpassing 10 billion tons per year. Cement has a high EE since its production
involves a kiln temperature of 1450°C, this in addition to the energy involved in quarrying, crushing and other
stages of pulverizing rock. Although concrete has significant advantages as a structural material, its thermal
properties are poor and thus it is a poor wall infill material, though it is used as such as well. Alternative infill
materials, such as Autoclaved Aerated Concrete (AAC) blocks, have a thermal conductivity lower than that of
the concrete and its derivatives, e.g., Hollow Concrete Blocks (HCB). As such, they allow the production of
buildings with a lower OE, yet still have a high EE and EC due to their energy intensive production processes
(involving high temperature and vapor pressure autoclave) and ingredients, not least lime and alumina
powder. Nevertheless, AAC has become very popular and is extensively used for a number of reasons.

As of recent, low EE and EC products have been introduced as AAC substitutes, among them Lime Hemp
Concrete (LHC) otherwise known as Hempcrete. This has been a significant step forward since hemp shives
used in the production of LHC are a waste product of the hemp agro-industry focusing on the plant’s fibres,
accounting only for 30% of the plant. Hemp shives are very lightweight with a high air content which gives
them insulating properties. However, the other component of LHC, lime, is still an energy intensive material,
with EE and EC values very similar to those of cement (~5 MJ/kg EE and ~0.8 kg CO2/kg EC respectively)
(Hamond & Jones, 2008). Potential substitutes for lime include clay which is abundant worldwide and can be
used as an unfired binder.

The first stage of this research program focused on the analysis of different waste byproducts originating from
quarrying activities, e.g., clay, limestone, dolomite, basalt. Chemical and phase compositions of the alternative
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binders were determined by X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), Scanning Electron Microscopy
(SEM) with Energy Dispersive Spectroscopy (EDS). Particle Size Distribution (PSD) was determined, and particle
morphology was characterized by SEM. Unfired binders were mixed as lime substitute in different
percentages. Subsequent tests also included Thermogravimetric Analysis (TGA) to identify possible
transformations during hydration and carbonation. Following this, four powders were chosen, and mixtures
of alternative binder and water were prepared with hemp, at a ratio of 2:1 (binder:hemp). Compressive
strength of the cured specimens was tested in an INSTRON 5982. The next stages included the characterization
of mechanical and thermal properties of different LHC mixture sample blocks. Results showed that two of the
chosen clays were more suitable for the production of LHC, and that replacing lime with alternative unfired
binders affected LHC thermal properties negligibly, whereas using only alternative unfired binder instead of
lime containing mixture improved compressive strength; yet such blocks were not stable when immersed in
water. The samples with 50% lime and 50% unfired binder showed increased compressive strength up to 134%
higher than only lime based LHC. Thermal conductivity of the different mixtures ranged between 0.055-0.07
W/m°K. These results refer to LHC samples produced with a density of 330 kg/m3 and compressive strength
of ~0.8-1.2 MPa and are fully compatible with AAC blocks of different producers available on the market today.
An extensive presentation and discussion of this research stage may be found in Haik et al. (2020a).

The second stage aimed at investigating the actual compatibility with and possible exchangeability of
conventional building materials with LHC. Towards this purpose four test cells with different LHC mixtures
were built, alongside three identical cells built with conventional building materials — AAC, HCB and Expanded
Polystyrene (EPS). All test cells (100/100/60cm) were built on solid concrete bases, with identical EPS slopped
roofs with operable apertures (south facing 40/37.5cm, north facing 25/20cm) allowing solar heating in winter
days and cross ventilative cooling during summer nights. Table 1 shows the properties of the materials used.

Table 1. Thermal properties and density of the tested materials.

Material | Density [kg/m3] | Thermal conductivity [W/m°K] | Specific heat capacity [J/kg°K]
Walls | LHC” 330 0.07 1400
AAC 500 0.16 970
HCB 1030 1.11 920
EPS 43 0.033 1200
Floor | Concrete 2240 1.95 900

*Based on laboratory tests (Haik et al., 2020b). All other material properties based on ASHRAE database, incorporated in EnergyPlus.

The test cells were constructed at the Blaustein Institutes for Desert Research (BIDR) Campus of the Ben-
Gurion University of the Negev (BGU), situated on the Negev Highlands, an arid desert approximately 475m
above Mean Sea Level (MSL). Monitoring of indoor and outdoor air temperature, relative humidity, solar
radiation, wind velocity and direction included hot, cold and transition seasons. Monitoring of each cell was
done by three thermocouples — centre of indoor space, centre of external southern wall surface, centre of
internal southern wall surface — and one HOBO UX100-03 temperature and relative humidity logger, placed
at the centre of each cell, alongside the respective thermocouple. Parallel to monitoring test cell indoor
conditions were simulated in EnergyPlus (DOE, 2020), in order to allow theoretical upscaling onto a full-size
(100m?) single family detached house under the same climatic conditions. Outdoor data were collected from
the BIDR campus meteorological station.

Results showed that replacing lime with unfired binders hardly affected the behaviour of cells in terms of
temperature and humidity. Best summer results were measured in the LHC cells (lowest temperature peaks)
compared to those of the cells made with conventional materials, be they light, heavy or medium weight.
Winter results showed a slightly better performance (highest night minima) in the AAC cell, though LHC was
better than both HCB and EPS. Humidity measurements highlighted the LHC advantages in terms of
“breathability”, i.e., gradual absorption and release of humidity in tandem with outdoor conditions. Here
again, AAC had a marginal advantage in summer. Both summer and winter measurements showed LHC cell
advantages in moderating extreme values, lowering diurnal fluctuation, and creating a time lag, compared to
the cells built with conventional materials (Figure 1).
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Figure 1. 24h data of outdoor and indoor air temperature during hot (left) and cold (right) season monitoring of
representative LHC cell (50% unfired binder Mamshit) and conventional building materials (Haik et al., 2020b).

An extensive discussion of the experimental setup, monitoring and results analysis of this stage may be found
in Haik et al. (2020b).

Monitoring and simulation results were in good agreement. This allowed to proceed to the next stage aimed
at verifying the advantages of LHC as a full-size house building material, promoting improved indoor climate
with significant OE savings both for heating and cooling.

The third and final stage of this program involved the upscaling and simulation of a full-size single-family
house (100m?, 10.0/10.0/2.9m) based on the previous stage results, allowing estimation of OE savings
stemming from the use of LHC, compared with conventional building materials similar to those used in the
comparison test cells. Thickness of walls and roofs of the simulated house model was assumed to be 0.2m/
South facing windows were designed to be of a total area of 13.5m?, or 14.6% of the floor area, to comply
with the 14-16% Window to Floor Ratio (WFR) stipulated by the Standard of Israel SI 5281 Sustainable Building
Part 2 (SlI, 2011) for the relevant climatic zone (C - Mountain Zone) to allow for direct solar gains in winter.
The same standard sets a ratio of 0.7-0.8% north facing fenestration to floor area to provide sufficient summer
night ventilation for thermal comfort and structural cooling. A door was located in the eastern fagade. The
floor was detailed as concrete, similar to that of the test cells. Windows were detailed as double glazed 3-13-
3mm. Summer simulations included closed and externally fully shaded windows during the day (08:00-19:00),
and fully open afterwards to allow cross ventilation estimated (based on measurements) at 10 ACH. In winter,
south facing windows were fully exposed to solar radiation during the day, and fully insulated at night with
EPS panels (as were the test cells in reality and simulations). Two different scenarios were simulated: a fully
passive house, and an HVAC-supported house, the thermostat of which was set at 26°C in summer and 18°C
in winter. Weather data were real ones measured at the BIDR meteorological station, used for the simulations
of test cells in the previous stage. This was defined as preferable to the Typical Meteorological Year (TMY) file
used by EnergyPlus, since weather peculiarities (extended hot season, unusual hot and cold spell fluctuations
in transition seasons, etc.) may have a detrimental effect on the thermal behaviour of a building and its
subsequent energy needs.

The passive building performed satisfactorily, maintaining indoors ~24°C while the windows are closed,
approximately 8°C lower than the ambient (32°C). Indoor temperature peaks at ~26°C very close to the
window opening time, when ventilation air movement can compensate for the higher air temperature. Indoor
maxima were the lowest in the LHC building compared to all other buildings (AAC, HCB, EPS), while indoor
minima were mostly similar to the outdoor minima, being higher only than the indoor minima in the HCB
building. In winter, with solar gains and night window insulation, LCH and AAC temperatures are located
between the EPS (highest) and the HCB (lowest), with a marginal advantage for LHC. Indoor maxima and
minima in the LHC building maintain roughly an advantage of 9-11°C compared to the outdoor ones, reaching
~21°C during the day, and maintaining at least 15°C during the night.

The HVAC supported building’s thermostat is set at 26°C in the summer and 18°C in winter. Following the
same operation pattern for windows and shading, energy consumption was the lowest for LHC both in winter
and summer, reaching an annual consumption of ~7kWh/m?/year, surpassing the highest standards for nearly
Zero Energy Buildings (nZEB) (BPIE, 2015). A detailed presentation of this stage of the research program may
be found in Haik, Peled, Meir (2021).
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Summarizing the different stages of this research program, it may be said with a high degree of certainty that
LHC may be brought to a significantly lower EE and EC level by incorporating in it unfired binders to substitute
lime. This does not affect its thermal properties while improving its compressive strength. The thermal
performance of test LHC cells monitored in extreme desert climatic conditions was shown to be better than
that of identical test cells built with conventional building materials (AAC, HCB, EPS). A parallel simulation of
these cells alongside their monitoring showed good agreement between actual and simulated results. This
allowed a theoretical upscaling from test cells to full-size house, which was then simulated for different
building materials, both in passive and HVAC supported operation. In both cases, the thermal performance of
LHC constructed building was shown to be better than that of the other buildings built with conventional
materials. However, when simulating the building as being HVAC supported, it was shown that LHC brought
it to a level higher than that stipulated by EU nZEB standards. Further investigation showed that, based on
ISO 14040, Life Cycle Assessment (LCA) of the specific LHC mixtures and the structures built with them save
up to 90% of the total energy (EE and OE) consumption and CO, emissions (Haik, Meir, Peled, 2023).
Considering the fact some of the unfired binders were quarries waste, and hemp itself is an agro-industry
waste byproduct, it can be concluded that Lime Help Concrete proves once again that “One man's trash is
another man's treasure”, thus closing another cycle.
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ABSTRACT

The present linear urban systems are most probably an insurmountable obstacle to sustainability. Circular
economy is the logical answer to this challenge. What is circular economy in cities? How does it affect
engineering?

The first step is to reformulate the engineering goals. Conventional wisdom is to work at the improvement
of supply, evacuation and treatment of material flows, even when we aim for sustainability. In a circular
economy, material supply will be replaced by services, and it will be necessary to set standards for the
recovery rate of materials, gradually increasing these recovery rates until close to 100%, independently of
the sector or technology involved.

For water engineers increasing recovery rates means in a first approach to reuse all waters and ingredients,
for solid waste management it implies extracting resources from waste, or urban mining. That is where
edible cities come in handy. Loops need sources but also sinks. Productive urban green space can be a sink
for water, nutrients, organic matter. Future engineers will need to make substance balances and design
material flows, urban spaces and surfaces in a way to allow for the necessary sinks. Technologies will be
chosen according to their ability to allow for resource recovery. This amounts to apply cleaner production
principles everywhere, including households, and to learn from nature, which is best in loops.

“Waste” reuse is very little attractive to the general public, not least politicians. The term waste, as in
wastewater, can be abandoned altogether. The EU stresses the “farm to fork” concept in its Green Deal. This
can be extended to a “farm to fork to farm” loop — no “waste” anymore. But talking about loops, or circles,
which have no beginning and no end, justifies to start at any point, not necessarily at what we consider
waste. That is another advantage of edible cities, which stress the very positive aspect of food production.
In order to make an indent into our present linear systems, food production and more generally urban green
has to become urban infrastructure for water and waste management, for cooling, building insulation, etc.
Thus, urban green spaces and surfaces, not least productive ones, will have to be designed directly aiming at
all these benefits, not just having them as possible collaterals. This needs comprehensive, transdisciplinary
design approaches, involving many disciplines and sectors, including the users, who will be responsible for
exploitation and maintenance. The future will be co-developed, co-designed and co-managed.

The loops need not only achieve high recovery rates but also be safe. Safety comprises human health
hazards from substances involved, but also excessive heat, has to consider flood protection, as far as
possible temper extreme events, provide healthy food, a stable economy, and protect other than human
beings. Cleaner production will optimise technical and scale choices case by case, replacing the conventional
one-system-fits-all approach. Economists are required to stabilise circular economies despite a shrinking
resource demand.

The approach will greatly benefit from making all the positive aspects visible, as far as possible
guantitatively, and tap into the various funding sources of the areas covered, water, food, waste, wellbeing,
recreation, health, education, poverty alleviation, social stability, biodiversity, sustainable buildings (see
ecolopes), etc. Quantifying the multiple benefits will be another important task of the joint engineering
effort.
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ABSTRACT
Introduction

Outdoor stone monuments are prone to various forms of biodeterioration due to the presence of moisture,
nutrients, and favorable environmental conditions. Microorganisms, including bacteria, fungi, algae, and
lichens, are the main agents of biodeterioration. They colonize the facades of monuments and form biofilms,
creating an unsightly appearance that contributes to aesthetic damage, and lead to physical and chemical
deterioration of monuments. These changes include erosion, discoloration, cracking, and loss of structural
integrity (Mateus et al. 2013, Branysova et al. 2022). The biodeterioration of monuments poses significant
challenges in the field of conservation and restoration requiring ongoing research and the implementation of
effective strategies to mitigate the detrimental effects of living organisms on these valuable historical assets.
Regular monitoring, maintenance, and cleaning of monuments are essential to remove biofilms, organic
matter, and accumulated dirt, preventing and mitigating biodeterioration (Zhang et al. 2019). The use of
biocidal treatments, such as environmentally friendly biocides or natural antimicrobial agents, can be
considered for targeted control of microbial growth (Jeong et al. 2019, Kakakhel et al. 2019). In recent years,
there has been a growing interest in exploring and developing plant-based biocides for the preservation of
cultural assets. Plant extracts are generally considered safe for humans and the environment, as they are
biodegradable and have usually low toxicity compared to synthetic chemicals (Jeong et al. 2019, Kakakhel et
al. 2019). Many plant extracts have shown efficacy against a wide range of microorganisms, making them
versatile in combating different types of biodeterioration. For instance, essential oils (EOs) from plants have
been found to exhibit antimicrobial properties against bacteria and fungi commonly found on natural and
cultural heritage sites (Argyri et al. 2021, Mateus et al. 2023, Mota et al. 2015). However, most of the studies
performed were conducted in laboratory, so it is important to carry out field tests. The effectiveness of plant
extracts as biocides can be influenced by several factors, including the concentration and composition of the
extracts, the microorganisms targeted, and the environmental conditions. Field experiments provide valuable
insights into the real-world application of plant extracts as biocides against stone biodeterioration. They help
bridge the gap between laboratory studies and practical conservation practices, enabling conservationists and
restoration experts to make informed decisions regarding the use of plant extracts for the preservation of
stone-built heritage structures. Therefore, it is essential to conduct research and field tests to assess the real
and long-term effectiveness of plant extracts in inhibiting microbial growth and preventing biodeterioration
(Zzhang et al, 2019).

The ongoing research aims to expand the knowledge of the antimicrobial properties of EOs, improve their
formulation and application methods, and assess their long-term effectiveness in protecting cultural assets
from biodeterioration. With this purpose, field experiments were conducted in the emblematic site of
Portuguese cultural heritage, the Convent of Christ, to evaluate the in-situ efficacy of EOs derived from
Portuguese endogenous plants, specifically Thymus mastichina (Tm), Mentha pulegium (Mp), Foeniculum
vulgare (Fv), and Lavandula viridis (Lv). The Convent of Christ, located in the city of Tomar, Portugal, is a
significant historical and architectural landmark. This magnificent monumental complex combines elements
of Romanesque, Gothic, Manueline, and Renaissance styles, reflecting the evolution of Portuguese
architecture over several centuries. The Convent of Christ has an immense cultural and historical importance,
recognized as a UNESCO World Heritage Site since 1983, and today functions as a museum, allowing visitors
to explore its architectural grandeur and learn about its historical significance.
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Materials and Methods

The Tm, Mp, Fv, and Lv EOs were obtained by hydro-distillation in a Clevenger-type apparatus. The EOs
composition was previously characterized through gas chromatography-mass spectrometry (Batista et al.
2022). The natural biocides based on EOs were prepared at a concentration of 20% v/v, by emulsifying each
EO in an aqueous solution of the anionic surfactant sodium dodecyl sulphate (SDS) with a concentration of
0.2% w/v. As a positive control, the commercial biocide Biotin T was selected and used at a concentration of
1% v/v. While the negative controls included an aqueous solution of SDS (0.2% w/v) and water only. The
biocides were applied to a limestone surface on the west facade of the Convent of Christ, more specifically on
the inner face of the parapet of the Terrace of the Count, facing east. This location was chosen due to its easy
accessibility for the works and being closed to visitors. The surface was visibly colonized and damage, as
depicted in Fig. 1a). The test area was divided into different rectangular treatment areas, measuring 80 cm x
12 cm each, which included control areas. Separate areas were designated for the application of one, two,
and three coats of the biocides (Fig. 1a). In the first week, the respective test rectangles, A, B, and C, were
treated with a first coat of biocides and controls. The application was carried out using a brush, taking care to
avoid drips (Fig. 1b). In the second week, a second coat of biocides was applied to test rectangles B and C.
Finally, in the third week, a third coat of biocide was applied to test rectangles C. One week after the
application of the last coat, the tested areas were cleaned to remove the dead biofilms and lichens. The
mechanical cleaning method used water and a medium-hard CDS handwashing brush. Each test rectangle was
cleaned for a duration of 1.5 minutes.

The treated areas were also subjected to sampling for evaluation of microbial colonization at the beginning
and after the works. Microbial samples were collected through swabbing, and the degree of microbial
colonization was analyzed using culture-based methods. In addition, the temperature and humidity of the
local environment were monitored continuously for a duration of about one year. This monitoring aimed to
assess the variations in temperature and humidity that could potentially impact the effectiveness of the
biocide treatments and the growth of microorganisms.

Results and Discussion

Figure 1c) shows a picture of the test surface taken 5 weeks after the start of treatment. Table 1 provides a
qualitative evaluation of the treatment effects, ranging from no effect to very high effect. The evaluation is
based on both the removal of dead biofilms observed through visual inspection of the treated areas,
compared to the negative controls, and the concentration of viable microorganisms cultivable in the
laboratory. The following observations can be made: (i) From Fig. 1a), it can be observed that the rectangles
closer to the floor exhibited a higher degree of damage and biofilms. For future tests, it is recommended to
trace the tested rectangles vertically instead of horizontally to obtain better equity of the initial conditions;
(i) All the plant-based biocides, Biotin T, and the aqueous solution of SDS demonstrated biocidal activity when
compared to the negative control of water; (iii) The biocidal efficacy increased with the number of
applications; (iv) Under the tested conditions, all the EOs-based biocides exhibited a higher biocidal effect
compared to the commercial biocide (Biotin T). However, it should be noted that the rectangles used for the
Biotin T tests are close to the ground, initially also having a higher degree of contamination, and Biotin T was
used at the lowest concentration recommended by the supplier. (v) Among the essential oils, Thymus
mastichina, Mentha pulegium, and Foeniculum vulgare exhibited the highest field efficacy, followed by
Lavandula viridis.

The biocidal potential of EOs-based biocides has already been demonstrated in laboratory tests using the agar
disk-diffusion method, utilizing microorganisms isolated from stone structures of the Convent of Christ
(Mateus et al., 2023). In the laboratory assays, all the tested EOs exhibited a lower biocidal activity compared
to the commercial biocide Biotin T. However, under field conditions, all essential oils were found to be more
effective than the commercial biocide.
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Figure 2. Pictures of the tested site on the inner face of the parapet of the Terrace of the Count. (a)
Rectangular tested areas for the application of one (A), two (B) and three coats (C) of biocides and controls
specifically: Tm (1), Mp (2), Fv (3), Rv (4), SDS (5), Biotin T (6), water. (b) Application of the biocides and
controls in the first week. (c) After cleaning, five weeks after the beginning of the application of the first coat.

Table 1. Qualitative evaluation of the biocidal effect ("—" indicates no effect, "+" low effect, "++"
medium effect, high effect, and "++++" very high effect).

Biocide Tm Mp Fv Rv BT SDS Water

Biocide effect ++++ ++++ ++++ +++ ++ + -

The biodeterioration of exterior facades of monuments is influenced by several factors, including climate,
pollution, microclimate, exposure to sunlight and maintenance practices. Temperature and moisture are
crucial factors as they can promote microbial growth and facilitates the colonization of organisms on the
monument's surfaces. Fig. 2 shows the results obtained for the monitored environmental temperature and
humidity. Significant daily temperature gradients were recorded during all months, while high humidity levels
were recorded mainly during winter. Despite the temperature and humidity gradients, the range of values
recorded is favorable to the development of the biota throughout the year, as expected for a Mediterranean
climate.

Figure 2. Minimum (min), average and maximum (max) monthly temperature (T) and relative humidity (H), from June
2022 to March 2023.

These findings confirm that biocides based on plant essential oils are effective under real conditions, even
more so than in laboratory assays. This can be attributed to the fact that many microorganisms responsible
for biodeterioration, particularly symbiotic species that form biofilms, are not easily cultivable in the

labarata 0 s i s xvhich

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

can significantly influence the growth of microorganisms and the effectiveness of biocides. These results
underscore the importance of conducting field tests to validate the efficacy of biocides in real-world settings.

Conclusions

It can be concluded that biocides derived from the essential oils of Thymus mastichina, Mentha pulegium,
Foeniculum vulgare, and Lavandula viridis demonstrate effective inhibition of the growth and activity of
microorganisms in field conditions. These EOs possess natural antimicrobial properties, and exhibit broad-
spectrum activity, making them a promising alternative to synthetic biocides for safeguarding cultural assets
against biodeterioration. Moreover, the utilization of plant extracts presents a promising and eco-friendly
approach to preserving and protecting cultural heritage.

Continuing the research and development in this field will contribute to a better understanding and utilization
of plant extracts as potent biocides for the long-term protection of cultural heritage. Ongoing tests are also
being conducted to assess the environmental ecotoxicity of essential oils and their impact on the support
materials. Future work should focus on evaluating the long-term biocidal effects and conducting field tests
using biocidal preparations with lower concentrations of essential oils.
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ABSTRACT
General Description of the COST Action CA21103 CircularB

With rising concerns over the negative environmental and natural resource impacts of buildings and their
associated activities, governments and societies worldwide have been actively seeking more efficient and
sustainable construction practices. In response to this need, the concept of circular economy (CE) has
emerged as an innovative approach with vast potential for application in the construction industry and the
urban built environment (Anttonen et al., 2018). By optimizing building usage, preserving service life of
systems and components, and integrating nature-based solutions, CE offers promising avenue towards
sustainable development. In line with the new European Circular Economy Action Plan (ECEAP) introduced in
2020, various efforts have been made to incorporate circular resource thinking into construction practices
and sustainability frameworks, such as Level(s). Despite recent progress, there remains a shortage of
standardised tools and activities that fully realise the potential of circularity in construction (Cambier et al.,
2020; Askar et al., 2022). There is a critical need for a common international framework that implements
circularity, classifies buildings accordingly, and assesses the level of realisation of the ECEAP (Askar et al.,
2022). Recognising this gap, the CircularB Action initiative aims to develop a common international framework
of a circularity rating tool with Key Performance Indicators (KPIs) based on current best practices of CE in the
construction sector, state-of-the-art technologies, and the principles outlined in the ECEAP. The framework
of the CircularB design-support and rating tool allows local adaptation and application by different COST
countries. By developing a benchmark database that considers each country's unique conditions, construction
practices and design culture and traditions, the tool enables its direct utilisation. This empowers designers to
develop more sustainable buildings while aiding national and local governments in assessing and promoting
their circular economy targets. In addition to the rating tool, CircularB will identify construction, assembly,
adaptability, deconstruction and business model strategies and guidelines. These recommendations will serve
to enhance circularity in both new and existing buildings while fostering knowledge sharing among
stakeholders — including building professionals and industrial manufacturers. By disseminating best practices,
CircularB aims to create a collaborative environment that promotes the widespread adoption of CE principles.
To facilitate better-informed design decisions and automated circularity assessment, CircularB will integrate
the rating tool into the Open Building Information Modelling (BIM) workflow. This integration will enhance
the efficiency of the value chain management, provide accessible data for stakeholders, and enable circular
feedback loops using central BIM models. By leveraging BIM technology, CircularB aims to streamline the
integration of circular economy principles into the design and construction processes, fostering a more
sustainable built environment.

The Challenge and Progress Beyond the State-of-the-Art — The Aims and Objectives of the COST Action
CircularB

In recent years, the concept of circularity has gained significant attention in the pursuit of sustainable
practices. The need for a comprehensive and inclusive approach to circularity conception has become
apparent (Geissdoerfer et al., 2017; Nikolaou et al., 2021). In response, CircularB aims to establish a network
of interdisciplinary expertise that promotes broader perspective, debates and discussions surrounding
circularity to achieve sustainable development without compromising other economic, environmental and
social aspects. By bridging the gaps in existing circularity rating tools and fostering a dynamic participatory
and practice-oriented approach, CircularB strives to propel progress beyond the state-of-the-art. Current
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circularity practices predominantly focus on specific and isolated aspects such as circular materials
development and management of CDW (construction and demolition waste), without considering a holistic
approach (Adams et al., 2017; Anttonen et al., 2018; Askar et al., 2022). Essential principles of CE, such as
slowing the loop or narrowing the loop, are often overlooked (Askar et al., 2022). The narrow focus leads to
conflicts and potential trade-offs when integrating multiple aspects into current applications. CircularB COST
Action recognises the importance of building a bridge between theory and practice to overcome these
challenges. One of the primary objectives of CircularB is to develop KPIs that assess circularity in buildings
considering data requirements and compatibility within the holistic perspective of construction sustainability
design and assessment. CircularB addresses these prospects by adapting a complementary set of circularity
to common frameworks such as the Level(s) developed by the European Commission. By integrating circularity
into established assessment tools, CircularB aims to promote a lifecycle thinking and end-of-life perspective,
allowing for the development of case-sensitive trade-offs. The involvement of representative stakeholders
with interlocking specialities will ensure closing the loop of supply and demand, considering all stages of the
building lifecycle. Academic and industrial actors' involvement will enable the detection of specific circular
business models and associated benefits in building activities, ultimately supporting the creation of economic
value. To enable efficient information transfer among partners, CircularB will explore clear workflow
management and match-making circularity-oriented tools. These tools will not only monitor the efficient
exchange of information but also enable stakeholders to develop new insights and make better-informed
design choices. The engagement of involved stakeholders is crucial in promoting efficient information flows,
participatory conversations to develop viable business model developments focusing on value proposition,
customer involvement and supply chain management (Cambier et al., 2020).

CircularB COST Action main research coordination objectives focus on:

* Coordination and analysis of current policies in the building design and use, and real estate industry to
identify opportunities and barriers for implementing CE principles.

* Collection of data on innovative construction techniques, novel technologies and circular materials, for new
and existing projects; including rehabilitation, adaptive reuse methods, and resource recovery.

* Establishment of guidelines for implementing circularity measures in buildings and translating CE principles
into actionable strategies.

* Development of a common circularity framework incorporating criteria and KPIs to assess materials,
components and buildings, integrating it with BIM workflows, aligning with existing assessment tools like
Level(s), and customizing it to suit regional contexts, including local traditions, culture, materials, and
methods.

* Exploration of innovative business model ideas to incorporate CE into buildings construction workflow and
examination of market applications for the KPIs framework.

* Elaboration on adaptive resource strategies to predict adequate pathways for current building stock,
facilitating targets for material and resource recovery.

Main capacity-building objectives of the Action focus on:

* Fostering stakeholders' capacity building and knowledge exchange by developing new skillsets and
approaches to CE in the value chain from different regions.

e Stimulating policymakers and communities in CE adoption by raising awareness about the negative
consequences of the linear economy and involving them in the development of applicable CE strategies.

* Enhancing collaboration and alliances among different sectors — i.e., material manufacturing, supply chain,
project, construction, demolition and waste industry, academia, and governments — to develop tools,
strategies and methodologies for CE participatory implementation in the built environment.

* Supporting early-career researchers and investigators by providing opportunities for them to contribute to
CE projects and challenge the current linear model.

* Establishing a knowledge-sharing platform bringing entire value chain stakeholders and promote
dissemination by creating an online platform of best practices, guidelines, and success stories, organizing
workshops, training schools, and events to enhance knowledge and promote participatory activities, and
publishing joint scientific and technical papers while facilitating knowledge transfer between scientific
research and industry through collaborative discussions.

A complete list of specific objectives can be found in the Memorandum of Understanding (MoU) of the COST
Action CA21103 CircularB (CircularB, 2022), available at https://www.cost.eu/actions/CA21103/.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

CircularB Implementation — Description of the Working Groups, Tasks, Deliverables, and Milestones for
the First Year of the Action

The CircularB COST Action aims at delivering a holistic approach to circular buildings — including all
technological, societal, legal, economic, and environmental aspects. To cover all these facets, the research is
divided into four proposed Working Groups (WGs) (Figure 1).

Scientific development (WG1, WG2, WG3):

L]

WG1: Circularity strategies and best practices — WG1 focuses on developing inventive and effective
approaches in implementing and evaluating circular strategies and materials within design and construction,
and identifying best existing practices, advantages, and technical barriers and concerns. WG1 is dedicated
to creating integrated and tailored design and engineering solutions for buildings that are both dynamic in
nature. This involves tackling circularity challenges related to resource efficiency and waste prevention by
incorporating key concepts such as design for adaptability (DfA), design for disassembly (DfD), design for
change (DfC), and reversibility. These principles are applicable to both new and existing buildings, with a
strong emphasis on mitigating environmental impacts throughout the process (CircularB, 2022).

WG2: Circular value chain and stakeholder engagement — WG2 is dedicated to analysing the full value chain
associated with circular materials, components, and buildings. The primary objective of this WG is to
establish a collaborative platform that brings together various stakeholders form academia, industry,
suppliers, governmental bodies local authorities and policymakers, construction professionals and the
general public. This interdisciplinary approach aims to foster participatory dialogue and engagement with
the involved stakeholders which ensures effective management of a circular value chain and the creation of
potential loops. The group focuses on identifying opportunities for collaborative patterns, decision-making
activities, and the development of new business models that take into account the diverse requirements
and interests of the stakeholders involved (CircularB, 2022).

WG3: Circular KPIs framework — WG3 is focused on the identification and development of robust and
replicable criteria and indicators for measuring the circularity index of buildings. This WG aims to establish
relevant KPls that can be uniformly applied across different countries. These KPIs will be based on the best
practices and action plans outlined in national and international CE initiatives, as well as governmental
reports. To ensure a comprehensive coverage, the KPIs will be categorised into governmental/institutional,
environmental, social, economic, and technical dimensions. This grouping allows for a holistic assessment
of the circularity of buildings and facilitates the proposal of an international rating framework. The intention
is to evaluate the sustainability added value of buildings by incorporating circular principles. This
international system framework will complement existing recognized sustainability schemes such as the
common European framework for sustainability Level(s), SBTool, and others. The ultimate goal is to provide
decision-makers with reliable tools to support informed decision-making processes based on a detailed
circular assessment (CircularB, 2022).

Monitorisation, coordination, communication and dissemination (WG4):

WG4: Dissemination and results communication — WG4 is responsible for maximising the impact of CircularB
through a range of dissemination, communication, and outreach activities. These activities include managing
the CircularB Action webpage, engaging with the audience through social media channels and distributing
regular newsletters. This WG also actively seeks opportunities to expand the network of the Action by
establishing connections with other transdisciplinary networks and relevant stakeholders and partners. The
primary objective of WG4 is to ensure that the knowledge and outcomes generated by CircularB reach a
wide audience. By leveraging various communication channels and platforms, the WG4 aims to effectively
disseminate information, engage with the public, and create awareness about circularity in the built
environment (CircularB, 2022).
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Figure 1. CircularB Working Groups links and interactions (CircularB, 2022).

Deliverables 1 and 2 (D1 and D2) developed within the Year 1 and Milestone 1 on the State-of-the-art synthesis
of the CircularB Action will be presented: D1 on identification of Communication, dissemination and
networking strategy (WG4); and D2 on the compiled State-of-the-art report (WG1, WG2, WG3) focus on (i)
existing circularity strategies for buildings, (ii) policies and legal support, (iii) stakeholders' roles and
relationships, and (iv) circularity criteria, KPls and available international assessment frameworks.
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ABSTRACT

In times of climate crisis, a sustainable approach to architectural design is important. Particular results can be
achieved through the implementation of bionic design, biomimicry, which allows broad inspiration from the
natural world. Bionics, as an interdisciplinary field of science, studies the way living organisms and processes
in nature function, and aims to transfer these observed elements by means of models created into technology.
As a result, it becomes possible to search for solutions that minimize energy and matter consumption on the
model of living organisms that have been shaped by evolution. This allows emergent solutions for ecological
design to emerge, which can be manifested in a variety of ways leading to holistic design combining many of
the contemporary trends in ecological design including circular economy. The analysis carried out of the
various forms of application of the bionic approach in holistic architectural and urban design allows the
identification of the basic elements of a design process in which the main objective is to achieve sustainable
construction, in which the design approach pursues pro-ecological goals, e.g. minimization of material
consumption, metabolic cycle and reuse of materials, minimization of waste, carbon footprint, sustainable
solutions for building materials and systems as well as an interdisciplinary approach that allows the creation
of synergistic solutions for architectural and technical structural forms.
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ABSTRACT

Selected Conference Topic: Circular design and integrated planning approaches for increased resiliency

Since 2018, the CLEVER Cities project has put in place an inclusive co-creation pathway that aims at engaging
stakeholders (in particular citizens, civil society, public and private stakeholders) in decision-making processes
for implementing Nature-based Solutions (NBS) within uprunning large-scale urban regeneration projects in
three European cities, namely Hamburg, London and Milan.

The cities involved in the project, therefore, engaged in the co-creation process, testing, and questioning
about the effort in terms of time and human resources used to implement the urban greening measures
within their urban planning practices. The CLEVER Cities co-creation pathway was initially ideated as a linear
blueprint of complete co-creation phases: co-planning, co-design, co-implementation, co-development, and
upscaling (Mahmoud and Morello 2021). In fact, with a view to institutionalizing and replicating the co-
creation processes of urban green areas, it is important for local governments to equip themselves with tools
to be able to evaluate the added value of a shared process. However, in the literature and in the practice of
shared governance, monitoring, and evaluation (M&E) tools relating to the effectiveness of co-creation
processes are lacking majorly (Tzoulas et al. 2021; Galan et al. 2023) .

The scope of this research, hence, is to highlight and provide evidence on the importance of conducting an
evaluation for co-creation as an added value from the actual implementation of NBS in the collaborative
environment of the 'CLEVER Action Labs' (CALs), to help demonstrating the value added in embarking on a
shared governance approach around urban greening transformations and a better citizen engagement
(Nguyen et al. 2022). Hence, a systematic approach to gather information on each city’s pathway along the
co-creation process was developed for defining and refining a set of indications, in order to evaluate: 1) the
commitment of the involved participants to the process, 2) the realistic and tangible social and environmental
impacts resulting from the project implementation, and 3) the co-creation procedure and process itself, how
it changed along its course of the project lifetime.

Within the context of Urban Innovation Partnerships® (UIPs) of CLEVER Cities project, different workshops,
one-to-one interviews, and surveys were used to gather opinions and feedback from cities’ leaders and co-
creation facilitators’ teams on the possible criteria of assessment from March 2020 onwards, utilizing a
reflexive method till September 2022, see Figure 1. Three sets of indicators mainly prioritizing 1) stakeholder
engagement, 2) shared governance model and 3) co-design activities were selected. A learning by doing
approach (as an empirical approach) was adopted to structure the results from the framework
implementation based on two categories of qualitative and quantitative indicators: procedural indicators
(looking at the quality of the process itself in achieving its goals) and impact indicators (that address the
expected results and impacts originated from the co-creation activities).

From the workshops with cities in a concurrent timeline with the project co-creation processes, two sessions
were held to validate the results from the surveys and the previous analysis based on cities exchanges.
Afterwards, two main categories are transversally embedded for measurement: the stakeholder engagement
and the shared governance process within the two first project phases, namely the partnership establishment
and the co-design phases, see results section. The measurements in these two categories are meant to be
reflecting the overall co-creation process in the three cities and are not entailed to a specific phase (it could

! The UIP is the local public private partnership cluster of actors and stakeholders that carry out the implementation of the project in the

localcontext of eachcity,
ca-context-olecacncity-
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happen on a UIP scale or a CAL scale — any scale more detailed than that should be aggregated). The first
column (categories) refers to macro areas of interest such as 1) stakeholder engagement, 2) shared
governance model and 3) co-creation pathway (co-design phase so far), see Table 1.

Each city’s evaluation effect is translated into a score board to assess its own co-creation pathway
performance. There is no pre-defined success or failure threshold. The general idea is to set a baseline for a
set of key performance indicators for assessing co-creation processes towards a future verification and
validation of the methodological framework.

The concept behind this methodological approach is not to compare between what 'happened' throughout
co-creation experiences in the CLEVER Cities, but rather to understand what added value co-creation and
shared governance can provide to the governance of cities and advance the models and the possible focus on
social learnings from co-creation processes (Ziervogel et al. 2022). The analysis carried out in this research will
highlight the evidence-base from a possible co-creation assessment methodology that takes advantage from
the experience of cities towards assessing the effectiveness of such experiences to be replicated in further
urban planning practices.

Graphical representation of the abstract

Figure 0: Methodological flowchart for the development of the assessment framework of co-creation based on
empirical evidence.
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Figure 4: Timeline of the research project development

Table 1: Evaluation Matrix — score board — sample from cities

KEY INDICATORS

Questions for cities - Units of
Guiding Topics of measurement
interest for cities

MICRO
MACRO Categories categorization
Level of information

STAKEHOLDER ENGAGEMENT

Stakeholder engagement UIP (urban innovation partnership) and CAL (CLEVER Action lab) ----

SHARED GOVERNANCE MODEL

Shared governance model based on the overall of the co-creation pathway ----

CO-CREATION PATHWAY
CO-DESIGN based on the overall of the co-creation pathway

Results: Preliminary results from Stakeholders engagement indicators analysis 1% indicators analysis
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ABSTRACT

This communication analyses the main challenges and benefits deriving from the implementation of nature-
based solutions (NBS) in urban settings from several aspects within the categories of sustainable and circular
use of urban water and management, resource recovery, urban agriculture, climate change mitigation and
adaptation, and the different scales of the urban built environment (Atanasova et al., 2021; Langergraber et
al., 2021a,b) (Figure 1). Three main research questions are addressed: (1) Which are the most popular NBS in
urban planning policies? (2) What are the main expectations, benefits and challenges regarding the
implementation of NBS according to local stakeholders? and, (3) Which are the narratives related to NBS in
different urban policy contexts? This contribution presents six exploratory case studies from cities across
Europe, which were selected to mirror the geographical heterogeneity, presenting the diversity of practices
in NBS implementation at the city level (Figure 1).
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Figure 1. Urban circularity challenges addressed by nature-based solutions in selected European cities.

Introductory Background and Research Challenge

Climate change challenges and consequences in urban settings — e.g., degradation of ecosystems, resource
depletion, and threats to biodiversity enrichment, among others — are amplified by current and expected
cities' growth and development. Nature-based solutions (NBS), as blue-green spaces, infrastructures, and
technologies have the capacity to mitigate these issues by harnessing natural processes and delivering
multiple ecosystem services in the urban environment (Kabisch et al., 2016; Langergraber et al., 2021a,b). To
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of the urban planning development. In recent years, many European cities explicitly recommended the
application of NBS as a key driver to put in practice sustainable planning policies, strategies and frameworks
to boost the resiliency of urban communities. Nonetheless, the mainstreaming of NBS in official municipal
urban plans and programs still appears blurred and scarcely debated. Urban actors, as local stakeholders, are
seen as crucial filters to turn the European Union strategies into practical policies aimed at transforming cities
into sustainable and climate-resilient ecosystems while harnessing the potential of NBS (Raymond et al.,
2017). From municipalities to citizens' associations, from non-governmental organisations (NGOs) to private
companies engaged in innovation and environmental sustainability, local actors decide which NBS are the
most suited, being able to create narratives to promote the use of natural solutions in their implementation
context. Hence, local stakeholders can support the successful implementation and their economic and social
benefits of NBS in cities, by abandoning the silos approach for constructive and cooperative interaction with
policy makers and practitioners (Nika et al., 2021). Despite their importance, practical applications of NBS in
urban planning, along with their benefits' expectations, challenges, and services perceived by local
stakeholders are still scarcely investigated. The present communication aims to understand how city councils
use the tools and methods related to NBS in urban planning, and how complementarity the elements and
principles of circular economy (CE) appear in their everyday practices.

Selection of Case Study Regions, and Applied Research Methodology

The information about modes of NBS implementation in local planning was obtained by interviewing
stakeholders — i.e., decision-makers, planners, researchers, NGOs, businesses, and representatives of local
civic organisations — who stated their experiences and expertise on applying NBS strategies in their respective
cities. This stakeholder analysis was conducted in six European cities: Reykjavik (Iceland), Ljubljana (Slovenia),
Cérdoba (Spain), Budapest (Hungary), Vienna (Austria), and Zurich (Switzerland) (Figure 2). The analyses
explored the key factors influencing urban planning and city council policies, and formulated
recommendations to introduce the concept and implementation of NBS at the local urban level. A scoping
review (Peters et al., 2015) was conducted between May and June 2023 using the Web of Science database.
From a first search, it resulted in 924 outputs using the queries: "nature-based solutions" AND "urban-
planning" between 2003-2023, in titles, abstracts or keywords of both scientific journals and books. Based on
this previous search, and narrowing the manuscripts according to the interviews' content and codes, a final
shortlist of twenty studies was defined.
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Figure 2. Multiple case study design (adapted from Yin, 2014).

The research followed an exploratory multiple case studies approach (Yin, 2014) (Figure 2). Exploratory
studies in the field of urban planning and public policy offer important insights into issues that are still poorly
covered in the literature and by policy makers (Wolfram, 2018). The multiple case studies approach (Hunziker
et al., 2021) involves the in-depth analysis of several individual cases. Data collection was conducted between
August-September 2021 through semi-structured interviews designed to explore five main topics: (i) water
management (Oral et al., 2021); (ii) resource recovery (van Hullebusch et al., 2021); (iii) urban agriculture
(Canet-Marti et al., 2021); (iv) built environment (Pearlmutter et al., 2021); and (v) climate change adaptation
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and mitigation. Semi-structured interviews had a common structure designed to be effective across all cases
and topics. The number of conducted interviews varied from 5 (Zirich) to 24 (Budapest), with an average of
12 interviewees/city; depending on the duration of the research mission at each city, and the availability of
the stakeholders. Interviews were recorded and transcribed. A semi-open coded method including a total of
70 codes was used to analyse them. The coding method was developed by the research team and was based
on the identification of common codes in order to analyse the wording of the collected interviews.

Results and Discussion

A total of 76 interviews with municipal managers and officials, academic experts, heads of citizens'
associations and representatives of private companies from the six cities were conducted. As NBS
encompasses a broad array of solutions, based on different natural processes, this variety led urban actors to
have different perceptions about how to define and categorise NBS units and interventions. The constellation
of different perceptions plays a key-role in providing a solid and comprehensive definition of NBS. Hence, our
research study considers a broad spectrum of urban stakeholders. In Budapest and Ljubljana, experts and
academics from research institutes and universities represented the most involved category. Their theoretical
knowledge provided inputs in understanding the characteristics, potential, and technical limitations of NBS,
and thus created opportunities to fill the knowledge gap about NBS. In Vienna, the snowball strategy led to
the selection of some business representatives. Their views enabled understanding how sustainable NBS are
in the market and how they can be an attractive field of investment for private actors. In Cérdoba and Zurich,
the selection process resulted in contacting mainly municipal officials and managers. The insights of local
government representatives were relevant for understanding how NBS fit into broader policy strategies
geared toward mitigating climate change and fostering urban regeneration. Civil society was extensively
engaged in Budapest, Vienna and Reykjavik. Relative to these cities, the gaze of leaders of territorial
associations, grassroots, citizen committees, and environmental associations offered important insights into
how NBS are perceived by citizens and how they can respond to the real needs of local communities; it also
fosters the adoption of NBS practices. Some specific results will be presented.

Conclusions

This research study analyses the main challenges and benefits derived from the implementation of NBS in six
European cities by conducting semi-open interviews with different stakeholder groups on several thematic
categories: water management, resource recovery, urban farming, climate change adaptation and mitigation,
and built environment. The case study showed that the topic is present in the different European cities,
although the understanding of the concept is quite diverse; consequently, the needs why different actors are
interested to implement NBS, and the perceived barriers to actually use NBS are also manifold. Our
presentation aims at describing the synergies and possible cooperations deriving from this scene.
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ABSTRACT

Nexus thinking was first conceived at the WEF (2011) and found a significant development in the recent
literature (e.g. Gai et al. 2022, Herrera-Franco et al. 2023). The essence of the Nexus is about the
interconnections between different sectors (e.g. water, energy, food, ecosystems) and is also inextricably
connected to the concept of resources security, under increasing pressures and vulnerabilities. Nexus thinking
advocates that water, energy, ecosystems and food systems should be viewed collectively and holistically in
order to reach water, energy and food (WEF) security (WEF, 2011).

Addressing such complexity requires a clear understanding of system structure and of mutual interactions
between sub-systems which have been, to date, largely considered in isolation from each other. System
Dynamics Modelling (SDM) can describe the assumed/perceived underlying (material, informational, social
etc) structure of real-world systems. SDM includes a series of tools and methods to describe, model, simulate
and analyse dynamically complex issues and/or systems, taking jointly into account the processes,
information, organizational boundaries and strategies. It comprises a set of conceptual tools that enable the
understanding of the structure and dynamics of complex systems as well as rigorous modelling methods for
building formal computer simulations of complex systems and using them to design effective strategies
(Sterman 2000). SDM techniques have been increasingly used in Nexus studies (e.g. de Vito et al. 2017;
Laspidou et al. 2020; Susnik et al. 2021), particularly supporting policy design and analysis, as they allow the
integration of knowledge across domains and facilitate the participation of stakeholders.

The purpose of the present work is to show how the use of Participatory System Dynamics Modelling (PSDM)
techniques can support Nexus thinking in a complex watershed in the Mediterranean area. In particular, the
purpose is to show how it can be used to include stakeholder knowledge, and to develop an analysis of the
key challenges of the study area and for the identification of leverage points that can be used to design
potential measures that can support sustainability transitions.

Different approaches exist in SDM, whose use depends on analysis objectives, employed methodology and
addressed audience. Causal Loop Diagrams (CLDs) provide a graphical representation of the system under
investigation, focusing on the relationships among different variables. The direction of the connections
between such variables defines the causal dependency, being positive (+) if the variables change in the same
direction (i.e. they both increase or decrease) or negative (-) if they change in the opposite direction (Sterman
2000). Combinations of positive and negative causal relationships can form either reinforcing (‘R’) and
balancing (‘B’) feedback loops. Reinforcing loops represent growing or declining actions, while balancing loops
represent a mechanism of self-correction that contrasts and opposes change, and their analysis is crucial to
describe the expected dynamic evolution of variables.

A methodological approach based on the use of PSDM techniques has been proposed in the LENSES project.
It is based on the use of a holistic approach to system analysis which helps overcoming ‘silo-thinking’ (i.e. the
sectoral fragmentation), highlighting the high interconnectedness among sectors (water-energy-food-
ecosystems) and among the multiple agents involved in/impacted by Nexus resources management. Besides
supporting the Nexus thinking phase, PSDM should help “Nexus doing” by finding barriers and leverage points
within the system structure where nexus policies - that have the potential to change the problematic trend to
a more desirable one — should be implemented.

The proposed approach has been broadly divided into two phases (i.e. ‘qualitative’ modelling, aiming at the
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structured as a sequence of ‘desk’ and ‘participatory’ activities, that are briefly summarised in the following
Table 1, with specific reference to the ‘qualitative’ modelling phase only.

Table 1. Overview of the methodological approach

Step

Description and Objectives

Outcome

1 (Desk)

Provide a basic understanding of each pilot area, based on
background information (review of previous studies, projects,
model results, etc.).

‘Baseline’ version of the
CLD

2 (Participatory)

Bilateral meetings with pilot leaders to discuss the main Nexus
challenges and strategic objectives for the area, the main resources
involved and key sectors.

Participatory exercises: individual
workshops/focus groups with stakeholders

interviews and/or

Identification of central
variables, indicators,
interconnections and
interdependencies

of measures/strategies

3 (Desk) Provide an improved understanding of each pilot area, based on | Revised version of the CLD
the information provided by stakeholders

4 (Desk + | Analysis of the CLD structure (feedback loops + causes and uses | Validated version of the

Participatory) trees) and computation of graph theory metrics. CLD, to identify key
Discussion and critical analysis of the results for the identification | variables and potential

leverage points

The methodological approach proposed is being developed and implemented in several case studies within
the project, yet with adaptations due to specific needs and interests. The present work mainly deals with the
implementation in the Koiliaris River Basin (Crete, Greece). It is characterized by severely degraded soils due
to heavy agricultural impacts, including grazing, for many centuries. It is also affected by the imminent threat
of desertification due to climate change. The main uses are related to intensively grazed shrubland and
pasture; olive, citrus groves, vines, and vegetables; and mixed forest. The drainage network consists mainly
of a river and two ephemeral streams providing surface runoff, and a relevant role is played by karstic springs
which merge with the rest of the streams to form the main segment of the Koiliaris River. Further details can
be found e.g. in Lilli et al. (2020).

The following Figure 1 shows the CLD produced for the Koiliaris at the end of Step #3. It basically results from
the integration of: i) baseline information obtained through the review of background information on the
study area; ii) expert knowledge, provided by the pilot leaders (TUC Team) who have an extensive knowledge
of the area due to measurements and modelling activities performed in the last decades; iii) stakeholder
knowledge, elicited through two focus groups organized in the study area in October 2022, and particularly
oriented to better understand the role of agricultural activities over the area. A detailed description of the
whole structure of the CLD is out of the scope of the present work, but the Figure immediately suggests a high
level of interconnectedness exists among all the WEFE Nexus sectors.

Going further into details, the CLD has been explored through the analysis of selected graph theory metrics.
The degree centrality, in particular, is the simplest metric, expressing the number of connections an element
has. In general, elements with high degree are the local connectors/hubs and can be used for the identification
of the key challenges. Particular attention has been given to high-degree variables that have also multi-
sectoral impacts/dependencies, as they can suggest Nexus challenges.

In this regard, the analysis of the high-degree centrality variables highlights the role of agricultural activities
in the Koiliaris area as ‘agricultural productivity’ (degree 9) along with both ‘agricultural profitability’ and
‘agricultural sustainability’ (degree 5) are high-ranked. A relevant driver in the sector is the high level of ‘land
fragmentation’, which increasingly contributes to the low economy of scale and the low level of profit of
traditional products (such as citrus and olive oil) along with the lack of ‘Farmers’ training” which reflects also
in the development of ‘Unsustainable agricultural practices’. Agricultural activities in the area are not
(currently) limited by water quantity, as it is relatively abundant yet poorly managed, but the ‘Water demand
for irrigation’ is central in the analysis (degree 7). Competitive water uses between irrigation, tourism, and
drinking can cause insufficient water supply in some areas and such conflict might be exacerbated in the near
future due e.g. to climate change impacts. The main challenge for the water sector is indeed mainly related
to ‘Groundwater (GW) quality’ (degree 8), which is rather poor on average as effect of the presence of both
point and diffuse sources of pollution, and on increasing salinity issues in some areas. The low water quality
for irrigation has also increasingly negative impacts on agricultural productivity. As far as the
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environment/ecosystems are concerned, the main challenge is related to the ‘Soil degradation’ (degree 7)
and to the ‘State of natural areas’ (degree 6) which are directly or indirectly impacted by productive activities
(intensive agriculture, livestock farming, urbanization, etc.).

Figure 1. Causal Loop Diagram developed for the Koiliaris case study

The leverage points represent potential points of intervention in the system —i.e. elements in the system in
which the impacts of a small action could provoke larger impacts. In the proposed methodology, the
identification of leverage points is based on: i) the analysis of the feedback loops in which the above-
mentioned key challenges are incorporated; ii) the identification of elements having the potential for large-
scale impacts on the system, based on the analysis of centrality measures .

The feedback loop represented in the following Figure 2 (a reinforcing loop) could be central for understanding
system state and evolution as it involves three variables characterized by high centrality degree (‘Agricultural
productivity’, ’Agricultural profitability’ and ‘Water demand for irrigation’). An increase in ‘Water demand for
irrigation’ (due e.g. to the spread of irrigated agriculture) can cause a reduction of the ‘Irrigation water
budget’, which is related to a reduction in ‘Agricultural productivity’. This can drive a decrease of ‘Agricultural
profitability’. As lower profits can hamper the spread of innovation in agriculture, a reduction in the adoption
of ‘Innovative irrigation techniques’ can occur. This will result in a reduction of ‘Water demand for irrigation’,
with a potential cascading reduction of the ‘irrigation water budget’. This could easily drive the system
towards unsustainable conditions.

The identification of impacts that can have relevant impacts on the system has been performed coupling the
analysis of key loops with graph theory metrics. In particular, closeness centrality identifies elements that can
affect the rest of the network most easily and usually have high impact on what is happening across the
network. Among the high-ranked variables in terms of closeness centrality, the role of ‘Nature-based
Solutions’ could be crucial as they are directly related to an increase of ‘Agricultural profitability’ (which can
have a favourable influence on the above loop), along with an increase of ‘Farmer training’ which can
positively affect both ‘Agricultural productivity’ and ‘Water demand for irrigation’. Similarly, the increase of
‘Financial incentives’ can exert a strong influence on the adoption of ‘Innovative irrigation techniques’.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



Irmigated sgreulbuane

Figure 2. Focus on one of the key feedback loops in the CLD

The analysis above is a qualitative yet robust approach to ‘Nexus thinking” and might help overcoming the gap
towards ‘Nexus doing’. PSDM techniques, and in particular CLDs, can help building in a participatory way a
structured view of complex Nexus systems without losing scientific information. The analysis of the structure
of the CLD (mainly based on graph theory metrics and the description/analysis of key feedback loops) can help
identify the main Nexus challenges for a study area and as well as potential points of interventions on the
systems as well as screening potential measures/actions. An additional step is needed towards ‘Nexus doing’,
which could be covered by the development of quantitative (i.e. stock and flow) PSDM. A stock and flow
model is currently being developed for the study area, and will integrate in a quantitative way information
and data coming from models and/or measurements. It will be used for testing and comparing different
potential scenarios for the system under investigation ultimately describing the impact of potential strategies
on Nexus management.
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ABSTRACT

During the last decades, the Mediterranean region has faced increased environmental challenges related to
climate change and increased urbanization. The implementation of Nature-based Solutions (NBS) and
Bioeconomy (BES) has become central in addressing these challenges through innovative actions. BES and
NBS are related concepts, but they have distinct applications, objectives and priorities. NBS prioritize the
conservation and restoration of natural systems as well as the creation of novel ecosystems to address societal
and environmental challenges (Almenar et al., 2021), while BES focus on using biological resources to create
economic value and reduce environmental impact (D'Amato and Korhonen, 2021).

The SureNexus project aims to assess, validate, quantify, and demonstrate the application of alternative
engineering solutions for Nexus implementation (NBS and BES) focusing on the conservation and restoration
of ecosystem services and biodiversity, as well as the reuse of waste by-products from agriculture or the
recovery of nutrients from reclaimed water. Within the framework of the project, a NBS/BES selection tool
was developed with the aim to identify and prioritize solutions that cover the four elements of the WEFE
Nexus (water energy, food, ecosystems) and have considerable impact in terms of socio economic parameters
(Carmona-Moreno et al., 2019; Carvalho et al., 2022). It is a multi-stakeholder participatory tool, designed to
be used by stakeholders and experts during workshops organized at the four (4) Demo Sites (DS) across the
Mediterranean region in Greece, Spain, Morocco, and Israel) and online.

The SureNexus tool development took place in three distinct phases by using a Multi-Criteria Assessment
(MCA) methodology (Jiménez-Ariza et al., 2023; Namani et al., 2021). During the first phase, the main criteria
and available solutions of the MCA tool were defined with the aim to ensure the broadest WEFE nexus
coverage, as well as the highest WEFE nexus impact achieved by the solutions. The following eight (8) criteria
were defined: Water, Energy, Food, Ecosystems, Social, Economic, Climate Change and Institutional (Dumitru,
A. and Wendling, 2021). Each criterion included a list of sub-criteria, to be used by the stakeholders for the
assessment of the solutions. Furthermore, extensive NBS and BES lists were assembled by the SureNexus
partners, and their relevance to the WEFE nexus was specified. During the second phase, the tool was
customized for each DS. The general list of solutions was refined through consultations with the DS leaders,
so that it can be applicable to their local context. Moreover, the list of sub-criteria was reviewed and adapted
to each DS, while weights were attributed to each of the eight criteria. The third and final phase regards the
application of the MCA tool at each DS through participatory workshops with the stakeholders. Additional
workshops will also take place online, in order to involve experts and higher-level stakeholders in the process.
So far, the SureNexus tool has already been used in the first DS workshop, that took place at the Greek DS.

The Greek DS is located on Tinos Island in the Aegean Sea. Tinos was chosen as a DS because of its specific
characteristics such as the increasing alternative tourism, hiking and ecotourism. The development of tourism
on the island has led to a large demand for water and energy during high season and several problems
regarding waste and wastewater management (no sewage treatment plant). The DS includes two (2) pilots
that explore solutions to the aforementioned challenges through NBS and BES: i) a solar driven desalination
unit for the production of fresh water and edible salt, combined with a greenhouse where tropical plants are
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grown (Agios Fokas pilot) and ii) an off-the-grid ecofriendly tourist facility operating on the principles of
sustainability, autonomy and circularity (Potamia pilot). Throughout the SureNexus project, the two (2) pilots
aim to expand and optimize their systems through alternative, nature-based, low-cost solutions for the
treatment and recovery of valuable resources.

The workshop, was organized under the theme “A Sustainable Future for the Mediterranean” and was guided
by the following question: How could future tourism, NBS and agricultural production work together on Tinos
Island? Its duration was seven (7) hours, and it comprised of two (2) parts. During the first part, the local
stakeholders reviewed the main uncertainties and enabling factors associated with the WEFE Nexus
implementation at a Mediterranean level and then identified the enabling factors and barriers at the local
level. This activity, which was implemented partly individually and partly in small focus groups, functioned as
an icebreaker between the workshop participants, and as an introductory session to prepare for a solid
understanding of the challenges and strengths of Tinos Island, before proceeding to the suggestion of specific
solutions. The second part focused on the implementation of the SureNexus NBS/BES tool, where the
stakeholders prioritized a predetermined number of solutions from the lists as the most promising and
relevant solutions for implementation for each pilot. The final selection of NBS/BES was based on the rating
of the solutions against sub-criteria, which correspond to the main eight (8) criteria of the MCA tool.

The tool version of the Agios Fokas solar desalination pilot included 18 available solutions, and 40 sub-criteria.
The tool of the Potamia pilot eco-touristic facility pilot included 11 available solutions and 34 sub-criteria. The
weights of the eight (8) criteria for each pilot is presented in Table 1.

Table 1: The weights of the eight criteria for each pilot of SureNexus Demo Site 2 on Tinos Island.

Water 31.25 125
. Energy 12.5 6.25
WEFE criteria Food 125 125
Ecosystems 18.75 18.75

Social 6.25 25
Impact Economic 6.25 6.25
criteria Climate Change 6.25 125
Institutional 6.25 6.25

The workshop results indicated that for the Agios Fokas Pilot Plant, the stakeholders identified the main
challenge as low freshwater production. They almost unanimously proposed as a solution the implementation
of an alternative water source, i.e. rainwater harvesting on the roof of the greenhouse and storage of the
harvested water (Figure 1). The second-best solution was the creation of vegetable gardens to increase local
production. Regarding the Potamia tourist facility, decentralised composting was voted as the best solution
(Figure 2) as a means to manage the organic based waste produced during the high season by the influx of
tourists. The second best rated solution was residential water harvesting, which is indicative of the pressure
that water scarcity creates on the island.

The methodology and tool presented in this work can be adapted for implementation in different contexts
that face WEFE nexus related challenges. The next step is to apply the developed tool at the other three DS
of the project, each of which represents a unique context: constructed wetlands for winery wastewater
treatment through cork granules (Spain), smart citrus trees orchard (Morocco), agrovoltaics vegetable farming
(Israel). Additional workshops will take place online, to consider the perspective of the Mediterranean at the
regional level.

The MCA methodology is a decision-making tool used to evaluate and compare options or alternatives based
on multiple criteria or factors. While MCA has its advantages, it also comes with some limitations (Mendoza
and Prabhu, 2000; Triantafyllou, 2000; Ruangpan et al. 2021). Its advantages include the following
characteristics: comprehensive evaluation, transparency and objectivity, consideration of diverse
perspectives, flexibility and customization, sensitivity analysis. However, the criticism on the MCA
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methodology may stem from the following characteristics: complexity, subjectivity in criteria weighting:
limited accuracy, difficulty in comparing different dimensions, lack of consideration for interactions.

Considering the aforementioned characteristics of MCA, its application in the context of WEFE nexus provides
opportunities for operationalizing a complex concept and comparing innovative solutions that stakeholders
may not be very familiar with. The application of the SureNexus tool, especially in a multi-stakeholder
environment, can enable further analysis and discussion based on the MCA results, ensuring a participatory
and empowering transition towards climate change adaptation and sustainable development, based on NBS
and BES.

Figure 1: Prioritised solutions for the Agios Fokas pilot.

Figure 2: Prioritised solutions for the Potamia pilot.

Acknowledgements

This work has received funding from the SureNexus project, which is part of the PRIMA programme supported
by the European Union under the Grant Agreement number: [2142] [SURE_NEXUS] [Call 2021 Section 1 Nexus
IA] (www.surenexus.eu).

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



References

Almenar, J.B., Elliot, T., Rugani, B., Philippe, B., Gutierrez, T.N., Sonnemann, G. and Geneletti, D., 2021. Nexus between
nature-based solutions, ecosystem services and urban challenges. Land use policy, 100, p.104898.

Carmona-Moreno, C., Dondeynaz, C. and Biedler, M. eds., 2019. Position Paper on Water, Energy, Food and Ecosystems
(WEFE) Nexus and Sustainable Development Goals (SDGs). Publications Office of the European Union.

Carvalho, P.N., Finger, D.C., Masi, F., Cipolletta, G., Oral, H.V., Toth, A., Regelsberger, M. and Exposito, A., 2022. Nature-
based solutions addressing the water-energy-food nexus: Review of theoretical concepts and urban case studies. Journal
of Cleaner Production, 338, p.130652.

D'amato, D. and Korhonen, J., 2021. Integrating the green economy, circular economy and bioeconomy in a strategic
sustainability framework. Ecological Economics, 188, p.107143.

Dumitru, A. and Wendling, L., 2021. Evaluating the impact of nature-based solutions: A handbook for practitioners.
European Commission EC.

Jiménez-Ariza, S.L., Rey, C.V., Rodriguez, J.P. and Guzman-Ramirez, M., 2023. Multi-Criteria Decision Analysis Inputs for
Planning the Implementation of Nature-based Solutions in Urban Contexts. ACE: Architecture, City and
Environment, 18(52).

Mendoza, G.A. and Prabhu, R., 2000. Multiple criteria decision-making approaches to assessing forest sustainability using
criteria and indicators: a case study. Forest ecology and management, 131(1-3), pp.107-126.

Namany, S., Govindan, R., Di Martino, M., Pistikopoulos, E.N., Linke, P., Avraamidou, S. and Al-Ansari, T., 2021. An energy-
water-food nexus-based decision-making framework to guide national priorities in Qatar. Sustainable Cities and
Society, 75, p.103342.

Ruangpan, L., Vojinovic, Z., Plavsi¢, J., Doong, D.J., Bahlmann, T., Alves, A., Tseng, L.H., Randelovi¢, A., Todorovi¢, A., Kocic,
Z. and Beljinac, V., 2021. Incorporating stakeholders’ preferences into a multi-criteria framework for planning large-scale
Nature-Based Solutions. Ambio, 50, pp.1514-1531.

Triantaphyllou, E. and Triantaphyllou, E., 2000. Multi-criteria decision-making methods (pp. 5-21). Springer US.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

Tiganokinisi: Social Innovation though the Collection and Recycling of Domestic
Used Cooking Oil in Cyprus

Michael I. Loizides?, Xenia . Loizidou'*, Orthodoxou L. Demetra® and Petsa P. Demetra®
LAKTI Project and Research Centre, P.O. Box 14161, 2154 Nicosia, Cyprus
*Corresponding author: akti@akti.org.cy

Keywords: social innovation, environment, biofuel

ABSTRACT

The inappropriate disposal of millions of tons of domestically produced used cooking oil (UCO), either down
domestic household drains or in landfill, causes significant detrimental effects on the environment but also
constitutes the loss of a valuable resource, since used cooking oil is a sought-after feedstock for biodiesel
production. This paper presents findings from Tiganokinisi, a social innovation solution and a circular economy
practice implemented in Cyprus. Tiganokinisi collects domestic used cooking oil (dUCO) through schools, the
dUCO is sold to the refineries to become biodiesel and the proceeds from the sale return to the schools to be
invested in environmental education activities, green infrastructure, laboratories, technology innovation and
more. At the same time young universities graduates are trained as interns and local communities are involved
and support. This is the disruptive, innovation and social framework of Tiganokinisi which led to a number of
international awards and recognitions. To date, over 470,000 Euros have been distributed to Cypriot schools
and over 800 actions have been implemented with this money. The next step is the exploitation and
replication of Tiganokinisi as a worldwide best practice and social innovation that maximizes the
environmental and social impacts of dUCO management.

1. Introduction

Used cooking oil (UCO), is edible oil of vegetable or animal origin that has been used to cook food to a point
where it is no longer fit for that purpose. There are two main sources of UCO: Commercial UCO from hotels,
restaurants and caterers (HORECA) and domestic UCO (dUCO) from households. It is estimated that at least
60 million tons of UCO are produced annually among the largest producing countries i.e., China, Malaysia, the
USA, Europe, Korea, India, Indonesia, Canada, and Japan [1], [2]. It is also reported that more than 60% of
UCO generated globally is improperly disposed of [3] ending up in the environment, either through direct
disposal in drains or through bottling and disposal in landfills. UCO disposed down the drains costs millions of
euros to water boards for pipe cleaning and maintenance of sewers from frequent fatbergs blockages [e.g.,
4] and for managing Fat Oil and Grease in wastewater treatment plants. Several developments have caused a
rapid growth in the UCO market. In Europe, two European Directives, the Renewable Energy Directive [5] and
the Fuel Quality Directive [6], aiming to promote the use of renewable sources of energy, have led to an
increased demand for UCO as feedstock for biodiesel production. All around the world the collection of
commercial UCO is much more developed and practiced than collection from households. This is mainly
because UCO collection from households requires advanced and well-organized collection systems and
depend on individuals’ willingness to participate [7]. For example, in Europe only 5.6% of dUCO is collected
compared to 85% from commercial sources [8], in India dUCO collection ranges from 0%-1%, in Japan 3-5%,
and in Malaysia 12-20% [2]. Research has shown that domestic used cooking oil produces biodiesel with a
higher yield than commercial UCO [9]. There are, therefore, significant environmental and economic reasons
for diverting dUCO from inappropriate disposal where it can be used to produce biodiesel, thus facilitating
the transition to a circular bioeconomy. This paper presents results from the 10 years of implementation of
Tiganokinisi in Cyprus, a social reverse logistics system for collecting and recycling domestic UCO through
schools [10]. Tiganokinisi covers approximately the 4% of local dUCO collection. The social innovation of
Tiganokinisi derives from the return of the proceeds from the sale of the collected dUCO to schools to be
invested in ongoing environmental education and green infrastructure and technology within the
participating schools.
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2. Method
2.1. Setting Up Tiganokinisi in Cyprus
Tiganokinisi which in Greek means “Frying pan movement”, has been initiated, developed and operated by
the NGO AKTI Project and Research Centre. The initiative was implemented as a pilot in five schools during
the school year 2012-2013 in collaboration with the Pedagogic Institute of the Cypriot Ministry of Education
and Culture. Following the success of the pilot phase ‘Tiganokinisi’, was expanded to include today 475
schools, corresponding to approximately 98% of schools in Cyprus (primary, secondary, and technical
education).The novelty of Tiganokinisi is the close link between environmental education and the provision
of funds to schools through the sale of the collected UCO. Each school receives an amount equivalent to
approximately 500—-600 Euros for each ton of UCO collected, to be invested in green infrastructure and
technology, with a view to furthering environmental education and promoting technological innovation.

Tiganokinisi is implemented as follows:

1. Oil collection drum installation: Interested schools contact the NGO AKTI and an oil collection drum is
installed at the school. Students take dUCO from home and deposit it in the drum. Once the drum is full,
the school contacts the program, a driver is dispatched to the school, and the oil is collected and
transported to a management facility and from there to a biodiesel refinery.

2. Community involvement: Local businesses donate their UCO to local schools and local authorities facilitate
collection from less accessible households.

3. Educational presentations: Schools are visited by Tiganokinisi’s mobile information and education center
that provides hands-on, sustainability education through several experimental setups (e.g transformation
of UCO into biodiesel, resources saving, organic waste management).

4. Digital platform: Schools have access to a digital platform through which they can identify sustainable
technologies to invest in using Tiganokinisi’s funds.

5. Experiential education: An educational guide is available, allowing teachers to use the program as an
educational tool in their classroom. The guide is continuously updated to include any new
technologies/infrastructure installed at the schools and provides details on how to incorporate them to
become an essential part of teaching.

2.2.Participation of Schools
Schools are encouraged to participate in the program through official circulars issued by the Pedagogic
Institute of Cyprus. The involvement of schools in Tiganokinisi is therefore voluntary and interrelated to the
willingness of the schools’ management to take action for the implementation of the program.

2.3.Stakeholder Participation
The successful participation of schools in the program is primarily based on the collaboration of teachers,
students, parents and the local community. Teachers encourage students to bring UCO from their homes;
students are then engaging their parents in the process of collecting UCO at home. Schools are also
encouraged to enhance their collection of UCO by working together with their local community.

2.4.Data Collection, Analysis, and Interpretation

AKTI’s team records and registers the amount of UCO collected by each school and associated collection points
(i.e., HORECA businesses). By the end of the school year, the cumulative quantities of UCO and corresponding
funds for each school are calculated. Results are double-checked by the Pedagogical Institute and are
announced to schools through an official circular. By the beginning of the next academic year, schools receive
the funds that they accumulated through Tiganokinisi in the past year. They then provide a short report to
the Pedagogic Institute about how they invest the money, linking the actions they implement to the 17
Sustainable Development Goals [10]. Data on the number of participating schools and businesses, on the
amount of collected UCO and on the amount of money returned to schools undergo simple statistical analysis
that allows the observation of trends. Information provided by schools on the investment of the received
funds is analyzed and practices are categorised into four main groups: ‘Greening of schools’, ‘Infrastructure
and Technologies’, ‘Awareness Raising’, and ‘Educational Material’.
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3. Results

Within the 9 years of Tiganokinisi’s nationwide implementation in Cyprus, there was a steady increase in the
number of participating schools, reaching 475 schools in the 2021-2022 academic year. This growth has taken
place with relatively little publicity, as a result of the positive experience of participating schools and the
support of the Pedagogical Institute/Ministry of Education.

Table 1 Evolution of Tiganokinisi’s implementation in Cyprus.

School Year No. UCO form No. of Active UCO from Total UCO Funds to
Participating  Schools (kg) Businesses (kg) Businesses Collected (kg)  Schools
Schools (kg) (€)
2014-2015 282 59885 63 11726 71611 37161
2015-2016 312 66296 65 14565 80861 50836
2016-2017 310 71105 59 16507 87612 53761
2017-2018 376 88933 95 24933 113866 66249
2018-2019 428 86043 117 35702 121745 67026
2019-2020 444 73199 124 37708 110907 65828
2020-2021 462 81058 130 45699 126757 67288
2021-2022 475 80021 143 57681 137702 68308

There is also a steady increase of the dUCO collected each year, apart from the school year 2019-2020, where
the Covid-19 Pandemic had disrupted the normal operation of schools, therefore and dUCO collection. In the
school year 2021-2022, a total of Figure 5Modes of investment of Tiganokinisi’s Funds by Schools

80102 students became involved

in Tiganokinisi through their

school’s participation and an

average amount of 2 kg of dUCO e ot Sl
per student was collected.. Since 41 b
2014, schools have received

476,457 Euros, which have been

invested in the ‘Greening of

schools’ (43% of all distributed

funds), in the purchase and

installation of green Edicitional Magerial fowarceess. Raising
‘Infrastructure and =%
Technologies’ (32% of all

distributed funds), on ‘Awareness Raising’ activities (23%), or in the purchase of ‘Educational Material’ (2%)
(Figure 1). The category ‘Greening of schools’ includes the creation of botanic and herb gardens, of shaded
areas, using trees and sheds made of sustainable materials. The category ‘Infrastructure and Technologies’
includes the purchase of recycling bins, composters/shredders, solar water heaters, hand driers, LED lights,
water saving equipment, solar ovens, and other equipment. The purchase of environmentally related books,
model wind turbines, solar vehicles, etc. is included in the ‘Educational Material’ category. The ‘Awareness
raising’ includes awareness campaigns within schools (eg use reusable food and drink containers) and local
community.

- |freruiune s
Technalogics

31%

Discussion

Tiganokinisi meets a series of social and educational needs that determine its long-term impact and meet

several United Nations Sustainable Development Goals (SDGs) [12]:

e SDG 4 Quality Education: It transforms school infrastructure through the provision of funds and helps
further traditional and experiential education. It promotes inclusive and quality education as well as
lifelong learning, through the involvement of the community.

e SDG12 Responsible consumption and production: It applies the waste hierarchy to an inappropriately
managed waste. It ensures that natural resources are sustainably managed.

e SDG 13 Take urgent action to combat climate change and its impact: The implementation of practical
solutions to real environmental and social problems allows children, and the society to become a part of
the circular economy and contribute to the fight against climate change.
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e SDG 17 Global partnership for sustainable development: It encourages effective public, public-private and
civil society partnerships for effective dUCO collection.

For all these innovative and disruptive characteristics, Tiganokinisi has been shortlisted in 2015 in Elsevier’s
Green and Sustainable Chemistry Challenge as one of the 53 more powerful examples internationally, was
recognized in 2020 by the European Commission as one of EU’s best practices in Social Innovation,
representing Cyprus, has been awarded in 2021 with an exemplifying quality certification in GENE Global
education Award and has been presented by the Cypriot Minister of Education in his welcome speach during
the Ninth Environment for Europe Ministerial Conference in October 2022 as a best practice for education on
sustainability.

Conclusions

Tiganokinisi implements advanced and well-organized collection systems coupled with education activities
and promotion of social innovation. These are important factors for a successful and innovative dUCO
management scheme [7]. Tiganokinisi implementation in Cyprus is a flagship demonstration for its potential
to become a worldwide best practice of circular economy, quality education and social innovation under the
more “user-friendly” name InnovOleum.
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ABSTRACT

To date, Circular Economies have largely been driven by top-down national or trans-national legislation such
as EU Circular Economy Package or Chinese Circular Economy Promotion. Bottom up or grass roots
engagement have been minimal and innovation has been largely restricted to working within 3R or 4R
frameworks to reduce, reuse, recycle materials and products or recover waste as energy. Greater
implementation of CE’s needs a paradigm shift in public attitudes coupled with greater innovation that
moves from 3R to 9R framework and places greater attention to users needs and underlying cultural values
that can motivate public preferences and actions. Building on insights obtained from an ethnographic study
of the successful transition of two Scandinavian cities of Vaxjo and Senderborg towards becoming fossil-fuel
free economies, the presentation explores use of Natural Language Processing tools to create shared
narratives and stories from large format public engagement that express common interests, values and
priorities that in turn can contribute to a participatory design of CE’s in terms of public policy, infrastructure
planning and specific products and processes. The presentation uses published data from the City of
Christchurch community wide engagement programme entitled ‘Share an Idea’ following the 2011
earthquakes.
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ABSTRACT
Phosphonates, a group of contaminations of concern in wastewater significantly contribute to organic

phosphorus pollution, especially when considering industrial wastewater. This work systematically studied
the UV, Oz and 0Os/UV advanced oxidation processes in view of treating phosphonate-contaminated
wastewater. In particular, the transformation of 1-hydroxyethane-1,1-diphosphonic acid (HEDP) to Ortho-P
was investigated. Different operating parameters such as ozone dosage, pH and reaction time are optimized
to maximize phosphonate removal efficiency. The results demonstrate that phosphonate could be almost
completely converted to Ortho-P in the O3/UV process after 90 minutes of reaction with 6 mg/ (min Lwater)
regardless of the pH change. Almost no Ortho-P (<5%) is produced during the UV process. In the single Os;
process, the pH value has a significant impact on the ortho-P production. Under neutral and alkaline
conditions, the production efficiency of Ortho-P can reach 70% or higher which decreased to only 30% or less
under acidic conditions. Probably, protons consume a significant amount of high-energy electrons under
acidic conditions, which prevents the formation of reactive oxidizing species (ROS). The O3/UV process is
demonstrated as an effective method for the conversion of organic phosphorus to inorganic phosphorus,
regardless of the pH of the waste water. Further research and optimization are recommended to explore the
practical implementation, operational parameters, and cost-effectiveness of the Os/UV process for organic
phosphorus removal in real wastewater treatment applications.

Introduction
Phosphorus (P) is an essential nutrient that plays a vital role in plant growth. However, the excessive presence

of phosphorus in water bodies has become a significant environmental concern and burden. The elevated
levels of phosphorus in water bodies contribute to eutrophication, leading to harmful algal blooms, oxygen
depletion, and degradation of aquatic ecosystems[1,2]. Efforts to manage phosphorus pollution involve
implementing stringent regulations, promoting best management practices in agriculture, and improving
wastewater treatment processes. Additionally, exploring innovative technologies for phosphorus removal and
recovery from water bodies is crucial to mitigate the adverse impacts of phosphorus pollution and protect
water quality.

Advanced oxidation processes (AOPs) have emerged as a promising solution for the treatment of
phosphonates, which are persistent organic P containing pollutants. AOPs utilize powerful oxidative agents
such as hydroxyl radicals to degrade and mineralize these compounds, effectively removing them from water
sources. In recent years, significant progress has been made in the development of AOPs, including methods
like photocatalysis[3—5], ozonation[6—8], and electrochemical oxidation[9,10]. These processes offer several
advantages, such as high degradation efficiency, versatility in treating a wide range of phosphonates and the
ability to target specific contaminants. Furthermore, AOPs can be easily integrated into existing water
treatment systems, making them a practical and sustainable option for phosphonate removal. However,
challenges still remain in terms of process optimization, cost-effectiveness, and the management of
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potentially harmful by-products. Continued research and innovation in AOPs are necessary to further enhance
their efficiency and ensure their safe implementation for the treatment of phosphonates.

Among AOPs, ozonation has emerged as a promising technique for the treatment of organophosphorus
compounds. This process involves the application of ozone, a strong oxidizing agent, to degrade and eliminate
phosphonates compounds through oxidation reactions. The ozonation of organophosphorus compounds has
been extensively studied and has shown significant potential for their removal. Ozone reacts with the organic
functional groups present in these compounds, leading to the cleavage of phosphorus-carbon bonds and the
formation of by-products that are less toxic or easier to remove. The efficiency of ozonation is influenced by
various factors, including ozone dosage, pH, temperature, and contact time. Moreover, the presence of other
water constituents, such as natural organic matter and inorganic ions, can affect the overall ozonation
performance. In recent years, advancements in ozone generation technologies and process optimization
strategies have improved the effectiveness of ozonation for organophosphorus compound removal. However,
challenges remain, including the management of potentially harmful by-products and the need for cost-
effective implementation on a large scale. Further research is required to explore the degradation
mechanisms, optimize process conditions, and assess the environmental impact of ozonation for the
treatment of organophosphorus compounds. The combination of ozonation with other technologies in water
treatment presents a promising approach for enhanced contaminant removal and process efficiency. For
example, the combination of ozone and UV irradiation synergistically enhances the degradation of
contaminants, providing an efficient and rapid water treatment process. Overall, the integration of ozonation
with various treatment methods demonstrates the potential to achieve advanced water purification,
improved removal of contaminants of concern, and the production of high-quality water for diverse
applications.

Materials and Methods
Reagents and Materials

1-Hydroxyethylidenebis (HEDP) was purchased from Thermo Scientific. Other reagents including sodium
hydroxide (NaOH), boric acid (HsBO3) were purchased from Sigma-Aldrich (Belgium). Deionized (DI) water was
used to prepare the work solution. Synthetic HEDP wastewater with an initial concentration of 100 mgP/L was
prepared by spiking HEDP stock solution to DI water.

Experimental Setup and Procedures

The experiment setup is shown in Fig.1. A cylindrical glass column with a height of 100 cm and a gas diffusion
chamber at the bottom of the column was used for the experiments (see the right part of Fig.1). The outer
glass of the reactor is high borosilicate glass, which is resistant to ozone oxidation, and the inside is a quartz
glass tube, which is used to install ultraviolet lamps. The reactor was performed out in a semi-batch mode
with a fixed liquid volume of 3 L. An ozone generator (COM-AD-02, Anseros GmbH, Germany) was used to
produce O; gas from pure O, gas. The ozone concentration at the inlet was set to 30 + 1 mg/L. The
ozone/oxygen gas mixture entered the reactor at a constant flow rate (0.6 L/min), resulting in an O3 dose of
6 mg/ (min Lwater). A gas analyzer (GM-OEM, Anseros GmbH, Germany) was used to measure the inlet and
outlet Os; concentration. A Cole-Parmer DAQ module (model FN-18200-00) was used to record the gas
concentration once per second. Samples (20 mL) were collected for analysis at the desired sampling times
and stored a refrigerator at 4°C before analysis. The O3/UV experiment was performed in a manner similar to
the single ozonation experiment. All experiments were performed at room temperature under atmospheric
pressure (101 kPa) and in triplicate.

Analyses

The Ortho-P (P-PO4*) and total phosphorus (TP) were determined according to standard methods using the
commercial Hach test kits coupling with an ultraviolet-visible spectrophotometer (DR2800, Hach, Belgium).
The pH was measured using portable pH meter (HQ30d, HACH, US). The Ortho-P production efficiency (R, %)
can be calculated as follows:
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R =c;/cy*100 (1)
where ¢t and co represent the concentration of Ortho-P in the treated HEDP samples and that of Total-P in the
initial HEDP samples (100 mg/L), respectively.

D;

Fig. 1. Schematic representation of the experimental setup

Results and discussion
Comparison of Ortho-P production efficiency in UV, Os alone and Os/UV processes

Synthetic wastewater containing HEDP was treated with three different processes, i.e. (i) UV, (ii) ozonation,
(iii) ozonation with UV (O3/UV). As shown in Figure 2, with increasing reaction time, both the single ozonation
and Os/UV processes exhibit an obviously increasing trend in Ortho-P generation efficiency, while little Ortho-
P is generation is observed during the UV process. In the UV process, the generation efficiency of Ortho-P was
below 5%. It indicates that UV process has almost no contribution to degrade phosphonates. The reactive
species produced by UV alone are very limited and it is impossible to directly use the UV process for
wastewater remediation. During the first 20 minutes there was no significant difference in the production
efficiency of Ortho-P between ozonation and Os/UV. A similar result was observed by Dong et al., when O;
and UV/0Os were used to treat marine oily wastewater[11]. It may be that the photons generated by UV can
capture the free radicals in the system during Os/UV process. After 20 minutes of reaction, compared with
the ozonation alone, the production efficiency of Ortho-P treated by Os/UV process was increase by 10%-25%.
Ozonation alone has been used to treat phosphonate-contaminated wastewater to produce Ortho-P in
previous works[12]. However, due to factors such as the mass transfer efficiency of ozone and the low
efficiency of free radical generation, the production efficiency of Orth-P is not high. UV irradiation is
considered as a useful addition to the ozonation process. The decomposition of O3 can be promoted and the
generation of hydroxyl radical [13].

100
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Figure 2. The Ortho-P production efficiency from phosphonate-contaminated wastewater after treatment with UV, Os
and Os3/UV process. (Experimental conditions: ozone dose: 6 mg L' min'; gas flow rate: 0.6 L/min; initial pH=7.2; initial
HEDP-P concentration = 100 mg/L, T=20+ 2 °C)
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Effect of pH on Ortho-P production efficiency

The pH of wastewater can vary greatly. The acidity and alkalinity of wastewater can have a significant impact
on the formation of ROS in the O3 or O3/UV processes. For example, protons act as scavengers of active
species, increasing the difficulty of acidic wastewater treatment. Thus, the effect of pH on Ortho-P production
efficiency was systemically studied in this Section. Considering the UV process has a minimal effect on
phosphonate degradation, the single UV process was not considered here.

It can be seen in Figure 3, when ozonation process was used to treat wastewater for 90 min, the production
efficiency of Ortho-P increased from (4.4%) to (100%) as the pH increased from 2.4 to 11.3. This indicates that
an alkaline environment is conducive to the production of Orth-P. Under alkaline environment, the
decomposition of aqueous ozone is promoted, leading to the generation of a larger number of free radicals
such as hydroxyl radicals and superoxide radicals [14]. In addition, the presence of H* can trap hydroxyl
radicals, reducing the treatment efficiency.[15] [1] Thus, the Ortho-P production efficiency was always lower
than 30% when the acidic wastewater (pH from 2.4 to 6.2) was treated by ozonation process [14]. More
interestingly, the ortho-P production efficiency was significantly enhanced in alkaline wastewater (pH from
7.2 to 11.3) after 90 min of reaction. This indicates that ozonation alone is suitable for the treatment of
alkaline wastewater. It is more difficult for the ozonation process to deal with wastewater with a large change
in pH[1].

Different from the O; process, a high Ortho-P production efficiency was achieved in the Os/UV process under
different pH values. The Ortho-P production efficiency is still as high as 90% even in highly acidic wastewater.
A similar result was obtained by Li et al[16]. They found that when UV/O3/PDS process was used to AR73, the
degradation efficiency of AR73 was almost the same at different pH. While the presence of H* has the ability
to trap reactive species, their impact was not substantial enough to significantly impede the degradation of
phosphonates in UV/O3 process. This might be attributed to the fact that, despite inhibiting the decomposition
of O3, the presence of UV radiation still exerted a non-negligible influence on O; decomposition. As a result,
the UV/O; process exhibited a broader pH adaptability. The application of ozone advanced oxidation can be
extended with the aid of UV. This overcomes the problem that the single ozone process is difficult to deal with
acidic wastewater.
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Figure 3. Effect of the initial pH on Ortho-P production from phosphonate-containing synthetic wastewater in single O3
process (A) and O3/UV process (B). (Experimental conditions: ozone dose: 6 mg min™ Lwater’!; gas flow rate: 0.6 L/min;
initial HEDP-P concentration = 100 mg/L, T=20% 2 °C)

Conclusions
In this study, UV, O3, and Os/UV processes were explored for the removal of typical phosphonate. The Os3/UV

oxidation process resulted in the highest Ortho-P production efficiency (99%), followed by O3 process (~80%)
and UV process (<5%). Combining O; with UV promotes the decomposition of O3 to produce free radicals,
which is conducive to the production of Ortho-P. The effect of pH was systemically studied in O3 and O3/UV
process. The Ortho-P production efficiency was always lower than 30% when the acidic wastewater (pH from
2.4 t0 6.2) was treated by ozonation process. As such, it is difficult to deal with acidic wastewater when using
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the ozonation process. Different from the O3 process, a high Ortho-P production efficiency was achieved in
the O3/UV process under different pH values.
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ABSTRACT

The emerging concern about the scarcity of natural resources has created a planetary dilemma that involves
social, economic, and political factors at the micro, meso, and macro institutional levels. The biggest
challenges for the sustainability transition worldwide are related to climate change associated with rapid
population growth (Francisco et al., 2023). Rapid population growth and urbanization have resulted in
increased demand for sewage treatment. Wastewater treatment plants (WWTPs) are identified as energy-
intensive operations and representative sources of greenhouse gas (GHG) emissions. The transformation or
recovery of recovering nutrients from wastewater presents an opportunity for the transition from services to
net-zero wastewater services.

The Baltic Sea, one of the most eutrophic seas in the world and located in Northern Europe, is a vulnerable,
brackish, semi-enclosed sea, suffering from high pressures from human activity. Such factors lead to an
increase of hypoxic and anoxic areas (Almroth-Rosell et al., 2021). According to Rabalais et al. (2010), the
spread of hypoxia (low oxygen) and anoxia (no oxygen) areas in coastal waters is mainly due to eutrophication
caused by nutrient enrichment from intensified agriculture and wastewater discharges since the mid-20th
century, as detected in the Gotland basins. According to studies, a downward trend in nutrient concentrations
related to eutrophication is observed in some parts of the Baltic Sea. The results show this trend in the
reduction of phosphorus loads from municipal effluents; however, nitrogen loads are stable or show
temporary increases (Preisner et al., 2021). Gotland is Sweden’s largest island, located in the Baltic Sea, about
100 km from the mainland and population round is about 61,173, just a fraction of the vast number of visitors.
In 2023 over 2 million people travelled to Gotland, and the number of guest nights at hotels and other
commercial accommodation facilities exceeded 768,000 (Region Gotland, 2023). The peak season for tourism
is during the summer, resulting in a large seasonal variation in water demand and wastewater production.

Since the environmental context of the Gotland region, aggravated by the increase in tourism, can accelerate
the process of eutrophication in the Baltic Sea, the study in question aims to present a framework for the
development of hybrid modelling in a sustainability and trade-off analysis for recovering nutrients/energy
from wastewater. According to Bokor et al. (2019) the use of basic simulation method in high complexity
system might not be enough to obtain appropriately feedback, so hybrid approaches are needed. The
proposal is based on coupling system dynamics and agent-based modelling in the development of predictive
scenarios considering technological aspects of WWTPs and the perspective of stakeholders in the adoption of
technologies aimed at the transition to more sustainable systems.

Methodology

A model corresponds to a formal and simplified representation of reality and cannot be so simple as to lead
to errors in the analysis of the situation studied, nor so complex as to classify it as intractable (Almeida, 2013).
The construction of models for simulation takes place through the organization of steps that allow the
understanding of complex problems. Hybrid approaches have been gaining prominence due to overcoming
limitations of traditional methodologies and tools, as well as computational advances that permit better
modelling and analysis of complex systems, as in the case of sustainability approach (Demartini et al., 2018).
In this study, a hybrid approach based on Agent-Based and System Dynamics modelling is presented in order
to improve modelling insight of a symbiosis of social and environmental nature.

The System Dynamics Modelling (SDM), which is widely used in the modelling and simulation of complex
systems to understand interrelations between components (Forrester, 1961; 1968). The SDM is often used to
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quantify behaviours in recursive cycles that present feeding and feedback relationships between relevant
factors of a certain system, allowing analyses of potential trade-offs in scenarios that have multiple attributes.
The time dimension is considered by the relations in the diagram between stocks and flows (quantitative key
variables that interconnect stocks), simulating the system dynamics (Chhipi-Shrestha et al., 2017).

The diversity of Agent-Based Modelling (ABM) and simulation application areas is truly remarkable and
continues to grow. Applications range in virtually all areas of the natural, social and physical sciences, as well
as in systems engineering and far beyond the usual methodologies of simulation, business management, and
production process operations. A typical agent-based model has three elements: a) a set of agents, their
attributes and behaviours; b) a set of agent relationships and interaction methods - an underlying connection
topology defines how and with whom agents interact; c) the agents' environment - agents interact with their
environment, in addition to other agents and their respective environments. Furthermore, it is proposed the
selection of indicators (economic, social, environmental) to be considered as outputs parameters (Macal &
North, 2010; 2014). This strategy aims to analyse sustainability from the simulation of predictive scenarios.

Due to the consequent problems described in the region of the island of Gotland, caused by environmental
and social factors, the study adopted the effluent treatment plant in the city of Visby, the city with the highest
popular and tourist concentration in the region. The wastewater treatment plant (WWTP) processes
approximately 8,000m3 of wastewater per day. The Moving Bed Biofilm Reactor (MBBR) wastewater
treatment process consists of a biostage, with pre-denitrification, BOD and nitrification basins, where
dissolved organic matter is purified and ammonium nitrogen is converted to nitrate nitrogen. The discharge
line opens at a depth of 7 meters 140 m from the shore dumping the treated effluent, containing fractions of
carbon organic, nitrogen and phosphorus, into the Baltic Sea. The sludge produced in the WWTP is pumped
to a digester where it undergoes digestion in two stages. The digested gas produced is used for heating
internal sludge for digestion chambers, heat in the treatment plant's premises, vehicle gas, and any excess is
led to Geab's district heating system. The digested sludge is then pumped to a sludge layer, after which it is
centrifuged for further transport to an intermediate storage plate. The fertilizer from the sludge is sent to
small producers from Gotland and to recycling station from continent (Region Gotland, 2023).

Results

The Figure 1 shows the causal loop diagram developed aiming to understand the interrelationships between
the wastewater generation and their consecutive treatment in the WWTPs.

Figure 1: Causal loop from wastewater environment in Visby.

The next step consisted of design a hybrid SD-ABM model (Figure 2) considering the structure of Visby's
WWTP. As inputs parameters, technologies for recovery and/or transformation of nutrients into energy will
be evaluated, as well as inputs necessary for the operation. Aiming at optimizing nutrient recovery processes
or energy generation, the developed framework presents three additional systems to the current treatment
process. As output for the simulations and respective scenarios, in a future stage, eutrophication and the
footprints for water, carbon, nitrogen and phosphorus were selected as environmental indicators. The
systems being proposed are: a) Urine system: a pre-step of urine separation will be analysed for selected pump
stations and their interference in environmental parameters according to the methodology proposed by
Simba et al. (2022, 2023); b) Biotechnology system: alternative biotechnological processes will be evaluated,
such as the application of microalgae in the bioconversion of residual pollutants present in the treated effluent
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into bioproducts (biofertilizer, bioenergy, carotenoids, among others) as a platform for biorefineries
(Francisco et al., 2015); c) Agent-based system: the system will simulate the aspects that represent the ABM
part of the model. Behaviors involving different stakeholders (population, food producers, and government)
and current legislation that addresses food security and environmental preservation issues will be simulated.

Figure 2: SD-ABM hybrid model framework for Visby’s WWTP.
Conclusion and Next Steps

In high-income countries, most domestic wastewater is collected and treated in wastewater treatment plants
(Martin et al., 2023). As in the case of Visby's WWTP, the sludge issued from the WWTP treatments can be
recycled in agricultural practices. For example, approximately 75% of the sewage sludge generated in France
is recycled in this way (Collivignarelli et al., 2019). However, studies point out negative factors for this
methodology, such as a very low proportion of recycled nitrogen in addition to denitrification is an energy-
intensive treatment (Esculier et al., 2018; Maurer et al., 2003). Since most of the nutrients in wastewater
come from urine: approximately 80% of the nitrogen, 50% of the phosphorus and 70% of the potassium
(Martin et al., 2023), the "Urine system" will be evaluated in predictive scenarios considering technical and
social factors to produced fertilizer and increase the food production on the island of Gotland.

MBBR systems are recognized for their efficiency in treating effluents, however, it is well known that a
significant proportion of nitrogen and phosphorus and potassium remains and is discharged to the surface
water. In the WWTP in question, Bod 40 kg, Total nitrogen 80 kg and Total phosphorus 2 kg are issued daily.
The "Biotechnology system" will evaluate the recovery of this fraction of nutrients as well as the efficiency in
converting biomass into different bioproducts.

The social factor such as the acceptance of stakeholders for the use of fertilizers from wastewater recycling,
as well as the consumption of food produced with such inputs, will be simulated by the "Agent-based system".
The legislation on the application of recycled fertilizers and food safety will also be considered. Finally, the
next steps include organizing a database for efficient simulation and validation of the model using statistical
tools, and meetings with the community to capture their perspective and design predictive scenarios.
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ABSTRACT

INTRODUCTION

Environmental biotechnologies that involve using cyanobacteria to generate bioproducts are faced with
unique challenges. Despite numerous articles and reviews showcasing the exceptional potential of
cyanobacteria for producing bioproducts [1-3], their full-scale application outside of the food industry
remains limited. This is likely due to several factors, including the availability of affordable raw materials,
inadequate regulations, and a lack of viable business models. However, the main obstacle appears to be the
significant research gaps in understanding how to cultivate cyanobacterial cultures and create appropriate
culture conditions for the desired bioproducts. These gaps are currently preventing the development of
cyanobacterial biotechnologies, and it is crucial to address them in order to fully tap into their potential. To
overcome these challenges, we propose utilizing cyanobacterial microbiomes.

Cyanobacteria are capable of producing various bioproducts, but one product in particular,
polyhydroxybutyrate (PHB), has garnered significant interest due to its potential as a sustainable alternative
to petroleum-based plastics [4]. PHB can be accumulated by cyanobacteria under nutrient-limited conditions
[5-9]; however, the amount of PHB produced by monocultures of cyanobacteria is relatively low, with wild-
type strains producing up to 25% dry cell weight (dcw) of PHB [6,10]. To increase production, researchers have
employed molecular biology techniques. However, to make PHB production economically feasible and
competitive with current plastic markets, it is important to avoid using genetically engineered strains. Instead,
adding an organic carbon source, such as acetate, significantly boost biosynthesis [6,11,12].

In addition, maintaining productive cyanobacterial cultures for the long-term generation of bioproducts of
interest is also a major challenge. Unfortunately, most research undertaken to date has been limited to small-
scale experiments with a short time frame, typically lasting only a few weeks [9,10,13].

In line of the above, in this study, various photosynthetic microbiomes were evaluated for their ability to
produce PHB. These cultures were obtained from environmental samples and enriched with cyanobacteria
using low phosphorus concentration as a selective pressure. To boost biopolymer production, two approaches
were employed: (1) altering operating parameters known to affect PHB synthesis, and (2) optimizing the
culture to increase the presence of PHB-producing organisms.

MATERIALS AND METHODS

Procurement of photosynthetic cultures

Seven samples were collected from four different locations (constructed wetland, river, canal and urban lake)
in the metropolitan area of Barcelona, Spain. Samples were grown in laboratory conditions to obtain
microbiomes enriched in cyanobacteria. Phosphorus (P) limitation was used to favour the growth of
cyanobacteria against other phototrophic organisms (i.e. green algae). Cultures were maintained with a P
concentration in the flasks of 0.2 mg-L2.

Microbial identification
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The identification and classification of Cyanobacteria present in the microbiomes were performed using a
combination of morphological observation under a bright light microscope and molecular characterization via
clone library analysis of the 16S rRNA gene.

Design of Experiments

The metabolic regime was evaluated by experiments combining three factors: (i) the presence of organic
carbon (OC), (ii) inorganic carbon (IC) and (iii) light:dark photoperiods. Multivariable experimental design
(DoE) and surface response methodology (SRM) were used [6]to identify the optimal conditions and evaluate
their effect on PHB production.

Enriching biomass in PHB-producing organisms

A new technique based on the Feast and Famine (FF) strategy, commonly used in PHB production by
heterotrophic cultures, was implemented to enhance PHB production by cyanobacteria-enriched
microbiomes. The study utilized a Sequencing Batch Reactor (SBR) and was applied to three different
microbiomes for 209 days (microbiome 1) and 100 days each (microbiomes 2 and 3) in 3L photobioreactors
(PBRs). During PBR operation, growth and starvation were systematically carried out to selectively enrich the
microbiome with microorganisms capable of producing PHB.

RESULTS AND DISCUSSION

Effect of selective pressure on field environmental samples

The effectiveness of the selection pressure applied to favor cyanobacteria over other microorganisms was
confirmed through a combination of microscopic observation using both a bright light and fluorescence
microscope, as well as molecular analysis of the 16S rRNA gene. The microscopic observations revealed the
presence of filamentous and punctate colony-forming cyanobacteria (Figure 1). The results of the 16S rRNA
analysis further showed that this selection pressure (P limitation) resulted in a decrease in the number of
bacterial populations in the environmental samples collected and a significant increase in the presence of
cyanobacteria in the microbiomes.

Figure 1. Microscope images of microbiomes under bright light microscopy at 400X. Panel A) corresponds to “microbiome
1” and B) corresponds to “microbiome 2”. Al) and B1) correspond to samples of field environmental microbiomes. The
scale bar is 20um. A2) and B2) correspond to cyanobacteria-enriched microbiomes after 5 months of growth with P
limitation. The scale bar is 10 um.

Enhancing PHB production through the optimization of operating conditions

The study found that the optimal conditions for biopolymer synthesis were dependent on the specific
microbiome being tested, however, the results from the Design of Experiment (DoE) revealed that higher PHB
contents were obtained when the cultures were grown under heterotrophic or mixotrophic conditions.
Additionally, the results showed that the addition of organic carbon was the sole factor that had a consistent
impact on biopolymer production across all microbiomes tested. The highest PHB content, reaching 14 % dry
cell weight, was achieved for one specific microbiome by adding 1.2 g of acetate per liter and maintaining a
light:dark photoperiod of seven days. Based on these results, the microbiome and the best conditions for
bioproduct synthesis were selected for further scaling up.

Enhancing PHB production by enriching biomass in PHB-producer organisms
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To enhance PHB synthesis, the feast and famine (FF) strategy was applied to selectively enrich the
microbiomes with microorganisms that exhibited higher PHB production in the previous Design of Experiment
(DoE) studies. The first microbiome tested, rich in the unicellular cyanobacteria Synechococcus sp.,
filamentous cyanobacteria Leptolyngbya sp., and green algae, was operated for 209 days with 9 repeated FF
cycles. In addition, the impact of three parameters (nutrient concentration, temperature, and light) on
biomass growth and biopolymer synthesis was evaluated beforehand to establish optimal conditions for
operating the PBRs. We observed a substantial increase in PHB production from 2 %dcw PHB in the first phase
to 22 %dcw PHB, however, the presence of green algae caused a decline in PHB production and posed a
challenge to maintaining the stability of the microbiome (Figure 2 A-B). While controlling P concentration or
temperature could promote the survival of cyanobacteria over green algae, the abundance of the latter can
exceed controllable limits, resulting in green algae outcompeting. To validate these results, two additional
microbiomes were operated under the selected conditions. The first was rich in cyanobacteria Synechococcus
sp. and green algae, while the second was rich in the unicellular cyanobacteria Synechocystis sp. and
Synechococcus sp. Interestingly, in the microbiome containing green algae, PHB production was relatively low
and showed great variability between PBRs (Figure 2 C-D). However, when the PBR operation was applied to
a microbiome consisting only of cyanobacteria, PHB production remained constant in all the starvation phases
over the experimental period of 100 days. On average, cells accumulated 27.1 %dcw PHB in 14 days,
demonstrating robust PHB production (Figure 2 E-F), while maintaining the species composition of the
microbiome.
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Figure 2. PHB evolution over the FF strategy for microbiome optimization on PHB-producer microorganisms for 3

different microbiomes.
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ABSTRACT

Continuous Electrocoagulation Flotation (ECF) is an innovative and sustainable treatment technology for
municipal wastewater (MWW) that facilitates resource recovery and reuse. The characteristics of ECF include
simplicity, the ability to remove organic and inorganic contaminants, in-situ disinfection, and low sludge
generation (Ingelsson et al.,, 2020). Resource recovery is possible through biogas production and the
reclamation of phosphate and metals from ECF sludge. The ECF technology has been widely applied for
industrial wastewater treatment and is now being considered for MWW treatment. However, the operating
performances of ECF technology in terms of energy efficiency and pollutant removal are determined by MWW
characteristics such as (particulate) organic content, pH, and electrical conductivity (EC) (Ingelsson et al.,
2020). Nevertheless, the varying effluent quality legislation for surface water discharge and reuse across the
world makes it challenging to establish uniform optimal ECF operating parameters for MWW treatment.
Regulatory disparities between Belgium and Bangladesh impact the potential for reusing and recovering ECF-
treated MWW and its sludge. To globally implement ECF technology for MWW treatment and promote it as
a green technology, regional optimization of operating parameters is necessary. This study aimed to compare
the ECF treatment of MWW in Khulna, Bangladesh, and Kortrijk, Belgium.

The research utilized three types of MWW (Table 1): 1) freshly collected influent from the municipal
wastewater treatment plant (MWWTP) in Harelbeke, Belgium, operated by Aquafin (Chys et al., 2018) (MWW
BE), 2) NaCl spiked MWW from the same MWWTP to simulate Khulna City MWW (MWW NacCl BE) (Haldar et
al., 2020), and 3) real MWW from Khulna City, Bangladesh (MWW BD). For the Belgian MWW, influent was
collected before the primary treatment unit. In contrast, for the Bangladeshi MWW, 5 L of influent was
collected from each of the 5 outfalls, prior to discharge into surrounding rivers, of the combined sewage
transport network in Khulna City (Haldar et al., 2020). It is important to note that Khulna City lacks a MWWTP,
and the sewerage transport network functions as an open drain system. The ECF reactor used in the
experiments with sacrificial iron (Fe) anode and inert stainless steel (SS) cathode is described elsewhere
(Parmentier et al., 2020).

To achieve specific current densities (CD), constant currents of 1 Amp and 2 Amp were employed, resulting in
CD of 40 and 80 A/m?, respectively. A flow rate of 10 L/h was applied for all three types MWW treatments
using the same ECF reactor. Optimized performances were evaluated based on removal of total chemical
oxygen demand (tCOD), total phosphate (TP), total nitrogen (TN), total suspended solid (TSS), Escherichia coli
(E. coli) and Fecal Coliform. Total solid (TS) and dry solid (DS) contains of ECF sludge were measured. All the
abovementioned analysis and measurements were conducted following standard procedures and methods
(APHA, 1992, Parmentier et al.,2020). Produced sludge volume were also recorded during each experiments,
i.e., ml sludge produced /L MWW treated. Heavy metals analysis were also performed following Lakho et al.,
2020. Anaerobic digestion were done for ECF sludge biogas potential assessment following Schroyen et al.,
2014. Also operational efficiency evaluated based on Faraday efficiency, i.e., applied CD efficiency to dissolved
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metal from anode and H; (g) microbubble formation from cathode, and total operational expenses (OPEX)
i.e., sum of energy and electrode consumption according to Parmentier et al. (2020).

Table 1: Different MWW'’s influent characteristics used in the study for ECF treatment.

Parameter MWW BE MWW MWW BD  Parameter MWW BE MWW NaCl MWW BD
NaCl BE BE

pH 7.88+0.2 7.73+0.3 7.57+0.1 TSS(mg/L)  693+176 1438+140 111430
DO(mg/L) 3.52+1.7 2.80+1.5 1.42+0.9 Ca(mg/L) 182.58432  181.49%32 138.67+97
EC(nS/cm) 11462455 20461278  1930+142 Mg (mg/L) 25.13+17 25.42+17 94.3345
Turbidity (NTU)  310+494 4651698 38+2 Na (mg/L)  186.08+35 424.02+38 344.86139
tCOD(mg/L) 400+322 327+274 318+138 K (mg/L) 29.4745 29.14+4 25.67+17
TP(mg/L) 615 6 15 10 +2 Cl(mg/L) 260.76171 518.33+51 611.32+66
TN(mg/L) 64+28 64128 72 +48 S04%(mg/L) 164.50+93 162.17+92 190.38+40
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Figure 1: Removal efficiency (%) of TP, tCOD, TSS and TN, and Total OPEX in the ECF process at two CD: 40 and 80 A/m?.
The experiments involved treating MWW BE (n=3), MWW NacCl BE (n=3), and MWW BD (n=3).

Figure 1 illustrated that the ECF technology effectively removes tCOD, TP, and TSS from all types of MWW
samples. The removal efficiency, either interms of percentage (%) or concentration, of tCOD, TP, and TSS
meets the effluent discharge standards of the EU Directive 91/271/EEC for Belgium and Environmental
Bangladesh Conservation Rule 2023 (ECR 2023) for Bangladesh. Green rust (GR) formation in Fe-based ECF
systems is highly effective in removing organic matter and heavy metals (Ingelsson et al., 2020). In addition,
the specific floc-tower design of the ECF reactor, combined with the flotation induced by H,(g) microbubbles,
enables enhanced sweep coagulation (Parmentier et al., 2020).
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Figure 2: Microbial disinfection in the ECF process at two CD: 40 A/m? and 80 A/m?. The experiments involved treating
MWW BE (n=3), MWW NaCl BE (n=3), and MWW BD (n=3).

The MWW BD from Khulna exhibits higher microbial disinfection at a lower applied CD of 40 A/m?, in
comparison to the MWW BE from Kortrijk (Figure 2). The higher NaCl content in the MWW sample from
Khulna, compared to the Kortrijk MWW samples (Table 1), significantly affects microbial disinfection (Figure
2). Electrolysis, in-situ anodic oxidation, and sweep coagulation are considered as the disinfection mechanisms
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International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

i.e., 0.24 €/m3 and 0.65€/m3 respectively at CD 40 and 80 A/m? (Figure 1). However, the disinfection
effectiveness is lower, failing to achieve a 2.0 log unit reduction for MWW BE (Figure 2). Furthermore, at 40
A/m?, the Faraday efficiency for MWW BD is 70%, indicating possible electrode passivation or a higher
occurrence of secondary electrooxidation.ECF reactor at CD 80 A/m? effectively removes tCOD>75%, TP>80%,
TSS>70%, and E.coli > 100 CFU/100 ml (i.e., 2.0 log units reductions) when treating MWW BE (Directive
91/271/EEC). The ECF-treated MWW BE and MWW BD are considered suitable for irrigation due to the
presence of TN. The lower removal of TN indicates that it can serve as a nutrient for crops (Figure 1). The
treated MWWs (MWW BE and MWW BD) meet the agricultural reuse requirements of Europe (i.e., Regulation
(EU) 2020/741), and the cooling, fisheries, and irrigation standards of Bangladesh (i.e., ECR 2023). The treated
MWWs obtained standard level values for pH, EC, and DO, indicating its suitability for reclamation and reuse.
These findings suggest that ECF treatment could serve as a viable MWW treatment and reuse strategy in
various locations worldwide.
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Figure 3: Heavy metal removal in the ECF process at two CD: 40 A/m? and 80 A/m?. The experiments involved treating
MWW BE (n=3), MWW NaCl BE (n=3), and MWW BD (n=3).

As seen in Figure 3, ECF treatment also has the potential to remove heavy metals (i.e., Cu, Pb, Zn and Cr) which
is beneficial in view of (agricultural) re-use. MWW BE treated in studied ECF unit removed Zn>Pb>Cu>Cr,
whereas MWW BD removed Cu>Zn>Cr>Pb (Figure 3). Higher CD enhanced heavy metal removal effectiveness
in all circumstances in different pH (Figure 3). 80 A/m? removed more than 40 A/m?. The hydroxide ions
produced during the electrochemical reactions of the ECF treatment process increase the pH and facilitate
heavy metal precipitation (Figure 3). The degree of pH increase depend on applied CD and MWW
characteristics especially conductivity and alkalinity (Ingelsson et al., 2020).

Sludge management when using the ECF technology is crucial, therefore the sludge volume (Figure 4) may
help select the optimal operational parameters. As demonstrated in Figure 5, a CD of 80 A/m? improved sludge
separation by increasing flotation volume. This shows that the CD is crucial for ECF sludge separation. A higher
CD increases ECF sludge dry solid (DS) concentration. ECF sludge from treating MWW collected from
Harelbeke generated 0.31 + 0.06 dm?3 biogas per / g volatile solids (VS) when applying 80 A/m?. When treating
MWW from Khulna (simulated with NaCl) at 40 A/m?, 0.36 + 0.05 dm3 / g VS biogas was obtained. During
anaerobic digestion of biologically treated sewage similar biogas production is obtained, which suggests that
there are energy recovery possibilities for the ECF sludge (Hutnan et al., 2006). Furthermore, based on the
sludge characteristics, it is possible to spread the sludge on agricultural land based on the Bangladesh
Standards and recommendations for sludge management (2015) (data not shown). During the ECF process,
successful removal of tCOD, TP, and TSS is achieved due to the characteristics of MWWs, the formation of GR,
effective sludge separation through flotation and sweep coagulation. The higher NaCl content in MWW BD
enhances disinfection efficacy at lower applied CD The removal of heavy metals also adds value for water
reclamation purposes globally. Considering the synergistic ECF performance to treat different MWWs, this
research concludes that a CD of 80 A/m? is ideal for resource recovery and reuse, aligning with the goals of
sustainable development and the circular economy. levels. For optimal disinfection efficiency in MWW BE ,
and good Faraday Efficiency close to 1 in MWW BD, as well as biogas production, a CD of 80 A/m? is selected.
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Figure 4: Sludge produced during the ECF process at two CD: 40 A/m? and 80 A/m?. The experiments involved treating
MWW BE (n=3), MWW NaCl BE (n=3), and MWW BD (n=3).
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Introduction

In recent years, the paradigm shift from wastewater treatment plant (WWTP) towards biorefineries has clearly
highlighted the high potential of resources recovery, either as energy or material, from wastewater; however,
the full scale implementation of novel treatment lines or more energy efficient solutions is still limited
(Kehrein et al., 2020; Renfrew et al., 2022). Several emerging processes and technological solutions have been
proposed in the last decades, mainly oriented to the recovery of energy, nitrogen, phosphorous and sulphur,
possibly integrated with other mature technologies such as anaerobic digestion for biosolids valorisation
through methane production. Among them, sulphide-driven denitrification is an appealing solution for
simultaneous nitrogen (N) and sulphur (S) removal from liquid and gaseous effluents. The present work
reports on a model assisted evaluation of different treatment scenarios for a large-scale industrial wastewater
treatment plant, aimed at improving plant performance on material and energy recovery. The knowledge on
the novel processes of S-driven denitrification gathered within previous works has been exploited to propose
innovative solutions for the valorisation of the produced biosolids as well as liquid and gaseous sidestreams.
Historical data on plant operation have been integrated with experimental evidence from previous works, as
well as with predictive data from mathematical modelling. In accordance with plant managers’ interest,
special emphasis has been devoted to alternative solutions for biosolids management (from primary,
secondary and tertiary sludge) and scenarios were assessed in terms of COD, N and S loads in
mainstream/sidestream, process stability, effluent quality and residual biosolids waste generation. This
analysis wraps up a long work conducted through experimental activities and mathematical modelling on
autotrophic denitrification and on the specific WWTP, used as a case study.

Material and methods

The large-scale tannery WWTP managed by Consorzio Cuoiodepur SpA (Pisa, Italy) has been selected as a
case-study. In average, the plant treats 4200 m? d? of industrial wastewater from the Tuscany vegetable
tannery industrial district and 4000 m? d! of domestic wastewater from the surrounding area; yet, around
95% of pollutant load is related to the industrial influent. Tannery wastewater is characterised by high content
in particulate organic matter, N and S compounds as well as tannins. The current plant configuration is
represented in the reference scenario, Scenario 0, and comprises primary, secondary (conventional activated
sludge) and tertiary treatments (fig. 1); sludge treatment comprises dewatering and thermal dehydration.
Sidestreams supernatants originated in thickening and dewatering are recirculated back to the mainstream.
Dehydrated sludge is partially disposed and partially mixed with other tannery industry residues to meet
proper C/N/P content for fertilizers standards. Two novel scenarios have been simulated with the purpose of
increasing plant resource valorisation and resource circularity, both including anaerobic digestion for sludge
valorisation. In Scenario 1, sidestreams generated by digestate dewatering are recirculated back to the
mainstream and sulphide removal in biogas is accomplished through an aerobic bioscrubber achieving
elemental sulphur recovery (fig. 2a). In Scenario 2, liquid sidestreams are treated in a dedicated line where
partial nitrification, operated as complete nitritation, is coupled with sulphide-driven autotrophic
denitrification for the removal of ammonia from the side stream and sulphide from the biogas (fig. 2b); from
a technological point of view, an anoxic bioscrubber is selected as suitable solution. The software SUM022
(Dynamita, Canada) was adopted as simulation environment. The library model Sumo2S, comprising the
sulphur bio-chemical cycle, was selected and two main modifications were implemented: i. biological sulphur
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oxidation model was adapted according to the experimental evidences and mathematical modelling in
previous study (Polizzi et al., 2022b; Valdes et al., 2023); ii. two new processes were included for the
conversion of particulate unbiodegradable COD and inorganic solids as presented in Polizzi et al. (2022a). The
model on Scenario 0 was calibrated on the new data set on year 2022, on influent characteristics and
operational conditions, and parameters on the novel units were estimated, when needed. The average value
for SRT (50 d) and DO concentration in the mainstream nitrification tank were maintained the same in all the
scenarios (i.e. no further optimization was performed). The main outcomes are derived from steady-state
simulations but dynamic modelling has been performed in order to explore process stability in Scenario 2. The
comparative evaluation of the three scenarios was based on mass balance and mass flow analysis.

Results and discussion

Figure 1 shows the model representation of Scenario 0. The model of the biological unit was calibrated and
validated in previous studies (Polizzi et al., 2022a) and model boundaries have been extended in the present
work to include the whole water and sludge lines (previous model boundaries are graphically indicated in fig.
1). Tertiary settler was not included in the model but tertiary sludge was added as an external influent of the
thickener unit.

Figure 6 Scenario O (reference scenario). Model representation in SUMO22. Dotted grey rectangle represents model
boundaries of previous modelling work.

As presented in table 1, the model met effluent quality, in terms of average COD and N compounds
concentrations, as well as VSS concentration in the biological unit. The high COD concentration in the
secondary effluent, around 600 mg L%, is due to the high content of bio-refractory tannins, removed in the
subsequent tertiary treatment. The modelled biosolids exiting the dewatering unit are around 22 tonVSS d*
versus an average value of 21+2 tonVSS d*, primary sludge accounting for more than 60% of the produced
solids.

Table 2 Main outcomes of Scenario 0, observed vs modelled data.

Parameter Observed value Modelled value
Secondary Effluent soluble COD (mg O, L) 581+177 579
Secondary Effluent Ammonia (mgN-NH4* L) 0.31#0.1 0.2
Secondary Effluent Nitrate (mgN-NO5™ L) 11+2 12.3
MLVSS in mainstream biological unit (mgVssS L) 83811330 7404

In figure 2a and 2b, the modelled Scenario 1 and 2 are presented. The H,S load to be removed from the biogas
has been estimated through sulfur balance in the anaerobic digestion unit and added as a fictitious influent
representing the effluent of the absorption tower in a bioscrubber. In these scenarios, an average load of 400
kgS-HS d?! has been estimated and applied in both scenarios.
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Figure 7 Model representations in SUMO22 of Scenario 1 (a) and Scenario 2 (b).

Model results show that anaerobic digestion of tannery sludge allows for significant methane production, i.e.
potential energy recovery, both in scenario 1 and 2. A specific methane production (SMP) of 0.31+0.01 NmL
gVsSint is predicted, resulting in a biogas production of 11500 and 11300 Nm?3 d? for Scenario 1 and 2,
respectively, with CHs content of 62-63% in both cases. This data is considered conservative since
experimental data from previous works showed a higher SMP of 0.35 NmL gVSSi,’, at optimised conditions
(data not shown). As a direct consequence, volatile solids to be disposed are reduced by 54% and 59% in
Scenario 1 and 2, respectively, which constitutes a direct environmental advantage since it allows for a
significant saving of methane, currently used for sludge dehydration. The impact of variations in loads of
biodegradable COD and ammonia recirculated in the sidestreams and eventually treated in the mainstream
biological unit was evaluated in a comparative analysis, together with S load from biogas treatment and
overall biosolids production. Comparative results are summarized in figure 3. In Scenario 1, sidestream
determine a 16% increase of the overall ammonia and organic N load in the mainstream oxidation and a
concomitant 5% reduction of the bCOD load, whereas in Scenario 2, the avoided sidestream recirculation
results in 6% and 7% reduction for bCOD and N load in the mainstream. Regarding effluent quality, both
alternative scenarios are able to achieve complete nitrification (NHs* < 0.3 mgN L) but the higher N load in
Scenario 1 would require higher recirculation flowrates (i.e. higher energy demand for recirculation pumps)
to meet effluent standard on nitrate, while the lower N load in Scenario 2 allows for a reduction of effluent
nitrate (compared to current levels), down to 7 mgN L™. In light of these performances, Scenario 2 is indicated
as the most appealing in terms of energy efficiency and resource recovery. To address plant managers’ need
of novel process reliability, dynamic modelling has been performed in Scenario 2 to simulate a wide range of
S/N ratio in the sidestream that can be encountered in real-scale operation, possibly with sudden variations.
As presented in our previous studies, the S/N that can be handled by S-driven denitrification systems is very
wide, provided that the oxidized/reduced forms of the products can vary according to the S/N applied (Valdes
et al.,, 2023). Dynamic simulation results show that the coupled system of nitritation and autotrophic
denitrification shows high stability in achieving sulphide and nitrite removal in wide range of S/N ratios (1.3-
2.3 gS gN1); the main difference relies in the production of SO4* or S° as end-product and S° recovery (from
11 to 53%), offering a reliable solution in terms of gaseous and liquid effluents quality.
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Figure 8 Comparison of C, N, S loads as well as energy demand and solids production, in the 3 scenarios.

The critical comparison of innovative scenarios of a large-scale WWTP through mass flow analysis reported in
the present work is intended to provide process engineers with valuable information for the implementation
of process upgrading towards resource recovery. In this perspective, S-driven denitrification shows to be a
robust innovative solution for sidestream and biogas treatment.
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ABSTRACT

Background

Current linear economy is not sustainable and needs to transition to a circular economy to utilize resources
as long as possible and minimize environmental impacts. The transition from the linear economic model to
the circular economy in the water sectors requires rethinking the current wastewater treatment paradigm. In
the water sector, transition to the circular economy focuses on promoting the reuse, recycling, restoration,
and recovery of water resources. Wastewater should no longer be regarded as a waste, but as a pool of
resources with the potential to recover and generate valuable products such as reusable water, nutrients,
biopolymers, biofuels, thermal energy, etc. Furthermore, to support the transition, the term “wastewater
treatment plant” should be replaced by “water resource recovery facility” (Krzeminski & Vogelsang, 2021).

As part of the proposed revision of the urban wastewater treatment directive (UWWTD), the European
Commission recommends defining minimum recovery rates of nutrients, including the critical substance
phosphorous, from the sludge at the EU level to support circular economy (EC, 2022). Yet, the recovery and
reuse bring about new challenges and concerns related to the quality of the products, including water (Rey-
Martinez et al., 2022; Krzeminski et al., 2019). A key barrier for implementing circular economy systems in the
urban water sector and closing the water loops is the inherent risk to health and safety associated with using
materials recovered from sources that may contain toxic chemicals and pathogens (Kehrein et al. 2020).

Objectives

The objective of this study is to determine the composition and levels of impurities and hazardous substances
in resources recovered from different streams at wastewater treatment plants (WWTPs). The assessed
resources will include organics, biopolymers, nitrogen- and phosphorus-based materials, and water. The
observed levels together with appropriate safety factors will indicate whether the resources can be used
directly as final products or if further upstream or downstream measures need to be implemented.

Materials & Methods

The work is being carried out as part of the SIREN project which exemplifies research on simultaneous
recovery of energy, organics and nutrients and generation of valuable products from municipal wastewater
(Figure 1). It also highlights that recovery and reuse brings about new challenges and concerns related to the
quality of the products, including water.
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Figure 1. Project boundry and scope, with points of recovery of the different materials.

The recovered materials include humic acids, alginate-like exopolysaccharides, struvite, all in solid state, and
water which were recovered from the different streams at full-scale municipal WWTPs as provided in Table
1.

Table 1. List of the materials recovered and their origin / point of recovery.

Type of material Material Source / Point of
recovery

Organics Humic acids Sludge line reject water

Biopolymers Alginate Waste activated sludge

Nitrogen-products
Phosphorous-product

Water

Ammonium carbonate
Struvite

Water

Sludge line reject water
Sludge line reject water

WWTP effluent

Depending on the intended applications, the recovered materials will be analysed by a battery of analytical
tools to determine main components and levels of the impurities, regulated hazardous compounds and non-
regulated hazardous compounds. To this end, the levels of nutrients (carbon, nitrogen, phosphorous),
macromolecules (e.g., Ca, Mg, Na), chlorine, and metals (e.g., Fe, Mn, Ni, Cu, Zn, Cd, Pb, Hg, Al, As) will be
determined. The levels of the selected industrial chemicals such as polycyclic aromatic hydrocarbons (PAHs),
phthalates (e.g., DBP, DPP, DEHP), musk compounds (e.g., galaxolide, tonalide), PFAS and total organic
fluorine (TOF), will be quantified. In addition, the content of the microplastic, 12 antibiotic resistance genes
and selected pharmaceuticals including ones on the revised urban wastewater treatment directive list (e.g.,
carbamazepine, clarithromycin, diclofenac) is planned to be quantified. The full list of analyses carried out at
research (NIVA, NILU) and commercial laboratories (ALS, Resistomap) will be shared during the presentation.

Results & Discussion

The criteria used to define the appropriate analyses for each of the materials recovered will be presented and
discussed. This includes, i) existing relevant European regulation such as the European Fertilizer regulation
and Sewage Sludge Directive, ii) potential upcoming European regulation such as proposed UWWTD revision
and evaluation of Sewage Sludge Directive, iii) extensive sewage sludge monitoring programs in Norway and
Sweden, iv) information gathered for similar commercial products on the market.

We will present an initial quality assessment of the characterized recovered resources and compare with the
literature data. During the presentation, the levels of the selected quality parameters for the different
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materials/resources will be presented highlighting the compliance with the regulatory requirements. We will
discuss the potential shortcomings, barriers, and opportunities for application-specific utilization of the
recovered resources from municipal wastewaters.

It is expected that the work presented will drive further research in the area, provide relevant information for
both researchers and practitioners. The outcomes of the quality assessment will contribute to overcoming
implementation barriers and enhancing reusability potential of the value-added recovery products
contributing to the circular economy transition in the water sector.
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ABSTRACT

The Integrated Constructed Wetland (ICW) concept is based upon inextricipaly linking water treatment within
its landscape setting and enhanced biodiversity. The concept evolved initially from the necessity to improve
water quality in drainage channels from intensive farming practice 35 years ago (Harrington and Ryder, 2002;
Harrington et al., 2005). It was inspired by ecosystem studies conducted at the US Forest Service’s 3,160 ha,
Hubbard Brook Ecosystem/Catchment Study Area.

Given that typical land use was to be reallocated to treat water, the Vitruvian principles of firmitas, utilitas,
and venustas ("strength”, "utility", and "beauty") were seen as appropriate to the concept and design approach.
Social, economic, and environmental elements were considered inextricably linked to optimise land and water
use. Lands of appropriate area, topography, and hydraulic soil impedance capable of supporting helophyte
vegetation were fundamental to their construction and function. The sustainable use of land towards
intercepting polluted water from farms was seen as both a novel alternative land use and a challenge to the
typical practice of interception/collection/storage and subsequent overland dispersal.

An ICW design is a land/water ecosystem-based approach that is typically, though not exclusively, best suited
to rural situations. There are numerous successful applications demonstrated in a wide range of municipal
sewage (Figure 1), agriculturally-derived wastewaters, liquid livestock manures, landfill leachates and various
mine and quarry waters (Carty and Harrington, 2017; Harrington and Scholz, 2010). Their treatment
performance across all parameters measured has been demonstrated to be exemplary, including those of
emerging pollutants and microbial pathogenicity.

The concept necessitates a bespoke approach to each site where it is applied, integrating all associated water
management needs within its immediate, and wider, landscape setting. It facilitates the biodiversity of
adjacent areas with consequential advancement in social and economic gains. The bio-geo-chemical
processes operating in and associated with ICWs are fundamentally similar to those found in conventional
wastewater treatment systems: microbial decomposition of influent content and nutrient degradation and
precipitation/retention.

The ICW concept’s ecosystem-based approach derives its benefits from optimising the linkages of water
management with that of appropriately scaled landscape-fit and biodiversity. Water quality of the associated
through-flow is optimally achieved sequentially through a series of interlinked densely helophyte (emergent)
vegetated shallow water bodies of sufficient area and optimal configuration. They are designed to self-adjust
to both weather related flow events, including the challenges from heavy rainfall and flooding, and periods of
drought.

The ICW concept grew from previous studies in functional ecosystem biology and their associated geology,
hydrology and landscape settings (Scholz et al., 2007, Harrington et al., 2007). The various studies undertaken
on ICW performance identify their wide range of applicability, including the biogeochemical factors that
determine their success. Their application furthermore exemplifies the benefits of the joined-up ‘Ecosystem
Approach’ advocated by the UNEP, above. These include a range of ancillary environmental, social and
economic benefits that are increasingly valued. These 12 principles apply to within, adjacent and the wider
social and economic contexts (Harrington et al., 2011). ICW systems continue to be applied and further
developed by the authors at VESI Environmental Ltd. and their associates. They include current projects for
UK water agencies, Irish state water utility (Uisce Eireann), along with a wide range of private and corporate
entities in Ireland.

Rather than being primarily supported by electro-mechanical technological infrastructure and associated
energy demands, the ICW ‘ecosystem-based approach’ uses hydraulic flow within and between the
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segmented earth-bunded wetland areas (Everard et al., 2012). These are sized and configured within the
constraints of availability/suitability and the quality of outflow required. Treatment is incrementally achieved
as the through-flowing water is subject to contact with the biological micro-films in and on the helophyte
vegetation and its accumulating detritus. The water depth of the helophyte vegetated retention areas must
be for their growth and appropriately configured, i.e. supporting dense emergent vegetation and supporting
complex biofilms that deliver treatment. Locally derived soils within available sites are worked to the
necessary hydraulic resistance to ex-filtration. ICWs are essentially a land/water ecosystem based exercise.
Though similar in some ways to ‘reed bed systems’ they are more ecologically comprehensive with diverse
biological structure through all seasons.

Microbial communities within and associated with the helophyte vegetation and its soil media are complex,
comprising prokaryotic and eukaryotic bacteria, fungi, yeasts and protozoa, and associated
invertebrates/vertebrates (Beccera-Jurado et al., 2010). They provide the basis for the complex processes for
both inorganic retention and organic decomposition. Associated flow management towards achieving the
necessary retention is achieved by providing the inflow and through-flow (flow distribution) with sufficient
vegetated area with optimal configuration. The multiple design benefits accruing from ICW systems have been
tentatively demonstrated to capture and store carbon with traded credits of about 5t /h/y based upon organic
matter accretion.
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Fig 1. Ammonia reduction performance in municipal ICW

The land cost for ICWs is generally less than the costs associated of conventional electrical-mechanical
systems used in the treatment of municipal sewage, though this may be prohibited in urban areas. For
agricultural farm stock/waste water the foregone costs associated with storage and land spreading are
generally greater than that of land value and construction. Similarly for mining and stone quarrying, water
treatment has been less when ICW systems are installed.

As the ICW concept derives its benefits from optimising the linkages of water management with that of
landscape-fit and biodiversity, attention to these two additional considerations is essential. By so doing key
economic, social and wider environmental benefits accrue. Their benefits are across many necessities for a
more ‘Sustainable World’ advocated by national and international institutions. They include in the first
instance water quality with economic benefits to all associated: customers, shareholders (public, corporate
or private), ancillary land use benefits, and ecologically dependent species.
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The ICW concept has been demonstrated to provide secure high level treatment for a diversity of polluted
water sources with capacities addressing the needs of advanced circular economies, support for biodiversity
and advancement of appreciation/awareness of nature generally.
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ABSTRACT

INTRODUCTION

According to the latest IPCC report (2021), climate models estimate that the number of extreme
weather events, such as more frequent and more intense precipitation periods during the summer, will
increase and that winters will become wetter and milder. The changing precipitation patterns have
already caused flesh floods in cities, as well as uncontrolled spills of uncleaned drained water to natural
recipients as the existing sewage network does not have the appropriate capacity. Progressive urban
development even deeper affects the environmental balance and disrupts the hydrological cycle in
which rainfall plays a significant role. Recent trends in water management include stormwater in the
Integrated urban water cycle as one of the water resources for different urban purposes (Oral et al,
2020, Langergraber et al., 2021). However, stormwater runoff from urban areas contains numerous
(also toxic) substances that are on the list of priority substances like heavy metals or polyaromatic
hydrocarbons (PAH) according to Directive 2000/60/EC, and new emerging pollutants like microplastic
which are not targeted by any directive or regulation so far. Their presence and quality depend on many
factors among others type of the catchment and frequency of rain events. Since stormwater is
considered a valuable resource for the environment, many technical solutions are implemented that
enable effective stormwater management for potential reuse in the urban water cycle. The study aimed
to test the hybrid constructed wetland as a technology for the treatment of urban derange discharge
and the potential reuse of treated water for watering urban greenery. In the study, the priority
substance like heavy metals and PAHs and emerging pollutants like microplastic have been analysed. As
well as screening tests for microbiological properties (Escherichia coli and Enterococcus) have been
done.

METHODS

In this study, a multistage constructed wetland (MCW) pilot installation was used to remove selected groups
of priority substances and emerging pollutants from a drainage collector in Gdansk, Poland.

Collector water is a mixture of the former stream (closed in the underground pipe now), drainage water, and
stormwater from the urban district of Gdansk. The investigation has been carried out over two years period
in an outdoor technical pilot installation consisting of 5 stages of treatment. The MCW was discharged by
various hydraulic loads to mimic storm events. The flow in the MCW varied from 212 to 710 L/d. The test
samples were taken directly from the retention tank of the Kotobrzeska collector and after the treatment
process as well as after each stage of treatment in a multistage treatment wetland (Fig.1). Heavy metals such
as zinc, cadmium, copper, nickel, and lead were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES), while mercury was determined by atomic absorption spectrometry (AAS). The HPLC-
FLD/UV method, i.e., high-performance liquid chromatography with fluorescence/spectrophotometric
detection, was used to determine polycyclic aromatic hydrocarbons. Samples for the presence of
microplastics were collected using the UFO (Universal Filtering Object) device and ,the following methods
were used to determine microplastics:

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5,



A

(1) in the particle range of 10-500 um—the micro-Fourier transform infrared spectroscopy method (FPA-
_FT-IR);
(2) for particles larger than 500 um—total weakened infrared spectroscopy (ATR-FTIR).

Fig. 1. Technological scheme of the MTWs. 1. Sedimentation tank, 2. 1st stage bed with the subsurface vertical flow
(SSVF), 3. 2nd stage bed with the subsurface horizontal flow (SSHF), 4. reservoir with variable bed depth, 5. purified
water storage tank; S1 and S2—water-collecting wells after SSVF and SSHF beds (Jakubowicz et al., 2022)

RESULTS

As shown in Fig. 2, the concentration of Enterococcus in the inflow to the facility was much higher than the
concentration of Escherichia coli. According to the literature, both groups of bacteria generally constitute the
main share of pathogenic microorganisms in surface runoff, but Enterococcus are becoming more and more
widespread (Diaz et al., 2010; Moore et al., 2008).
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Fig. 2 Concentrations of Escherichia coli and Enterococcus bacteria, in the inflow and outflow in MTW, Cin - concentration
in the inflow, Cout - concentration in the outflow

The results obtained in this study for MTW, Escherichia coli from 91.7 to 99.9%, and Enterococcus from 97.7
to 98.9%, respectively, revealed a high removal efficiency and are consistent with the results of other authors
at a very high level, comparable to that reported in the literature (Diaz et al., 2010; Moore et al., 2008).

In MTW, a high PAH removal efficiency was observed, ranging from 65 to 100%, but in the vast majority of
cases this efficiency was close to 100% (Fig. 3). In the measurement series no. 5, the removal efficiency of
phenanthrene, fluoranthene, fluorene, and pyrene was 65%, 90%, 61%, and 88%, respectively, and low
molecular weight - therefore, the obtained values of removal of these PAHs in the range of 65-90% are a good
result.
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Fig 3. Efficiency of PAH removal in four measurement series

This study presents the preliminary research results related to the detection of microplastics and the
effectiveness of their removal in a multistage wetland system (Fig.4).
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Fig 4. Efficiency of various microplastics (MPs) removal in four measurement series

Selected results of MPs determinations are presented in Fig. 4, which concern only substances detected in
rainwater at the Kotobrzeska collector, including polyethylene (PE), polypropylene (PP), polyester, polyamide
(PA), acrylic, polyvinyl chloride (PVC), polystyrene (PS), polyurethane (PU) and alkyd. The occurrence of
natural polymers such as cellulose and proteins (biopolymers) was not taken into account in further analyses.
The MPs removal efficiency in the MTW was 93% in the first measurement series, 0.01% in the second
measurement series, 89% in the third measurement series, and 66% in the fourth measurement series,
respectively. Comparable research results were also observed in other research centers, where the efficiency
of microplastic removal in wetlands was in a very wide range, ranging from -27% to 100% (Chen et al., 2021,
Zhou et. al., 2022, Long et al., 2023, ). The highest efficiency, ranging from 89.3 to 100%, was obtained in
hybrid facilities, consisting of a bed with a subsurface flow (vertical or horizontal) and a bed with a free water
table. On the other hand, low efficiency was obtained in units operating individually, i.e. as single-stage
systems, especially in the case of beds with a free mirror, where negative indices were achieved. Subsurface
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flow beds, due to the filling acting as a filter, play a decisive role in the processes of sedimentation, filtration,
and sorption, which cause temporary or permanent retention of microplastic particles.

Depending on the hydraulic load of the bed, the reduction efficiency ranged from 26.19% to 100% for heavy
metals (while the most optimal conditions were observed for the hydraulic load of 75.43 mmd™), from 77.16
to 100% for microplastics, and reached 100% for polycyclic aromatic hydrocarbons. An increase in Zn, Cu, and
Pb concentrations was also observed after the purification process, which may be caused by the phenomenon
of suffosion, i.e., the washing out of these elements from the substrate of the beds.

CONCLUSIONS

Obtained results showed that collector water was characterized by variable concentrations of heavy metals
(Zn, Cd, Cu, Ni, Pb, Hg), polycyclic aromatic hydrocarbons (PAHSs) like benzo(a)pyrene, benzo(b)fluoranthene,
phenanthrene, fluoranthene, and pyrene and microplastics. The efficiency of total suspended solids (TSS) was
very high and varied from 94% to 100% and surprisingly was higher for higher hydraulic loads.

Depending on the hydraulic load of the first bed (SSVF), the reduction efficiency for heavy metals ranged from
26.19 to 100%, for microplastics from 77.16 to 100%, while for PAHs it was consistently high and equal to
100%.

MTW could also ensure the high removal of pathogens like bacteria of Escherichia coli and Enterococcus type.
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ABSTRACT

The dairy industry belongs to the agri-food sector, producing a large volume of products such as milk, milk
powder, butter and cheese (Ahmad et al., 2019). It is one of the driving sectors in the agricultural economy
due to its substantial demand. However, dairy production requires a large volume of water for the processes,
approximately eight times the volume of milk (Ekka et al., 2022). As a result, it also contributes to one of the
largest sources of industrial wastewater. Dairy wastewater contains high concentrations of organic
contaminants like carbohydrates, proteins, lactose, grease and oil (Ekka et al., 2022). Additionally, It contains
high amounts of organic matter, with chemical oxygen demand (COD) ranging from 80 to 95,000 mg/L, as well
as high concentrations of total suspended solids (TSS), total nitrogen (TN), total phosphorus (TP), and pH
variations ranging from 4 to 11 (Ahmad et al., 2019).

One possible management practice that has been used in recent years for the treatment of agricultural and
livestock wastewater is constructed wetlands (CWs) (Mohamed et al., 2022). CWs are an environmentally
friendly and cost-effective technology for managing dairy by-products (Tungsiper et al., 2015). They are
designed and constructed to use the natural processes occurring in plants, substrates and microbial
communities to treat wastewater (Gorra et al., 2014). The large surface area and the use of substrates
facilitate the development of different microbial processes which act as catalysts in removing both organic
and inorganic components from the wastewater (Gorra et al., 2014).

On the other hand, the large surface area requirements to achieve the same treatment efficiency as
conventional systems is a problem in areas where land is not available or where land costs are high. To address
this challenge, the integration of constructed wetlands (CWs) with bioelectrochemical systems has been
proposed recently. Bioelectrochemical technology is an environmental friendly technology with minimal or
zero energy input (Wang et al.,2021). When CWs are coupled with bioelectrochemical systems, the CWs
provide the necessary redox gradient for the deployment of electrodes. This study aims to develop innovative
bioelectrochemical constructed wetlands that can achieve high treatment efficiencies using a much smaller
surface area compared to typical CWs used for dairy wastewater treatment. The development of bio-
electrochemical constructed wetlands was carried out by combining microbial fuel cells and microbial
electrolysis cells with vertical up-flow constructed wetlands.

The experimental bioelectrochemical constructed wetlands were constructed using modified cylindrical
plastic tubes (diameter: 20 cm, height: 50.5 cm). Figure 1 shows the schematic diagram of the four examined
reactors named CCW (conventional constructed wetland), CW-MFC (constructed wetland-microbial fuel cell),
CW-MEC (constructed wetland-microbial electrolysis cell) and OCW-BES (open-circuit constructed wetland-
bioelectrochemical system). The CW-MFC, CW-MEC, and OCW-BES consisted of, an anode and cathode layer
(4cm ) filled with activated carbon.. The main layer of the CWs comprised a mixture (1:1) of perlite (1-5 mm)
and LECA (8-16 mm). Iris sp. plants were used as vegetation in each system. Dairy wastewater was obtained
from a local cheese factory and stored at 4 °C prior to use. Influent and effluent samples were collected weekly
for a period of about 6 months. During the first 116 days (named phase A) of the experiment the systems
operated receiving dairy wastewater at a hydraulic loading rate (HLR) of 64 mm/d, in the second phase lasted
58 days (named phase B) the HLR was 183mm/d.
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Fig.1: Schematic presentation of the experimental set-up. From left to right: a) Typical vertical up-flow constructed
wetland (CCW); b) Constructed Wetland-Microbial Fuel Cell (CW-MFC); c) Constructed Wetland-Microbial Electrolysis
Cell (CW-MEC) and d) open-circuit constructed wetland-bioelectrochemical system (CW-BES) 1: mixture of perlite and
lightweight expanded clay (LECA), 2: anode electrode (activated carbon), 3: cathode electrode ( activated carbon), 4:
resistor 220 Qhm, 5: power supply.

The influent and effluent samples were analyzed for turbidity, EC, pH, TSS, VSS, COD, BOD, TP. The pH was
measured using a pH-meter (C932, Consort), and the Electrical conductivity (EC) using a portable
conductimeter (LF95, WTW). Turbidity was monitored using a portable turbidimeter (2100Q, Hach).
Moreover, TSS,VSS, COD, and TP, analyses were conducted according to APHA (APHA et al.,2005). Biochemical
oxygen demand (BOD) was determined using the closed respirometric method (OxiTop®, WTW).

Table 1: Chemical characteristics of dairy wastewater used in the experiment.

Parameter Dairy wastewater phase A mean + Dairy wastewater phase B mean +
SD (number of samples) SD (number of samples)
pH 4.5+0.7 (19) 3.7+0.2 (8)
EC (uS/cm) 2324 + 1413 (19) 3804 + 341 (8)
Turbidity (FNU) 922+ 488 (19) 796 + 545 (8)
COD (mg/L) 4622 + 1628 (19) 2396 +611(8)
BODs (mg/L) 1186 + 207 (19) 2226 + 450 (8)
VSS (mg/L) 405 +282(19) 250 +161 (8)
TSS (mg/L) 407 +289 (19) 254 +166 (8)
Total-P (mg/L) 2.5+1.8(19) 3.2+0.3(8)
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Fig.2: COD concentration in the influent and the effluents of the bioelectrochemical constructed wetlands during the
experimental period.
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Fig.3: Turbidity concentration in the influent and the effluents of the bioelectrochemical constructed wetlands during
the experimental period.

In the first phase of the experiment, the turbidity in the influent was 889 + 496 FNU while the average turbidity
in the effluents of CW-MEC, CW-MFC, CCW, and CW-BES were 133+71 FNU, 110+72 FNU, 457+206
FNU,215+80 FNU, respectively. In the second phase of the experiment, the influent had a turbidity value of
7961545FNU while the effluents were 229 + 60 FNU, 168 + 39 FNU, 345 + 169 FNU, and 191 + 38 FNU,
respectively. Turbidity showed a decreasing trend in both the first and the second phase of the experiment
however, in the first phase the turbidity removal efficiency was better (CW-MEC:86%, CW-MFC:88%,
CCW:50%, CW-BES:77%), compared to the second phase of the experiment (CW-MEC:59%, CW-MFC:70%,
CCW:38%, CW-BES:66%) showed a decreased performance.

The dairy wastewater used in this experiment had a COD concentration of 4622 + 1628 mg/L and a BOD5
concentration of 1186 + 207 mg/L during the first phase of the experiment. In the second phase of the
experiment the COD concentration in the influent was 2396 + 611 mg/L and the BODsconcentration was 2226
+ 450 mg/L. As shown in Fig. 2, the COD concentration in the effluents of both systems decreases considerably
in both phases. The COD removal efficiency was 86%, 90%, 72%, and 84% for CW-MEC, CW-MFC, CCW, and
CW-BES respectively. In the second phase, the Increase of the HLR from 64 mm/d to 183mm/d appears to
have had a negative effect on organic load removal efficiency however the pollutants removal efficiency
remained high at 80%, 89%, 80%, and 79% for CW-MEC, CW-MFC, CCW, and CW-BES respectively. The COD
removal in the CW-MFC system appears to be better in both phases of the experiment compared to the CCW
control system since as reported by Fang et al. (2017), a CW-MFC system is able to remove COD loads up to
90%.

The objective of this study was to develop innovative bioelectrochemical-constructed wetlands that can
achieve high treatment efficiencies using a much smaller surface area than typical artificial wetlands for dairy
wastewater treatment. The use of bio-electrochemical constructed wetlands (combining microbial fuel cells
and microbial electrolysis cells ) seems to have higher removal rates for all examined parameters (Turbidity,
TSS, VSS, BOD5, COD, TP) compared to the other two systems.
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ABSTRACT

The adoption of unsustainable cropping practices (excessive tillage, monoculture), as well as the increasing
impact of intense heat waves and prolonged droughts due to climate change have amplified concerns about
soil erosion, soil organic matter depletion, groundwater contamination and water resource degradation and
loss of biodiversity. The ReMe-diation project brings a holistic approach to problems with soil, water, energy
and biodiversity in the Mediterranean area. The project investigates several aspects including 1) establishing
an intercropping system in an olive grove by introducing local leguminous crops; 2) implementing a nature-
based solution, i.e., constructed wetlands, for the treatment of wastewater from the cork and olive oil
industry in Portugal and Greece; 3) producing biochar from agricultural residues; 4) producing biogas from
organic residues/biomass; and 5) recovering high value-added products.

This study focused on the use of different constructed wetland designs for the treatment of olive mill
wastewater in pilot-scale experiments, and presents the results of the first 5 months of operation.
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ABSTRACT

Floating wetlands (FWSs) are systems that are widely used to improve water quality. FWs are an innovative
tool for nutrient control in low water ow locations. They involve emergent wetland plants which grow in
floating baskets moored above the surface of the water. Plant roots germinate through these forming a cover
within the water. Just as there is an assimilation of nutrients directly from the water column, instead of the
soil, the roots provide an extensive surface area for the absorption and use of the biofilm for transformation
of contaminants. Because FWs can tolerate depths and fluctuations in water levels, they come to be used in
situations where the use of conventional wetlands would be impossible. In naturally FWs, self-flotation occurs
either by trapping gases within the mat or by air spaces between the roots. FWs are supported by a
constructed floating medium, typically composed of materials such as plastic, inorganic fibers, or fiberglass. A
large number of alternative technologies and materials have been tested to ensure the buoyancy of the
floating frame, and to date there are a large number of commercially patented systems. However, in very
little research and patents, they have been used recycled materials to generate the bases of the floating
wetlands. The objective of this research was evaluate the buoyancy and pollutant removal efficiencies when
using floating wetlands with recycled polymers to treat water from an urban canal. To carry out this research,
two floating wetland systems were built with recycled polymers using two species of emergent macrophytes,
Schoenoplectus californicus and Phragmites australis. Each system presented 12 baskets to inoculate the
plants in the floating wetland. The systems were implemented in an urban channel and monitored for 41 days.
Based on aerial leaf biomass coverage (12 adult seedlings), the floating wetlands were able to assimilate
0.0264-0.132 gN/m? and 0.040-0.21 gN/m? for Phragmites australis and Schoenoplectus californicus,
respectively. In turn, the system was able to maintain buoyancy of up to 10 pairs of plants with a maximum
weight of 1.5 kg each. FWs are a growing treatment alternative, which is currently being studied and evaluated
as a treatment system with great potential. Not only because of its treatment capacity, but also because could
be generate a greater added value is generated when the inputs of the treatment system are designed and
made with recycled reused materials, as is the case in this research.
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ABSTRACT

This study provides preliminary evaluations of sustainable and efficient alternatives of materials for
possible applications as filtering substrates for CWs footprint reduction. A lab-scale vertical CW system
was set-up for testing: two classes of volcanic ashes of Mt. Etna volcano (Italy), artisan spherical beads
made of volcanic ashes-biochar-based alkali-activated material and slag from construction activities, both
individually and in complete profile settings. Leaching and hydraulic tests for assessing their chemical
stability, metals release and hydraulic properties were performed. Also, electrical resistivity tomography
(ERT) tests and monitoring on treatment of domestic WW are ongoing. The preliminary results suggest for
some material advisable preliminary management like washing procedure before use. Treatment
efficiencies will be also evaluated at the light of the Italian and European standards for water reuse in
agriculture.

Introduction

Filtering substrate is a key component in subsurface constructed wetlands (CWs) (Wang et al., 2018). As
decentralized treatment systems for water reuse in small and medium civil and agro-industrial
settlements, CWs efficiency requires to be optimized for spatial and environmental footprint reduction.
Simultaneous enhanced treatment performance and sustainability could be achieved by using efficient
substrate materials, like wastes recovered from natural and/or industrial processes. Wang et al. (2018)
reported the high potential improvement in the research on the development of new substrates in CWs,
highlighting the superior efficiency of combined substrates compared to single ones. In the view of
Ecological transaction point of view, alkali activated materials (AAMs) represent a green alternative to
traditional building materials based on Ordinary Portland Cement (OPC) due to their low environmental
impact in terms of emission and energy consumption (Provis and Bernal, 2014). They are made by the
mixing of an aluminosilicate powder (i.e., precursor) and an alkaline solution (i.e., activator) (Provis and
van Deventer, 2014). In this scenario, Barone et al., (2021a) have already described the use of pyroclastic
deposits of Mt. Etna volcano (ltaly) for the production of AAMs as a great valorisation opportunity of this
natural waste material, whose management is very expensive for the local communities. Recently, the use
of biochar as innovative substrate material in CWs is becoming ever more attractive due to their energy-
saving and environmentally friendly advantages, together with high wastewater (WW) treatment
performance (Xing et al., 2021), despite further studies are required (Deng et al., 2021). This work wants
to evaluate the chemical-physical and hydraulic properties of volcanic ash, spherical beads made of
volcanic ash-biochar-based alkali-activated material and slag from construction activities as suitable
alternatives for application in vertical CWs for WW treatment. In detail, they were characterized in terms
of potentially toxic elements (PTEs) leaching and hydraulic features.

The ongoing experimental activities are focusing on 4 lab-scale vertical CWs, filled each one with each
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COD, NH*4, TN and TP removal for water reuse; ii.) the flow distribution and Ks, respectively, through
electrical resistivity tomography (ERT) and constant head permeameter.

Material and Methods

Substrates: origin and manufacture

In this work, volcanic ash coming from Mt. Etna volcano (Italy) was used as precursor for the alkaline
activation process. After sampling, the volcanic ash has undergone a quick washing and then a dry milling
to obtain a grain size < 75 um. The activating solution is here obtained by the combination of sodium
hydroxide (8M), sodium silicate (provided by Ingessil s.r.l.) with a molar ratio Si02/Na20 = 2 and tap water.
In detail, a binder based on volcanic ash was produced by adding 10 wt.% of metakaolin (M) as solid
additive to the total amount of volcanic powder used, following the satisfying results obtained by other
authors (Barone et al., 2021a). To the binder, 5 wt. % of biochar (from wood chips, @ 500-5000 um,
provided by RESET s.r.l) was added to the mixture for producing artisan spherical beads made of volcanic
ash-biochar-based AAM. Pyroclastic particles were sampled near the Santa Venerina town (in the south-
east slope of Mt. Etna volcano, ltaly), after the 2013 eruption and they have been sieved in two
dimensional classes, namely V1 and V2, whose grain sizes are reported in Figure 1.

CWs lab-plant

The lab-scale plant scheme is reported in Figure 1. It consists of 8 columns, operating in parallel. All the
columns are filled with a common vertical profile, differing just for one of the four substrates tested, which
is proposed in duplicates.

The vertical profile of filling materials is constituted from the top to the bottom by commercial volcanic
sand (0-3 mm), the tested material (volcanic ash “V1”, volcanic ash “V2”, slag “SL” and AAM volcanic ash-
biochar “BA”), volcanic sand (0-6 mm), and coarse volcanic gravel (12-15 mm).

Domestic WW feeds intermittently the columns after passing through an Imhoff and a regulation tank.
Hydraulic loading rates (HLR) of 30, 90, 160 e 240 mm d™! are applied in total to the CW system but divided
into 6 cycles/day. COD, TN, NH *4TP are determined by spectrophotometry and ionic chromatography. The
removal efficiencies are calculated as mean values of two columns with the same substrate configuration.

vi v2 SL BA

2 020m g 020m @ 020m g 020m
Volcanic sand Volcanc sand Volcane sand Valcanic sand
0-03mm - 0-03mm : 0-03 mm - 0-03mm
Volcanic ash Volcanic ash

‘ 1-2 men . 4 ‘. St ‘ Beochar
Volcanic sand Volcanc sand Volcane sand Valcanic sand
0-08mm ’ 0-06sm ’ 0-06mm 0-08 mm
Coatsn volcanc Coarse volcanc Coarse volcanx Coarss volcane
gravel 12-15 mm gravel 12-15 mm gravved 12-15 mm oravved 12-15 mm

Figure 1. Experimental layout of 4 lab-scale vertical CWs (each test is duplicated; the entire system presents 8 parallel
units).

Substrates hydraulic characterization

Hydraulic tests were conducted in the columns only with the investigated substrates materials. The
constant-head (CH) permeameter is a broadly used and well documented laboratory instrument to
determine the saturated hydraulic conductivity (Ks) of a wide range of samples including CW filter media
(Pedescoll et al., 2012). The Ks has been determined by combining Darcy’s law and averaging (n=4)
measured data of the water flow rate through each substrate. For porosity (¢) determination, the simple
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saturation method (Fonteno and Harden, 1995) has been used, while permeable porosity tests for water
absorption (W,%) were assessed similarly to the procedure adopted by Barone et al., 2021b.

Chemical stability and leaching tests

Similarly with other studies, the chemical stability (Barone et al., 2021a) and metals leaching (Barone et
al., 2021b) were tested in the different substrates exposed to WW and to de-ionized water for analytical
use (WA). The leachant has a widespread use because it allows a rapid screening of the PTEs easily leached
from the ash, while the release of elements in natural water can be different from that observed in
deionised water. For this study, a substrate/aqueous matrix ratio equal to 50:500 g/mL was used. Each
sample has been agitated using a magnetic stirrer at a room temperature (on average 23°C + 2.5) for 5
days, by changing every 24 hours only the agueous matrix but exposing the same substrate, in order to
avoid saturation phenomena which could limit the leaching trends. During the leaching experiments, the
variations of T, pH and electrical conductivity (EC) were respectively measured and recorded by: Campbell
instruments (CSIM11-L pH probes, 107 Thermistor probe, datalogger CR1000X) and by the Deltaohm
conductivity-thermometer datalogger (HD2106.2). Metals concentrations (Al, V, Cr, Co, Mn, Ni, As, Se, Cd,
Sb, Pb, B, Fe, Zn, Sn, Ba, Tl) have been quantified by inductively coupled plasma-mass spectrometry (ICP-
MS) Elan-DRC-e (Perkin-Elmer, USA) on raw WW and leachates samples filtered (Chromafil Xtra RC-45/25).

RESULTS

The expected suitability of WA as rapid screening for contaminant leaching was observed in the case of
both volcanic ashes and less for BA and SL. In detail, the pyroclastic deposits exhibited relatively higher
values of EC with respect to the exposition to WW, while the other evidenced more complex pH and EC
trends in both WA and WW. In particular, V1 and V2 showed high chemical stability, with no differences in
pH trends even considering the initial WW characteristics (pH = 8.15; EC 1800 uScm?). BA displayed high
peaks in pH (>10) and EC (>6000 puScm?), but with lower extension and faster recovery in the case of WW
exposition, suggesting some buffering effect offered by their background concentrations. SL did not differ
in pH and EC trends between WA and WW even if in the last case the EC reached values higher than4000
uScm™. However, both BA and SL evidenced values higher than the Italian standards for water reuse(D.M.
185/2003), achieving the compliance only after two or three days of testing.

Preliminary observations on metals release trends differed in relation to the element and the leaching
matrix, but these have still to be confirmed. Most evidently, Al, V, Cr and Fe were released both in WW
and in WA. In particular, higher concentrations were observed in V1-WA e BA-WW for Al, BA-WW for V,
V2-WW, SL-WW and BA-WW for Cr, and in any case in SL and BA for Fe. Co, Cd, Pb and Zn were mainly
released in WW, with higher concentrations in V2-BA, SL, V1-BA and V1-V2, respectively.

Preliminary results on the hydraulic characterization highlighted a direct correlation between porosity and
Ks trends. However, the SL displayed higher Ks variability due to a wide granulometric range, while this
trend was inverse in the case of BA. Water absorption ranged between 9 and 26%, with the highest values
for volcanic ashes and the lowest for the slag material.

DISCUSSION AND CONCLUSIONS

Due to their origin as natural or industrial wastes, alternative substrates materials should be previously
assessed in terms of chemical stability and PTEs leaching capacity before their use for WW treatment and
reuse. Generally, the tested materials were compliant to the Italian normative for water reuse (M.D.
185/2003) with respect to metals release in WW. During the initial phases of trials, the use of slag from
construction activities (SL) increased in electrical conductivity (EC), whereas the use of biochar (BA)
increased both the pH and the EC. However, only a few metals were released, and their concentrations did
not exceed the maximum allowed limits (i.e., Al 1, V 0.1, As 0.02, Cd 0.005 mg L-1). Nevertheless, to
mitigate any potential adverse effects, a washing procedure prior to use is recommended. Other materials,
such as volcanic sand and not-aggregated biochar derived from wood chips (provided by RESET s.r.l.), have
shown high treatment performances for COD removal (>90%) and E. coli reduction (up to 9 log10 CFU
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100mL-1) under similar experimental conditions, even when higher hydraulic loading rates (HLR) were
applied (Milani et al., 2019). This latter work also demonstrated the usefulness of electrical resistivity
tomography (ERT) technique for characterizing the resistive properties of different substrates.
However, after several months of operation, the biochar's treatment performance was inhibited due
to porosity reduction and material compaction. The hydraulic characterization of the materials
investigated in this study revealed lower Ks values for BA, even with comparable porosity to the other
materials, and a wide range of water absorption rates. Ongoing ERT and Ks measurements on the entire
testing columns and monitoring of wastewater quality will provide a comprehensive profile of the
hydraulic behaviour and treatment performance of each material investigated. Treatment efficiency
will also be evaluated for quality parameters according to the EU regulation for agricultural reuse of
reclaimed water in class A, which permits the use of reclaimed water for all food crops, including root
crops consumed raw.
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ABSTRACT

Constructed wetlands (CW) are an eco-friendly nature-based approach to treating wastewater. These
systems use natural processes to break down and remove pollutants from wastewater, reducing the need
for expensive and energy-intensive treatment methods (Cross et al., 2021). The idea behind constructed
wetlands is to mimic the natural processes of wetlands, which are known to effectively filter pollutants
from water. In these man-made systems, wastewater is directed through impermeable, planted basins
designed to remove contaminants and nutrients (Wu et al., 2023).

In recent years, waste-filled constructed wetlands have gained attention as a promising approach for
reducing the implementation cost of constructed wetlands. These systems utilize waste materials, such as
coal slag from thermal power plants, gravel, and construction waste, among others, as filling material to
effectively treat wastewater while also providing a sustainable solution for waste disposal (Mateus and
Pinho, 2020).

To further explore the potential of waste-filled constructed wetlands, two pilot-scale constructed
wetlands, filled with waste materials were monitored. These systems were used for the advanced
treatment of a wastewater with high content of the nutrients Phosphorus (P) and Nitrogen (N) and low
organic carbon content.

This study also aimed to apply smart monitoring systems to CW, based on IloT technology and
electrochemical sensors. Using water quality sensors, such as pH, electrical conductivity (EC), and ions
sensitive sensors (nitrates,ammonium, and phosphates), real-time data can be gathered providing a better
understanding of pollutant removing mechanisms by CW. Furthermore, recent radiation-absorption-based
sensors provide the evaluation of extended parameters such as COD.

Materials and methods

This study reports the wastewater treatment efficiency of 2 pilot-scale waste-filled CW, from February to
June 2023. The CWs are placed outdoors, under field conditions, at the Tomar Polytechnic Institute
campus. The CWs were operated in a continuous horizontal subsurface flow mode and were planted with
the reed Phragmites australis. The CWs were continuously fed with secondary-treated domestic
wastewater, with P and N contents above that allowed by the legislation for discharge into the water
environment, and low organic matter content. The CW-E was operated in a continuous mode since 2009
(Mateus et al., 2012) and CW-P was operated also in a continuous mode since 2019 (Pinho and Mateus,
2022).

The CW-E consists of a 1.1 m long x 0.9 m wide x 0.56 m deep rectangular PVC tank, filled with limestone
fragments, a mineral waste that originated during the processing of stone for construction tiles (Mateus
et al,, 2012). The CW-P (1.2 m long x 1 m wide x 0.5 m deep rectangular modular wood tank) was filled
with limestone fragments, coal slags (mineralized alumina-silicate waste sourced from coal power plants)
and cork granulates (lignocellulosic waste sourced from cork processing industries) in a four-layer
arrangement (Pinho and Mateus, 2022).
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Analytical Procedure

The wastewater quality indicators, in particular chemical oxygen demand (COD), nitrates (NOs™-N), nitrites
(NO2-N), ammonia (NHs-N), total nitrogen (TN), phosphates (PO4,*P), and total phosphorus (TP), were
determined by adaptation of standard methods for the multiparameter photometer with COD HI83399,
from Hanna instruments (DE). The conductivity and pH were measured using the multiparameter GrolLine
Monitor - HI981421 from Hanna instruments (DE).

The preliminary setting of an loT-based framework is ongoing to provide real-time data acquisition from
CW-P. In its current version, this framework includes a set of ion-sensitive sensors (CG200, CleanGrow,
UK), pH and EC probes (AtlasScientific, USA), and a COD probe (Zata, HK).

Results and Discussion
The performance of the CW-E and CW-P, for the monitored period, are shown in Table 1 and Fig. 1.

Table 1 shows the inlet and outlet water means of the analysed parameters, namely flow rate, pH,
conductivity TN, TP, CQO, NHs-N, NO;” and PO4*. The results obtained for NOs*-N, in the inlet and outlet
water of the two systems, are close to zero.

Fig. 1a) shows the variation, in inlet and outlet water, of COD and its removal efficiency; Fig. 1b) shows the
variation of NH3-N and TN concentrations, and TN removal efficiency; and Fig. 1c) shows the variation of
PO4> and TP concentrations, and TP removal efficiency.

Table 1 Mean values + 95% confidence interval for water quality indicators

Flowrate oH EC ™ TP coD NHs-N NO» PO
(L/day) (mS/cm?) (mg/L) (mg/L) (mg02/L) (mg/L) (mg/L) (mg/L)
Inlet 19.945.2 7.4402  0.36:0.07  26.6%6.2 5.8+1.8  24.7+461  27.5¢6.9  0.05+0.02 5.5+1.6
CW-E
Outlet  14.26.8 7.1#04  0.48+0.06  3.1#1.1 3.1+1.0 7.3£1.0 0.5+0.7  0.02+0.03 2.70.8
Inlet 19.7+4.7 7.2405  0.27+0,04 17.7+2.8 3.440.8 6294263  17.1+2.8  0.05t0.07  3.0£0.7
CW-P

Outlet 15.6%+7.0 7.3+0.3 0.39+0.08 2.0+1.2 1.0+0.3 9.1+0.31 0.8+1.3 0.01+0.01 1.0+0.5

The influent water has a low content in COD, particularly in CW-E, the COD:N ratio is lower than the
recommended for the efficiency of the denitrification process (Liwarska-Bizukoj¢ et al., 2018).
Nevertheless, the TN removal efficiency is very satisfactory, and the outlet concentration of nitrates is
close to zero, fulfilling the legal requirements for TN content in discharge water. These results indicate that
waste-filled CW can be a good approach for nutrient removal of water with low COD contents, dispensing
the need for an external source of carbon. This can be explained by the fact that the plants or solid waste
such as coal slag and cork granulate can act as a continuous source of organic matter avoiding the need
for an external C source.

In the monitored period, the removal rate of nitrogen and phosphorous compounds show average values
of 89% for nitrogen and 69% for phosphorous compounds in CW-E, 93% for nitrogen, and 77% for
phosphorous compounds in CW-P.

The content of TP and phosphates are very similar in the influent and effluent water of both CWs. The
same was observed for the TN and NHs-N, indicating that phosphates are the main source of phosphorus
and ammonia is the main source of nitrogen in the water and were positively correlated (Pearson
correlation of 0.962, df=38, p<0.01 for TN/NHs-N, and 0.954, df=38, p<0.01 for TP/PO,*-P). These results
consist of a favourable condition to allow the use of ammonia and phosphate sensors for monitoring the
efficiency of the CW systems.

The COD probe was tested in April and May of 2023, with a gathering frequency of 10 minutes. COD data
obtained ranged from 6 to 11 mgO,/L, with an average value of 8.8 and a standard deviation of 1.2. In this
period, COD evaluated by chemical analysis ranged from 4 to 10 mgO,/L, with an average value of 7 and a
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standard deviation of 3. Although further work is being done to calibrate and validate the use of the COD
probe, the preliminary results obtained are promising for future real-time evaluation of the COD removal
efficiency of CW and other nature-based solutions for wastewater treatment.
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Fig. 1 Concentrations and removal efficiency for COD (a); Concentration of TN and NHz-N, and removal efficiency for
TN (b); Concentration of TP and PO.*-P, and removal efficiency for TP (c). == inlet concentration == outlet
concentration. The bars show the removal efficiencies. Graphs on the left are for CW-E, and graphs on the right are
for CW-P.

Conclusions

The obtained results showed that waste-filled constructed wetlands were able to effectively reduce
nutrient levels in the treated wastewater without the need for an external carbon source.
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The total phosphorus content was found to be positively correlated with phosphate levels and the total
nitrogen was found to be also positively correlated with ammonia levels, indicating that phosphates and
ammonia are the main sources of phosphorus and nitrogen respectively in the wastewater. In that
conditions, ammonia and phosphate electrochemical sensors can be used for real-time monitoring of CW
and other nature-based systems.

COD of the treated wastewater also correlates well with the data gathered from a COD probe. Although
further work is needed to validate this result, a way is open to provide low-cost and real-time monitoring
of COD in CW.

Overall, this study provides further evidence of the potential of waste-filled constructed wetlands for
sustainable wastewater treatment. These systems have the potential to effectively remove nutrients from
wastewater while also providing a sustainable solution for solid waste disposal.
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ABSTRACT

In an increasingly urbanized world, local governments and international institutions strive to increase the
productivity and efficiency of cities, recognized as economic growth hubs, as well as ensures a better
quality of life and better living conditions for citizens. Two municipalities that are exposed to diverse
climatic conditions and challenges around Europe and have been identified as case studies will be
presented.

The first case study is located in Dundalk, Ireland where three Visionary Solutions will be implemented as
part of a regeneration project that will assist in the creation of an accessible, safe, green area, through
NBS, digital and Socio-cultural interventions.

The first Visionary Solution provides a sheltered outdoor learning pod that is created between Dundalk
Library & Museum Quarter, hosts events for target visitors and showcases innovative technologies.
Sensors will also be installed to measure the number of visitors and the monitoring improvements to the
use of the space. The software for the existing solar panels will enable the energy generated to be
displayed by the visitors, encouraging the use of sustainable energy solutions in the area.

The second visionary solution provides enhanced biodiversity through the development of a new sensory
garden that complements the existing garden and improves pathways for the public to ensure that visitors
have all available opportunities to experience the green spaces and feel their benefits. Sensors will be
installed to measure the number of visitors and how long they spend there. Air quality and noise sensors
will also be installed, while new touch-screen monitors will display the green learnings.

The final visionary solution provides a new open space for pedestrians and bicyclists with improved cycling
infrastructure for visitors to encourage active transportation, reduce air pollution, and support urban
regeneration. Specifically, a parking lot will be removed and rezoned to create an area for pedestrians and
bicyclists by adding a new bike station in front of the library area. Within the designated cycle space cabling
for EV charging points for electric bikes and scooters will be provided, while a bike maintenance area for
cyclists will be established. Sensors will be installed to measure the number of cyclists and collect data on
air quality and noise pollution.

The second case study involves the conversion of an old landfill into a residential and educational area in
Skelleftea, Sweden, using green and digital solutions by implementing five visionary solutions. These
solutions will be fully exploited from a digital, nature-based solution (NBS), and socio-cultural perspective.
The first Visionary Solution provides improvements of the waterways in the park, making it more attractive
to visitors and nearby residents, encouraging people to spend more time in the park. Visible water also
will improve biodiversity and has an educational effect on the public. The improvement of ditches and
ponds includes digging out sediments, cutting down vegetation in water channel that connects the two
ponds, cutting down vegetation in the ditch upstream from the two ponds, and restoring the ditch by
covering the rubber lining with stone material. The solution includes adjustment of the outflow from the
second pond. The project also measures water flow and quality by placing measuring devices at four
points, as well as incorporating results from existing measuring points (another project).

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


mailto:dkolokotsa@chenveng.tuc.gr

The second Visionary Solution provides a wetland bed to improve biodiversity. This Solution also includes
planting of indigenous species. An inventory of species will be conducted within the pilot area (including
invasive species that should be eliminated). Existing flora will be complemented by a selection of
indigenous plants. The greater biodiversity will make the park more attractive and the area more
functional for the allotments, since pollination will increase. The lower areas of the park will be converted
from traditional lawn areas to diverse meadows. In a total area of 1600 + 300 square meters, carefully
selected species will be planted or sown, having in mind their characteristics and requirements in terms of
wet and moist conditions. Invasive species will be located and eradicated with the method suited to each.
A path will be constructed to make the wetland bed more accessible for visitors.

Furthermore, smart lighting in the park provides an inviting environment for the visitors and encourage
activities in the park. As Skelleftea is far north, the winter months from late October through March have
many hours of darkness, restricting outdoor activities. Smart lighting that promotes activity in the park
while reducing light pollution is one way to ensure people still have the possibility to be active outdoors.
Giving visitors access to sensors and the lighting itself to improve interactivity and to increase engagement
is an interesting option to explore. The number of lighting poles has decreased from the initially 10-15
foreseen, to nine, mainly due to costs. Nine light poles will therefore be installed, incorporating sensors
that detect the number of visitors. Other sensors to be applied in the park will measure activities in
beehives, availability at the parking-lot, if firewood is available at the barbeque area, the number of visitors
in the park, local temperature, wind speed, air humidity, and snow depth. Design and location of the
lighting poles has been determined during the co-creation activities.

Information, educational material, and interactive solutions to educate and engage citizens on the
solutions in the park are also provided. An information campaign will be addressed to nearby residents,
pre-schools, schools, and city residents to impart knowledge about pilot goals, and to enable them to get
project updates. Information signs in the park will help engage and educate visitors about the NBS. The
strategy for the educational part is to use signs in the pilot area. These signs will inform pre-school/school
children and other visitors about why we are letting parts of the lawn transform into wetland beds and
connect that information to education about the water cycle and the effects of climate change. There will
also be information about the different species in the area, as well as pollinators and why are they
important. Later on, there will be information about the recreational area called Vitberget, and for that, a
co-creation process will engage the department for recreation.

The last Visionary Solution provides open-air classrooms to young students so that they may receive
education in natural settings. It includes creation of space in the park with bee hotels/insect habitats plus
building material that students can use to create hotels/habitats, and permanent educational material
such as signs about different species. The outdoor classroom has become smaller compared to early
visualizations, both due to available land for the purpose and due to costs. The pilot area will have two
separate spaces for outdoor learning and playing. One located in the forest between the two ponds will
offer seats on tree trunks and will contain a large bee hotel. There will be school material available in boxes
that teachers can unlock, as well as building material for making bee/insect hotels. The classroom will have
seating places for 25 persons and a table for six. It will be wheelchair accessible. The teachers will be able
to connect to power and internet in the outdoor classroom and use the wall to show pictures. This outdoor
classroom can also be used outside of school hours by visitors.

The development of these visionary solutions in both pilot sites is approached by following a bottom-up
planning and co-design participatory process involving local stakeholders, assuming a "multiple benefits"
perspective, and also addressing social issues and cultural diversion. To evaluate the impact of these
solutions on various urban challenges, many KPIs are selected and monitored.
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ABSTRACT

This paper explores the challenges related to the implementation of wearable sensors in the context
of smart cities, particularly in the domain of measuring the impact of Nature-Based Solutions on citizens’
health and well-being. While opportunities and benefits presented by such technologies are relatively well
known and frequently voiced by its manufacturers, this paper’s main goal is to highlight the challenges
related to the current state and strategies of implementation of such technologies for measuring the
impact of Nature-Based Solutions on citizens’ health and well-being.

In recent years, we observe a deacceleration of the urbanization rate (from 3.1% in the 1950s to 1.9%
in 2020). However, the population of our cities is still growing (UN, 2019) and is predicted to reach 70% of
the world population by 2050. This trend is caused by a combination of a positive birth rate in cities, climate
and economic migration from rural to urban areas, as well as urbanization of formerly rural areas (ElImqvist
et al., 2013). This expansion of urban areas not only affects people but also has negative consequences for
the natural ecosystems. That is because cities are great polluters, in terms of heat and CO; emission, and
they undermine biodiversity through ecosystem degradation (EImqvist et al., 2013), which negatively
affects their resilience to climate change (Chapin, 2000).

The loss of natural resilience to weather extremes, such as floods, heatwaves, windstorms, landslides,
droughts, etc., and their frequency due to the climate emergency, has a negative effect on cities’
economies and citizens’ health and wellbeing (IPCC, 2018; IPBES, 2019). Moreover, because of the climate
emergency, many of today’s cities have become less sustainable and therefore in need of effective climate
adaptation and disaster risk reduction strategies. One promising systemic solution to address these
challenges has been bringing nature back to urban areas through so-called green regeneration and
resilience thinking for planning (Conti et al., 2021).

The European Commission recognizes and supports such actions under an umbrella concept of
Nature-Based Solutions (NBS). By definition, they 'are inspired and supported by nature, cost-effective,
and simultaneously provide environmental, social and economic benefits to help build resilience’
(Castellari, 2021; p. 17). Nature-Based Solutions may take various forms, for example, pocket parks, green
corridors, green bus stops, sustainable drainage systems, retention ponds, etc. As such, they address
different climate-related hazards.

The vast body of literature on NBS shows that actions targeted and tailored to specific conditions help
to restore biodiversity (Beninde et al., 2015), decrease temperature and pollutants concentration (Ascenso
et al., 2021), reduce noise (Dzhambov et al., 2014), and help to manage sewage/gray water (Zhang et al.,
2019). However, very often, designers and planners focus only on tackling environmental challenges and,
thereby, limit the multifunctional potential of NBS (Bozovic et al., 2017). Nowadays, to show the direct
benefits for the local community, NBS must be designed and implemented in a manner that matches the
needs of citizens, while simultaneously building the climate resilience of cities (Conti et al., 2021).

As a result, NBSs should, directly and indirectly, affect public health and well-being by creating a
healthier environment for citizens. Research shows that the sole presence of green infrastructure has both
indirect effects on the life of citizens via building climate resilience and directly affects their health and
well-being (Bozovic et al., 2017). In recent years, there has been a growing interest in measuring the
impacts of urban blue-green spaces on the health of residents. The literature on the subject shows that
living in areas with well-maintained parks decreases the risks of cardiovascular diseases (Mitchell and
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Popham, 2008; Gascon et al., 2015), respiratory diseases (Villeneuve et al., 2012), depression (Shanahan
et al., 2016), and generally improves mental wellbeing (Alcock et al., 2014; Navarrete-Hernandez, 2019).

While in the scientific literature, one might find a variety of tools being employed for measuring the
impact of Nature-Based Solutions on citizens’ health and well-being (from more traditional questionnaires,
focus groups, or interviews to the usage of ICT tools, like smart bands), on a bigger scale, city managers
very often aim to leverage wearable sensors, such as smart bands, equipped with advanced sensing
capabilities, to gather meaningful information about people’s health or quality of the urban environment.
These endeavors very often are made under the framework of sensors-enhanced smart cities (Aivazidou
et al., 2021), as they offer a promise of more objective measurements that enable a data-driven decision-
making process. Moreover, one can argue that wearable sensors are a crucial part of smart city systems,
enabling real-time monitoring of individual and environmental data, advancing personalized services, and
efficient resource management, which are the main goals of smart urban development. These devices are
also increasingly used in clinical and public health interventions, for early symptom identification, but also
performance alerts, and real-time monitoring (Bonato, 2010; Appelboom et al. 2014). While wearable
sensors allow for gathering large amounts of objective data regarding health-related parameters and
behaviors, the implementation of this technology involves numerous risks and challenges. They need to
be carefully addressed, especially if used by public institutions or researchers. Otherwise, the potential of
providing benefits to the citizens and communities will not be fully used.

We start the exploration of wearable sensors use by reviewing the existing literature concerning
wearable sensor technologies in the smart city context, with a special focus on health and wellbeing-
related implementation. We explore the existing risks and potential challenges of integrating wearable
sensors into the fabric of smart cities. We focus only on the specific and widely used form of wearable
technology, namely smart bands and smartwatches. Because of their accessibility and relatively low costs,
they became the main go-to technology in many research projects that aim at measuring the impact of
Nature-Based Solutions on citizens’ health and well-being.

The integration of wearable sensors into the fabric of smart cities offers immense potential for
creating healthier and more livable cities. However, inclusive and fair data collection, citizen engagement,
personalized services, and their successful integration require addressing various challenges. Otherwise,
technologies underpinning the idea of the smart city might transform our cities into algorithm-managed
entities in which citizens are reduced to data points. Based on the literature review, we identified six main
challenges: 1) privacy and ethics of sharing sensitive physiological and location data; 2) data ownership
and management; 3) data collection and storage; 4) data quality and the accuracy of interpretation; 5)
users’ acceptance and adaptation; 6) other issues, like cultural barriers, or social exclusion.

The aforementioned categories serve as a framework for presenting specific risks and barriers
observed in our case studies -- two EU-funded projects which involve the use of smart bands for enhancing
the health of urban citizens. Both projects are focused on implementing Nature-Based Solutions to enable
positive changes in terms of urban health and social sustainability (euPOLIS and HEART, funded under
Horizon 2020 framework). The HEART project is a health-centered initiative that aims at investigating the
benefits of regular visits to green spaces enhanced by Nature-Based Solutions on the health and well-being
of patients with a medical history of non-communicable diseases. On the other hand, the euPOLIS project
aims to create a methodology that will allow for designing and implementing NBSs, as well as the
assessment of their direct and indirect impacts on community health and well-being. In both, part of the
evaluation process is done based on the data from commercial wearable devices that cities provide the
citizens with.

In both projects, we strive to implement The Civil City Lab Framework (Domaradzka et al., 2022) that
emphasizes that a right to a healthy city is immanent for every citizen and urban-space user, regardless of
their technological competencies, socio-economic background, education level, gender, age, ethnicity, or
religion. Moreover, in euPOLIS, where the infrastructure intervention is planned, we aim to engage
participants on every stage of the project, starting from the designing of the intervention to the evaluation
of its effects. Our human-centered approach, however, does not exempt us from facing certain challenges
and risks related to the involvement of wearable devices.

For health-related projects, Stiglbauer et al.’s (2019) observations are relevant, where they
demonstrated that monitoring and quantifying activities are to a small extent beneficial to self-reported
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well-being and health. The effect of wearing the device was stronger for people who spent more time on
the accompanying app. The wristbands themselves did not provide any informative feedback, while the
app offered more detailed reports about the recorded activities, completed achievements, and
comparisons with peers. Having clear goals and standards and getting feedback on goals and achievements
increased self-regulation mechanisms.

However, in the goal-oriented approach, the key factor is the source of these goals, whether it’s
intrinsic or external. Etkin (2016) showed that when the goal is set externally, the activity measurement
might result in less enjoyment and argued it's because participants treated these tasks as work.
Consequently, when the monitoring device was removed their engagement in the task decreased as the
fun factor was lacking.

Therefore, setting goals with individual citizens must be done according to their capacities. Otherwise,
wearing the monitoring devices might have unfavorable effects on the patient’s well-being, as unrealistic
or unachievable external goals lead to discouragement rather than motivation (Fu et al., 2009; Etkin, 2016).
The inability to perform a desirable amount or level of physical activity might result in dissatisfaction,
apathy, and lower overall well-being (Maier and Seligman, 2016).

Finally, we conclude by discussing wearable sensor adoption in the context of findings from citizen
science literature and highlighting future directions in the integration of sensors into smart cities for
assessing the impact of Nature-Based Solutions on citizens’ health and well-being. Projects involving
wearables fall into a bigger category of citizen science studies, in which data is gathered by citizens in
cooperation with professional researchers and analysts. The most common types of citizen science
projects are those that involve citizens on a basic level, where their participation is limited to data
collection (Bonney et al., 2016). Unfortunately, this is also the case in our two projects as well as the
majority of cases described in the literature. In these kinds of projects, the potential of participants is not
fully used (Haklay, 2013) and does not contribute to the empowerment of communities. Meanwhile, Shirk
and collaborators (2012) have argued that a co-created approach is crucial in the process of building
empowered communities.

While ICT tools serve two main functions in many projects: motivational and monitoring,
researchers/designers must make sure that they are not an entry barrier for some less tech-savvy
participants or the ones that are concerned about data privacy issues and surveillance (Domaradzka et al.,
2022; Rychwalska et al., 2022). Therefore, in all such projects, potential participants need to be fully
informed about the data collection policy and instructed on the capacities of their devices. That being said,
we still see the usage of wearables, accompanying apps, and other ICT tools, like chatbots, as potential
concerns. As researchers, we must ensure that wearable sensors empower diverse participation and
override social division instead of being entry barriers, as was the case of our two projects. Addressing
these concerns requires implementing robust privacy frameworks, data encryption mechanisms, and
transparent data handling practices. Furthermore, educating users about the security measures
implemented in wearable devices can alleviate privacy concerns and promote user acceptance.
Establishing ethical oversight models that respect participants' autonomy could unlock the potential of
such smart innovation for wider use in the assessment of the impact of Nature-Based Solutions on citizens’
health and well-being (Greshake Tzovaras et al. 2021).
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ABSTRACT

A growing body of evidence links the presence of green space to positive health effects. For instance a
reduction of cardiovascular disease, a superior cognitive and neurological development in children, a
better overall mental health or an improved wellbeing and a good physical condition are reported. (Kondo
et al., 2018; Lee & Maheswaran, 2010; Maas et al., 2006; WHO Regional Office for Europe, 2016) Not only
the presence of dedicated green spaces like parks, nearby forests or natural reserves contribute, also the
overall visual contact with greenery is linked to positive effects. Recent Belgian research (Chi et al., 2022)
for instance shows a correlation between the presence of large trees and a reduction in sales of mood
disorder and cardiovascular medication in urban neighbourhoods. Ensuring an environment with sufficient
amount of visual greenery, can therefore be an effective way to contribute to health prevention.

Today both epidemiological research on green space and health, and assessments of availability of green
space within spatial planning practice rely mostly on available two-dimensional data such as a Normalised
Differential Vegetation Index or spatially explicit land cover data. However the correlation between the
amount of greenery observed by people and the amount of greenery measured from a top-down view is
proved to be very low or not significant (Jiang et al., 2017; Larkin & Hystad, 2019) Particularly in urban
environments buildings can block the sight of greenery. Hence a top-down perspective will overestimate
the actual visual exposure to greenery. At the same time a couple of well-placed large trees in a courtyard
or narrow street can considerably enhance the local green character, while this effect is underestimated
in classic land cover maps. Greenness visibility data should therefore also consider the third dimension to
provide a more representative measure of the human-centric observation of greenness.

Our research focusses on the development of region-wide datasets on visual green for Flanders (Northern
region of Belgium), and a first general assessment of disparities at a regional scale as a starting point for
strategic health promoting spatial policy. Furthermore, the data will also be used within a recently started
new biomonitoring campaign of the Flemish Environment and Health Study?.

Visual greenery can be mapped based on photographic material like Google Street View pictures (e.g.
Larkin & Hystad (2019)). However, these methods are very time consuming and expensive, especially when
mapping a large territory like Flanders (approximately 13522 km?). Also, this methodology only provides
data where pictures are available, hence not territory-wide and mostly from locations in the public domain.
Therefore our research takes a different approach and draws on the work of Labib, Huck & Lindley (2021),
who established a high resolution (5m grid) Viewshed Greenness Visibility Index (VGVI) for the Great
Manchester area (UK). In their work Labib et al. (2021) used a viewshed analysis to detect greenness
visibility. This is a geospatial technique used to assess the visibility of an area from a specific vantage point.
It identifies the portion of the landscape that is visible or obscured from each viewpoint. This analysis can
be used to identify areas with greenness visibility, which means assessing where vegetation or green areas
are visible or hidden (Petrasova et al., 2015).

2 https://www.milieu-en-gezondheid.be/en/about-the-center
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To perform a viewshed analysis for greenness visibility, different datasets at high resolution are required:
a Digital Terrain Model (DTM), containing data on terrain elevation, a Digital Surface Model (DSM)
providing data on location and heights of natural and built features, a map indicating the location of
vegetated areas. For each possible observer location (i.e., each grid cell), multiple line-of-sights (LOS), in
all directions (360° around the observer), are analysed, up to a maximal distance of 800m around the
observer. For each line of sight an analysis of greenness visibility is made. Finally, per observation point all
different LOS are aggregated to a value between 0 (no green visible, for no LOS) and 1 (100% green visible
in every LOS). In the aggregation formula of Labib et al. (2021) visible green elements in close proximity
are given more weight in the final score than green elements at a larger distance. For this purpose, a
distance decay curve is applied. To establish a VGVI map at (5m grid resolution) for the Greater Manchester
area (approximately 1200km?), Labib et al. used almost 87 million observation points, resulting in a
calculation time of more than 11 days.

The goal of our research is to calculate a VGVI for the whole region of Flanders (approximately 13.600
km?), using a DTM? and DSM* (1m and 5m grid), derived from a region-wide LIDAR data campaign in 2015
as input. Although binary vegetation maps are available for more recent years than 2015, the vegetation
map of 2015° was used to be consistent with the timing of the DTM/DSM. A new LIDAR campaign will
probably be organised in the near future, providing recent data sets. In the research we improved the
original python code, that was made available by the authors via GitHub®, in two ways: (1) a correction
was made because visible green space below the observer’s eye level was not taken into account in a
correct manner. In Flanders, a region without large elevation differences, this highly underestimated the
greenness visibility in several locations. (2) In order to be able to calculate the VGVI for the whole Flemish
region (around 11 times larger than the Greater Manchester area) at a sufficiently high resolution (1 or
5m), some technical adjustments were made to improve computational speed. This included an improved
method to parallelise the calculation and avoiding double calculations of overlapping LOS (as also
proposed by Brinkmann, et al. (2022)). These technical improvements didn’t affect the results of the
calculations but decreased the calculation speed to 0.12 milliseconds per observation point (compared to
0.8s per observation point in Labib et al. (2021)), which made it feasible to make calculation for the whole
of Flanders within a reasonable time span. Our improved python code will be made available at GitHub
shortly.

UG LATT A by o

3 https://www.vlaanderen.be/datavindplaats/catalogus/hoogte-dtm-0

4 https://www.vlaanderen.be/datavindplaats/catalogus/hoogte-dsm

5 https://www.vlaanderen.be/datavindplaats/catalogus/groenkaart-vliaanderen-2015
5 https://github.com/jonnyhuck/green-visibility-index
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Figure 9: VGVI-score for Flanders (2015) - excerpt: Bruges and surroundings: own map.

The resulting VGVI map for Flanders (Figure 9) can be used the assess differences in greenness visibility at
a high resolution (1 to 5m grid). From this result, aggregations at larger geographical scales are made to
calculate e.g. municipal statistics (e.g. average score per neighbourhood or per municipality).

However not all pixels in the VGVI grid are accessible for everyone, nor will people spend the same amount
of time at all locations. Therefore, in the next step of our methodology we derived indicators that are
better linked to citizens’ actual experiences: (1) a score for every (category of) building, that reflects the
view from within dwellings, work locations, healthcare facilities and schools, (2) a score for every public
road (where people are able to walk, cycle, ...) and (3) an average neighbourhood score (400m catchment
area surrounding every dwelling). The VGVI-score per building is calculated as the average score of all
VGVI-pixels in a 1m radius surrounding the free facades. The VGVI for road segments is the average score
of VGVI-pixels per segment. The neighbourhood VGVI score per dwelling is calculated as the average of all
public road segments reachable within 400m.

These scores can be mapped and assessed at different spatial scales (e.g. average VGVI-scores per dwelling
per municipality versus analysis of local differentiation of dwelling VGVI-scores), and be related to other
spatial challenges. The scores can be supplemented with socio-economic or demographic data to
investigate to what extent the territorial differences in greenness visibility (not everyone has a high VGVI-
score) also entail aspects of injustice (some social groups have consistently higher or lower scores than
other groups). The maps can also be supplemented with data on abundant pavement, linking locations
lacking sufficient greenness visibility to potential greening locations. Provided underlying data is updated
regularly, also monitoring of changes in VGVI-scores over time is possible, for instance to evaluate the
policy goal to combine selective densification with greening interventions. At a project level, the same
methodology could be elaborated to a tool for ex ante evaluations of local spatial interventions. By
changing DSM and vegetation data, the impact of architectural and landscape design alternatives on the
greenness visibility within the project or for the surrounding neighbourhood can be modelled. In this way
potential concerns of diminishing greenness visibility can be addressed in a more objective manner.
Moreover, it could be utilised as a design tool aimed to maximise the greenness potential of a project. The
VGVI scores per building or neighbourhood is also potentially useful information for the real estate market,
for instance when used for hedonic price analyses.

The above examples show a broad spectrum of possibilities that the VGVI score offers for spatial policies
aimed at strategically improving the visibility of green space as a pathway to health promotion. From a
more academic research perspective the VGVI is an improvement to the existing green space indicators,
such as NDVI, in terms of assessment of visual exposure at a certain location. Moreover, combined with
GPS tracking it could give an indication of dynamic exposures to greenness.

To conclude our research demonstrates that calculating a Viewshed Greenness Visibility Index for a large
region is feasible. Furthermore, through also calculating derived indicators that are better linked to
citizens’ actual experiences, a broad spectrum of possibilities unlocks for improving mental health and
well-being in urban areas through strategically enhancing greenness visibility.
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ABSTRACT

Introduction. Many studies report on the ability of natural environments and accessible green and blue
spaces in the cities to diminish climate change impacts and lower the possibility of disasters. However,
that is not the full extent of their effects. Among others, these urban spaces enhanced with nature-based
solutions (NBS) can support active recreation and allow places for relaxation and consolidation from daily
stress.

There is some evidence that NBS with their extensive greenery can give the positive impact on numerous
psychological and physiological outcomes. Urban areas rich in greenery and biodiversity provide great
opportunity for humans to come closer to nature and improve their health and well-being through
interaction with a variety of flora and fauna species. Specifically, there is evidence that mental health
(anxiety, stress levels) and psychological wellbeing may benefit from plant species richness (Fuller et al.,
2007), animal species richness (Dallimer et al., 2012) and soil biodiversity (Wall et al., 2015). Furthermore,
it has been shown that soil organisms, through their roles in controlling soil-borne pathogens and pests
(soil vitality) lessen the prevalence of allergic diseases (Wall et al. 2015). Replacing or restoring the soil,
regulation of water conditions, enabling plant species diversity - especially native ones, can substantially
increase soil biodiversity leading to recovery of the natural soil food web, so the pathogen risk would be
minimized with respect to communicable and non-communicable diseases (Crump et al., 2021). However,
urban green spaces can also be linked to negative health outcomes, such as allergic reactions, or vector-
borne diseases, as the result of increased exposure to allergenic pollen or increased amount of disease
vectors in urban green environments (Calaza-Martinez and Iglesias-Diaz, 2016). These potential harmful
effects may be addressed through the adequate design, maintenance and management of urban green
spaces and selection of species.

Although different studies show some positive (or negative) effects of NBS on public health and wellbeing
(PH&WB), still it is a challenge to actually quantify the extent of the effects, and also attribute the quantity
to particular characteristics of an NBS. This is why EC has established a call topic SC5-14-2019 - Visionary
and integrated solutions to improve well-being and health in cities, to fund projects that will implement
different types of solutions that are capable of enhancing PH&WB in cities and assess their impacts. Once
demonstration sites are developed and assessed, key findings and indicators will be included in the already
available EC Handbook of indicators - Evaluating the impact of nature-based solutions: A handbook for
practitioners.

This paper presents preliminary findings in the endeavour to quantify urban greenery’s and biodiversity’s
effects on PH&WB, by integrating subjective, objective, physiological, and psychological monitoring
approaches and producing a multifaceted understanding that is essential for policymakers, urban planners,
and public health professionals to design sustainable and nature-inclusive cities that promote the well-
being of their inhabitants.

Methods&Materials. Understanding the extent of urban greenery’s (and biodiversity's) effects on PH&WB
requires a comprehensive approach that covers different monitoring aspects. By combining subjective,
objective, physiological, and psychological assessments (Figure 10), it is possible to gain a holistic
understanding of these effects. Subjective assessments involve gathering information directly from
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individuals through questionnaires or surveys. These tools can capture people's perceptions, attitudes,
and experiences related to urban biodiversity and its impact on their PH&WB. Questions may focus on
aspects such as stress levels, mood, overall satisfaction, and perceived benefits or drawbacks of
biodiversity in urban areas. It should be noted that results of these assessments are correlated with the
extent of participant’s prior knowledge on greenery or biodiversity and relations between greenery &
biodiversity and PH&WB. Objective assessments involve conducting field studies to observe and measure
various aspects of urban greenery & biodiversity (e.g., species richness — birds, butterflies, plants, habitat
quality and diversity, blue space availability, connectivity, and accessibility of urban green spaces, etc.) and
their potential influence on public health. These studies typically involve trained researchers or experts
who collect data on parameters such as species diversity, abundance, and ecological interactions. By
analysing these objective measures, it is possible to understand the direct and indirect impacts of greenery
& biodiversity on factors like air quality, noise reduction, temperature regulation, and natural spaces for
physical activity. Monitoring physiological effects through smart wearables offers a more detailed
understanding of how urban biodiversity affects individuals on a biological level. "euPOLIS by BioAssist"
(Gallos et al., 2022) is an interactive health-centric platform developed in the euPOLIS project, that is
compatible with multiple commercial smart bracelets that provides accurate recordings of physiological
parameters (skin temperature, pulse, oxygenation and/or respiration), levels of physical activity (intensity
and duration), sleep quality and user interactive feedback, and can provide inputs for physiological
monitoring. This data can provide valuable insights into the immediate and long-term impacts of greenery
& biodiversity on physical health. In addition to physiological effects, proprietary smart wearables can
provide insights into psychological well-being. Feel Data Monitoring Device (along with Feel Data
Monitoring platform by SentiolLabs) for monitoring and assessment of the emotional status and
stress/anxiety levels is another source of bio-sighal data in the euPOLIS project, that provides inputs on
psychological responses to implemented NBS interventions. The Feel Emotion Sensor is a wristband that
has integrated bio-sensors which monitor a variety of end user physiological signals throughout the day,
while in the background, proprietary advanced algorithms analyse these signals to recognize the wearer’s
emotions.

Figure 10 Subjective, Objective, Physiological, and Psychological assessments to gain a holistic understanding of the
extent of greenery’s and biodiversity’s effects on PH&WB
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All the different aspects of monitoring need to be performed before and after the implementation of NBS,
and depending on the actual type of data can be of a sub-daily or daily timestep or be static. The data
gathered from multiple types of smart health wearables is collected from a diverse group of volunteers,
with a sub-daily timestep, and statistically analysed for peaks, trends, and inconsistencies to showcase the
impact of NBS (by comparing the “before” and “after”).

Case studies. euPOLIS case studies include 4 front-runner cities of different sizes in different
biogeographical and climatic regions in which NBS are designed and tailored to each urban environment
characteristics and challenges (Belgrade in Serbia, Piraeus in Greece, tddz in Poland and Gladsaxe in
Denmark). There are also five follower cities (Palermo in Italy, Limassol in Cyprus, Trebinje in Bosnia &
Herzegovina, Bogota in Colombia, Fengxi in China), that are getting the knowledge and experience about
planning of NBS from the front-runner cities, but also participate in mentoring sessions for replication of
socio-cultural-urban hubs.

The clusters of NBS which are designed and implemented (under different scales) in the front-runner cities
include: (1) NBS-based multifunctional pocket parks accessed by NBS locally conditioned pathways and
shared spaces, (2) Waterways with mini biotope nodes, aquatic biodiversity — feed from groundwater
aquifer or purified surface runoff, (3) NBS for surface runoff quality and pluvial flood management, (4)
Groundwater abstraction for water, energy, greenery nexus, (5) MF NBS canopy for socializing, ,recharging
electronics”, or ,green bus stop” etc., (6) Multi-functional Live vegetation shaded waterfront promenade,
(7) Air pollution abatement shrubs, trees and vertical green curtains, (8) Urban Metabolic hub with multi-
functional ecotechnology demonstration/promotion, roof garden and art/cultural performance, (9) Multi-
functional floating island, river water purification, (10) Coastal sea bottom marine aquatic biotope with
euPOLIS-NBS, (11) Multi-functional euPOLIS Urban square/streetscape and other NBS (biotopes, sensory
garden, waterfall, biodiversity & kitchen garden for socialising, recreation), and (12) Space for NBS business
activation and promotion.

The most notable expected impacts of different NBS clusters on PH&WB include improvements of
microclimatic conditions, air, water and soil quality, reduction of noise, increase of greenery and socializing
spaces and changes in biodiversity, resulting in the reduction of the number of risk factors for non-
communicable diseases (obesity, depression, stress, cardiovascular, etc.), increased duration and quality
of physical activities, enhanced overall PH&WB stemming from the positive aesthetic experience and
pleasure created in contact with visual attraction of dryland/marine aquatic interaction, stimulated
relaxation and restoration, etc. A whole array of improvements can be attributed to augmentation of the
use of NBS-enhanced public space on continuous basis, increasing the number of citizens of all ages in
outdoor activities and interactions, create positive emotional attachment to the neighbourhood resulting
in WB enhancement and improved socializing (improving space friendliness, safety, sense of ownership of
the public space and sense of belonging to the community, community social cohesion, inclusivity, building
trust in the decision-making process by being part of the process, etc.). The interplay of different effects
of a particular NBS, and demonstration sites as a whole, together with their effects on the whole
neighbourhood (and finding the extent of a “neighbourhood”) is one the main tasks of euPOLIS and its
assessment methods (see Baki et al., 2023 for more details on the setup of the euPOLIS assessment
framework).

Future work. The project is currently in its implementation phase, with a focus on deploying a
comprehensive monitoring system (network of sensors, smart wearables, remote sensing, digital and
analog people and field surveys, workshops, interviews, etc.) and constructing NBS within the urban
environment. This phase aims to collect valuable data and assess the effectiveness of NBS in enhancing
public health and wellbeing. While progress is being made, it is important to acknowledge that determining
the precise extent to which specific NBS characteristics contribute to these enhancements remains a task
for further investigation. This attribution process will involve statistical analyses, modelling, and advanced
data interpretation techniques. It requires a multidisciplinary approach involving environmental scientists,
urban planners, public health experts, and social researchers, among others. Ultimately, the determination
of the extent to which specific NBS characteristics contribute to enhancements in public health and
wellbeing will provide valuable evidence for policymakers, urban planners, and stakeholders. This
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knowledge will guide future decision-making processes regarding the design and implementation of NBS,
ensuring that they are optimized to create sustainable, healthy, and resilient urban environments.
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ABSTRACT

Introduction. In recent years, the rapid growth of urbanization has presented numerous challenges for
cities around the world due to global geopolitical, economical, climate and other factors. One of the critical
areas of concern is the pressure on urban areas to provide environments to support good public health
and wellbeing (PH&WB). As cities become denser and more crowded, there is an increasing demand for
innovative urban solutions that prioritize the physical and mental health of residents. Public spaces play a
vital role in urban life, serving as gathering places, recreation areas, and cultural hubs, even when they are
not green (as long as they are safe) (Holy-Hasted and Burchell, 2022). However, they are often
underutilized or poorly designed, failing to meet the diverse needs and aspirations of urban populations.
Furthermore, the rise of sedentary lifestyles, pollution, and stress-related illnesses necessitates a
rethinking of urban environments to prioritize the wellbeing of citizens and stepping away from traditional
for-profit urban planning. This need has given rise to a wave of innovative urban solutions aimed at
transforming public spaces into healthier and more inviting, vibrant places. These solutions combine
technology, design principles, and community engagement to create environments that sustain physical
activity, social interaction, and mental rejuvenation. Some examples of such solutions may include: (1)
development of infrastructure to encourage active transport (cycling and walking), which promotes
physical activity (Nieuwenhuijsen and Khreis, 2016), (2) increasing access and quality of urban green
spaces, which provides better (microclimatic) conditions and opportunities for physical activities, social
interaction and relaxation, and additionally can mitigate pollution levels (WHO, 2016), (3) supporting
urban farming and gardening to provide citizens with option of sustainable and healthy food productions,
but also fosters a sense of community and connectedness to nature (Audate et al., 2019), and (4)
introduction of digital health technologies, either as digital platforms or smart health wearables (Gallos et
al., 2022), that actually provide citizens with means to track and manage their health more actively, and
can be integrated with additional relevant data (e.g. air quality, noise levels, etc.) for a holistic assessment
of health conditions.

euPOLIS and VARCITIES are projects aimed at creating public spaces by using different types of innovative
urban solutions that support good PH&WB of citizens, inclusivity, social cohesion, place attachment, and
ownership of the space, which in long-term provides sustainability of solutions (Domaradzka et al., 2022).
euPOLIS" aimis to provide a planning methodology that delivers the best services of nature-based solutions
(NBS) to address citizens needs for improvement of PH&WB in open public spaces. This includes systematic
deployment of multi-functional natural systems to simultaneously enhance PH&WB, provide resilient
urban ecosystem services, regenerate urban ecosystems, improve urban biodiversity, resilience to climate
change, extreme events, water-stress, pollution, create inclusive and accessible urban spaces, etc. The
extent of euPOLIS NBS interventions for each of the demonstration sites is selected together with
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stakeholders (experts, local authorities, NGOs, citizens, etc.) through euPOLIS participatory processes,
aimed at establishing good diversity and inclusivity of participants, and suited to local needs. The vision of
VARCITIES is to implement real, visionary ideas and add value by establishing sustainable models for
increasing the health and well-being of citizens: women, children, young people, middle aged, and the
elderly, who are exposed to diverse climatic conditions and challenges in and around Europe. VARCITIES
sets the ambitious target to advance innovation across different urban scales by fully exploiting nature-
based solutions from a digital, social and cultural perspective. Public spaces are envisioned as people-
centered areas that support creativity, inclusivity, health, and happiness for the citizens. The overarching
philosophy behind VARCITIES is the co-creative process.

Both projects cover a wide range of topics and urban environments and aim at developing greener, more
sustainable European cities for all their inhabitants, stressing out the chance to work with NBS and green
policies to eventually deliver a positive outcome for the citizens. In this work we aim to briefly outline the
differences and similarities between the two projects with an ultimate goal to provide a set of guidelines
for future implementations.

Case studies. The case studies in euPOLIS encompass four leading cities, each differing in size, located in
various biogeographical and climatic regions. In these cities, NBS are specifically designed and customized
to suit the unique characteristics and challenges of their respective urban environments. The front-runner
cities are Belgrade in Serbia, Piraeus in Greece, t6dz in Poland, and Gladsaxe in Denmark. Additionally,
there are five follower cities, namely Palermo in Italy, Limassol in Cyprus, Trebinje in Bosnia & Herzegovina,
Bogota in Colombia, and Fengxi in China. These follower cities are actively acquiring knowledge and
experience from the front-runner cities regarding NBS planning and monitoring. Moreover, they
participate in mentoring sessions focused on replicating socio-cultural-urban hubs, thereby contributing
to the dissemination of expertise and fostering collaboration. VARCITIES has identified seven European
municipalities as the Pilot Cities of the project. Integrated and sustainable initiatives are created that
increase the health and well-being of citizens, supporting both municipal actions and local SMEs in meeting
credible opportunities to grow and generate revenues. Each Pilot City has identified a pilot site for
implementing local actions. The seven Pilot Cities are: Castelfranco Veneto (Italy), Chania (Greece),
Dundalk (Ireland), Gzira (Malta), Leuven (Belgium), Novo mesto (Slovenia) and Skelleftea (Sweden). These
cities differ in geography, climate conditions and the challenges they face, but share the same vision of a
healthier and sustainable urban future.

Figure 11 Overview of four distinctive phases in the two projects centred around enhancement of PH&WB

The common processes of the project. Both projects share similar phases that include planning,
implementation, evaluation and communication & dissemination (Figure 11). In the planning phase,
various preparatory actions are taken, including stakeholder identification, establishment of a baseline,
site screening to identify key concerns, co-creation of innovative urban solutions, and joint development
of indicators. The actual procedures and tools with which such processes are performed differ among the
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project, so that euPOLIS sets a more systematic multi-disciplinary criteria for planning (including tools for
preliminary selection of NBS), whereas VARCITIES focuses more on systematic criteria for mapping and
interaction with different types of stakeholders. During the implementation phase, projects proceed with
the deployment of solutions formulated during the planning phase. Furthermore, efforts are focused on
the development of digital solutions such as health platforms and/or wearables, aimed at empowering
citizens to actively monitor their own health and well-being. euPOLIS platform is compatible with
commercial smart watches, and additionally the project uses proprietary Feel sensor for measuring
emotional response of wearers. VARCITIES Health and Wellbeing (H&WB) platform contains four different
types of dashboards that have been specified to enable engagement with a broad range of stakeholders
and does not use wearables but collects user experiences through the platform. The implementation phase
involves the comprehensive deployment of integrated monitoring systems by both projects, enabling the
guantification of indicators. Additionally, both projects work on implementing socio-cultural solutions,
albeit utilizing different methods and approaches. The evaluation phase, combined with communication
and dissemination efforts, holds the most valuable outputs for the wider scientific and practitioner
community. It is during this phase that both projects analyse the collected data, extract key findings, and
derive take-home messages. These findings not only contribute to the knowledge base but also provide
instructions for replication and upscaling. Some of the solutions in use here are digital platforms, serious
gaming, powerful visualization tools, and in the background various statistical analyses, modelling, and
advanced data interpretation techniques are employed. This process necessitates a multidisciplinary
approach, involving experts from fields such as environmental engineering and science, urban planning,
public health, social research, and more. Ultimately, the assessment of how specific characteristics of NBS
contribute to improvements in public health and well-being will provide valuable evidence for
policymakers, urban planners, and stakeholders.

Innovative urban solutions.

euPOLIS innovative people-centric urban planning
methodology is developed, tested, and implemented in
the previously mentioned four front-runner cities.

Using the urban planning methodology and
participatory processes, different types of NBS,
together with digital and social innovations, are

implemented on demo-sites. NBS are designed to
improve (among others) outdoor environmental
conditions (micro-climate) at the sites of interest, by
increasing greenery (quantity, quality, access), and
with-it biodiversity, introducing paths for active
transportation, urban gardens and farms, implementing
climate-resilience enhancing NBS, all supporting and
promoting increased physical activity of citizens as a
precursor for health and well-being enhancements.
These preliminary studies aim to also provide the
methodological framework for monitoring future socio-
cultural and business improvements in the areas of
interest. The solutions are then implemented and
constructed, and carefully monitored before, under and
after construction to provide an evidence-based
assessment of their multidimensional impacts.

The VARCITIES project prioritizes an integrative, trans-
disciplinary focus that considers the entire ecosystem in
all of its complexity, including all members of society
from various personal and social backgrounds, as well
as the necessity for nature-based approaches to be
individual and context specific. For this reason, each
Pilot City is directly informed by the unique and
respective needs of the local society, the specific
contextual evolution and the proposed solutions are in
line with the strategic municipal policies. VARCITIES
actions aim to deliver a multitude of interventions,
methods and innovative practices based on a PH&WB
platform, measurement framework, and methodology,
supported by customizable and extendable plugin
solutions. A co-creation strategy is also being
implemented to involve local experts and citizens in the
process. NBS interventions aim at becoming an
underlying customizable fabric of an entire ecosystem
of fully connected intelligent sensors and devices,
capable of delivering several co-benefits, thus
transforming the daily lives of European citizens.

How to track innovative urban solutions. The euPOLIS indicator framework provides support for the
planning of NBS along with their monitoring during deployment and exploitation and includes two distinct
levels of indicators: (1) Contextual and (2) Evaluation Indicators, which both come from five categories
covering direct and indirect effects of solutions on PH&WB (PH&WB, environmental, social, economic,
urban development categories). Contextual indicators are quantified from readily available data (including
stakeholders) and are used to identify main concerns on the site, set goals and targets, and find most
suitable solutions to address these concerns (Baki et al., 2023). Evaluation indicators are for assessing NBS
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impacts, and use data from different types of sources all feeding into the euPOLIS cloud DMS: network of
LoRaWAN sensors for environmental data, remote sensed data, surveys and questionnaires, field
biodiversity surveys, health wearables, euPOLIS digital platform, etc. Advanced visualization methods are
used to show data to the citizens in near real-time, so that they can, together with data from health
wearables, have the most informative overview of their individual but also site health conditions. To
furthermore promote citizen science, and enable co-creation, euPOLIS develops an urban planning serious
gaming tool. Additionally, there is a set of the KPIs which aggregate data across different levels and
categories of information to provide an overall project evaluation. In VARCITIES, any NBS directed towards
a given challenge is associated with a set of objectives and actions, which in turn are associated with
expected impacts. For the monitoring and evaluation framework a list of Key Performance Indicators (KPIs)
that are measured together with useful details about each pilot, has been created. Various methodologies
are used to gather information about the KPIs calculation. Specifically, air quality, microclimate conditions,
noise levels, and the number of visitors in public green spaces are all tracked in real-time using data from
sensors. Through the survey page of the H&WB platform, self-perceived health and wellbeing data and
perceptions of urban nature are gathered, while statistical data for each KPI extracted by local databases,
citizen observatories, GEOSS, and EUROSTAT are used to give citizens helpful information about their
wellbeing. A network of sensors is established and linked with a cloud-based ICT H&WB platform that is
developed. Data from sensors is visualized on standard displays but also on mobile platforms. The collected
data is also fed and displayed on the H&WB platform. Moreover, local data platforms are implemented in
order to establish a framework for data management. A REST APl releases data derived from the local data
platforms to the H&WB visualization platform. Mixed reality (MR) applications are also employed to
engage with citizens and increase environmental awareness.

Future work. The primary objective is to consolidate knowledge and evidence from both projects and
integrate them into a unified/common indicator framework. This framework can then be incorporated
into the EC Handbook on indicators, serving as a valuable resource to practitioners in evaluating NBS.
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ABSTRACT

Introduction

A palpable chance of linking together a great number of issues, which are nowadays likewise goals for
overcoming the environmental-social derangement of our present human condition in the world, can start
out from the ideal and well-known harmony between place, time and nature. How to design with circular
economy principles in the XXI century? The ancient Greek philosopher Aristotle had coined the three
categories of “space, time and action”; they can be interpreted as goals of the present time: space as
respect of the place, attention to resources and energy saving; time as lasting property of goods and
products, by means of a cared design and recycling actions, thus taking into account life cycle and
efficiency; and finally the action, i.e. the architecture and construction as mediator between nature and
needs: through circular methodologies and bioregional strategies. This is translated into practice by means
of the generation of a harmony between indoor and outdoor arranged with technologies and materials at
high level of naturality. In a few words through a bioregional approach. [1]

However, living beings — including humans — have been provided with an important character, the
resilience, which helps to actually adapt life procedure and welfare to the environment even when dealing
with very seriously hazardous conditions. The definition of resilience, when applied to man, can be
synthesized in the “... capacity and dynamic process of adaptively overcoming stress and adversity while
maintaining normal psychological and physical functioning.” [2] Therefore even the Nature’s strength and
phenomena are faced and controlled, either by employing the resilience or by contrasting the
environmental conditions and thus greatly modifying as many as possible elements, so as to become
“perfect” for human habitat. As far as the natural resilience is concerned, the adaptation occurred very
frequently during man’s life on Earth, but only lately the term has been borrowed from natural science
and ecology, with the aim of defining a possible future behavior of humanity in a scenario suitable for
contrasting the highly negative effects of Global Climate Change.[3]

Applying this concept to design, a peculiar methodology will allow a use destination matching as much as
possible with the identity of the bioregion in terms of both anthropic and natural values.

“A bioregion anchors humans within living systems through shared space and resources. It acknowledges
that human habitats are more than skyscrapers and boulevards. They are extensions of watersheds,
foodsheds, fibre sheds, and food systems. Living beings are what forge relationships between the city and
natural systems, and are integral parts of a bioregion.” [4]

Resilience is considered actually relevant into a process when it includes the chance for user and citizens
to have a different behaviour which can be stimulated by the new architecture of the place. [5]
“Individually we can all immediately adopt and advocate for system structures that conform to the needs
of the environment that sustains us: local regenerative agriculture, good public transit that eliminates the
need for private cars, making our own entertainment, making and fixing things, and using public resources
like libraries and community centres ... Centring practices support being able to respond with compassion
and care instead of anger or frustration.” [6]
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Methodology

The first goal of a bioregional project is that of applying a procedure for design with a sound establishment
of investigations upon the context, the environment, the natural and cultural resources: these are aimed
at creating a background of knowledge about the bioregion, so as to understand both: the
anthropic/natural potentials and the elements to be safeguarded. (Natural resources: biotic and abiotic,
energy, prime matter, water, soil; anthropic resources: wastes, existing constructions, traditions,
craftmanship, material culture, art, society, religion ... etc)

After the information data have been gathered and a knowledge frame has been created, the design
process will proceed as much respectful as possible of the existing asset and environmental elements, by
including in the choices both flora and fauna, and improving the quality of life for users and citizens. Being
in a large and historically consolidated city as Rome, but in a modern district, the cultural heritage,
traditions and expression are safeguarded and taken into account, as part of the anthropic environment.

Expected result

The research about design actions by means of a bioregional strategy will be outcome with a project which
will make an attempt to propose a circular approach to the architecture in existing cities. Exploitation of
natural energy sources: sun, wind, vegetation, water, soil, respect of the existing cultural area are the main
issues to be applied: this procedure will generate a potential for resilience, first of all by including a wide
garden and a lot of trees, which will produce oxygen for counteracting carbon emissions, and also with the
potential defined by the dissemination of natural fibre-composed new products for architecture and
general constructions.

Case study: description of the existing context, potential and critical points

The selected district (Flaminio) for testing the aforesaid design methodology is located in the north area
of Rome, within the left bight of the Tiber River, surrounded by the hills, Villa Borghese, Parioli mounts,
Mario mount and villa Glori, identified by the axis of via Flaminia between Milvio bridge and “Porta del
Popolo”. It has always been considered as the sporting-cultural site of the city.

The present Municipality [7] required for the area - once being military barracks, named Guido Reni after
the well-known Italian painter and engraver - that it should become the venue for a “Science City,” which
could host new facilities to citizens and trying to generate a contribution for economic, social and cultural
growth of the district Flaminio, in which it is located.

In the here proposed research a number of potential issues and some critical points will be outlined, so as
to exploit the positive resources and to safeguard the weaknesses, aiming at improving the circular
processes and thus facilitate the growth of resilient habits and practices.

Project: Design choices for improvement of resilient practices in the area

In the actual site of the project (fig.1) the chosen use destination for the new building, which has to respect
both the administrative — mandatory and advised — restrictions, will be that of a Laboratory establishment
working on technological innovation for materials at high level of naturality; the strategies and the
selection of construction methods and techniques will be in accordance with the goal of the Laboratory
itself, so it will employ hemp and lime bricks as main wall-filling material. Moreover the outdoor spaces,
arranged as a common good, so accessible to all citizens, will include also an area, occupied by some textile
natural plants, which could be employed for the laboratory testing procedures on the way of creating
innovative construction products at high level of naturality.
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Fig. 1 The site for the circular project
“...in a present in which we live without being able to restore any primitive condition of uncultivated
naturality, since we have to continue to act projectually according to the conscience, we can only take the
road kept by nature. It has to do with pursuing a conscious projectuality, by providing such a definition to
things’ projectual order towards nature, that can feed the individual evolution simultaneously respecting
the vital complexity.” [8]
The scientific research laboratory will host also some community activities, so opening to the city different
spaces: the trees and dehors for the shading in summer and the resting areas with solar gains in winter,
due to the selection of specific vegetation, which, being deciduous, will be a support for both the seasons;
the external gardens with perfumed species and beautiful flowers in various seasonal moments, and the
actual chance of visiting the innovation systems which will be developed indoor.
“Creation of shapes depends on the genetic process in virtue of which the humanity itself participate to
the cosmic creation of world ... Nature modification for human goals is directed to a progressive
transformation of physical space from a natural state to an anthropic state. ... In nature, shape is (in fact)
the result of the arrangement of manifold single data of the space, according to the life evolution and to
individual and global efficiency.” [7]

Conclusion

The proposed study will try to demonstrate how the innovation and the respect for the history and
contextual identity of a district, included in a peculiar bioregion, could harmonise and generate a
sustainable model of architecture and circular economy, which could contribute to promote
environmentally conscious and resilient behaviour within users and citizens.
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ABSTRACT

The purpose of the present research was to advance in the implementation of an Eco-Village that
incorporated elements of bioconstruction with the use of guadua cane framed in a circular design and
integrated planning approaches for increased resilience in an area of high seismic risk in the Andes
Mountains of Colombia. Likewise, it included energy transition elements advancing towards
decarbonization with the use of solar panels for electricity generation and water heating. Similarly, it
integrated clean production linked to regenerative agriculture and circular bioeconomy using closed water
circuits from bioprospection purification processes in internal treatment plants, equally, waterless toilets
that allow the use of human waste as an input for composting and urine mixed with water for nitrogen
fixation in permaculture gardens. Likewise, El Remanso Experimental Center has allowed the application
of Interdisciplinary education related to Ecological Engineering Education. The project is framed in the
concepts and theories of bioeconomy, degrowth and the triangle of sustainability (Georgescu-Roegen,
1975, 1977; Latouche, 2011, 2022, 2023; Nijkamp, 2004, 2012). A qualitative methodology was considered
based on the reunion with the traditional knowledge of the original peoples and the peasant communities
of the area in the production and cooking of food and in the recovery of soils and ecosystems, as well as
the implementation of associativity processes related to the design and execution of tourist routes. As
findings, the importance of co-creation, respect for ancestral knowledge and the dialogue of knowledge
are recognized, among others.
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ABSTRACT

Sustainable growth has been assuredly connected with the integration of circularity, sustainability,
innovation and resiliency into the value chains. Towards this path drives the recently updated European
Circular Economy Action Plan (CEAP, 2020), a fundamental component of Europe’s agenda for
sustainability and resiliency, the European Green Deal (EU Green Deal, 2019). On the other hand, Europe
foresees achieving both a green transition and digital transition during the Digital Decade, focusing mainly
on high energy-consuming industrial facilities towards a net-zero industries concept. The green transition,
as being reinforced by circularity, is called to accompany the digital transition towards climate neutrality,
a target that has been underlined as a key requirement in the EU’s green agenda (Digital Europe, 2022).

The industrial environments, as an intensive energy consumer, aspires to move towards green and digital
transition, where the efficient management of resources, the need for prevention and the circular
designing and planning, have shown the path towards alternative approaches, new technologies and
services, and cutting-edge solutions. Digitalisation technologies, circular supply chains, secondary raw
materials, integrated sustainability frameworks and standards, digital twins and cognitive digital twins, the
newly introduced DPPs - Digital Product Passports, are some of the solutions and tools that assemble to
facilitate a green and digital transition, considering the circular economy aspects, and targeting to
resiliency and sustainability.

Under this scope, the Horizon Europe Plooto project valorises available sustainability and governance
frameworks and models to design and develop an integrated methodological approach for “closing-the-
loop” in industrial value chains, the Sustainability Balanced Scorecard Framework. This framework is
demonstrated in three robust use cases, representing the food and manufacturing sectors. The ordinary
supply chains of a citrus juice company in Greece, the processes of managing Waste Electrical and
Electronic Equipment (WEEE) for magnets and Carbon Fiber Reinforced Polymer (CFRP) for drones, are
assessed using the Sustainability Balanced Scorecard, to empower the business opportunities, to enhance
traceability and lead to sustained value chains.

Acknowledgements

The research methodology, pilots’ activities and results presented in this article are part of the Horizon
Europe Plooto project, which has received funding from the European Union’s Horizon Europe research
and innovation program under grant agreement No. 101092008. The responsibility for the content of this
publication lies with the authors. It does not necessarily reflect the opinion of the European Union. The
European Commission is not responsible for any use that may be made of the information contained
therein.

References:

European Commission, March 2020, CEAP — A new Circular Economy Action Plan For a cleaner and more competitive
Europe, COM/2020/98, https://eur-lex.europa.eu/legal-content/EN/TXT

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


mailto:maryblia@tuc.gr
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN

r
=

b

European Commission, December 2019, A European Green Deal, official website of European Commission, accessed
in 22.02.23, available at: https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-
deal en

European Commission, June 2022, A green and digital future: 7 insights from strategic foresight, accessed in 22.02.23,
available at  https://joint-research-centre.ec.europa.eu/jrc-news/green-and-digital-future-7-insights-strategic-
foresight-2022-06-30 en

European Commission, March 2022, Towards a green, digital and resilient economy: our European Growth Model,
accessed in 22.02.23, available at: https://ec.europa.eu/commission/presscorner/detail/en/IP 22 1467

European Commission, 2022, Shaping Europe’s digital future, Green digital sector, accessed in 22nd of February 2023,
available in: https://digital-strategy.ec.europa.eu/en/policies/green-digital

Chauhan C., Parida V., Dhir A. (2022), Linking circular economy and digitalisation technologies: A systematic literature
review of past achievements and future promises, Technological Forecasting and Social Change, 177.

Carraresi L., Broring S., How does business model redesign foster resilience in emerging circular value chains? (2021),
Journal of Cleaner Production, 289, 125823, ISSN 0959-6526.

Eirinakis P., Lounis S., Plitsos S., Arampatzis G., Kalaboukas K., Kenda K., Lu J., Rozanec J., Stojanovic N. (2022),
Cognitive Digital Twins for Resilience in Production: A Conceptual Framework, Information, 12, Issue 1, DOI:
10.3390/info13010033

Genovese A., Acquaye A., Figueroa A., Koh K. (2017), Sustainable supply chain management and the transition
towards a circular economy: Evidence and some applications, Omega, 66, Part B, 344-357.

Tsinarakis G. Sarantinoudis N., Arampatzis G. (2022), A Discrete Process Modelling and Simulation Methodology for
Industrial Systems within the Concept of Digital Twins, Applied Sciences, 12, no. 2:870.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://joint-research-centre.ec.europa.eu/jrc-news/green-and-digital-future-7-insights-strategic-foresight-2022-06-30_en
https://joint-research-centre.ec.europa.eu/jrc-news/green-and-digital-future-7-insights-strategic-foresight-2022-06-30_en
https://ec.europa.eu/commission/presscorner/detail/en/IP_22_1467
https://digital-strategy.ec.europa.eu/en/policies/green-digital

Eco-traditional buildings in Makkah: Al-Byaddiah Palace as a case study

Faredah Al-Murahhem'*, Layan Rayes?

" Saudi Sustainable Building Council, Saudi Arabia

2 Interior Design Department, Umm al-Qura University, Makkah, Saudi Arabia
* Corresponding author: fmurahhem@hotmail.com

Keywords: eco-architecture, traditional building, Makkah, Al-Byaddiah, Shubbak, courtyard

ABSTRACT

History has its own pearls of wisdom and lessons that can help us develop and gain new ideas. The
traditional architecture of the holy capital of Islam has its essence, which reflects sustainability criteria.
Makkah has a significant role due to its status and its location as the heart of the Islamic world. Makkah
had a rich history and a profound religious identity even before Islam as a crossroad of the trade route
even before Islam (1). However, the basic components of Makkah traditional buildings were established
more than 900 years ago, according to historians and travellers. Makkah settlements consist of multi-
storeyed houses, positioned in a densely built compact pattern with irregular streets; the number of
storeys varies between four and six. This built heritage reflects the local identity and the fusion of mixed
populations who have lived in Makkah through the ages. The architectural heritage, traditional
architecture with their inhabitants, and their norms and cultural values produce this fabric. Simply because
Makkah is a melting pot for a vast mixture of origins and cultures and has a unique architectural fabric that
reflects this rich mixture (1). This study aims to stress the sustainability of one of the remaining palaces in
Makkah which is called (Al-Byaddiah), which is believed to have existed since 1788 AD (2). It focuses mainly
on the ventilation system via traditional openings (specific window type) and the courtyard. Accordingly,
the descriptive methodology is used to highlight the historical traditional building and the main features
of the palace. The analytical and case study methods are followed for the in-depth background of Al-
Byaddiah Palace, mainly to learn lessons from the past, and to educate the current generation.

Al-Byaddiah is formerly known as Al-Hukum Palace, however, the historian reader Fawaz Aldahas claims
that it is wrongly named as Al-Saggaf Palace (Fig. 1). Interestingly, the Palace housed a prominent figure in
Saudi Arabia’s history, King Abdul Aziz bin Saud, who lived here when he entered Makkah to unite the
country in 1924 (1,3). This historical fact adds charm and national importance to the palace’s history (1).
Currently, the palace and the whole site belong to the Saudi Ministry for Culture. The palace is a
masterpiece that reflects the techniques of the eco-architecture system. Al-Byaddiah and its surrounding
mirrors how the previous generation presented the concept of such architecture in the western part of
Saudi Arabia (Hijaz region). It is situated in the city of Makkah, in Al-muda’a district, around four kilometres
from the holy masjid. This area is of great historical interest and stretches out for two hectares (4). The
total area of the palace is 9000 square meters, and it is divided into several parts so that each part consists
of two floors. The area of each floor is 4500 square meters, consisting of more than a hundred rooms (2).
The palace also includes reception chambers and a massive theatre (Fig. 2) which were used to host world
leaders at the Muslim World League conference (3). In fact, King Abdulaziz received the official guests of
the state at the palace, and it continued during the reign of King Saud and King Faisal in his official capacity
(5). Architecturally, Al-Byaddiah bares many original architectural features that reflect Makkah's real old
cultural heritage. Al-Byaddiah palace has mixed and merged styles, such as Roman and Andalusian as
Aldahas claims (2). The central area of the palace was distinguished by the presence of a bridge connecting
all its parts. Aldahas also argues that the palace has managed to keep its strength, which is evidence of the
building's capacity to endure, despite the variety of transformations as well as tremendous obstacles (2).
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Saudi Arabia has some of the world's hottest climate conditions due to its location, whereas Makkah is
situated in a dry valley surrounded by mountains on all sides. The topography of Makkah influenced the
formation of the city's urbanization and architecture due to the slopes of the mountains (1). The residents
of Makkah desired to reside in areas that provided a comfortable environment in the winter and a chilly
environment in the summer (2). This smart way of thinking and applying human needs according to the
environment is evident in the built environment in Makkah. Such an equation, which is a tendency among
many world institutions in relation to architecture and well-being, has been naturally embedded in Al-
Byaddiah. Studies claim that it is essential for our well-being to receive the recommended daily amount of
sunlight (6). Gligorovski and Abbatt argue that research indicates that 90% of individuals desire to reside
in a comfortable, environmentally responsible setting. Therefore, in traditional buildings, efforts have been
made to develop ventilation and illumination systems that can sustainably enhance the quality of life (7).
The International WELL Building Institute has missions to achieve, and one of them is: “We aspire to
transform buildings and organizations in ways that advance health and well-being to help people thrive”
(8). Regarding the air concept, the aim is to achieve high levels of indoor air quality across a building’s
lifetime through diverse strategies (8). This study reflects the same aim being adopted in Makkah
traditional buildings ages ago, for the sake of human satisfaction and fundamental needs.

Figure 1: Al- Byaddiah Palace (source: photo by Figure 2: Al- Byaddiah Palace theatre

Al-Hadath) (source: photo by Layan)

Based on the factor of air quality in the built environment, the openings and the courtyard of the palace
are the main elements to emphasise. The windows in Makkah and the Hijaz region are locally called
“Shubbak”. This study stresses one specific type which is called “Shubbak Qalab”. “Qalab” is a singular local
term, and the plural is “Qalalib” which means louvers. This type of window treatment is one of the most
commendable techniques in Al-Byaddiah, which embodies the concept of eco-architecture. This shubbak
provides cultural privacy features for the inhabitants. The shubbak Qalab has demonstrated its viability as
a ventilation system that creates a habitable environment (Fig. 3). It is an effective method for providing
adequate illumination in buildings. The technique of this kind of shubbak allows air to enter through the
louvers (Qalalib) within the window. The air will then circulate within the room and draw air out of the
room through the orifice beneath it (Fig. 5). This hidden opening, close to the floor of the room, exists
beneath some windows and works functionally to smooth air circulation within the room. An innovative
environmental method of natural ventilation process via these small slant openings where high-quality
outdoor air exchanges from the open corridor to the interiors. One of the features of Shubbak Qalalib is
the louvers (Qalalib) in the middle part which consists of two panels: one fixed and one sliding. The sliding
section has two moveable and sliding panels. Each panel has a control vertical stick that allows the user to
modify the opening angle, and to control and alter the quantity of air and light in the room. These parts of
the shubbak give the user the option to slide and lift, to have an entire open window (Fig. 4).
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Figure 3 Shubbak Qalalib Figure 4 Shubbak Qalalib Figure 5 Airflow Shubbak Qalalib (source: sketch by

(source: photo by Layan) (source: Sketch by Layan) Layan)
3

Generally, courtyards have been referred to as a microclimate changer, due to their ability to mitigate
high temperatures, channel breezes, and adjust the degree of humidity. These architectural features
provide well-air distribution within the interior spaces in the very hot weather of Saudi Arabia, especially
in summer (9). In this case, the courtyard is a major architectural element with an open space inside the
building that allows access to sunlight and circulates ventilation that connects the exterior to the interior
to provide a unique sense of comfort and permanent renewal as a result of changing angles of view as we
move throughout the building (6). The rectangular courtyard of Al-Byaddiah utilizes a dynamic flow
ventilation system in which one or two walls are at a different height than the other walls, allowing air to
flow into the courtyard (Fig. 6). Environmentally, the essential function of Al-Byaddiah courtyard is
reducing the temperature significantly, especially during the moderately cold night when the floor of the
yard is colder. The cold air is denser than hot air and therefore moderately cold air gathers in layers inside
the yard (6). This cool air flows quietly to the inner rooms which play a major role in reducing the
temperature. Whereas, during the day the floor of the yard is hotter due to the sun ray’s
exposure. Therefore, the air near the floor of the yard heats up and rises to the top and replaces the cold
air that is shaded by the walls of the yard. Thus, the movement of hot and cold air inside the yard works
to preserve a largely moderate temperature throughout the day. The experience of such a mechanism is
felt and observed during the site visit (3).

Al-Byaddiah courtyard provides another advantage that helps reduce the temperature, and this feature
is represented in the shadows corresponding to the walls surrounding the inner courtyard. The continuous
presence of shadows throughout the day greatly helps in providing and continuing cold air currents.
Moreover, Al-Byaddiah courtyard works to achieve a great environmental benefit for humans, as the dust
resulting from sandstorms causes’ disturbance and irritation to the eyes and nose. These storms are well
known for the dry and desert climate of the Arab region in general. The high walls of the Al-Byadyah Palace
and courtyard prevent the arrival of dust while providing the advantage of enjoying the air breeze and
sunlight (Fig. 7). Studies confirm that dust particles cannot rise more than one meter above the ground
even with strong winds (6). One of the most creative ideas that were used in the Al-Byaddiah palace is
using the combination of the courtyard and the shubbak Qalalib in sequence to have the most air flow
possible in the rooms. Starting with the Al-Byaddiah courtyard and the flow that was created from it to
cool the walls and the aisle to the shubbak, which is going to do the second air circulation using the airflow
coming from the Al-Byaddiah courtyard. This in turn mechanism allows the interior spaces to get cooler in
the summer and warmer in winter.
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Figure 6 Al-Byaddiah Courtyard Figure 7 Al-Byaddiah Palace Air Flow
(Source: photo by Layan) Dynamic (source: sketch by Layan)

The study concluded that the ventilation systems used in traditional buildings are effectively sustainable
due to their role in creating a dynamic flow system that improves ventilation and lighting in buildings. The
analysis of Al-Bayadiyah case study demonstrates that sustainability is a well-known concept in Makkah
traditional architecture and can be implemented in several ways. The case study also showed that the
concept of sustainability is not new, in contrast to the well-known old concept that is constantly being
developed and updated. It was explained by many techniques used in the Saudi architectural heritage such
as windows and the role of this technology in ventilation and lighting accordingly. It also refers to Al-
Byaddiah Palace technique, which is based on the presence of an open space in the centre of the building
connected to the interior spaces that provide interior spaces and corridors with lighting and ventilation
system. This study's findings go parallel with scholars' studies in arguing that the efficient application of
courtyards as a sustainable technique served the climate of the region wisely and provided healthy
ventilation and enough energy to raise the level of the building performance of light and ventilation alike
(9). Finally, ancient structures, such as this majestic palace, are a reminder that sustainable practices are
deeply rooted in our history and have the power to lead us to a future that is more environmentally aware
and focused on society. These are two elements being studied from one of the remaining traditional
architectural fabrics from Makkah, and the rest are worth more analysis. Truly, there is more to learn from
our traditional history and the previous generation.
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ABSTRACT

For the vast majority of industrial products water is used during some stages of the production process. It
is estimated that 20% of all fresh water consumption globally is used by industry and this share is increased
to 50% in industrialized countries. The industrial sector is also a major water polluter, as only up to 60% of
industrial wastewater receives treatment before being disposed of into the environment. Eco-efficient and
sustainable industrial water management is a priority within the integrated water resources management
strategy and is regarded as one of the most important focus areas for environmental protection in many
countries. Innovation in water treatment can bring close loops to at almost 100% for important industrial
water users and enable new multi-billion-euro markets in saved or recovered and reused resources .

AquaSPICE is an ongoing H20-20 project, aiming at materializing circular water use in the European Process
Industries, fostering awareness in resource-efficiency and delivering compact solutions for industrial
applications. That challenging aim necessitates (i) multiple state-of-the-art (SotA) water treatment and re-
use technologies, (ii) diverse closer-loop practices regarding water, energy and substances, (iii) a cyber-
physical-system controller in the form of a system for real-time monitoring, assessment and optimization
of water (re-) use at different interconnected levels and (iv) an effective methodological, regulatory and
business framework. The consortium follows a systemic approach in water management where optimal
efficiency can be achieved through an adaptation of appropriate technologies and practices in different
levels, from a single industrial process (unit operation), to an entire factory, to other collaborating
industries (industrial symbiosis) or other sectors (e.g. domestic and/or agriculture).

The key innovation of the AquaSPICE project is the development of WaterCPS, a Cyber-Physical System
specialized to enhancing water efficiency in the Process Industry. Water efficiency enhancement is
approached from three directions: (a) diagnostic (monitoring water efficiency, diagnosing problems,
estimating improvement margins); (b) production chain enhancement (application of SotA water recovery
technologies & practices); and (c) optimization (of water use/recovery/reuse processes). WaterCPS
consists of a physical part and a cyber (digital) part. The physical part comprises of the industry’s existing
production line(s) and value chain(s), plus the new SotA water efficiency technologies & practices selected,
configured and deployed. The cyber part consists of the Digital Twin (incl. its knowledge core, models and
cognitive services & tools), the Real Time Monitoring system (RTM) and the WaterCPS digital Platform
(incl. data/control connections & management, interfaces & user applications, access control
components). The RTM plays the role of intermediary between the physical system and its digital twin,
with its sensors incorporated as part of the physical system and its data communication & management
components incorporated as part of the cyber system. The expectation from AquaSPICE is that the cyber
part of WaterCPS and its integration with the water efficiency technologies & practices, will create
significant added value for them and have a measurable impact on water efficiency by supporting the
above mentioned three directions to water efficiency enhancement.
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ABSTRACT

Sultanate of Oman produces a high volume of wastewater on a daily basis. Since conventional / mechanical
wastewater treatment methods are mostly used in the country, a respectively high volume of sludge by-
product is also generated daily. Sludge is defined as a mixture of water, organic matter and inorganic
matter resulting from the biological treatment of wastewater. Oman manages the generation of sludge by
discharging about 84% of it in the landfills, especially the Sewage Treatment Plants (STPs) located outside
the capital city of the country (Muscat Governorate), while about 16% of produced sludge is collected by
Oman Water and Wastewater Services company and is further processed through composting to produce
a fertilizer (‘Kala’ brand name). This compost production covers a small amount of the sludge volume,
while the associated high costs make it prohibiting to upscale this practice to all STPs across the country.
In addition, many small STPs in the country simply dump the generated sludge to the environment after
simply sand drying process.

For these reasons, revolutionary and cost-effective means and ways are needed to manage the sludge for
environmentally friendly sound disposal and reuse. One of the promising and state-of-the-art sustainable
technologies is the constructed wetland technology for dewatering and stabilization of sludge. The Sludge
Treatment Wetland (STW) system depends on the type of substrate, type of plants and microbial
communities that play an important role in the treatment and dewatering of the sludge. In addition, it
contributes to the decentralized management of sludge, a parameter that is crucial for small and medium
STPs.

This study focuses on the construction of STWs, i.e., vertical flow constructed wetland designed for sludge
dewatering, using local common reed plants (Phragmites Australis) to treat activated sludge from Alseeb
STP. A pilot scale experiment was conducted in an agricultural experiment station. This study is the first
one in Oman and across the Arabic peninsula that tests the STW technology. The study consisted of 18
mesocosms tanks. Each tank has dimensions of 89 cm in height and 0.5 m? surface area. The freeboard in
each tank was 54 cm above the top gravel layer. The units are filled with substrate media from top to
bottom: 15 cm fine gravel (2-6 mm), 15 cm medium gravel (15-25 mm) 5 cm and drainage layer of cobbles
(40-60mm). Two plastic tubes extending vertically with an open top are embedded in the bottom of each
unit. The various units have different construction and operation parameters such as planted and
unplanted beds (i.e., presence and absence of plants) and three different sludge loading rates (SLR; 75,
100, 125 kg/m?/year).

The results showed the dewatering efficiency reached 97% for the planted STWs compared to 91% for the
unplanted beds. The total solids content in the dewatered sludge for the three SLRs (75, 100 and 125
m?2/kg/year) were between 23 -56%, 16-57% and 11-42%, respectively. These first results demonstrate
that a high total solid content in the dewatered sludge can be achieved even at a relatively high SLR of 100
m?/kg/year after 2 years of operation. This means that the dry content can be further increased in the final
resting phase that is going to be applied before the emptying of the biosolids from the units.
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ABSTRACT
The global population has led to an increase in solid waste production from industrial, residential, and

public sources. Every year, 4 billion tons of waste are generated, and municipal waste accounts for 1.6 to
2 billion tons. Wastewater treatment plants (WWTP) produce sludge, which is a type of solid waste
containing organic and inorganic materials. The amount of sludge produced depends on the parameters
of the effluent and the type of treatment used, typically ranging from 60-80 g TS/person/day when using
standard activated sludge processes (Andreoli, et al., 2007). Stabilized sludge (also known as biosolid)
typically has between 50-70% organic matter, 3-4% nitrogen, 1-3% phosphorous, and trace levels of heavy
metals like Cr, Zn, Pb, Ni, and Cd. Sludge management strategies should focus on both pollutant removal
and biosolids reuse to reduce potential health and environmental risks and make the material harmless
and more reusable.

Developed and developing countries are looking for ways to manage sludge produced in WWTP. Solutions
such as thermal processing, composting, disposal, and agricultural use are being explored. Agricultural use
is gaining more attention since sludges contain components that can act as soil conditioners or fertilizers,
providing an alternative to commercial fertilizers and adding value to wastewater treatment by-products.
However, the sludge must be treated before to be reused. For these reasons, sludge treatment
constructed wetlands (STCWs) are gaining more attention as a solution due to their ability to treat sludge
in a sustainable, low-energy, and low-maintenance manner and obtain a by-product suitable to be reused
in agriculture. The aim of this study was to evaluate the capacity of CWs to generate stabilized biosolids
after different periods of rest (without feeding) and to test their compliance with the requirements
established by European legislation for agricultural reuse (European Commission 2000). Moreover,
agronomic essays were carried out in agronomic crops (i.e. wheat) to test biosolids properties as organic
fertilizer.

In this context, the present study has two main objectives: to characterize the sludge treated in STCW, and
to evaluate the quality of the biosolids in an agronomic essay. The facilities studied in this work are located
in the WWTP Sentfores-La Guixa (1000 PE) (site A) and the WWTP Santa Eulalia de Riuprimer, (2000 PE)
(site B), both located in Vic (Barcelona, Spain). Three sampling campaigns have been carried out during 6
months starting one week after the CWs received the last feeding (June 2022). Samplings were carried out
in June 2022, September 2022, and December 2022. In order to obtain a composite sample of the sludge,
in each facility one representative bed was selected and divided into 4 sections, 1 sample was collected in
each section and then carefully mixed. Samples were analysed in triplicate using standard techniques in
accordance with the Standard Methods (APHAAWWA-WPCF, 2001). The following parameters were
analysed: pH, Electrical Conductivity (EC), Total and Volatile Solids (TS and VS), Chemical Oxygen Demand
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(COD), Total Kjehldahl Nitrogen (TKN), nutrients, heavy metals, and faecal bacteria indicators (Salmonella
spp, E. coli, faecal coliform and nematode eggs).

Furthermore, the agronomic essay was carried out at the Tona WWTP located in the Osona region of
Barcelona province. Three fertilizer treatment were considered: biosolids from CW applied directly to the
soil (T1), biosolids from CW after crushing (T2) and commercial inorganic fertilizer (T3). The doses of sludge
and commercial fertilizer were calculated with respect to the nutritional needs of the crop and the
concentrations of total nitrogen in biosolids and fertilizer. For biosolids, 2 t-ha?of T1 and 3 t-ha*of T1 and
T2 were applied in the agronomic assay. Each treatment was carried out in triplicate in smallholdings of
3x8 m? (figure 1). All fertilizers were homogeneously mixed with the soil at the beginning of the
experiment, then 200 Kg ha™ of wheat seeds (KWS ultim) were planted in each smallholding. During the
testing period (6 months), samples of the plants and soil were taken to measure the different parameters
stablished by the directive AAA/1072/2013 (MAGRAMA 2013).

The physicochemical characterization of the sludges from STCW during three sampling campaigns is shown
in table 1. The pH and EC values were similar to those previously reported for biosolids quality (Stehouwer
et al. 2022). The sludge after 6 months without feeding has reduced its moisture from 33%TS to 50%TS in
the system of La Guixa and 35%TS to 50%TS in St. Eulalia. The organic content of the biosolids in all basins
studied was quite uniform (40-49%SV) and in accordance with previous studies (Uggetti et al., 2009).
Biosolids contain a large amount of nutrients (4.6% TKN/TS for La Guixa and 5.7%TKN/TS for St. Eulalia).

Table 3. Physicochemical characterization of sludge in rest for 6 months in sludge treatment reed beds.

Campaign | Campaign Il Campaign Il

Parameters Unity June 2022 September 2022 December 2022

Site A Site B Site A Site B Site A Site B
pH 5.6 6.4 5.2 5.7 5.0 5.4
EC dS/m 0.3 0.5 0.3 0.5 217 2.75
TS % 33 35 53 47 50 50
'S % TS 43 41 40 41 38 49
coD g/kg TS 480 519 553 541 533 558
TKN %TS - 7.2 4.6 5.9 - 5.7
P20s %TS 9 7 9 7 8.74 6.91
K20 %TS 1 1 1 1 0.75 0.85

Finally, the concentration of the heavy metals was evaluated to verify their potential in agricultural
application (table 2). In all basins there was a small accumulation of metals, such as Cu, As, and Mn in the
three basins; and Zn and Cr in the St. Eulalia basin. However, despite the slight accumulation of these
metals, concentrations do not exceed the thresholds established in the European Directive (European
Commission 2000). Lastly, indicators of faecal contamination were analysed, in particular to evaluate the
quality of the final product for its application in agriculture. According to the results, Salmonella spp was
not detected in any samples. E. coli was present in the three sampling campaigns and their presence
increased along the sampling period. Nematode eggs were present just in the first campaign, but in the
third campaign it was not detected (table 3).
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Crop trials are currently taking place, and it is expected that the sludge will favour the wheat crop

performance due to its high content of nitrogen and other nutrients, thus it could be considered as an

organic fertilizer. It is expected that, the addition of biosolid (organic fertilizer) will increase the plant

weight compared to the inorganic fertilizer as reported by Bouzerzour et al. (2002) in their pot studies.

Indeed, they detected an increase in leaf diameter, leaf area index, accumulated dry matter on the soil,

tiller number, and plant height of crops such as barley and oats. Latare et al.(2014) reported a wheat yield

of 39.21 g-pot™ using a sludge concentration of 40 t-ha™. According to these studies, good results are

expected with biosolids from CW.

Table 4. Heavy metals (mg/kg TS) in biosolids from the 3 STW of the resting period.

cd Cu Hg Ni Pb Zn As Cr i:/: Mn
Campaign | LaGuixa 0,6 406 0,4 27,3 72,9 597 14,6 60,2 0,5 310
June 2022 St. Eulalia | 0,8 354 0,4 36,3 77,5 893 11,5 50,9 0,5 310
La Guixa 0,5 339 0,4 29,3 66,9 630 13,5 52,6 10 325
Campaign I
September
2022
St. Eulalia | 0,6 304 0,4 36,9 93 808 12,6 46,6 10 260
Campaign Il . <
La Guixa 356,5 0,4 26,85 64,1 6275 13,9 49,9 10 360
December 0,5
2022 St. Eulalia | 0,6 345,5 0,4 36,1 79 869 12,5 50,2 0,5 345
3 Draft EU Working
10 1000 10 300 750 2500 - 800 - -

Document

Table 5. Salmonella spp, E. coli, faecal coliform and nematode eggs in biosolids from 3 STW of the resting period.

Campaign | Campaign Il Campaign llI
. June 2022 September 2022 December 2022
Parameters Unity
La St. La St. La St.
Guixa Eulalia Guixa Eulalia Guixa Eulalia
Absence/P
Salmonella .
resence in Absence Absence Absence Absence Absence Absence
Spp
25¢g
E. coli UFC/g 650 11,850 500 1,300 <100 37,050
Faecal
. UFC/g 34,050 665,000 49,300 48,500 140,000 427,350
coliform
Nematode .
inL <1 <1 Absence Absence Absence Absence
eggs
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Figure 12. Schematic image of the experimental design

Acknowledgements

The first author gratefully acknowledges The Universitat Politécnica de Catalunya and Banco Santander for
the financial support of the predoctoral grant 2021 FPI-UPC. Also, the Ramon y Cajal grant funded by
MCIN/AEI/10.13039/501100011033 and, as appropriate by “ESF Investing in your future” or by “European
Union NextGenerationEU/PRTR”.

References:

Andreoli, C., M. Von Sperling, and F. Fernandes. 2007. Sludge Treatment and Disposal. IWA publishing.

Bouzerzour, H., L. Tamrabet, and M. Kribba. 2002. “Response of Barley and Oat to the Wastewater Irrigation and to
the Sludge Treatment. In: The Proc. Int. Seminar: Biol. Environ. University Mentouri, Consantine, Algeria, p. 71.”
Curso Tedrico Prdctico De Inseminacidnartificial En Bovinos 1.

European Commission. 2000. “Working Documento on Sludge 3rd Draft.” 80(April):1-19.

Latare, A. M., Omkar Kumar, S. K. Singh, and Archana Gupta. 2014. “Direct and Residual Effect of Sewage Sludge on
Yield, Heavy Metals Content and Soil Fertility under Rice-Wheat System.” Ecological Engineering 69:17-24. doi:
10.1016/j.ecoleng.2014.03.066.

MAGRAMA. 2013. “Orden AAA/1072/2013, de 7 de Junio, Sobre Utilizacién de Lodos de Depuracion En El Sector
Agrario.” Boletin Oficial Del Estado 44966-73.

Stehouwer, Richard, Leslie Cooperband, Robert Rynk, Johannes Biala, Jean Bonhotal, Susan Antler, Tera
Lewandowski, and Hilary Nichols. 2022. “Chapter 15 - Compost Characteristics and Quality.” Pp. 737-75 in The
Composting Handbook, edited by R. Rynk. Academic Press.

Uggetti, Enrica, Esther Llorens, Anna Pedescoll, Ivet Ferrer, Roger Castellnou, and Joan Garcia. 2009. “Sludge
Dewatering and Stabilization in Drying Reed Beds: Characterization of Three Full-Scale Systems in Catalonia,
Spain.” Bioresource Technology 100(17):3882—90. doi: 10.1016/j.biortech.2009.03.047.

Vazquez, M. A, R. Sen, and M. Soto. 2015. “Physico-Chemical and Biological Characteristics of Compost from
Decentralised Composting Programmes.” Bioresource Technology 198:520-32. doi:
10.1016/J.BIORTECH.2015.09.034.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



DIALKOP project: Design and operation optimization of Sludge Treatment Reed
Beds in Greece

loannis Asimakoulas?, Elissavet Koukouraki', Panagiotis Regouzas?, Steen Nielsen?, Alexandros
Stefanakis!*

1School of Chemical and Environmental Engineering, Technical University of Crete 73100, Chania, Greece
2WSP Denmark, Linnes Alle 2, 2630 Taastrup, Denmark

*Corresponding author: astefanakis@tuc.gr

Keywords: constructed wetlands, sludge treatment, circular economy

ABSTRACT
Introduction

Wastewater treatment processes produce a by-product material known as sewage sludge, characterized
by the point it is produced as primary, biological or secondary sludge [Nielsen & Stefanakis, 2020]. Over
50% of produced sewage sludge in Greece, ends up in landfills. Most of the small and medium-sized
Wastewater Treatment Plants (WWTP) are industrial looking facilities, placed away from residential areas
[Stefanakis et al., 2014], follow a linear management strategy based in mechanical and chemical methods
for thickening and dewatering and also carry out daily transportation and disposal of the dried sludge in
landfills. This strategy seems to be economically unprofitable while the total sludge management costs
represent up to 40-60% of the operating costs of a WWTP. Linear model lead in environmental problems
such as risk of surface and groundwater pollution, insufficient sludge drying and stabilization, high
environmental footprint etc. DIALKOP project come to offer a circular sludge management strategy
utilizing a valuable by-product with the smallest possible environmental impact. Constructed wetlands are
a technology that provides huge benefits in sewage sludge management and can overcome the
disadvantages of the conventional methods while it is a reliable, effective and feasible solution in the field
of wastewater treatment [Stefanakis & Tsihrintzis, 2012].

Materials and Methods

Sixteen pilot-scale units of constructed wetlands were constructed in Chania WWTP area for sewage
sludge treatment. Units are filled with cobbles (40-100mm) on the base, two layers of river gravel (2-8mm
& 8-20mm) on the middle and with sand (0-0.5mm) on the top of two units. Two different sludge loading
rates (SLR) of 60 & 80 kg/TS/y are tested as well as the contribution of greenhouse, earthworms, unit
insulation and plantation. Most of the units are planted with Phragmites australis while there are two units
with Arundo donax (giant reed). Unit’s construction took place in March 2023 and after two and a half
months of primary municipal wastewater loadings (plants adaptation period) the first sludge loading
started (mid-June 2023). So far 1:1, 2:2, 3:3, 4:4, 5:5, 7:7 & 10:10 load cycles (loading period : resting
period) have been implemented. Units are operating 3 months so far and having great performance both
in growth and sludge dewatering.

Results and Discussion

Sewage sludge that is treated in DIALKOP project comes from secondary sedimentation tank of WWTP of
Chania (that treats wastewaters of 170,000 equivalent residents) and characterized by TS=1.2% and
VS=78.7(%TS).

Table 1. Total solids and Volatile solids in raw sludge

TS(%) VS (%TS)
average 1,3 78,7
sd 0,40 5,33
min 0,11 59,25
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Table 2. Synthesis of raw sludge
Parameters Values units
MLSS 10,84 g/kg
cobD 6833,37 mg/kg
TN 377,95 mg/kg
NH4-N 9,02 mg/kg
NO3-N 1,84 mg/kg
TP 93,26 mg/kg
PO4-P 10,01 mg/kg
pH 6,82
EC 914,00 EC (uS/cm)
Bulk density 0,99 kg/L

Although the primary stage of the units, plantation have already grown and the stems height have reached
an average value of 2.10m and 2.07m in SLR 60 and SLR 80 respectively. Furthermore, the highest stems
appear in units with the sand layer on the top and reach up 4.25m in SLR60 and 3.75m in SLR80. As for the
leachates that produced after the sludge loadings, pollutants removal seems to be quite effective despite
the short period of operation of the project.

SLR 60

16,00
14,00
12,00
10,00
8,00
6,00
4,00 \;
000 ———————7
1/8/2023 8/8/2023 15/8/2023 22/8/2023

—C60 P60A ——P60B ——PEG6O PES60 PEIBO ——PG60 ——G60

Fig 1. Accumulated sludge layer in units with SLR 60
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Fig 2. Accumulated sludge layer in units with SLR 80

Furthermore, accumulated sludge layer on the top of the units varies from 2-5cm and 4-14.5c¢cm in SLR60
and SLR80 units respectively during the last measurement. In Graph 1. and Graph 2., the accumulated
sludge has a thicker layer in SLR 80 compared to SLR 60 units while, units with plantation maintain a thinner
layer than the unplanted units due to the high needs of evapotranspiration that causes better dewatering
in accumulated sludge. Moreover, in both Graph 1. and Graph 2. can be seen that in the last measurements
the layers are thinner compared with the values of the previous period. This decrease in the sludge volume
is a result of the greater resting period (loading cycle 10:10). The duration of the resting period affects the
dewatering efficiency. Finally, total solids (TS) content in the dried sludge has an average value of 43.1%
and 20.3% and VS (%TS) content of 74.0% and 80.6% in SLR60 and SLR80 respectively.

Conclusions

Reeds growth have a great performance causing increased evapotranspiration needs which subsequently
causes better dewatering of the accumulated sludge. Thickness of the dried sludge layer changes according
to the duration of the resting period, the SLR and the presence of plantation. So far, the results are very
promising. Soon, earthworms will be added in some units in order to see their contribution in accumulated
sludge stabilization and dewatering while accumulated sludge humidity and temperature will be
measured. Furthermore, greenhouse gases of the units is going to be measured in different stages of
plantation growth to investigate their emissions.
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ABSTRACT

The broader study considers the effect of sludge entrenchment on the growth characteristics of trees, soil
characteristics, and changes in the characteristics of sludge buried in trenches and on the surrounding
groundwater. The primary aim of this study was to investigate changes in the characteristics of VIP latrine
sludge buried in trenches to determine the effect of entrenchment on the sludge and also to determine
the effect of VIP sludge entrenchment on the surrounding groundwater.

In this study, it was proposed that the burial of VIP latrine sludge in association with agroforestry has the
potential to turn the sludge from a problematic waste to a beneficial resource. This was because it was
expected that the residual nutrients present in the sludge (especially nitrogen, phosphorus, and
potassium) may be a source of fertilizing nutrients which would be released slowly and become available
at the same slow rates as the sludge is degraded. According to Jonsson et al. (2004), the burial of sludge
increases the organic content of the soil which enhances the moisture retention characteristics, ion-
buffering capacity, and increasing generally the fertility of the soil. It has been documented that in
plantations the trees planted draw the available water within the surroundings into the plantation area to
supply the water requirements of the trees (Dons, 1987, Duncan, 1993), therefore planting trees near the
buried sludge would have the added advantage that the presence of the trees will result in a net movement
of water into the burial site to supply the water requirements of the trees. Thus planting trees next to the
buried sludge would result in a lower risk of contamination of ground and surface water in the vicinity by
nutrient and pathogen release from the buried sludge.

In addition, it was proposed that entrenchment of VIP latrine sludge in the soil might result in a greater
degree of stabilization than can be achieved in the pit latrine. The logic behind this proposition was that
field studies of pit latrines indicated that stabilization of sludge in pit latrines that are no longer in use
apparently occurs from the soil/sludge interface inwards (Morgan, 2004). It was hypothesised that this
observation is due to the action of soil fungi. The major processes involved in organic matter cycling in the
aquatic environment are dominated by bacteria and eukaryotes (in particular algae) with bacteria found
to be the dominant decomposers of organic matter in water and sediments (De Boer et al 2005; Del Giorgio
and Cole 1998). However, in soils, soil fungi contribute significantly to the biodegradation of organic
material. Various studies have demonstrated that the presence of organic matter in soils or organic
fertilization of soil has a positive influence on the soil fungi population (Abbott and Murphy, 2003). This is
because the soil contains air-filled voids which are essentially different from sediments; bacterial motility
in soils is restricted due to the inability of the unicellular body form of bacteria to bridge these air-filled
voids (De Boer et al, 2005). The hyphal/mycelial growth form of soil fungi makes it possible for soil fungi
to bridge these air-filled voids and as such motility of fungi in soils is less restricted (Griffin, 1985; de Boer
et al 2005). Also, fungi hyphae have a greater ability than bacteria to translocate nutrients within the soil
(Jennings, 1987; de Boer et al 2005). The hyphal growth form has also been developed by certain soil
bacterial (Actinomycetes) however heterotrophic processes and the degradation of recalcitrant organic
compounds taking place in the soil is dominated by fungi (de Boer et al, 2005; Griffin, 1985). According to
De Boer et al (2005), two important processes, the formation of mycorrhiza and the decomposition of
lignocelluloses within the terrestrial ecosystem are dominated by fungi, and as such the functioning of the
terrestrial ecosystem relies significantly on fungi. Soil fungi grow best in moist but well-aerated soil
conditions with pH near neutral (Abbott, 2003); conditions within the pit, especially while in use (mostly
anaerobic, significant moisture, no air-filled voids, and possibly the presence of biocidal chemicals) are
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mostly not conducive to fungi proliferation. Thus cellulosic cell components that can only be broken down
by certain species of fungi cannot be degraded in a pit latrine but might be biodegradable in the presence
of soil fungi.

When a pit latrine is full, the sludge consists of the oldest and most fully stabilized material at the bottom
of the pit and the newest, least stabilized material at the top of the pit (Bakare et al, 2012). Thus the mixed
pit contents have a mixture of well-degraded and poorly degraded material. When this material is disposed
of into entrenchments, it will be mixed to a certain extent during the processes of being dug out of the pit
and reburied in the entrenchment, and thereafter undergo similar bio-degradative processes as occur in
pit latrines, as well as some different, possibly aerobic and possibly fungally mediated processes in the
entrenchment. This study investigated the changes in sludge characteristics with a length of entrenchment
and explores the hypothesis that a greater extent of biodegradation can occur in an entrenchment than
can be achieved in a pit latrine.

This study, analysed samples of sludge originating from pit latrines that were buried in the entrenchment
site at the Umlazi E ponds entrenchment site. Sludge exhumed from pit latrines as part of the eThekwini
Water and Sanitation Services (EWS) pit emptying programme was delivered to the disposal site in bins
and buried in dug trenches 200 m long, 600 mm wide, and 1.2 to 1.5 m deep, with rows spaced 3 m
between centres. The trenches were filled with VIP latrine sludge to within 300 mm of the surface and
then backfilled with the overburden heaped. Trees were planted in rows parallel to the trenches.

On arrival at the site, sludge was sampled directly from the bins before burial to indicate the starting
composition of the sludge. During the emptying of sludge content from VIP latrines, it is expected that
there would be substantial mixing of pit contents, both from different locations in the pit and different
pits, and thus the material that arrives at the entrenchment site is expected to exhibit characteristics that
are similar to the global averages for pit sludge, and with a lower variance than at source because of this
mixing. Thirty samples were collected over six weeks to assess the variability in the VIP latrine sludge that
arrives at the entrenchment site.

Sampling and analysis of entrenched sludge were performed over 29 months after the entrenchment of
the VIP latrine sludge. Sludge samples from the trenches were exhumed using a soil auger. The purpose of
this part of the study was therefore to identify whether there was a significant change in average sludge
characteristics of exhumed sludge from the trenches with time and also if a greater degree of stabilization
of the sludge occurs in the trenches than can be achieved in the bottom layer of a pit latrine.

The techniques used for the characterization of samples obtained from the two components involved
several biological/physical/chemical analyses which include moisture content, solids (total and volatile
solids), chemical oxygen demand (COD), aerobic biodegradability, Total Kjeldahl Nitrogen (TKN) and Free
and Saline Ammonia (FSA). Standard Methods (APHA, 1998) were used to analyse the collected sludge
samples where applicable and where no appropriate method was published, adaptations of existing
methods were used or entirely new methods were developed.

For all of the analytes investigated, the lowest values reported in this study are lower than the equivalent
concentrations measured in samples taken from the bottom of a pit latrine. This means that either (i) a
greater degree of stabilisation occurs in pit sludge that is buried in an entrenchment for 3 or fewer years
than occurs in the pit in 14 years of operation; or (ii), the amount of sand that is entrapped in samples
taken from entrenchments dilutes the measured concentration of solids. The reduction in biodegradability
relative to that measured in the bottom of a pit latrine could not be accounted for by dilution with sand,
since the addition of sand would dilute both total and biodegradable COD. However, the variance in the
method for measurement of biodegradability in pit latrine samples is inherently large, and the measured
value (16%) is not much larger than the corresponding value of entrenched sludge after 12 months (15%).
Differences for COD, volatile solids fraction, and moisture content are significantly lower than the
equivalent bottom-of-pit samples but these may be influenced by mixing with sand. Therefore, these
results indicate that it is possible that the action of soil fungi can break down pit latrine content further
than is achievable in a pit latrine, but the data is not sufficiently precise to prove the hypothesis.
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Nitrogen is an essential nutrient for plant growth; the potential value of entrenching sludge with
agroforestry is that nitrogen and possibly phosphorus present in the sludge may be a slow-release fertiliser
for plant growth. If significant further biodegradation of sludge occurs in the entrenchment, it is
conceivable that nitrogen and phosphorus will be released into the soil and available for plant uptake.
Nitrogen content in the sludge before burial and after significant periods of entrenchment were measured.
Nitrogen was measured as Total Kjeldahl nitrogen (TKN) and as Free and saline ammonia (FSA —
NH3/NH4+) according to Standard Methods (APHA, 1998).

It was found that an order of magnitude difference existed between the amount of TKN in the sludge
before entrenchment and after 29 months. This amount of nitrogen may have been released into the soil
and become available for nitrogen uptake in plants. There is no similar decrease in FSA concentration. This
is because FSA is water-soluble and therefore will drain out of the pit with any moisture flow. Thus FSA
may be regarded as an intermediate that is controlled by the rate of biodegradation of organically bound
nitrogen (reporting as TKN) and the rate at which it is drained away. Therefore, FSA concentrations may
fluctuate with time and location.

The amount of TKN released by the sludge is calculated from the difference in TKN on a dry basis between
the two measurements, i.e. 17.2 mgN/gdry samples are lost over a period of 29 months. This corresponds
to approximately 4.3 kg N/ton wet sludge. Since only one measurement interval is available, the rate of
release cannot be accurately calculated but must be equal to or greater than 4.3 kg N/ton wet sludge per
29 months or approximately 1.8 kg N/ton wet sludge/year. Given that most degradation seems to occur
in the first 12 months, the rate may be as high as 4 kg N/ton wet sludge/year. These findings are consistent
with the findings of Taylor (2012) that tree growth associated with buried sludge showed dramatically
improved growth characteristics compared to negative control, suggesting that the nitrogen and other
nutrients released from the entrenched sludge may be biologically available as a fertiliser.

The findings indicate that biodegradation and dewatering occur in pit latrine sludge after it has been buried
in trenches, although it is not clear how much of the change noted was a function of dilution by sand.
Generally, data show high variance, but the decreasing trends are clear. It appears that an initial rapid
degradation and moisture loss occurs: this is probably a result of the most recently deposited and
therefore unstabilised pit latrine contents degrading. Thereafter, a slow decrease in volatile solids, COD,
and moisture is observed, until final values are reached that appear to be lower than the lowest values
obtained in pit latrine samples. This decrease below the concentrations measured in the samples taken
from the bottom of full pit latrines, where the sludge is apparently fully stabilised, could be explained by
the action of fungi that result in cellulase activity that reduces the remaining potentially degradable
material.

Given the extremely large variances in determinations of concentration in this type of heterogeneous
material, it will be difficult to obtain further insight into these mechanisms using additional
physicochemical measurements. However, the role of fungi in the stabilisation of sludge in entrenchments
could be further investigated through biochemical and microscopic techniques.
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ABSTRACT

Stormwater management in urban environments has long been based on a simple principle: divert water
away from the area as quickly as possible while respecting the safety of residents and property. This was
the primary purpose of drainage systems, which is still in many cases. However, on the threshold of the
climate crisis, when many European countries are experiencing droughts that have not been seen in
several decades, there is a need to rethink this approach. Water in the urban environment should no longer
be a nuisance but a resource. This approach is reflected in a new way of looking at urban drainage, where
we seek to use water in partnership with vegetation to mitigate the impacts of climate change (Ballard et
al. 2015).

Sustainable urban drainage, green infrastructure, low impact development are all different terms for the
same principle: retain as much water as possible, as close to the point of impact as possible. We then try
to soak up this water, evaporate it, supply it for use by vegetation, or use it for toilet flushing and other
purposes. In this way, we try to approximate the natural hydrological cycle in each environment as closely
as possible. However, in urban environments, paved surfaces often predominate, and it is often impossible
to use green infrastructure features such as green roofs, rain gardens, and bioswales. In such
environments, underground concrete tanks and retention galleries are often used as part of the traditional
approach, allowing us to retain rainwater and discharge it in a regulated manner. While these elements
protect the technical infrastructure from overloading, improve runoff quality, and may even contribute to
water storage, they do not bring any additional benefits.

However, even in highly urbanized environments, significant retention of rainwater can be achieved, and
at the same time, it can be used for vegetation, which provides essential ecosystem services. A gravel
retention system based on the Swedish blue-green-gray (BGG) system allows water retention and tree
growth support even in areas where most surfaces are impervious (Fridell et al. 2020). The basis of such a
system is an open subbase layer made of coarse crushed aggregate, which has a high porosity and
sufficient bearing capacity. Due to the high porosity, water is quickly distributed and retained in such an
underground space during a rainfall event, and at the same time, there is good air exchange, which trees
in cities often lack. The compactibility and sufficient bearing capacity allow pedestrian and vehicular
movement over such systems. Combining individual elements into cascades can achieve a capacity for
heavy rainfall events.

The first practical example where a BGG system is proposed for rainwater retention while promoting
healthy tree growth is the restoration of Skroupovo Square in Ceskd Lipa (Czech Republic). Currently, the
square is a typical poorly maintained urban space whose primary purpose is to provide car parking (see
Figure 1). The square primarily comprises impermeable surfaces with small islands of green space. All
water is discharged directly into a combined sewer.

The architectural design of the square makes the space more uncomplicated and accessible to people.
Instead of raised green areas with a few trees, more than 30 trees are proposed. However, most of the
square is still made up of paving with limited permeability. Despite this, we can retain more than 5-year
rainfall from the plaza and the surrounding rooftops, with a regulated discharge of around 1,5 I/s. Smaller
rainfall events can be entirely soaked up and used for the vegetation. This is achieved by underground
retention spaces filled with gravel, which also serve as a generous root zone area (see picture 3). From

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


mailto:nicolas.kalogerakis@enveng.tuc.gr

A

zero, the retention volume at the site will be increased to 90 m* and the seepage area will be increased to
more than 500 m?.

The second example is Zbraslavské Square, the main square of Zbraslav — a city district of Prague. the
situation here is similar to the previous example, with the difference that this is a major road junction with
high traffic load from public transport buses and individual transport (see picture 4). The architectural
design here again emphasizes the movement of people and the addition of greenery along with water
features. In this design, water is primarily routed to rain gardens, supplemented by the underground BGG
system to increase overall retention capacity and ensure healthy tree growth. Rainwater in this area is
discharged unregulated to the stormwater sewer system. In the design, we can retain 10-year rainfall
events directly in the area with a regulated discharge of around 2 I/s. There is also a storage tank with a
capacity of around 50 m3. After proper treatment, water from the tank will be used for water fountain
refilling and toilet flushing.

As seen from these two examples, nature-based solutions can be effectively used for water management
problems even in highly urbanized areas. Not only can we protect the property and ensure a safe and
hygienic urban environment, but we can benefit from water if we see it as a valuable resource for various
purposes. The healthy growth of trees, which can then (only with enough water) cool our streets, is one
of the critical elements of adaptation to climate change in our cities. However, in addition to water, trees
also need sufficient underground space for root growth and, what is often forgotten, sufficient fresh air
exchange in the root zone area. Using BGG systems allows us to provide all these needs even in paved
areas with high pedestrian and car loads. Thus, we can design cities and streets not only for people with
their needs but also for the trees.

Picture 1 Skroupovo ndmésti in the city Ceskd Lipa as an example of a highly impermeable urban space. Currently,
the square is mainly used as a parking lot (mapy.cz).

Picture 2 The new architectural design of the Skroupovo square (M2AU architects).
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Picture 3 Underground open subbase retention areas (in blue) also serve as a generous root space for trees (M2AU
architects, Grania s.r.o.).

Picture 5 Movement of water through Zbraslavské square (atelier tecka architects, Grania s.r.o.)
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Abstract

Across African refugee camps and temporary shelters, it is very critical to manage stormwater runoff.
Sustainable Drainage Systems (SuDS) can be implemented for providing potential sources of water
resources across refugee camps and internally displace people (IDPs). The performance of two SuDS
(engineered wetlands and biofilters) was evaluated to assess their effectiveness at reducing levels of
pollutants in harvested rainwater and stormwater under simulated environmental conditions of an IDP
camp. The SuDS comprised of a matrix of sub-surface bedding materials and filter media. Stormwater
quality analysis in line with the WHO and CIRIA standards were carried out over a 61-week period
simulating environmental conditions. The SuDS significantly reduced nutrients and organics loading from
the influent stormwater. The outflow samples from these SuDS found the concentrations to be well-
within the limits of WHQO'’s drinking water standards. However, it is recommended that stormwater be
reused for non-potable sources in these conditions.
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Abstract

Stormwater treatment systems such as sustainable drainage systems (SuDS) play a crucial role in
protecting water resources by removing pollutants from urban runoff. Granular filter media are
commonly employed in these systems due to their high stormwater treatment efficiency and cost-
effectiveness. This paper presents an experimental study and modelling approach to enhance the
understanding of the filtration processes within granular filter media utilised in SuDS for stormwater
treatment systems. The experimental study involved characterising the physical and hydraulic properties
of various granular filter media materials, including sand, pea-gravel, gravel, and geotextile membranes.
Three laboratory-scale stormwater filtration rigs were tested to evaluate the pollutant removal capacity
and hydraulic performance of the filter media. This work presents a phenomenological model of three
granular stormwater filter, which predicts the spatial variation of concentration of stormwater and urban
runoff substances and parameters— of nitrates (NOs), phosphate (PQ,) ions, chemical oxygen demand
(COD) and suspended solids, studying the concentration profiles. The model was used to evaluate the 3
stormwater filters and also the effect of implementing geotextile membranes in a granular filter. The
stormwater quality model was used to predict the concentration profiles for stormwater average inflow
consisting of 2.9 mg/L nitrates, 3.4 mg/L phosphate ions, 225 mg/L COD, and 3.3 mg/L of suspended
solids. The predicted outlet concentrations matched well with measured experimental data. The results
showed that adding geotextile membranes to a granular filter significantly improves its ability to adsorb
dissolved species for stormwater applications. The experimental results formed the basis for developing
a mechanistic model that describes the filtration processes within the granular filter media. The model
incorporates key parameters such as media properties, flow rate, pollutant concentrations, and contact
time. By utilizing computational algorithms, the model enables the prediction of pollutant removal
efficiencies and hydraulic performance under various operating conditions. This research highlights the
importance of understanding the physical and hydraulic properties of granular filter media and their
impact on stormwater pollutant removal efficiency. The developed model can assist in the design and
optimisation of stormwater treatment systems by predicting the performance of different filter media
materials, allowing for informed decision-making and improved system functionality.
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ABSTRACT
Introduction

Metropolitan regions and their environs comprise a dense gathering of inhabitants, infrastructure, and
economic pursuits that demand significant resources and consequently, impose a severe strain on the
environment. The process of urbanization, which is a significant contributor to climate change and
pollution, modifies both living and non-living characteristics of ecosystems in and around urban areas, as
well as those located far away from them (Grimm et al., 2008). The majority of people in the world live in
cities. Currently, 74% of the European population resides in urban areas, and it is expected that this
proportion will reach 80% by 2050 (according to AEMA in 2019). According to a recent evaluation of the
Directive on Urban Wastewater Treatment, discharges of stormwater and overflows from combined sewer
systems account for around 60% of the preventable organic pollution that is discharged into water bodies
(Pistochi et al., 2019).

In environmental terms, one of the most critical and current challenges faced by entities responsible for
managing stormwater is the issue of plastic pollution, particularly concerning microplastics (MPs), which
are plastic particles measuring less than 5 mm. The pollution caused by MPs is one of the most pressing
global environmental concerns, causing harm to ecosystems and reducing the services they provide to
society. This is why the search for solutions to prevent their release into the environment and their
degradation is crucial to address this issue.

Current urban areas are characterized by a high proportion of impermeable surfaces. As a result, during
rainy periods, a large volume of surface runoff is generated, which flows towards the sanitation systems,
many of which are combined. During particularly heavy rain periods, there is a high probability of
combined sewer overflow (CSO). The discharge of CSO has an extremely adverse effect on the receiving
environments. This is because they release mixtures of wastewater and stormwater, which can lead to
problems of anoxia and eutrophication in the receiving water bodies, as well as the accumulation of debris
(such as wipes, paper, and plastic) from both domestic wastewater and street litter. That is why new
approaches are needed, such as nature-based solutions, to create new infrastructure that is
multifunctional and provides multiple values, such as Sustainable Urban Drainage Systems (SUDS). SUDS
have the ability to assist in managing flood risk and water quality. In addition, they can improve biodiversity
and the livability of the urban environment (Raymond et al., 2017).

One of the main objectives of the research presented here is to analyze the long-term performance of
mature SUDS in retaining MPs, from a hydrological and environmental perspective.

So far, much of the scientific research has been focused on evaluating the effectiveness of urban
wastewater treatment plants (WWTPs) in removing MPs and examining the fate of MPs throughout the
various stages and components of WWTPs. However, there is limited research on runoff and nature-based
solutions, such as SUDS, which can prevent the release of MPs into the environment. To date, only a few
urban wetlands and bioretention systems for stormwater management have been evaluated and have
demonstrated their ability to retain MPs (Mbachu et al., 2022).

In this case of study, vegetated swales will be specifically studied, which is a particular SUDS technology
that consist of channels that are designed to store and/or transport surface water. They can be constructed
to allow infiltration in suitable conditions. Their design should facilitate slow water flow, which aids in the
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settling of suspended particles in stormwater runoff, leading to effective removal of pollutants. Swales
along roadsides can be used instead of conventional drainage pipes and gullies (Woods-Ballard et al. 2015).

The purpose of this study is to examine the ability of mature vegetated swales, to remove MPs from urban
runoff. To accomplish this task, two systems constructed over a decade ago in the municipality of Xativa,
in the province of Valencia (Spain), will be evaluated (see Fig. 1).

Figure 13 Current state of the vegetated swales under study. Left: North Roadway swale, right: Sport Area swale

Methodology and results

Soil and vegetation samples are being collected at various points of the infrastructure that are covered
with vegetation in the areas alongside the road. They are then being examined to determine the quantity
of MPs present. The information obtained will be used to assess the total amount of MPs that have
accumulated in the infrastructure since its construction. The results distinguish between microplastics
(MPs), particles smaller than 5 mm, mesoplastics (MEPs) (Fig. 3), particles ranging from 5 to 25 mm, and
macroplastics (MAPs) (Fig. 2), all the large plastics found in different locations. Additionally, water samples
that are representative of the inflow and outflow of the systems during different rain events will be
collected. This will allow describing the behavior of water under these specific circumstances and
comparing it to the findings on plastics in other studies of urban runoff.

Figure 3 Mesoplastics collected in soil samples from the swales were isolated in glass jars for analysis (left).
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Microplastics were observed under a microscope in the soil samples: plastic fibers (center) and transparent
particles (right)

Tables 1 and 2 present the results obtained regarding the analysis of MAPs, MEPs and MPs, respectively,
found in soil samples.

Table 6 Macroplastics and mesoplastics identified at each sampling point in the studied vegetated roadside swales.
MEPs expressed as MPs per kilogram of dry soil weight
Sample MAPs Total MAP/m2 MEPs/kg dw

SAl 27 4.5 8.50

SA2 27 4.5 200.83

SA3 65 5.2 20.38

NR1 20 6.67 11.81

NR2 116 38.67 22.24

NR3 10 3.33 343.17
Macroplastic by type in vegetated swales 1,13

= Packaging

Foam packaging

Tetrabrick
1,51
Can
= Polystyrene 0,75
= Bottles

m Other plastic

Figure 4 Total macroplastics found by type in both vegetated swales

In this case, two different vegetated swales were studied, one located inside a sports complex named Sport
Area (SA), and the other one located adjacent to a major road in the area, designated as North Roadway
(NR) (see Fig. 1). At both sampling points, different areas within the swale were identified, including an
initial area (point 1) located at the top, an intermediate area (point 2), and a final area (point 3) located
near the outlet chambers for both SUDS. One noteworthy point is the intermediate area (point 2) of the
NR ditch, which is located next to a unique element installed in the ditch, a discontinuous wall designed to
allow pedestrian access and to create a backwater for the water flow. The gaps in the wall allow water to
flow through, but the walls themselves act as significant plastic retention structures, as evidenced by the
large number of MAPs collected at this sampling point (see central image in Figure 2). Furthermore, point
3 of the SA swale, located at the end of the swale's own pipeline and where a retention pool is formed
before entering the final chamber, has a much larger collection surface for plastics, making it a potentially
significant retention point for them.

Regarding the overall percentages of MAPs found, the presence of packaging stands out as the main
category, representing 72.5% of the total samples (see Fig. 4), while bottles constitute a significant 12.5%
of the total. These findings are consistent with global plastic production data, which indicate that 44% of
plastic production is intended for packaging, being the largest category of production, followed by plastics
used in construction and building, which represent 18% of production and may also be contributing to the
category of wrappers found in the samples (PlasticsEurope, 2021).
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Table 2 Microplastics found in the various sampled soil points of the studied vegetated ditches and expressed as
MPs per kilogram of dry soil weight

Sample Fibers Films Particles MPs/kg dw

SAl 10 0 15 4533.62
SA2 10 20 4 7412.45
SA3 16 1 1 3545.34
NR1 5 3 9 3218.82
NR2 6 2 4 2300.49
NR3 10 2 4 3147.25

As shown in Table 2, it can be observed that fibers are the most commonly found shape among all samples.
This could be attributed to their greater mobility when exposed to environmental agents such as wind or
water flow within the roadside ditches. Additionally, there is no direct relationship observed between
MAPs and MPs, as a considerable amount of time may elapse in the plastic cycle before macroplastics
become microplastics. The most contaminated soil was found in the vegetated swale of the Sports Area,
which was expected to have lower concentrations given that it is an area less exposed to traffic and also
enclosed by a fence facing the street. It is worth noting that many of the MAPs found in the vegetated
swale of North Roadway, particularly in zone 2, came directly from construction worksites adjacent to the
ditch (i.e., cement bags, paint cans, construction product containers).

Conclusion

The initial results of this study highlight the importance of the problem associated with the presence of
microplastics in urban runoff. A significant amount of these contaminants has been observed in SUDS
infrastructure built more than ten years ago, indicating that urban runoff is a significant source of
microplastics. The next steps of the research will focus on assessing the potential of these nature-based
solutions to retain and biodegrade microplastics, with the ultimate goal of preventing their progression
towards receiving bodies.
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ABSTRACT

Circular economy entails gradually decoupling economic activity from the consumption of finite resources
and environmental degradation. It replaces the end-of-life concept with restoration, eliminates the use of
toxic chemicals that impair reuse and return to the biosphere, and aims to eliminate waste through
superior design—of materials, products, systems, and business models. Through the transition to
renewable energy sources and a more sustainable use of biodiversity and ecosystems, the circular model
builds economic, natural, and social capital.

Operating within the context of circular economy principles adopted by the European Union, the water
industry in Greece, as well as in entire Europe, faces a time of change. Operation shifts to impoved quality
for drinking water and wastewater discharges leading to enhanced environmental protection , a focus on
emerging pollutants and a risk-based approach to minimize treatment requirements, to the reduction of
waste and the preservation of finite resources through treated wastewater and municipal sludge reuse
and nutrient recovery from wastewater, energy neutrality and GHG monitoring and reduction . At the
same time water companies should show operational resilience, transparency and accountability,
minimize costs and resources use through leakage assessment and reduction and energy consumption
minimization while cost recovery becomes a prerequisite for funding and operational competence.

The legal framework comprising the new EU Directive 2020/2184 on the quality of water for human
consumption, EU Regulation 2020/741 on the minimum requirements for water reuse , the revision of EU
Directive 91/271 which is underway and the new JMD on the use of sewage sludge in agriculture and
landscape restoration sets new challenges for the water industry in line with circular economy principles.
The National Climatic law requires yearly energy and GHG emission audits and a 30% reduction for GHG
emissions between 2019-2030 for WWTP’s over 100,000 p.e. Directive 91/271 on urban wasterwater
treatmentisin the last stages of revision, demanding wastewater treatment for all settlements over 1,000
p.e, introducing limit values for micropollutants in treated wastewater, quaternary treatment for large
WWTP’s, very strict limit values for nutrient discharges, and setting new goals for WWTP’S energy
neutrality by 2040, sludge and water reuse and urban runoff management. Risk assessment and
management is introduced in the entire water cycle comprising the water resources catchement area, the
water distribution network and the wastewater and sludge reuse, in an effort to minimize waste and
pollution, while optimizing energy consumption through treatment reduction, and preserving and
enhancing the natural capital of water.

New circular economy practices are incorporated in water companies investments , such as energy
upgrades , leakage reduction, renewable energy production (mainly solar) , smart water metering and
nutrient recovery. While large scale water reuse is still very limited in Greece a substantial number of
projects of WWTP’s upgrades for water reuse are under development . Direct sludge reuse in agriculture
and co-composting is estimated to be about 20% of total sludge produced , sludge reuse in the cement
industry corresponds to about 40% of total sludge produced in Greece while electricity production from
anaerobic sludge treatment (biogas) is practiced in a few large WWTP’s. Multiple tertiary treatment
projects producing water suitable for irrigation with substantial energy reduction or net zero energy as a
prerequisite for funding are under development, while 40.000 MWh/year energy saving projects through
renewable energy sources and energy efficiency measures and 19 municipal mainly solar sludge drying
projects amounting to about 30% of the total sludge produced, are in progress, financed by national and
European funds (R.R.F., A.Tritsis, Filodimos funds).
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In the WWTP of Chania, 15% of the energy consumption is covered by electricity produced from sludge
anaerobic digestion biogas, with a target of increasing renewable energy production through the
installation of photovoltaic stations of 600 KW by 2025. Towards finding a sustainable and cost-effective
solution to the longstanding issue of sludge management, D.E.Y.A.Ch. partnered with the Technical
University of Crete in a joint research project that is currently ongoing. The project is funded by the Green
Fund of Greece and deals with the pilot testing the green technology of Constructed Wetlands for sludge
dewatering to determine the efficiency, optimize the technical parameters and demonstrate the
environmental and financial benefits of this sustainable nature-based solution.
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ABSTRACT

Research on the occurrence of pollutants in the human environment, in particular the search for sources
of their emission, is considered one of the most important issues undertaken as part of protecting and
improving the quality of human life (Ren et al., Jahangir et al., Arslan et al, Graga). Sustainable socio-
economic development can be achieved only if effective methods of their elimination are developed,
ensuring the preservation of public health (Warren-Vega et al., Jayaswal et al., Halder and Islam). One of
the greatest challenges in this regard is the constantly deteriorating quality and available resources of
water in the environment (Akhtar et al., Khati et al., Shahabudin and Musa). In order to stop the
deteriorating quality of water and increase access to water of appropriate quality, it is necessary to obtain
current and up-to-date information on the state of the environment. Implementation of new observation
methods and tools supporting monitoring and assessment of the condition of aquatic ecosystems must be
preceded by accurate and reliable identification of sources of pollution. Only such a sequence of actions
will ensure effective achievement of the objectives imposed on Poland by the Water Framework Directive
(Directive 2000/60/EC).

The problems related to water resources and deficiencies in water management may become a serious
obstacle to the socio-economic development, and the need to adapt urban areas to climate change, taking
into account the construction of sustainable systems for the management of rain and snowmelt water,
seems to be one of the greatest challenges for the community in the coming years.

The traditional approach to the problem of rainwater management is based on the principle of rapid
capture and discharge through rainwater or combined sewer systems to surface waters. Such a solution
brings many negative phenomena, both for the drained areas and for the recipients. Cities and
metropolitan areas have problems with overloading of drainage systems. As a result of sealed surfaces in
urban centers and partly as a result of climate change (including an increase in the frequency and
magnitude of heavy rains), the capacity of many combined systems is exceeded. During heavy rains,
numerous overflows from the wastewater system occur, as well as activation of rainwater overflows.
These overflows occur more frequently than is allowed by law. In areas with traditional storm sewer
systems, localized lowering of the water table and excessive drying of the soil occurs. As a result of this
phenomenon, there is a local increase in temperature and drying of the air in cities, which has a very
negative impact on the health and well-being of the population. The inadequate management of rainwater
has a significant impact on the ecological balance, the disappearance of sensitive vegetation and the
alteration of soil structure. Traditional sewage systems are increasingly unable to absorb excessive
amounts of rainwater due to ongoing urbanization, resulting in flooding of areas and buildings and
impeding communications. These problems give rise to an economic problem resulting from the need to
reserve a considerable capacity of sewerage networks, which imposes very high investment costs, both in
the design of new networks and in the maintenance of existing ones.

Rainwater and meltwater are unfortunately wasted in modern environmental engineering by immediate
discharge into receiving waters, although they represent a valuable and free water resource that can be
successfully used for many different purposes.
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In order to limit the adverse phenomena associated with the discharge of rainwater, new alternative
methods of its management are being sought worldwide. The best solution is the retention and reuse of
water as close as possible to the place of precipitation. Such an approach is also a response to the
challenges of piped water supply. It is possible to replace a certain amount of tap water with rainwater
stored and used on site, thus reducing the demand for tap water.

The aim of the undertaken study presented in this paper was the expanded assessment the rainwater
quality in terms of its use in swimming pools. The study is guided by the idea of improving the quality of
life of people through the development of environmentally friendly technologies.

Environmental samples for analysis were collected from different locations in Poland and were subjected
to non-target NTA chromatographic analysis. The identification of micropollutants present in rainwater
was carried out by comparing the obtained spectra with reference spectra from the commercial NIST v.17
database. Then, the samples were subjected to a qualitative TA (Target Analysis), i.e. the presence of
selected micropollutants from among the most frequently identified previously were confirmed by
injection of a standard of a given compound. Due to the lack of reference methods for the determination
of organic micropollutants in the aquatic environment, the authors have developed their own procedure
in this regard, which includes preparation of a sample for analysis using Solid Phase Extraction Extraction
(SPE) and chromatographic analysis carried out using the gas chromatography technique. The developed
analytical procedure was validated by determination the linearity of the detector response and the
precision and repeatability of the analyses, in detail described in own work Lempart et al. The compounds
most commonly identified in testes rainwater samples are presented in Table 1.

Table 1. Frequency of organic micropollutant occurrence in tested rainwater samples

Frequency
Compound name of occurrence
in rainwater samples, %
Pentanoic acid 86
Butanoic acid 88
Neodecanoic acid 40
5-tert-butylpyrogallol 58
2,6-dimethoxy-phenol 36
Diisobutyl phthalate 100
Dibutyl phthalate 88
Hexadecane 100
Nonadecane 98
Octadecane 100
Tetradecane 96
Galaxolide 74
Versalide 70
Benzo(a)pyrene 20
Naphthalene 36
Anthracene 10

The conducted research confirmed the hypothesis that there are organic micropollutants present
in rainwater not described yet by the available literature data. It has been shown that the quality of
rainwater does not allow for its direct use in the swimming pool system, it is required to be pre-treated.
The direction of further research by the authors will concern the development of an innovative method of
rainwater treatment, which will enable its safe recycling in swimming pool environment.
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ABSTRACT

In the context of circular economy, the recycling of water increases in importance. However, a multitude
of unwanted, harmful substances may be recycled together with recycling water. This poses a potential
safety threat for users and consumers of the recycled water. At the example of 26 Swiss wastewater
treatment plants (WWTP), we tested the novel planar Yeast Estrogen Screen, an effect-based bioassay. In
22 of the 26 WWTPs, estrogenic activity was detected. In several cases, up to six different estrogenically
active responses were found. We consider this approach may become a key-element of a future early
warning system for the quality assessment of recycled water.

INTRODUCTION

Effect-based analysis (EBA) is emerging as a crucial element in water quality monitoring, complementing
traditional chemical analysis methods. EBA methods are using bioassays which are measuring the
biological response of organisms exposed to potentially contaminated samples. The application of EBA to
water samples is a promising element that acts as early-warning method for water pollution risks.

A key advantage of EBA is its potential to detect critical substances, or critical metabolites of harmless
substances, without the need to know the trigger chemicals. The Yeast Estrogen Screen YES (Routledge &
Sumpter 1995, McDonnell et al. 1991)), for example, relies on genetically modified yeast cells that bear
with them the human estrogen receptor. If an estrogenic substance gets in contact with this estrogen
receptor, a cascade of reactions triggers a response.

The novel planar-YES, which has been co-developed by ZHAW, combines a) the sample separation using
thin-layer chromatography (TLC) with b) the YES bioassay (Schoenborn & Grimmer, 2013; Spira et al.
(2013), Schoenborn et al., 2017). The sensitivity of the planar-YES is ca. 100x more sensitive than the
current standardized YES (Bergman et al., 2020).

The results presented here, were collected in a field study focused on estrogenic activity in treated
wastewater. The aim was to demonstrate the potential of the planar-YES bioassay for a holistic the
assessment of estrogenic activity in water samples.

EXPERIMENTAL SETUP

The aim of the field study was to profile estrogenic activity in treated wastewater and explore possible
typification. For this, 42 wastewater samples (24-hour composite samples) were collected from 26
different wastewater treatment plants (WWTP) in the Swiss Cantons of Zurich and Thurgau, in 2016. The
unfiltered samples were concentrated 138-fold by using liquid-liquid extraction, and then analysed on
estrogenic activity (EA), by using the planar Yeast Estrogen Screen (YES) bioassay (Schoenborn et al. 2017).
The planar-YES was conducted on normal-phase high-performance thin-layer chromatography (HPTLC)
plates. The results were expressed as equivalents of 17-beta-estradiol (EEQ).

RESULTS AND DISCUSSION

In 22 of the 26 WWTP at least one EA-zone was detected. Some samples showed up to 6 different EA-
zones. The profiles were assigned to four distinct general types of profiles. Based on known Rf-values,
most of the EA-zones were attributed to 17-beta-estradiol (E2), 17-alpha-ethinylestradiol (EE2) and
estrone (E1). However, also four active EA-zones with hitherto unknown Rf-values origin were found in
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the WWTP outlets. The highest single EEQ value found was 1.6 ng/l EEQ, while the highest sum of all
detected EEQ values was 2.6 ng/l EEQ. This EEQ concentration is several times higher than the proposed
chronic quality standard for E2 of 0.4 ng/I (Ecotox Center, undated).

Some EA-profiles were found to be stable on two consecutive days, while others varied from day to day.
The reasons for these variations were unknown. The profiles were assumed to be related to the size of the
WWTP and their catchment. We were also able to show that the planar-YES can be useful for assessing the
effectiveness the fourth treatment stage of WWTPs, which it is currently implemented in Swiss WWTPs.

CONCLUSION

This study shows that the planar-YES is a relatively simple and sensitive tool to screen unknown water
samples on estrogenic activity and get some clues about its possible origin. The procedure that was used
in this study can also easily be extended to other types of water, such as greywater, irrigation water, or
recycled process water, e.g., from industry. It can also be used for assessing technologies used for
removing microcontaminants from wastewater, thus assisting technology development. Last, but not
least, planar bioassays can also be performed with other toxicological endpoints, e.g., genotoxicity with
the umuC bioassay (e.g., Riegraf et al. 2021), with the Yeast Androgen Screen (YAS) or other bioassays.
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ABSTRACT

Reusing greywater as an alternative water source is gaining traction amid increasing water stress around
the world. The objective of this case study was to investigate a horizontal flow constructed wetland (HFCW)
greywater treatment system installed at a residential building in Zurich, Switzerland, which is designed to
reuse the treated greywater for toilet flushing. The system was evaluated based on the treatment
efficiency of the HFCW and the water quality of the treated greywater; the potential water, energy and
financial savings; as well as the user acceptability of reusing treated greywater for toilet flushing and
garden irrigation. The HFCW showed acceptable removal efficiencies for COD (93.8%), TOC (78.9%), PO,
(74.4%), turbidity (76.6%), NH4 (76.8%), TN (46.9%), E. coli (LR 3.65), total Coliforms (LR 2.77), Enterococcus
(LR 3.29), Total Viable Count (LR 3.05) and P. aeruginosa (LR 3.50). However, the treated water effluent
did not consistently meet the water quality standards of the guidelines assessed. It is recommended that
the system be retrofitted with a sediment filter and disinfection step to improve the water quality.The
water balance showed that the system is capable of handling the water demand for toilet flushing and
irrigation. The specific energy consumption (5.21 kWh/m?3) was higher than values reported in the
literature. Through the evaluation of avoided costs for water and the costs for energy consumption, cost
savings could be determined. The results of the user acceptance study showed that 67% of the survey
respondents were satisfied with the greywater treatment system. Moreover, 100% of respondents were
in favor of using recycled greywater for toilet flushing and garden irrigation. The drawbacks experienced
most frequently by the users were deficient aesthetics of the water and staining of the toilet by sediment.

INTRODUCTION

Water stress is a reality in many parts of the world and this phenomenon is destined to worsen in the
coming years due to the effects of climate change as well as an expected increase in water demand
(Collivignarelli et al., 2020). Since greywater is produced on a daily basis, it represents a consistent source
for water collection. Therefore, there is a large potential to recycle and reuse this water. Currently, the
most commonly described application for greywater reuse in the literature is for toilet/urinal flushing (De
Gisi et al., 2016; Zhu et al., 2018), which can achieve a reduction in water demand of between 10-30%
(Friedler et al., 2005). However, water reuse for toilet flushing has also been associated with negative
feedback, such as undesired odor and color (Narasimhan et al., 2006) as well as potential health risks
resulting from microbial regrowth (Jjemba et al., 2010). This negative feedback also plays a role in the
public acceptance of greywater reuse, as the level of satisfaction regarding greywater recycling systems
has been found to be related to the performance of the system (Doménech & Sauri, 2010).

MATERIALS AND METHODS

Following chemical and physical water parameters were measured on-site with a portable multimeter and
turbidimeter (Hach Lange): dissolved oxygen (DO), electrical conductivity (EC), potential hydrogen (pH),
temperature and turbidity. The chemical oxygen demand (COD), phosphate (PO4), ammonium (NHa),
nitrite (NO3), and nitrate (NOs) were analyzed in the lab using a spectrophotometer (Hach Lange). The
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total nitrogen (TN) and total organic carbon (TOC) were measured with the TOC-L/TNM-L analyzer
(Shimadzu). For the total suspended solids (TSS) a standard gravimetric procedure (APHA, 2005) was used
for analysis. The total viable count, E.coli, total coliforms, and Enterococcus were analyzed using a sterile
filtration technique and CompactDry plates (NISSUI), and for the P.aeruginosa analysis, the samples were
directly spread onto Agar plates (Biomérieux). The plates were incubated for 24 hours at 35°C. Finally,
Legionella spp. in the greywater and treated water were also analyzed by an external laboratory twice
during the sampling period. The sampling took place between the months of January and May 2023.

At present, there are no guidelines for the reuse of greywater at an international level, nor does
Switzerland have a national guideline (Greywater [Factsheet], 2021). Instead, the treated water was
compared to the Swiss Ordinance on Drinking and Bathing Water (TBDV, 2016), the Swiss Waters
Protection Ordinance (WPO, 1998), and a selection of guidelines for greywater reuse from other countries.

For the water balance, the theoretical consumption of treated water for toilet flushing and irrigation was
calculated based on the percentage distribution of water consumption of an average Swiss household
(Greywater [Factsheet], 2021) using the actual total consumption of drinking water in the case study
house. The amount of greywater produced was measured. Additionally, daily precipitation and
evapotranspiration data was obtained from the MeteoSwiss data portal for teaching and research (IDAweb
- MeteoSwiss).

For the energy balance, the electrical current of the system’s components was measured from the fuse
box using the FLUKE 1738 Three-Phase Power Quality Logger over a period of two weeks. The energy
consumption was then calculated using the average current.

For the cost evaluation of the HFCW system, the avoided costs of the treated water that could be reused
for toilet flushing and irrigation and the costs for the energy consumption of the system were taken into
account.

To assess the user acceptance, an online survey was developed and sent to the inhabitants at the case
study house (N=17) by email. The survey was composed as a quantitative assessment, including 2
comprehension questions, 15 Likert scale questions (Likert, 1932), and 2 frequency questions.

RESULTS AND DISCUSSION

The highest mean removal efficiency was found for COD (93.8%), followed by TOC (78.9%), PO. (74.4%),
turbidity (76.6%), NH4 (76.8%) and TSS (63.4%). TN showed the lowest mean removal efficiency (46.9%).
These removal efficiencies are comparable to other literature values, except for TSS, which was lower than
in other HFCW case studies (Vymazal, 2002). The mean removal efficiency for all microbiological
parameters was above 2 log reduction, thus indicating removal efficiencies of 99% or higher. These results
are also within the same range of removal efficiencies reported in a review paper, however, the total
number of microbes in both the greywater influent and the treated water effluent were significantly higher
for this case study than those for other HFCW systems (Arden & Ma, 2018).

The treated water effluent did not consistently meet the water quality standards of the guidelines assessed
in this thesis. It is highly recommended that a disinfection be added to the system for future use, as is
suggested by various sources for reuse of greywater for domestic purposes, in order to limit the risks of
pathogens (EPA, 2004; Health Canada, 2010; PUB, 2014; WHO, 2006). Additionally, a sediment filter could
reduce the level of turbidity and suspended solids in the system.
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The greywater production was measured at 768 L/d and a theoretical consumption of treated water was
calculated to be 575 L/d. This indicates that the system operates with a water surplus. Since, the
production of greywater as well as the consumption of the treated water depends on the living habits of
the inhabitants (Li et al., 2009), these values may fluctuate, however, the water balance showed that the
HFCW system is capable of handling the water demand for toilet flushing and irrigation for this case study.
The SEC of the HFCW system was calculated to be 5.21 kWh/m3. Compared to a literature value of 0.16
kWh/m3 for aerated subsurface flow wetlands (Kadlec & Wallace, 2008), the energy consumption intensity
of the case study is much higher. Finally, financial savings of 453.46 CHF/year were calculated. This is
achieved through the operational costs for the energy consumption being lower than the costs that were
avoided through the reuse of treated water. Labour costs for maintenance work was not included in the
calculation.

In the user acceptance study, it was found that the drawbacks that were experienced most frequently with
the system were “deficient water aesthetics” and “staining of the toilet by sediment” (see Figure 1).
However, there does not seem to be a concern from the inhabitants regarding health risks. This could be
due to the relatively low level of human contact when using the recycled greywater for toilet flushing
(Dolnicar & Schafer, 2009). When asked about potential uses of recycled greywater the respondents would
find acceptable, “toilet flushing in own household” and “garden irrigation” both received 100% “very
acceptable” responses. This indicates that the inhabitants agree with the scope of the greywater reuse in
their own house. Additionally, it seems that the closer the recycled greywater were to get to human
contact (such as showering, cooking, and potable use), the less favourable the opinions on reuse become.
This is in line with results from previous studies (Dolnicar & Schafer, 2009). The overall level of satisfaction
with the system was higher (66.7%) than the level of dissatisfaction (33.3%).
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Figure 14: Drawbacks of the case study HFCW greywater treatment system experienced by users

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



Acknowledgements
Acknowledgements go to VBAU Architektur AG and alchemia-nova GmbH for being the project partners
for this thesis. The work was funded by VBAU Architektur AG.

References

APHA. (2005). Standard Methods for the Examination of Water and Waste Water (Method 2540 D; 21st
Edition).

Arden, S., & Ma, X. (2018). Constructed wetlands for greywater recycle and reuse: A review. Science of The
Total Environment, 630, 587-599. https://doi.org/10.1016/j.scitotenv.2018.02.218

Collivignarelli, M. C., Carnevale Miino, M., Gomez, F. H., Torretta, V., Rada, E. C., & Sorlini, S. (2020).
Horizontal Flow Constructed Wetland for Greywater Treatment and Reuse: An Experimental Case. International
Journal of Environmental Research and Public Health, 17(7), Article 7. https://doi.org/10.3390/ijerph17072317

De Gisi, S., Casella, P., Notarnicola, M., & Farina, R. (2016). Grey water in buildings: A mini-review of
guidelines, technologies and case studies. Civil Engineering and Environmental Systems, 33(1), 35-54.
https://doi.org/10.1080/10286608.2015.1124868

Dolnicar, S., & Schéfer, A. I. (2009). Desalinated versus recycled water: Public perceptions and profiles of the
accepters. Journal of Environmental Management, 90(2), 888—900. https://doi.org/10.1016/j.jenvman.2008.02.003

Domenech, L., & Sauri, D. (2010). Socio-technical transitions in water scarcity contexts: Public acceptance of
greywater reuse technologies in the Metropolitan Area of Barcelona. Resources, Conservation and Recycling, 55(1),
53-62. https://doi.org/10.1016/j.resconrec.2010.07.001

Verordnung des EDI vom 16. Dezember 2016 Uber Trinkwasser sowie Wasser in 6ffentlich zuganglichen
Badern und Duschanlagen (TBDV), 817.022.11 SR (2016). https://www.fedlex.admin.ch/eli/cc/2017/153/de

EPA. (2004). Guidelines for Water Reuse. U.S. Environmental Protection Agency.

Friedler, E., Kovalio, R., & Galil, N. I. (2005). On-site greywater treatment and reuse in multi-storey buildings.
Water Science and Technology, 51(10), 187—-194. https://doi.org/10.2166/wst.2005.0366

Greywater [Factsheet] (p. 4). (2021). Eawag.
https://www.eawag.ch/fileadmin/Domain1/Beratung/Beratung_Wissenstransfer/Publ_Praxis/Factsheets/fs_greyw
ater_0221.pdf

Health Canada. (2010). Canadian Guidelines for Domestic Reclaimed Water for Use in Toilet and Urinal
Flushing (p. 54). Federal-Provincial-Territorial Committee on Health and the Environment.

ISO, I. O. for S. (2007). Microbiology of food and animal feeding stuffs—General requirements and guidance
for microbiological examinations (ISO/FDIS 7218:2007). https://www.iso.org/standard/36534.html

Jjemba, P. K., Weinrich, L. A., Cheng, W., Giraldo, E., & Lechevallier, M. W. (2010). Regrowth of potential
opportunistic pathogens and algae in reclaimed-water distribution systems. Applied and Environmental
Microbiology, 76(13), 4169-4178. https://doi.org/10.1128/AEM.03147-09

Kadlec, R. H., & Wallace, S. (2008). Treatment Wetlands (2nd ed.). CRC Press.

Li, F., Wichmann, K., & Otterpohl, R. (2009). Review of the technological approaches for grey water treatment
and reuses. Science of The Total Environment, 407(11), 3439-3449. https://doi.org/10.1016/j.scitotenv.2009.02.004

Likert, R. (1932). A technique for the measurement of attitudes. Archives of Psychology, 22 140, 55-55.

MeteoSwiss, F. O. of M. and C. (n.d.). Data portal for teaching and research (IDAweb). Retrieved 1 June 2023,
from https://www.meteoschweiz.admin.ch/service-und-publikationen/service/wetter-und-
klimaprodukte/datenportal-fuer-lehre-und-forschung.html

Narasimhan, R., Brereton, J., Abbaszadegan, M., Ryu, H., Butterfield, P., Thompson, K., & Werth, H. (2006).
Characterizing Microbial Water Quality in Reclaimed Water Distribution Systems (p. 321). AWWA Research
Foundation.

PUB. (2014). Technical Guide for Greywater Recycling System (1st Edition; p. 32). Singapore’s National Water
Agency. https://www.pub.gov.sg/Documents/greywaterTech.pdf

Waters Protection Ordinance of 28 October 1998 (WPQ), 814.201 SR § Annex 3 (1998).
https://www.fedlex.admin.ch/eli/cc/1998/2863_2863_2863/en

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



r
=

A

Vymazal, J. (2002). The use of sub-surface constructed wetlands for wastewater treatment in the Czech
Republic: 10 years experience. Ecological Engineering, 18(5), 633—646. https://doi.org/10.1016/50925-
8574(02)00025-3

WHO. (2006). Overview of greywater management health considerations (p. 49). World Health Organization,
Regional Office for the Eastern Mediterranean.
https://apps.who.int/iris/bitstream/handle/10665/116516/dsa1203.pdf?sequence=1&isAllowed=y

Zhu, J., Wagner, M., Cornel, P., Chen, H., & Dai, X. (2018). Feasibility of on-site grey-water reuse for toilet
flushing in China. Journal of Water Reuse and Desalination, 8(1), 1-13. https://doi.org/10.2166/wrd.2016.086

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



Session B1: Resource recovery and reuse from waste

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



Development of a Beach Management Technology Solution to Monitor and
Mitigate Plastic Marine Littering

George Plakas'*, Stavros Ponis?, Eleni Aretoulakil, Dimitra Tzanetou?, Antonios Kitsantas

"Operations Research and Logistics Laboratory, School of Mechanical Engineering, National Technical University of
Athens, Athens, Greece

*Corresponding author: plakasg@mail.ntua.gr

Keywords: Plastic marine littering, Circular economy, Unmanned Vehicles, Wireless sensors,
Gamification, Behavioral change

ABSTRACT

Plastic marine pollution has emerged as a major concern worldwide, as millions of tons of end up in the
oceans every year, causing environmental, economic, health, and aesthetic issues. Plastics’ durability is
their downfall when it comes to marine littering, as the material can persist in the environment for
hundreds of years, slowly breaking down into smaller fragments known as microplastics (Gallo et al., 2018).
As a result, their increasing production volume supplied to the global economy is a major cause of marine
pollution (Geyer, 2020). Part of the plastic marine pollution comes from fishing and other maritime
activities or illegal dumping at sea, but about 80% comes from land-based sources (Li et al, 2016), mainly
due to improper waste management practices. As a result, millions of tons of plastic that could become
valuable secondary raw materials, end up polluting the beaches, causing immense and long-term damage.
Lau et al. (2020) estimate that, even if immediate and coordinated actions take place, 710 million tons of
plastic waste will cumulatively enter marine ecosystems between 2016 and 2040, while Lebreton and
Andrady (2019) developed scenarios that suggest that the way litter is generated and managed has to be
changed completely, in order to for this issue to be resolved. To combat the problem effectively, a range
of mitigation strategies and policies have been proposed and implemented, including waste management
improvements, recycling initiatives, education and awareness campaigns, and policy interventions
(Ogunola et al., 2018). Additionally, advancements in technology provide promising avenues to that end.

The research project presented in this paper aspires to mitigate the repercussions of marine pollution, by
providing an engaging and gamified learning experience to the people that visit beaches for recreational
activities. The GOLDEN SEAL project develops an integrated technology solution that incorporates
numerous new technologies, in order to form an ecosystem dedicated to the monitoring and eliminating
of the plastic marine pollution. The data collected by the project’s subsystems are used for the
development of a serious game, in which the beaches compete with each other, and the game aspires to
raise awareness and engage citizens and tourists in cleaning and recycling activities, in order to assist beach
operators to keep their areas clean of plastic debris. To that aim, the project’s final product is a platform
that combines the collected data into a gamified application and inspires individuals to shift their
behaviour towards safe disposal of plastic debris and marine environment conservation.

The solution’s integrated management methodology is built based on the above-mentioned data that are
collected by unmanned vehicles, imaging and environmental sensors and smart bins located in the beach.
The data is transferred in the project’s specialized web platform, where it is filtered and analysed. The
most integral part of the technology solution is the set of unmanned vehicles, one aerial (UAV) and one
surface (USV). The vehicles are equipped with state-of-the-art imaging sensors and their daily task is to
monitor the beaches participating in the programme. The images collected across the coastline by the two
vehicles, on the beach and underwater respectively, are uploaded to the platform, and by using image
recognition analysis software, the platform quantifies the plastic debris lying across the coastline every
day, in order to identify the littering status and the daily cleaning progress of each beach. Except, the
imaging sensors, UAV and USV are also equipped with environmental sensors which are part of a larger
Wireless Sensor Network (WSN) based on Internet of Things (loT) technology that includes land-based and
underwater sensors. All environmental sensors collect data about all kinds of pollution (air quality, water
quality, noise levels etc.) and the results are utilized for the purposes of the project’s serious game to
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contribute to the participating beaches dynamic leaderboard. Lastly the overall system is also supported
by bins equipped with smart scales, located in the beach premises. This leads to the transformation of the
area’s waste management system into a system that quantifies the waste that is thrown out by the visitors,
both in regular bins and recycling bins.

Along with the use of the aforementioned technologies, which are located centrally within the framework
of the Fourth Industrial Revolution (Industry 4.0), the project introduces, as it is already mentioned, a
serious game through a mobile application, which is expected to play a cardinal role in the successful
outcome of the project. The design of the application serves the purpose of activating citizens through its
gamification elements, not only in preserving the marine ecosystem, but also in developing the habit of
recycling. Quantification of plastic debris through the imaging sensors and the ratio of the weight of
disposed recyclables in recycling bins to the weight of the total waste are used for the development of a
point system that leads to several leaderboards. The overall ranking of the game is also affected by the
measurements of the environmental sensors. The emphasis is placed on the definition of the gamification
methods and elements that are selected to increase user engagement and incentivize them to adopt
environmentally friendly attitudes.

Conclusively, GOLDEN SEAL project aims to raise awareness of citizens and tourists visiting beaches against
plastic marine pollution, in order to strengthen their recycling habits and prevent waste from entering the
marine environment. The need for comprehensive actions is pressing and the integration of scientific
research and technological advancements is essential for effectively addressing this global challenge.
Nonetheless it is important that every strategy trying to combat this issue should include communities and
individuals, as it is crucial to recognize that individual choices and responsible behaviour play a significant
role in combating the issue.
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ABSTRACT

Beach wrack, consisting of all sort of material washed ashore, is a natural phenomenon occurring on
beaches all over the world. Nevertheless, irrespective of being a natural component of beach ecosystems,
it has become a specific social problem for local authorities e.g. relating to touristic amenity of the beaches
(Hofmann & Banovec 2021). On the other hand, the material offers the chance to become a valuable
resource again (Chubarenko et al. 2020).

For sustainable use of the material, a number of obstacles must be overcome. Recently the material
gathered by beach management is mostly dumped as biowaste, creating substantial costs for the beach
resorts. The problems to be solved range from nature protection aspects via seasonality and composition
of material washed ashore to legal regulation issues — all together resulting in a complex mixture of
problems which local authorities hardly can deal with alone (Almqvist et al. 2021; Viik 2021). An EU-funded
project has tackled these problems in a concerted approach, which results will be presented here.

Starting with a short introduction into the drivers for beach management and the resulting problems, the
results of an investigation about technical, legal and economic aspects of recent approaches of inclusion
of beach wrack into circular economy schemes are presented. A number of ,case studies” were conducted
in the context of an EU-Interreg project (CONTRA). In these case studies, the feasibility of A) use of BW for
production of soil improvement products; B) use of BW for production of biochar, C) use of BW for
reduction of methane emmission by landfills, D) use of BW for coastal protection, E) use of BW for
production of biogas and F) potential of BW for nutrient reduction in coastal Sea areas were tested
(Chubarenko et al. 2021). In addition, the experiences with an already established technology for
extraction of phycocolloids from BW material will be presented here as well. Aside the well-established
use of parts of the material, which can solve the problem just under specific conditions, use for soil
improvement product has been shown to be very promising and became transferred to production lines.
Biochar-production also showed to offer a large potential, but seems to be limited to low-cost local
installations for economical reasons. Use of beach wrack for coastal protection measures as well as for
landfill cover also proved to be effective. However, both are single-use options which cannot solve the
problem in general. They are options that can and should be applied whenever there is a need for such.
The presentation will give an overview about pro and con of all options tested, highlighting the obstacles
where further research may provide solutions.
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ABSTRACT
Introduction to Urbanisation and Waste

Over the next few decades, the global urban population is expected to experience significant growth.
According to the United Nations, by 2045, the number of people living in urban areas will increase to 6
billion, which is 1.5 times higher than today. Such figures suggest that the material consumption by cities
will reach 90 billion tonnes by the end of the 2040s (United Nations Environment Programme, 2018). The
global proliferation of urbanisation presents a multitude of challenges in addressing the growing demands
(World Bank, 2020). As a response, the New Urban Agenda (NUA), announced in 2016 at Habitat Ill, calls
for an urban paradigm shift in planning, finance, development, governance, and city management.

A shift towards better waste management is one of the key aspects of sustainability in urban areas while
also crucial in protecting the environment. In the way we currently produce and consume, waste is
practically unavoidable. Human waste generation has reached unprecedented levels. Waste in cities has
widespread impacts, affecting various aspects such as water quality, flooding, public health, and the
perception of public space. Consequently, it is essential to transition from a mindset of waste generation
to one of waste minimization and waste reuse (Gutberlet, 2018).

A Shift Towards Circular Economy

By embracing the principles of the circular economy, cities can redefine their production and consumption
systems, promoting sustainability. Defined by the Ellen MacArthur Foundation (EMF), circular economy is
guided by three key principles: (1) designing out waste from the system, (2) keeping products and materials
in use, and (3) regenerating natural systems while focusing on closing resource loops. Additionally, the
recovery and restoration of products and materials are facilitated through practices such as reuse, repair,
remanufacturing, or recycling (EMF, 2019; Braungart & McDonough, 2002). Material flows in urban areas
are highly concentrated due to a multitude of activities, services, and processes taking place in close
proximity. Hence, incorporating innovations based on a circular economy at the urban scale is undoubtedly
needed if we want to shift towards a global systematic change.

Relationship Between the Maker Movement & Circular Economy

Cities embracing circular economy principles prioritise the reuse of materials and products as a central
element of their resource management strategies. According to the Ellen McArthur Foundation (2019), in
circular cities waste is minimised through waste-reducing design techniques in building, vehicle, and
product assembly. In addition, the focus is on decentralised, on-demand and on-site production. The
concept of on-site production is closely connected to the Maker Movement. The Maker Movement is a
grassroots innovation originating from communities engaged in DIY activities, aimed at creating or
repairing products. The movement revolves around ‘collaborative creation’ in shared spaces, fostering
community-driven innovation that addresses local needs (Seyfang and Smith, 2007). The Maker Movement
holds significant potential to foster circularity, especially within local contexts, by presenting alternative
manufacturing systems aligned with circular economy principles (Metta & Bachus, 2020). With a strong
emphasis on reuse and repair, the movement provides essential technologies, spaces, and knowledge to
facilitate these practices (University of Cambridge, 2020; Prendeville et al., 2017). Additionally, the Maker
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Movement can contribute to circularity by integrating various waste streams from production and
consumption activities throughout the city into their projects.

The H2020 Pop-Machina research focuses on the overlap between the Maker Movement and circular
economy approaches. Pop-Machina is a H2020 project funded by the European Union under the research
topic of “Demonstrating systemic urban development for circular and regenerative cities”. The project’s
goal is to foster a circular maker movement in urban areas to tackle socio-economic and environmental
challenges and reach sustainable development of urban areas (Bachus & Metta, 2020). Pop-Machina aims
to reach this goal by supporting and monitoring Circular Maker Communities (CMM) in seven pilot cities
including Leuven (Belgium), Thessaloniki and Piraeus (Greece), Kaunas (Lithuania), Venlo (The
Netherlands), Santander (Spain), and Istanbul (Turkey). The project focuses on collaborative production
for the circular economy with a community approach to understand the ecosystem of maker spaces and
contribute to their growth. It is based on three pillars of circularity & sustainability, urban planning, and
social inclusion to demonstrate how the maker movement can enable ‘redesign of production
infrastructure’ and what supporting technologies, policies, networks, etc. are needed (University of
Cambridge, 2020).

A Location-Based Resource Analysis Tool

This paper introduces a methodology to reach an estimation of waste generated based on the average
amount of waste produced by different activities and their spatial distribution around the city. This waste
is to be considered as material resources for the maker spaces. Makers can be aided in locating waste as
a material resource for local production, and this facilitation can be supported with the design of a digital
tool with spatial visualisation of waste production across the city. Following the urban analysis framework
of the Pop-Machina project, the tool developed addresses material access and city space in the context of
urban spatial information for advanced analysis tools. The aim of the tool methodology is to address the
following questions:

e Where is waste generated in the city?
* Who is responsible for the waste generation?
e How much waste is generated with a general estimation?

The method follows a data-driven approach based on available digital models and includes a bibliographic
study in order to set up a matrix for waste generation values based on typology and activity. The
methodology fits within the micro-scale (1:1000) analysis of Pop-Machina’s framework which is at the
scale of the neighbourhood to city. OpenStreetMap is used as a resource for base maps and to collect
geographical information of different activities around each pilot city.

The methodology for developing the location-based resource analysis tool includes 3 main steps. The first,
data collection and classification where the different typologies of waste and waste producers are
collected and classified. This is followed by data processing and mapping, whereby the typologies of the
activities are mapped in each city. To group the data points, a grid for spatial analysis is set up. The final
step is data analysis and visualisation. Through grid-scale maps, waste generation for each part of the city
is visualised in terms of typology of waste and for two main sectors of waste producers, namely households
and services. These steps will be further elaborated in the following paragraphs.

Data Collection and Classification:

To implement the methodology, two pieces of information are required. The first input, the location and
number of activities that produce waste, and the second, the amount of waste and its composition per
each activity. For the second input, two datasets are generated, Dataset X and Dataset Y. As there was
often a lack of data at the municipal level, data was also collected from international research.

The Dataset X is generated by extracting data points of activities from OpenStreetMap’s database,
including the locations and amount of activities that produce waste in the city. The research has been
focused on both the households and the service sectors. On one hand, the households’ data points are
collected by counting the number of residential buildings in the city, on the other hand, service sector data
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points are obtained by identifying the different kinds of activities existing in the city. To create
homogeneity among the cities, 250 kinds of activities were grouped into 6 main categories: Office,
Education, Restaurant, Hotel, Supermarket, Retail.

Dataset Y follows a bottom-up approach collecting data from the municipal to the international level. The
challenge: different waste typologies are studied depending on the geographical contexts and the object
of the study. Once again, to create homogeneity, the types of waste were grouped in nine main waste
typologies: Organic, Paper, Textile, Plastic, Glass, Metals, E-waste, Wood, and Mix.
This phase terminates with a table demonstrating the municipal solid waste compositions per sub-category
of services and waste’s typology in percentages.

Data Processing and Mapping:

With Dataset X and Dataset Y known, the data processing phase begins with understanding patterns in an
area of the city. A strategic grid is created to restructure the data points for analysis. The size of the grid is
customised depending on the city. For each cell, a quantification of activities is carried out as well as a total
impact score. Using the total impact score, the ratio of contribution of waste generation can then be
calculated - the normalisation ratio. Finally, the amount of waste for each cell can be calculated by
multiplying the normalisation ratio by the total amount of each waste typology by services or households
gathered in the data collection phase.

Data Analysis and Visualisation:

The results of this model visualise wastes’ origin and wastes’ producer. The final results of the input data
are two maps per waste category, one for households and one for the service industry. The resolution of
the map’s grid can vary based on the level of detail one wishes to obtain. However, to create comparable
maps, the scale showing the tonne of waste is maintained for each city.

The methodology has been applied to the seven pilot cities of Pop-Machina research: Leuven (Belgium),
Thessaloniki and Piraeus (Greece), Kaunas (Lithuania), Venlo (The Netherlands), Santander (Spain), and
Istanbul (Turkey). To demonstrate the implemented methodology, the case study of Leuven was used.

Results & Discussion

The main outcome achieved from the implementation of the methodology is a collection of maps that
shows waste’s origins and amounts in each city. The visualisations give a friendly and intuitive
representation of the collected data and can be useful as a basis for further analysis and discussion on city
waste management strategies. The results obtained, even though they are based on input data coming
from resources publicly available, are novel and enrich existing information on municipal solid waste and
will greatly benefit multiple stakeholders.

These maps provide maker spaces with useful information about materials that can potentially be reused
or recycled, as well as infrastructure planning for waste management to shape a new circular flow in the
city. For example, if makers have access to this kind of data, “waste” can be maintained within the circular
system, eliminating this waste from landfills, and providing a second, third or fourth life. By using the maps,
new locations can be identified for maker spaces and FablLabs that can bring makers closer to their
materials. Makers will easily be able to identify the kinds of materials in a specific location and create
contacts with the producers of this waste. Gaining access to local material considered waste, could also
help to reduce costs for the makers.

Not only can it have an impact on makers, it will also impact local authorities. At the municipality or
regional level, certain insights can be extrapolated that can then feed into city planning or governmental
initiatives. For example, being able to identify the location with the highest amount of waste may prompt
local initiatives to encourage recycling or reuse.

Conclusion

In summary, tools, such as the one developed by the POP-MACHINA project, can facilitate the process of
keeping materials within the circular economy loop, allowing for resources to be recovered and reused.
By mapping data in an understandable and visual way, more people can access and utilise the data which
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is often difficult to access or not communicated effectively. Encouraging makers to recover and reuse
materials becomes much easier with access to data.

Further improvements in the visualisation can be achieved by generating maps for each activity’s category
should a more detailed analysis per activity be necessary. Future research can be directed to the collection,
at municipal level, of actual data regarding the waste’s composition per each activity’s category. Using this
data instead of the ones currently used and collected from scientific papers at international level, would
allow a more accurate analysis of waste’s origins in the city.

Through research like that of POP-MACHINA, principles of circular economy can be implemented and have
an impact on the current waste strategies in our cities. Makers are a key stakeholder, with the creative
ability to give new life to materials that would otherwise end up in a landfill. However, they need the
information of where and what waste is produced. This paper demonstrates the importance of having
access to waste material data to transform the current flows of waste and communicating the data in an
effective and coherent manner.
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ABSTRACT

The oil industry is undergoing a transformational change driven by climate changes and decreasing social
acceptance in the last decade. More and more attention is being paid to the management of accompanied
waste streams, including formation water. The produced water is difficult to use beneficially due to its
complex composition but at the same time its high salinity presents an opportunity. An injection of
produced water into discharge wells can be preceded by the recovery of valuable chemical elements,
including lithium [Kumar et al., 2019]. The aim of this work is to show the main findings of the Complithium
project dedicated to the lithium recovery from oilfield brines in Poland.

Lithium-selective sorbents have been known in the literature for decades but their commercial application
is limited by their light and dusty powder form [Baudino et al., 2022]. To overcome this drawback a simple
granulation may be applied but the addition of a binder can also result in lower adsorption capacities due
to death volumes. Here, in the proposed technology, Mn-based sorbents were prepared using 3D printing
method. The ion sieve LiMnO; was synthesized by a solid state reaction between lithium and manganese
salts followed by sintering. The obtained powder was mixed with UV-curable resin at the loading ratio of
at least 50 % and printed in the form of cylinders with a cross-section resembling a honeycomb. So
prepared sorbents were calcined in air at 450 °C to partially remove organics and obtain a porous ceramic
structure. Such monoliths were activated by 0.1 M HCl and contacted with the real field brine to test
sorption kinetics and equilibrium. The crystalline phases of the materials were studied using X-ray
diffraction (XRD). The surface morphology of sorbents was analysed by scanning electron microscopy.

Our previous study [Knapik et al., 2023] showed that Mn-based powders allowed the recovery of 99 % of
lithium under test conditions and exhibited high selectivity toward Mg, Na, and K. The obtained monoliths
keep good sorption properties: lithium recovery can reach as high as >90 % with minimum manganese loss
during lithium desorption (<5%). The maximum sorption capacity under optimal pH was 15 mg/g. The
pseudo-second-order kinetic equation, which includes the external and internal mass transfer and the
chemisorption, fits well to the experimental data. In equilibrium conditions, the relationship between the
lithium concentrations in the aqueous phase and the adsorbent was well described by the Langmuir
isotherm. The XRD results confirm that the active phase (lithium selective phase) of monoliths was a low
crystalline mixture of LiMnO; and LiMn,04. A well-formed macroporous network combined with a high
surface area contributed to the high lithium uptake.

The adsorption process may be scale up in fixed-bed (or packed-bed) column systems with the obtained
monoliths serving as a specifically designed structured packing. The results proof that 3D printing is
a suitable method to fabricate the components required for implementing lithium recovery processes.
Lithium recovery from oilfield brines fits well into a closed loop economy i.e. uses waste raw material and
the post-process water is re-injected back into the formation.
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ABSTRACT

The paper examines the environmental impacts of the continued use or storage of extracted hydrocarbon
reservoirs. The study analyses the global, local, and indirect effects of these activities, including the
emission or reduction of carbon dioxide in the atmosphere, the contamination of soil by pollutants, and
the prevention of groundwater flow due to geological disturbances. The paper also considers the emissions
and pollutants caused by the continued operation of surface facilities.

The results suggest that the closure of the reservoir is the most environmentally friendly option, with the
least carbon dioxide and pollution impacts. However, the lack of monitoring of the reservoir is a
disadvantage. Two other attractive options are temporary and permanent carbon dioxide storage and
geothermal reuse of hydrocarbon reservoirs. However, it is important to note that these options do not
provide security against the harmful effects caused by the basic continued operation of the reservoir.
Finally, the production of hydrogen from extracted hydrocarbon reservoirs is the most environmentally
risky option, as it involves underground techniques that require further research to better assess their
impact.

Introduction

The depletion of hydrocarbon reservoirs is a major challenge for the energy industry as traditional
extraction methods become increasingly ineffective and uneconomical (Bentley 2002). However, these
reservoirs may still have significant value as potential sites for Carbon Capture and Utilization (CCU) and
Carbon Capture and Storage (CCS) technologies (Zhang et al. 2022) as well as hydrogen storage (Delshad
et al. 2022), which could help reduce greenhouse gas emissions and promote sustainable energy
production. In addition, the reuse of depleted reservoirs for closure purposes could help reduce the
environmental risks associated with oil and gas production. Moreover, these reservoirs may also offer
opportunities for hydrogen production (Massarweh et al. 2023; Bauer et al. 2022) and geothermal
applications (Song et al. 2022), further enhancing their potential for sustainable energy production. This
paper examines the opportunities and challenges of reusing depleted hydrocarbon reservoirs for CCU and
CCS or hydrogen storage, as well as for abandonment (Tveit 2018) and potential use for hydrogen
production and geothermal purposes in their ecological aspects.

Methodology

To assess the environmental impacts of reusing depleted hydrocarbon reservoirs, three categories of
impact are considered: global, local, and indirect.

As global impacts the emission or reduction of carbon dioxide into the atmosphere and the release of
other greenhouse gases as global effects were considered. These effects were evaluated using data on the
amount of carbon dioxide and other greenhouse gases released during the development and reuse of
hydrocarbon reservoirs.

Local impacts include soil contamination by pollutants, obstruction of groundwater flow by geological
alterations, and subsidence and uplift caused by the usage of the depleted geological storage. Additionally,
there is the need to evaluate emissions and pollution from surface facilities and their continued operation.

Indirect impacts: Indirect effects resulting from the reuse of hydrocarbon reservoirs have been studied.
These include market effects such as the substitution of other technologies for hydrocarbon recovery and
the commitment of resources through the use of these processes. The focus was on the implications of
these indirect effects for environmental valuation.
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A variety of methods were used to assess the impacts of reusing depleted hydrocarbon reservoirs.
Literature reviews and simulation modelling were used to assess existing knowledge on the environmental
impacts of hydrocarbon recovery and reuse. The literature review provided an assessment of the current
state of knowledge on the environmental impacts associated with this practice. In addition, simulation
modelling was used to estimate the potential environmental impacts and associated uncertainties
resulting from the reuse of depleted hydrocarbon reservoirs.

In conclusion, this study provides a comprehensive assessment of the environmental impacts of the reuse
of depleted hydrocarbon reservoirs. By considering global, local and indirect impacts, valuable insights into
the environmental implications of this practice have been gained. These findings are of significant
importance to policy makers, industry stakeholders and the general public.

Reuse paths and their impact

In order to assess the ecological impact of different use scenarios for depleted hydrocarbon reservoirs, we
constructed an impact matrix (Tab. 1), where the severity of the impact was rated on a scale of 0 to 3.
Based on this matrix, we found that the environmental impacts of the different use scenarios varied
significantly. To better understand these results, we divided the scenarios into global, local, and indirect
impacts, and further divided them into smaller impact groups.

Table 7: Environmental impact evaluation of different usage options for depleted oil reservoirs

Hydrogen CCU & CCS & Reservoirs Geothermal
production from Hydrogen closure and usage
depleted oil storage abandonment

reservoirs

Global effects

CO2 emission 2 2 0 1

Greenhouse gas emission 2 2 0 1

Local effects

Soil pollution 2 2 1 2
Groundwater impact 2 2 1 2
Land use 2 2 0 1
Toxic waste production 3 2 0 2
Geomechanically impact 3 2 1 2
Indirect effects
Cheaper CO: certificates 0 3 0 0
Missing safety monitoring of 0 0 2 1

the old reservoir
Results

The main finding of the study is that sealing the reservoir has the best environmental impact in most areas,
with the least CO; and pollution effects. However, the disadvantage of sealing is the lack of monitoring of
the reservoir. Two measures, temporary and permanent carbon dioxide storage and geothermal reuse of
oil reservoirs are attractive goals in principle, regardless of feasibility. However, it should be noted that
they do not provide security against the harmful effects associated with the continued operation of the
reservoir. On the other hand, hydrogen production from depleted oil reservoirs is the most
environmentally risky option, as it involves unexplored subsurface methods, and impact assessment and
environmental impacts are considered relevant.
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Discussion & Conclusion

The above summary provides a qualitative assessment of the environmental impacts of various options
for the reuse or storage of produced oil. It is important to note that the data presented in the summary
are estimates based on the author's assessment of key factors. Further research and a more detailed
examination of the factors are needed for a more precise analysis, especially with regard to indirect and
secondary effects and different pollutants.

While the study highlights some potentially attractive options for reusing or storing extracted oil
reservoirs, such as temporary and permanent carbon dioxide storage and geothermal reuse, it also points
out the limitations and potential risks associated with these measures. For example, the lack of monitoring
in sealed reservoirs could lead to unforeseen environmental consequences. Similarly, the hydrogen
production option poses significant environmental risks due to the use of untested underground methods
and the potential for unknown consequences.

Therefore, while the study provides valuable insights into the environmental impacts of various reuse or
storage options for extracted oil reservoirs, it is critical to recognize that the data presented are qualitative
and require further investigation. A more in-depth analysis of the various pollutants and their
environmental impacts is needed to fully understand the implications of reusing or storing extracted oil
reservoirs. Further research and data collection is also needed to assess the indirect and secondary effects
of these measures, such as market effects and resource consumption. Only then can we make informed
decisions about the best course of action for the environment and our energy needs.

In conclusion, the study provides a comprehensive analysis of the environmental impacts of continued use
or storage of hydrocarbon reservoirs and provides valuable insights into potential mitigation measures.
Further research could refine the findings and explore more sustainable alternatives to hydrocarbon use.
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ABSTRACT

Due to long-term recycled content objectives everywhere in the globe, the demand for recycled
polyethylene terephthalate (rPET) is anticipated to rise. However, the lye washing procedure used in the
production of rPET uses more fresh water. In this study, we incorporated bipolar membrane
electrodeionization (BMEDI) for on-site regeneration of clean water as well as the acid and base to circular
to achieve low environmental effect. We first conduct treatment tests on the real rPET effluent. We
meticulously assessed performance of water reclamation and acid/ base production, current efficiency,
power consumption as well as productivity. The findings showed that, despite BMEDI's higher energy costs
for water reclamation, 63.5+8.8% of SO42 and 75.8+7.32% of Na* could be recovered from the wastewater
and reuse as sulfuric acid and sodium hydroxide solution, respectively. The economic analysis
demonstrates that using BMEDI in the rPET process is more cost-effective than using an existing technique
like reverse osmosis. The water footprint was also ~96% reduced. In conclusion, by recovering water and
chemicals to attaining zero liquid discharge, the integration of BMEDI proven to be technically possible
and economically viable for reducing the environmental impact of rPET products.

1. Introduction
Recycled polyethylene terephthalate (rPET) bottles require more water to produce than PET bottles made

from fossil fuels [1, 2]. To ensure cost-effective operations and reduce any negative environmental effects,
closed loop water cycles must be put in place. By cleaning tainted plastic on the washing line, the washing
line plays a significant part in the recycling of plastic, necessitating the use of washwater. According to
previous studies, 1 kilogram of rPET requires about 3 kg of water to create, mostly during the washing
process [1]. Reverse osmosis (RO), flocculation, coagulation, filtering, adsorption, and other technologies
have all been suggested for the rPET business to reclaim wastewater. These conventional methods,
however, have problems like high energy use, secondary brine contamination, and the need of additional
chemicals. Additionally, the chemical compounds added during the PET reprocessing process help the
washing wastewater's electrical conductivity. Sulfuric acid and sodium hydroxide are two of these chemical
substances that produce a lot of greenhouse gases. Therefore, it is imperative to create a separation
method that is both environmentally beneficial and energy-efficient in order to recycle plastic washwater
and encourage responsible resource usage.

An even more tempting approach to this problem is electrodeionization with bipolar membrane (BMEDI),
which may split water to produce protons and hydroxide ions, converting salt-containing wastewater into
acid and basic components [3]. For boron removal and chemical recovery, Chaudhury et al. integrated
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BMEDI into a sea water desalination process [4]. By converting Na,SO4 to NaOH and H,SO4 for reusing, Lior
Monat et al. [5] showed that BMEDI is a practical method for affordable and sustainable phosphogypsum
processing. However, there hasn't been much research on the use of BMEDI for treating brackish
wastewater, which has a conductivity range typically between 1 and 10 g/L.

BMEDI adoption and viability on an industrial scale are currently constrained by technological and financial
limitations, as well as a dearth of subject matter expertise. To assess the viability of our strategy, we
methodically looked into variables including acid and base production, electricity usage, and current
efficiency. Based on these results, we did a thorough evaluation and comparison of the preliminary cost-
benefit analysis of incorporating BMEDI into the rPET process in comparison to the widely utilized RO and
electrodialysis (ED) traditional procedures. Last but not least, a preliminary economic analysis was
performed along with a water footprint calculation for each rPET bottle design procedure. These
calculations were performed to learn more about the viability of massive activities.

2. Methods and Materials
2.1 Wastewater

In this study, the real wastewater collected and from the wastewater treatment plant of a plastic recycling
(rPET) process in Taiwan was used.

Table 1. Composition of washing wastewater and effluent from the rPET company in Taiwan.

Parameter Unit Effluent
Temperature °C 239+14
pH - 7.88 £ 0.06
EC uS/cm 6257 + 742
COD mg/L 96 +107
SS mg/L 10.6 £7.0
Na* mg/L 1587 £ 132
S04 mg/L 3215+98
Cr mg/L 257+ 123

2.2 Electrodeionization with bipolar membrane (BMEDI)

BMEDI comprises of electrodes, anion exchange membranes, cation exchange membranes, and bipolar
membranes. lon exchange membranes are used as a means of separating the various compartments inside
the stack, as depicted in Figure 1. The ions in the feed solution go through the membranes to be separated
and concentrated into the relevant compartments as the feed solution flows into the dilute chamber. In
the meantime, water silting that takes place at the surface of bipolar membranes results in the production
of hydrogen ions and hydroxide ions. Thus, throughout the separation process, acidic and basic solutions
would be produced.

Figure 1. Experimental schematic diagram of BMEDI stack configuration.
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2.3 Performance Evaluation

We methodically investigated the performance of conductivity removal ratio, acid and base production,
current efficiency, electricity consumption, and productivity.

2.4 Determination of Process Water Footprint

To understand the water impact and inform decision-making towards sustainable water management,
water footprint (WF) is assessed to provide a comprehensive assessment of water usage, including both
the water consumed and the water polluted or degraded during the process. In this study, the WF is
defined as the volume of fresh water used directly and indirectly to produce per unit product or in a
process (m3/ton or kg/liter). WF considers three components that is green, blue and grey water footprints,
as described by following equation:

WF = WF green + WF blue + WF grey

3. Results and discussion

3.1 Performance evaluation of water reclamation and chemical recovery

This study demonstrated treatment testing of the real effluent from the rPET process using BMEDI and to
meet with the water quality standard that calls for conductivity below 1 mS/cm for water reuse in order
to reduce water footprint. Within the first 30 minutes of desalination, BMED achieved an ion removal ratio
of 80% with an outflow concentration < 1000 mg/L. Even while current efficiency is greater than 80% in
the first 30 minutes, the lack of leftover ions and the water splitting reaction caused it to rapidly fall after
that. Additionally, it was discussed how various operating conditions affected performance metrics.
According to the results, operating conditions with an applied voltage of 12.5, a concentrated volume of
625 mL, and a productivity of 27.5 L/m?/h produce higher performance, with the energy consumption of
9.0 kWh/m?3 and output of 27.5 L/m?/h. In the meantime, high purity 30.9 mM H,S04 and 95.5 mM NaOH
were produced and could be recycled for the PET regeneration process.

3.2 Economic analysis

The production of the acid and base solutions by BMEDI needed excessive amounts of fresh water,
however one of these solutions can be utilized again in the washing process and the other can be used as
a by-product or in the flotation process. According to the experimental results, BMED can recover 76% of
Na and produce a 79 mM NaOH solution at 12.5 V. This base solution can be used again after cleaning and
before adding caustic soda. Additionally, 58% of SO, was recovered as a 31 mM sulfuric acid solution,
which could be used again in wastewater treatment or the floating procedure that needed H,SO4 and fresh
water to remove contaminants from small PET pieces. The cost of acid chemicals can be reduced by around
one-sixth as a result. Additionally, the extra acid can be sold to another industry or used for other purposes
within the factory, which will further reduce costs. Even though BMEDI uses more energy, the cost of
electricity can be offset by lowering the costs of chemicals, water, and sewage by 47%, 38%, and 100%,
respectively. Overall, operating costs were decreased by 11% and 7%, respectively, when compared to the
baseline and business as usual situations. However, it should be noted that in this case, the cost of energy
and the membrane accounts for more than 50% of the overall running cost since the bipolar membrane,
which is 5 times more expensive than A/CEM, has a greater cost and higher electricity resistance.
Therefore, for the development of BMEDI systems, lowering the cost of the bipolar membrane, increasing
process efficiency, and minimizing energy usage are crucial.18 However, scenario 4 is the most cost-
effective way and uses less material to regenerate PET from bottles. This demonstrates the effectiveness
of BMEDI as a method for closing the water loop, attaining zero liquid discharge, and implementing green
chemistry.

3.3 Water footprint analysis

To evaluate water usage and the effects on the environment, the WF, including blue and grey WFs, was
examined. A ton of rPET required 3100 kg of fresh water to generate under the baseline scenario. About
3.1 m3 per tonne is the blue WF. 3.1 m3 of effluent with a conductivity of ~6260 S/cm would be produced
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by one tonne of rPET, assuming there is no water loss throughout the water treatment process. 17.7 m?
are in the grey WF. Approximately 65% of the water used for washing was cleaned up using conventional
water reuse treatment techniques like brine from RO and ED. As a result, the amount of water used per
tonne of rPET was decreased to about 2.5 L. However, the scenario's effluent was considered when
calculating the grey WF. Around 80% of conductivity would be recovered by ED or RO from diluted
compartments to concentrated compartments. Under normal operating conditions, at a volume ratio of
1.00: 0.54, approximately 1.16 m? of wastewater with a conductivity of 18 mS/cm for one tonne of rPET is
produced, yielding a grey water fraction of ~20.3 m? per ton. It is important to note that in traditional
treatment methods, the grey WF is typically higher than the blue WF, indicating the significance of ion
recovery processes. BMED has the lowest WF, 1.94 m3/tonne, for instance. Since BMED does not discharge
any liquids, it has no impact on grey water. In conclusion, BMED could improve resistance to freshwater
scarcity and reducing water footprints by 96% when compared to the other scenarios.
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ABSTRACT

Since the industrial revolution, urban expansion has leapt forward and shows no sign of slowing (Horak et
al.,, 2022; Shafique et al., 2018; Wang et al., 2022). This development has led to extensive loss and
fracturing of habitat (Cameron et al., 2012; Hordk et al., 2022; Parker & Zingoni de Baro, 2019). Retention
of remnant vegetation is known to support functional urban ecosystems (Kabisch et al., 2017), therefore,
the creation of new green spaces in cities could better support urban biodiversity (Cameron et al., 2012;
Kabisch et al., 2017; Mathey et al., 2015; Parker & Zingoni de Baro, 2019). In addition to the ecological
benefits that this brings, urban greenery has been seen to improve the mental and physical health of urban
residents (Burley, 2018; Kabisch et al., 2017; Suppakittpaisarn et al., 2017; Tzoulas et al., 2007), but also
provide community areas for recreation and exercise (Jim & Chen, 2006; Shafique et al., 2018).

Where ground-level space is unavailable or costly, green roofs can provide a unique solution to introducing
greenery into urban areas (Cameron et al., 2012; Hordk et al., 2022). While the concept of growing plants
on roofs has a long history, the modern practice of installing green roofs has existed for less than 100 years
(Wang et al., 2022). Here ‘green roof’ is used as a broad definition encompassing all forms of elevated
vegetation built on the roofs of residential, industrial, or administrative buildings. Within the world of
green roofs, they can be categorized many ways, such as by substrate depth, vegetation composition, or
intended purpose (Chell et al., 2022; Dusza et al., 2020; Jacobs et al., 2022; Rumble et al., 2018; Schrader
& Boning, 2006).

Green roofs as ecosystems have received little emphasis in the literature, as most research is focused on
the design and construction aspects of green roofs (Dvorak & Volder, 2010; Scolaro & Ghisi, 2022; Shuraik
et al., 2022). Other ecosystem contexts such as arid and tropical climates, and the paucity of research
available, present an exciting prospect for developing a deeper understanding of how these built green
environments can support urban biodiversity, and in particular invertebrates. A diverse array of
invertebrates could provide myriad ecosystem services to green roofs (Braaker et al., 2017; Fabian et al.,
2021; Gonsalves et al., 2022; Mathey et al., 2015; Shafique et al., 2018). Detritivore invertebrates like
earthworms and beetles can catalyse soil nutrient cycles, increasing soil quality and subsequently plant
health (Ganault et al., 2022; Santonja et al., 2018). Nectivorous and pollinator invertebrates like bees and
butterflies can promote flower blooming and increase aesthetic value of a space (Katumo et al., 2022).
Predatory invertebrates such as spiders and ladybeetles can control the populations of pest species (Fabian
et al., 2021). In addition, these invertebrate communities can also form part of higher order ecological
food chains, in particular insectivorous birds and microbats (Partridge & Clark, 2018).

The lack of green roof specific research in urban invertebrate ecology is a gap in the literature, and it is
important to know exactly where the major gaps are before further investigation can take place.
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Therefore, we completed a systematic quantitative literature review (SQLR) to identify these gaps, while
simultaneously highlighting patterns and common findings in the current research.

Method
The method for this SQLR included the following search syntax: “('Green Roof*' OR 'Roof* Garden*' OR

'Sky Garden*') AND (‘Ecology’ OR ‘Invertebrate*’ OR ‘Arthropod*’ OR ‘Insect*’)”. This syntax was used to
search the databases Scopus, Web of Science, and Greenfile. A total of 362 unique experimental articles
were found, while were reduced to 34 after title, abstract, and full text screenings to articles specifically
focussed on invertebrate ecology. Each of the final articles were analysed thoroughly for bibliographic
data, location of experiments, experimental methods, and major findings including those related to
building and roof design, immigration barriers, ecological drivers, and taxonomic makeup.

Key results
Articles were predominantly (~76%) of the studies were from temperate climates (as defined by Koppen

Climate classification) with the majority from Western Europe or North-East of the United States of
America. Continental climates (~21%) studies, and one study (~3%) took place in a tropical climate.
Control selection and sampling method varied, but the most common were comparison between green
roofs and conventional roofs (~47% of studies), and pitfall and pan traps (~56% of studies).

There were three common findings across the literature:

1. Greenroofs are restricted from immigration by low mobility, species from nearby ground areas.
Related to this finding was the more frequent observation of substrate-nesting bees on green roofs
compared to the ground. In addition, many studies reported that some species found on green
roofs were not found at ground level.

2. The higher diversity of plants installed on green roofs correlated with higher diversity of
invertebrates.

3. Increased area and heterogeneity of green roof design correlated with increased invertebrate
diversity.

1

Figure 15 Examples of two green roofs (a and b) showing the main findings of the articles reviewed. 1. That green
roofs are restricted from immigration by low mobility species from nearby ground areas. 2. That increased diversity
of plants installed on green roofs correlated with higher diversity of invertebrates. And 3. That increased area and
heterogeneity of green roof design correlated with increased invertebrate diversity. In this case, roof a. would be
presumed to have a lower level of invertebrate diversity compared to roof b, which has a wider variety of plants, and
examples of heterogeneous design such as a small pond and shade cloth.
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Discussion
Green roofs are more costly than conventional, unvegetated roofs. This cost is the most likely reason that

most of the research into invertebrate ecology on green roofs is concentrated in the wealthier parts of
Europe and North America. Invertebrate populations on green roofs in arid, monsoonal, rainforest, and
even subarctic regions have not been significantly reported on. It is likely that these populations, especially
in monsoonal areas, will have vastly different ecosystems from those in more moderate climates (Wang
etal., 2017).

Immigration restriction

The restriction of immigration paths to green roofs from ground areas for invertebrates is one of the most
common findings throughout the literature reviewed (Braaker et al.,, 2014; Dromgold et al., 2020;
Gonsalves et al., 2022; Jacobs et al., 2022; Kyro et al., 2018; Maclvor & Lundholm, 2011; Madre et al., 2013;
Tonietto et al., 2011). Advantaging more mobile invertebrates can lead to vastly different population ratios
on roofs compared to the ground. The primary factor in this barrier being the elevation, but another being
the lack of vegetation on the walls that an invertebrate must scale. While the latter could be altered with
green walls or garden beds that act like steppingstones, this may not entirely erase the effect of the
elevation (Tonietto et al. 2011). This effect being primarily the formation of less diverse assemblages of
invertebrates on those green roofs (Dromgold et al. 2020, Fabian et al. 2021, Lin & Chen 2022, and Wooster
et al. 2022).

One interesting effect of this barrier was observed by Braaker et al. (2017), Passaseo et al. (2020), and
Tonietto et al. (2011). These three articles found substrate-nesting bees to be present at a greater
proportion on green roofs than on the ground level. The more well-known cavity-nesting bees were found
at similar levels on green roofs as compared to the ground. Substrate-nesting bees are just as mobile at
their cavity-nesting cousins and can quickly surmount the elevational barrier provided by green roofs. This
allows them to quickly establish a foothold in that green roof habitat, compared to less-mobile substrate-
nesting species, which struggle to scale the walls. There are most likely many other population differences
on green roofs compared to the ground that were unable to be identified by these papers.

The presence of invertebrate species on roofs that are not present on the ground prompts the question of
how they arrived there if not from the ground. There is the possibility that they could have arrived during
the construction process, either in soil or attached to the plants themselves. While some of these may be
advantageous, like earthworms which provide direct benefits to the soil (Jusselme et al., 2019), there is
the possibility of this importing invertebrates from drastically different ecosystems that could be
considered pests or invasive species.

Horizontal migration may be another explanation for the presence of species on green roofs while being
absent from the ground level ecosystems. This horizontal migration could be caused by building-to-
building travel, or by wind dispersal. Wind dispersal consists of light invertebrates being swept up with the
wind and deposited sometimes kilometers away, this is observed regularly in spiders (Joimel et al., 2018;
Joimel et al., 2022).

The building-to-building travel is exclusive to taxa of invertebrates that can fly under their own power such
as flies. Many papers found that a higher density of green roofs resulted in more similar assemblages of
invertebrates (Braaker et al., 2014; Fabian et al., 2021; Joimel et al., 2018). This movement and similarity
is similar to Island Biogeography Theory, with each building mimicking an island in an archipelago. This
theory is an extensive pre-existing field and has been applied to urban habitat fragmentation in the past
(Losos et al., 2010; MacArthur & Wilson, 1967; Whittaker & Fernandez-Palacios, 2006). By incorporating
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an increased density of green roofs into city planning, we can increase the connectivity of these novel
habitats, allowing for more robust ecosystems.

Spatial Heterogeneity

Increased structural heterogeneity was found to increase invertebrate diversity along various axes
(Braaker et al., 2017; Fabian et al., 2021; Gonsalves et al., 2022; Jacobs et al., 2022; Nash et al., 2016;
Rumble et al., 2018). These structural differences, including vegetational differences, allows a wide array
of ecological niches which can be exploited by invertebrates. One aspect of vegetational diversity was
underrepresented. There was only one article found (Wang et al. 2013) that discussed how trees may
affect invertebrate assemblages. The different degrees to which these various axes of heterogeneity can
be manipulated to increase biodiversity of invertebrates is an interesting prospect for research.

As noted previously, robust invertebrate populations on green roofs can provide many ecosystems
services. While there is a general paucity of research here, there was note of leaf litter breakdown
potential and nutrient cycling by Jusselme et al. (2019). While the catalytic effect of invertebrates in this
process is quote well-researched in non-urban environments, the effect on urban environments like green
roofs is underdeveloped (Ganault et al., 2022; Santonja et al., 2018). With respect to decrease in pest
species, Wong & Jim (2016) noted that green roofs had far less mosquitos sampled on green roofs
compared to ground and conventional roof environments. While these two examples are relatively new,
they show that there may be more unknown services that healthy assemblages of invertebrates can
provide for green roofs and urban areas.

Summary
By understanding more about green roofs and the ecosystems of invertebrates that occupy them, we can

improve design processes by incorporating the major benefits of those ecosystems. There is still much to
understand green roofs, including how some possess species not found at nearby ground levels.
Furthermore, the effects of arid, tropical, and subarctic climates are under-researched compared to more
temperate climates.

While there is relatively little research into the field so far, the semi-isolated nature of green roofs makes
them a novel environment to study. The main summations being brough forward here include the
restriction of immigration by low mobility invertebrates onto green roofs, and that this may be significant
impacts on the species makeup of green roofs. While green roofs generally have lower invertebrate
diversity than ground environments, this can be to an extent countered through heterogeneity in design.
This includes vegetation, which has the greatest effect on diversity of invertebrates. More diverse and
developed invertebrate populations can provide many services to those ecosystems, such as increasing
soil health and decreasing pest levels.

Acknowledgements

The author wishes to acknowledge other members of Green Infrastructure Research Labs. This abstract
was produced on the traditional lands of the Turrbal and Jagera peoples. There is no funding or
collaboration with industry to acknowledge.

References:
Braaker, S., Ghazoul, J., Obrist, M. K., & Moretti, M. (2014). Habitat connectivity shapes urban arthropod
communities: the key role of green roofs [Article]. Ecology, 95(4), 1010-1021. https://doi.org/10.1890/13-0705.1

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



Braaker, S., Obrist, M. K., Ghazoul, J., Moretti, M., & Cuddington, K. (2017). Habitat connectivity and local conditions
shape taxonomic and functional diversity of arthropods on green roofs [Article]. Journal of Animal Ecology, 86(3),
521-531. https://doi.org/10.1111/1365-2656.12648

Dromgold, J. R., Threlfall, C. G., Norton, B. A., & Williams, N. S. G. (2020). Green roof and ground-level invertebrate
communities are similar and are driven by building height and landscape context [Article]. Journal of Urban Ecology,
6(1), Article juz024. https://doi.org/10.1093/jue/juz024

Dusza, Y., Kraepiel, Y., Abbadie, L., Barot, S., Carmignac, D., Dajoz, I., Gendreau, E., Lata, J. C., Meriguet, J., Motard,
E., & Raynaud, X. (2020). Plant-pollinator interactions on green roofs are mediated by substrate characteristics and
plant community composition [Article]. Acta Oecologica, 105, Article 103559.
https://doi.org/10.1016/j.actao.2020.103559

Fabian, D., Gonzdlez, E., Sdnchez Dominguez, M. V., Salvo, A., & Fenoglio, M. S. (2021). Towards the design of
biodiverse green roofs in Argentina: Assessing key elements for different functional groups of arthropods [Article].
Urban Forestry & Urban Greening, 61, N.PAG-N.PAG. https://doi.org/10.1016/j.ufug.2021.127107

Ganault, P., Barantal, S., Coq, S., Hattenschwiler, S., Lucas, S., Decaéns, T., & Nahmani, J. (2022). Leaf litter
morphological traits, invertebrate body mass and phylogenetic affiliation explain the feeding and feces properties of
saprophagous macroarthropods. European Journal of Soil Biology, 109, 103383.
https://doi.org/https://doi.org/10.1016/j.ejsobi.2021.103383

Gonsalves, S., Starry, 0., Szallies, A., & Brenneisen, S. (2022). The effect of urban green roof design on beetle
biodiversity [Article]. Urban ecosystems, 25(1), 205-219. https://doi.org/10.1007/s11252-021-01145-z

Jacobs, J., Berg, M., Beenaerts, N., & Artois, T. (2022). Biodiversity of collembola on green roofs: A case study of three
cities in Belgium [Article]. Ecological Engineering, 177, Article 106572.
https://doi.org/10.1016/j.ecoleng.2022.106572

Joimel, S., Grard, B., Auclerc, A., Hedde, M., Le Doaré, N., Salmon, S., & Chenu, C. (2018). Are Collembola “flying” onto
green roofs? [Article]. Ecological Engineering, 111, 117-124. https://doi.org/10.1016/j.ecoleng.2017.12.002

Joimel, S., Grard, B., Chenu, C., Cheval, P., Mondy, S., Leliévre, M., Auclerc, A., & Vieublé Gonod, L. (2022). One green
roof type, one Technosol, one ecological community [Article]. Ecological Engineering, 175, Article 106475.
https://doi.org/10.1016/j.ecoleng.2021.106475

Jusselme, M. D., Pruvost, C., Motard, E., Giusti-Miller, S., Frechault, S., Alphonse, V., Balland-Bolou-Bi, C., Dajoz, I., &
Mora, P. (2019). Increasing the ability of a green roof to provide ecosystem services by adding organic matter and
earthworms [Article]. Applied Soil Ecology, 143, 61-69. https://doi.org/10.1016/j.aps0il.2019.05.028

Pickering, C., & Byrne, J. (2014). The benefits of publishing systematic quantitative literature reviews for PhD
candidates and other early-career researchers. Higher Education Research & Development, 33(3), 534-548.
https://doi.org/10.1080/07294360.2013.841651

Rumble, H., Finch, P., & Gange, A. C. (2018). Green roof soil organisms: Anthropogenic assemblages or natural
communities? [Article]. Applied Soil Ecology, 126, 11-20. https://doi.org/10.1016/j.aps0il.2018.01.010

Sanchez Dominguez, M. V., Gonzalez, E., Fabian, D., Salvo, A., & Fenoglio, M. S. (2020). Arthropod diversity and
ecological processes on green roofs in a semi-rural area of Argentina: Similarity to neighbor ground habitats and
landscape effects [Article]. Landscape and Urban Planning, 199, Article 103816.
https://doi.org/10.1016/j.landurbplan.2020.103816

Santonja, M., Pellan, L., & Piscart, C. (2018). Macroinvertebrate identity mediates the effects of litter quality and
microbial conditioning on leaf litter recycling in temperate streams. Ecology and evolution, 8(5), 2542-2553.
https://doi.org/10.1002/ece3.3790

Schrader, S., & Boning, M. (2006). Soil formation on green roofs and its contribution to urban biodiversity with
emphasis on Collembolans [Article]. Pedobiologia, 50(4), 347-356. https://doi.org/10.1016/j.pedobi.2006.06.003
Tonietto, R., Fant, J., Ascher, J., Ellis, K., & Larkin, D. (2011). A comparison of bee communities of Chicago green roofs,
parks and prairies [Article]. Landscape and Urban Planning, 103(1), 102-108.
https://doi.org/10.1016/j.landurbplan.2011.07.004

Wang, J. W., Poh, C. H,, Tan, C. Y. T, Lee, V. N,, Jain, A., & Webb, E. L. (2017). Building biodiversity: drivers of bird and
butterfly  diversity on  tropical urban roof gardens [Article]. Ecosphere, 8(9), 1-N.PAG.
https://doi.org/10.1002/ecs2.1905

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



r
=

A

Wang, L., Wang, H., Wang, Y., Che, Y., Ge, Z.,, & Mao, L. (2022). The relationship between green roofs and urban
biodiversity: a systematic review. Biodiversity and Conservation, 31(7), 1771-1796. https://doi.org/10.1007/s10531-
022-02436-3

Whittaker, R. J., & Fernandez-Palacios, J. M. (2006). Island Biogeography : Ecology, Evolution, and Conservation.
Oxford University Press, UK. https://public.ebookcentral.proquest.com/choice/publicfullrecord.aspx?p=415455
Wong, G. K. L., & Jim, C. Y. (2016). Do vegetated rooftops attract more mosquitoes? Monitoring disease vector
abundance on wurban green roofs [Article]. Science of the Total Environment, 573, 222-232.
https://doi.org/10.1016/j.scitotenv.2016.08.102

Wooster, E. I. F., Fleck, R., Torpy, F., Ramp, D., & Irga, P. J. (2022). Urban green roofs promote metropolitan
biodiversity: A comparative case study [Article]. Building & Environment, 207, N.PAG-N.PAG.
https://doi.org/10.1016/j.buildenv.2021.108458

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


https://doi.org/10.1016/j.buildenv.2021.108458

Proposing a holistic experimental setup for green roof flammability testing

Sylvie Chell'*, Jeronimo Carrascal Tirado?, David Lange?, Felix Wiesner3, Ruby N. Michael'

T Green Infrastructure Research Labs (GIRLS), Cities Research Institute, Griffith University, Brisbane, Australia
2 Fire Safety Engineering Research Group, School of Civil Engineering, The University of Queensland, Brisbane,
Australia

3 Faculty of Forestry, The University of British Columbia, Vancouver, Canada

*Corresponding author: sylvie.chell@griffithuni.edu.au

Keywords: Green roof flammability, Fire safety, Vegetated roofs, Flammability testing

ABSTRACT

Green roofs are increasingly incorporated into cities worldwide due to their key role in solving urban
problems like mitigating heat islands, facilitating ecology, improving mental health, and controlling
stormwater. The implementation of green roofs can be hindered by the perceived fire risk and short
experience with green roofs in some countries such as Australia (Abuseif et al., 2022). As plant flammability
classifications are not standardized internationally, it is difficult to make comparisons for fire safety
purposes during species selection (Murray et al., 2020). Particularly in Australia, intense bushfires have
policymakers, landscape architects, and fire and rescue services questioning the safety of green roofs, as
they transfer perceptions and experiences of wildland-urban interface fires to engineered soil-plant
systems (Chell & Michael, 2023). Green roofs, however, are intrinsically distinct from natural ecosystems
because of the intentional engineering that underpins the design of soils, plant communities, and
maintenance regimes. The fear of fire and perception of fire risk is particularly directed towards Australian
native plants, with some professionals calling for the exclusive use of exotic species or native rainforest
species (Chell & Michael, 2023). This potential exclusion of a large range of native plants for green
infrastructure applications would have negative impacts on the ecological restoration capacity and sense-
of place that green roofs can achieve when greening our cities. It is therefore crucial that key flammability
characteristics are derived to provide evidence for risk-based decision making. Fire researchers are calling
for more plant flammability testing (Murray et al., 2020) to aid in the consultation of plant-selection and
fire safety assessments of vegetated systems. Yet, there is very limited knowledge available on green roofs,
and for the limited information available, most efforts have been focused on individual components like
substrates (Gerzhova et al., 2020). Sound scientific evidence is needed to assess the flammability risk of
green roofs considering them as a whole system inclusive of the plant community, green roof
media/substrate, and underlay fabrics. Whole-plant flammability is linked to fuel conditions such as
moisture content in the foliage and plant biomass (Etlinger & Beall, 2005) as the heat release rate of a
given species is a function of its moisture content (Weise et al., 2005). Another flammability parameter
influenced by moisture content is ignition time. For example, dead (detached) Eucalyptus saligna leaves
ignited eight times faster than live leaves with a higher moisture content (Ramadhan et al., 2021). Other
key plant characteristics that influence flammability are height, leaf energy content (Long et al., 2006), leaf
length and width and (specific) leaf area, bound oils within leaves / volatile compounds (Murray et al.,
2013), and leaf-dry matter content, making leaf functional traits a core property influencing plant
flammability (Alam et al., 2019). Secondary attributes that influence fire behaviour of plant communities
are plant bulk density, ember production, volume of leaf litter produced, and (in the case of trees) the
presence of decorticating bark (Murray et al., 2020). To get a more holistic understanding of the
flammability risk of vegetated systems, intrinsic attributes used to describe the flammability of vegetation
like ignitability, sustainability and combustibility need to be assessed together. Ignitability, defined as time
until ignition after exposure to a heat source can be quantified by the variables of ignition time, critical
temperature, and critical heat flux. Sustainability, defined as the ability to sustain combustion once ignited,
can be quantified by inspecting the duration of visual flaming, duration of elevated temperatures, duration
of heat release, area or volume consumed, or the total heat released. Combustibility, defined as rapidity
of combustion after ignition can be measured by visual flame spread rate or height, rate of temperature
increase, rate of heat release, peak temperature and its time, and peak heat release rate and its time
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(White & Zipperer, 2010). Currently there is no accepted experimental method for determining green roof
flammability characteristics as a whole, coherent system. This study therefore aims to develop an
experimental setup that will enable green roof flammability parameters to be derived at an appropriate
scale to meaningfully inform fire risk and strategic decision making during the green roof design process
and plant selection. Green roof modules were developed that reflect all interacting green roof components
during fire testing.

Methods

Stainless steel modules of 1.22m x 0.5m size were manufactured and filled with a locally sourced, mineral-
based green roof substrate. The green roof modules were then planted with 12 individuals of the
Australian native groundcover species Scaevola albida (pale fan-flower, Figure 1, inset). The plants were
grown in-situ on an exposed roof at Griffith University Nathan campus to simulate natural green roof
growing conditions. After plant establishment, the modules were subjected to different levels of water
stress by moving them into a glasshouse environment where they were sheltered from receiving water
until the plants were water stressed to warrant fire safety concerns. Subsequently, the modules were
transported for testing in the fire laboratory at the University of Queensland, where the initial system state
was determined. Green coverage of the canopy was determined from image analysis of above head
photographs of the module using standard methods (Chell et al., 2022) and soil moisture was measured
using a calibrated soil moisture probe (5TM, Campbell Scientific) in conjunction with a handheld reader
(ProCheck, METER Group) right before the start of the fire experiment. A customizable number of sensors,
substrate types and different plant species or water-retention / drainage materials can be employed to
investigate potential design parameters and their combinations (Figure 16).

= '
== W)
Figure 16 Exploded axonometric diagram of the experimental setup (green roof modules with sensing (TC:
Thermocouple, TSC: Thin skin calorimeter))

Fitted sensors during heat exposure included thermocouples (TCs, 1.5 mm sheathed, K-type) that were
suspended within the foliage at different distances from the heat source to track temperatures of the gas
phase. Thin skin calorimeters (made using instructions by Hidalgo et al. (2017)) were fitted flush to
substrate level to record heat flux to the substrate at the same distances from the heat source as the TCs
(Figure 16). Sensor cables were protected from melting using tin foil wrapping. To measure time to ignition
(delay), rate of flame spread, and flame height, a video camera was deployed perpendicular to the modules
side to record visual flaming characteristics against a black background using distance markings on the
green roof module’s side (Figure 17). The experimental setup quantifies flammability characteristics
(ignitability, combustibility, and sustainability) by investigating a green roof module exposed to gas fuelled
radiant panels (Radimax, Gogas) underneath a large-scale extractor hood fitted with a gas analyser to
measure the heat release rate (HRR). To validate the feasibility of the experimental setup, an exploratory
test series was run at a heat exposure of 50 kW/m?at the front of the module. Radiant panel location to
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provide the target heat was determined by a distance calibration using a water-cooled heat flux gauge
(SBGO1, Hukseflux).

Figure 17 Trial to validate green roof flammability experimental setup and test sensor configurations

Results and discussion

Results show that the proposed experimental setup can provide valuable insights into multiple
flammability characteristics of green roof systems. Flaming combustion and flame spread depended
strongly on the system moisture and canopy continuity, with the same setup not igniting at 12% volumetric
soil moisture content (VMC) but igniting at lower soil moistures of 5% VMC with strongly desiccated plants
past the permanent wilting point (Figure 17). Horizontal flame spread was observed to be terminated by
a gap in the dry canopy. This experimental setup enables the testing of the fire behaviour of specific green
roof designs before their implementation in the field. It can generate data on i) the necessary dimensions
of vegetation-free safety zones like gravel strips to stop fire spread from foliage; ii) critical soil/ and leaf
moisture contents for ignition of different green roof plant species, and iii) the relative flammability of
different green roof configurations to inform green roof designers and practitioners. To get a clear
distinction of influencing factors that contribute to green roof flammability, the system state needs to be
quantified as comprehensively as possible (soil moisture content, leaf moisture determination from
samples, canopy coverage, canopy continuity, plant height). This will enable comparisons when varying
green roof setups and can help to enable native plants by providing data on real-life fire performance.
However, plant species will always be subject to a certain level of variation requiring sufficient replication
that should be considered when providing generalised recommendations. Future use of this experimental
setup can systematically optimize green roof designs by varying one parameter (plant species, planting
density, substrate type, moisture contents, etc.) at a time to further understand how it affects flammability
characteristics. This will aid in designing fire safe green roofs for our cities that can provide a great range
of ecological, social, and environmental benefits.
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ABSTRACT

The success of green roofs in Mediterranean areas requires the selection of fast development plant
species, able to grow in a shallow soilless substrate also under dry climatic conditions. In this context, the
exploitation of native species from marginal sites characterized by limited availability of nutrients and
water could be a strategy to select plants. In this work, various species, belonging to the Crassulaceae
family from Central Mediterranean and sub-tropical regions, have been evaluated for their growth
performance on extensive green roofs outdoor in Central Italy in single and mixed culture. The
morphology, i.e. branched or rosette type, resulted a fundamental trait for the coverage and species with
prostrate branches, presented higher plant cover in the first year after transplant respect to the “rosette”
type in single culture. In particular, the Mediterranean native branched species S. album, S. rupestre, S.
sediforme and the “rosette” Sempervivum tectorum presented a good performance under the seasonal
variations, with high cover ability or biomass production after 15 months. In the mixed cultures, these
species presented a different performance. S. album resulted high competitive and invasive respect to the
other Sedums and may be suitable for monoculture or in combination with low covering shrub species.
Among the “rosette” species, the allochthonous subtropical Aeonium castello paivae Bolle presented a
good surface coverage and biomass production respect to the branched species while the native
Sempervivum tectorum (Griseb. & Schenk) L. presented low covering ability in all the combinations.
However, the introduction of “rosette” species in combination with “branched” ones (Sedums) could
increase the diversity and aesthetic appearance of the roof.
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ABSTRACT

Introduction: Green roofs are one of the most common multifunctional types of Nature Based Systems
(NBS) serving primarily for mitigation of the urban runoff (Stovin et al. 2012, Versini et al. 2020). Since
relying on the soil water interaction, green roofs also have a significant impact on reduction of the local
temperature, which has not been so deterministically investigated in the past. To simulate the change of
substrate temperature and water content accurately and continuously, it is necessary to couple models
for water and heat transport through (un)saturated porous media which has been done in many studies
(Campbell 1985, Bittelli et al. 2008). The core of these models are the partial differential equations that
are strongly nonlinear, especially Richards (1931) equation describing the unsaturated water flow, and
hence their numerical solving is still challenging from the perspective of the computational time, numerical
stability, and accuracy. Linearization of Richards equation has first been proposed by Ross (2003) who
developed a stable explicit numerical scheme for solving it by using Taylor series and Kirchhoff potential
to express unsaturated water fluxes, while similar approach has not been applied yet to Heat equation.
The main deficiency of this approach as far as Richards equation is concerned is the necessity to use finer
time discretization to avoid greater water balance errors, as well as the complex and often inaccurate
transition from the unsaturated to saturated state and vice versa.

To develop a robust and accurate numerical tool for consecutive solving of Richards and Heat equations,
several improvements compared to the existing approaches have been made. Firstly, Taylor series has also
been applied on soil heat fluxes creating rather simple and mathematically elegant explicit numerical
scheme for solving Heat equation. Secondly, unlike in Ross’s method where only the first term of Taylor
series is used, here are used the first and the second term to create more accurate approximation of water
fluxes. Also, unlike in Ross (2003), here Richards equation is solved strictly with respect to Kirchhoff
potential to smooth the transition between unsaturated and saturated water flow. Finally, the
evapotranspiration rate at the top surface is not predefined but determined from the latent heat flux
computed through the iterative solving of Richards and Heat equations. Here are presented preliminary
simulation results of the proposed coupled model obtained by using approximately six days long timeseries
of the measured meteorological data taken from Bittelli et al. (2008).

Methodology: Richards (1931) equation is the nonlinear partial differential equation of the second order
describing the (un)saturated water flow through the porous media. If water fluxes g, [m/s] are expressed
through Taylor series using Kirchhoff potential ¢(hy) = fl;k K (hy) dhy, where K, (hy) is the soil

hydraulic conductivity [m/s] described with Brooks & Corey (1964) power law relation and hyis the soil
matric potential [m], Richards equation takes the following discrete form:

k 2 k K
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——=| +05——F| Ad, " Ad. 7P + | =22 +
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whereD = j—g is diffusivity coefficient [m?/s], and o0 = 0.5 is the temporal weighting factor for unsaturated
2%q
P2
which is a function of ¢, a system of N nonlinear equations (1) is formed, where N is the number of
computational nodes along the soil depth. The system is solved iteratively (p indicates iteration number),
and as a result AGpX+? values are obtained so that X! = ¢pX + AdK*! is determined for each node i = 1
to N at the following time step (k+1).

media (equal to 1.0 in case of saturation). Since using the second derivative in Taylor series and D

Heat equation is of the similar form as Richards equation, and hence it can be also solved through Taylor

series by using solely the first derivative of the heat flux qp; =ﬁ(Ti-Ti+1) with respect to soil
1

temperature T.

09h,i1
0Ti1

_94n,i
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Kk
where C, and Kj, are the soil heat capacity [J/(m3®K)] and the soil heat conductivity [W/(m K)], respectively,
both depending solely on soil water content 6 [-], while derivatives Zi,rh also have the analytical form as in

case of Richards equation. If Equation (2) is written for each node i = 2 to N-1 with exception of i = 1 and
N where boundary conditions are defined, system of N linear equations is solved without iterations and
TK+! = TK + AT} values are obtained.

For solving both Richards and Heat equations, it is necessary to define top and bottom boundary
conditions. In case of water transport, bottom boundary condition is set as free drainage (qw,n = Ku,n), while
at the top surface precipitation or irrigation rate is defined as a model input, as well as the
evapotranspiration rate calculated from the results of the Heat equation. Heat flux at the bottom surface

is computed based on the defined temperature of a roof deck q, y = % (Tn-Tyott), while the difference
N

R,—AET — H, where R, is the known net radiation [W/m?] while AET and H are the latent and the sensible
heat fluxes [W/m?], respectively, is used at the top surface:

— PaCp (es(T1)-e5) Hp(T1)-Hy
Y rg+ra 1-Hay

PaC
H= iap (T1-Tair) (4)

AET

(3)

where p, is the air density [kg/m3] depending on the air temperature Ta;r [K] and atmospheric pressure, ¢,
= 1013 J/(K kg) is the specific heat of air, y is the psychometric constant [Pa/K] depending on the
atmospheric pressure, A = 2.45 MJ/kg is the latent heat of vaporization, rs and r, are the soil surface and
aerodynamic resistances for water vapour transfer [s/m], e; and e, are the vapour pressures [Pa] at the
soil surface and in the air, respectively, while H, and H, are the relative air humidity [-] and the relative
humidity at the soil surface [-], respectively.

The calculation is performed by initially solving the Heat equation with R, — AET — H used at the top
boundary, where AET and H are expressed by means of Taylor series using the values Tik from the previous
time step. After computing values of Tik+1, new value of AET is determined (Eqg. 3) and transformed into
the evapotranspiration rate ET = AET/A to be used as an input for Richards equation. After solving system
of N nonlinear equations (1), X** and hence X1

soil thermal properties and determine new Tik+1 values. The whole procedure is iteratively repeated until
the difference between AET values in two consecutive iterations becomes negligible.

values are obtained and used again to recalculate the

Preliminary results: Figure 1 illustrates how does the soil water content affects the substrate temperature
(middle graph), and the latent heat flux (bottom graph) which has the same character as the
evapotranspiration rate (see Eq. 3). With solid lines is presented initially saturated substrate that is not
irrigated during the simulation period, while dashed lines represent initially saturated substrate that is
irrigated during six hours each day. Calculation is performed for a 20 cm thick low permeable green roof
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substrate (saturated hydraulic conductivity 3x10® m/s) with porosity 0.4. Results show strong dependence
between the soil water content and both the latent heat flux and soil temperature. When the substrate is
wet, the energy coming from the net radiation is mostly used for vaporization, but as soon as the substrate
becomes dry this energy is mostly used for heating up the substrate. In Figure 1 this becomes evident after
90 h from the beginning of simulation, when the latent heat flux for non-irrigated substrate (solid lines in
Figure 1) starts decreasing due to the lack of water, while at the same time substrate temperature starts
rising significantly. On the other hand, if green roof is irrigated frequently enough (dashed lines in Figure
1) so to not allow the water content to decrease significantly (approaching the residual water content),
the latent heat flux becomes larger and the substrate temperature decreases.
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Figure 1. Change of substrate water content (top graph), substrate temperature (middle graph) and
Latent Heat Flux (bottom graph) depending on whether the green roof is irrigated (dashed lines) or not
(solid lines)

Due to utilization of the first and the second term of Taylor series when solving Richards equation, the
calculation is more accurate but also more efficient since larger time steps are used. For the example
presented here, the total water balance error (water volume per specific area) is order of magnitude of
10 m3/m?, while the total energy balance error is about 10° J/m?2.
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Conclusion: The proposed coupled water and heat transport model relies on iterative solving of Richards
equation and Heat equation with variable boundary conditions. It relies on the linearization of highly
nonlinear partial differential equations by using Taylor series to express water and heat fluxes and create
that way more accurate, robust, and stable numerical schemes widely applicable. Besides the numerical
schemes, an innovation brought by this work is the computation of the evapotranspiration rate through
the iterative determination of various energy balance components. Simulation results presented here are
logical, indicating the importance of irrigation of green roofs and other similar NBS so they do not only
serve as a detention element for stormwater, to mitigate floods, but also to reduce the temperature of
the soil and hence to mitigate the urban heat island effect pronounced during droughts.

Acknowledgements: This research is funded by the H2020 project: Integrated NBS-based Urban Planning
Methodology for Enhancing the Health and Well-being of Citizens: the euPOLIS Approach (Grant no.
869448).

References:

Bittelli M., Ventura F., Campbell G. S., Snyder R. L., Gallegati F., Pisa P. R., 2008. Coupling of heat, water vapor, and
liquid water fluxes to compute evaporation in bare soils, Journal of Hydrology, 362(3-4), 191-205, DOI:
10.1016/j.jhydrol.2008.08.014

Brooks R. H., Corey A. T., 1964. Hydraulic Properties of Porous Media, Hydrology Papers, 3, 1-27.

Campbell G. S., 1985. Soil Physics with Basic — Transport Models for Soil-Plant Systems, Development in Soil Science
14, ELSEVIER, Amsterdam, Netherlands, ISBN 0-444-42557-8 (Vol. 14)

Richards L. A., 1931. Capillary conduction of liquids through porous media, Physics, 1, 318-333.

Ross P. J., 2003. Modeling Soil Water and Solute Transport — Fast, Simplified Numerical Solutions, Agronomy Journal,
95(6), 1352-1361.

Stovin, V., Vesuviano, G., and Kasmin, H., 2012. The hydrological performance of a green roof test bed under UK
climatic conditions, Journal of Hydrology, 414-415, 148-161, https://doi.org/10.1016/j.jhydrol.2011.10.022

Versini P.-A., Stanic F., Gires A., Schertzer D., Tchiguirinskaia |., 2020. Measurements of the water balance
components of a large green roof in the greater Paris area, Earth System Science Data, 12, 1025-1035,
https://doi.org/10.5194/essd-12-1025-2020

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023


https://doi.org/10.5194/essd-12-1025-2020

Performance of three ornamental species for indoor living walls irrigated with
greywater

Victor Ferndndez-Cabands?, Gina Patricia Suarez-Caceres?, Rafael Fernandez-Cafiero', Sabina Rossini-
Oliva3, Luis Pérez-Urrestarazu®*

T Urban greening and Biosystems Engineering research group. Department of Agronomy, ETSIA. Universidad de
Sevilla, Seville, Spain

2 Urban greening and Biosystems Engineering research group. Area of Agroforestry engineering, ETSIA. Universidad
de Sevilla, Seville, Spain

3 Environmental analytic chemistry research group. Department of Biology, ETSIA. Universidad de Sevilla, Seville,
Spain

*Corresponding author: |perez@us.es

Keywords: Vertical greening systems; building integrated vegetation; water reuse; ecological treatment;
wastewater; phytoremediation.

ABSTRACT

We use a great deal of water in our daily lives and most of it is wasted. Greywater refers to household
wastewater produced in bathtubs, showers, or laundry machines, excluding that from toilets. There is
therefore an important flow of greywater (35-120 L per capita and day) that could be reused for landscape
irrigation, toilet flushing, or fire protection, provided some minimum quality standards are met (Ghaitidak
and Yadav, 2013). This reuse has many advantages as it helps to reduce the volume of tap water required,
while minimising at the same time the volume sent to wastewater plants.

Living walls are vertical building integrated vegetation systems that provide a wide range of known benefits
(Pérez-Urrestarazu et al., 2015). They constitute an interesting strategy to introduce vegetation in the built
environment, especially indoors. Given their characteristics (i.e., verticality and limited water retention
capacity) they must be irrigated. The water volume consumed by living walls varies a lot (in the range
between 0.5 and 20 L m d!) according to different variables, such as the type of living wall, its location
and orientation, sun and wind exposition, or irrigation scheduling (Pérez-Urrestarazu, 2021). Given these
water requirements, some concerns are raised about their environmental sustainability, particularly in
regions where water is scarce (Ascione et al., 2020). Therefore, the use of alternative water sources for
irrigation of living walls must be explored, greywater being an excellent solution.

Currently, there are no recognised standards to use when designing living walls to treat greywater (Boano
et al., 2020), or any indication of what species work better. Plant species and growing medium are
considered key factors that affect treatment performance, water consumption, or aesthetics (Pradhan et
al., 2019a). The number of studies involving the use of living walls as a nature-based solution for treating
greywater is increasing, especially in terms of removal efficiency (Bakheet et al., 2020; Boano et al., 2020;
Lakho et al., 2021). Also, different studies involving the effect of the growing media are available (Galvao
et al., 2022; Pradhan et al., 2019b; Prodanovic et al., 2018, 2017). However, less attention has been paid
to the impacts on the vegetation and its ability to tolerate this kind of water characteristics while
maintaining a good appearance and health. This aspect is important, as living walls have a marked aesthetic
purpose, specially indoors. Moreover, an adequate health and nutritional state of the plants is critical to
provide other ecosystem services such as air quality improvement.

The objective of this work is twofold: to analyse how the use of greywater to irrigate indoor living walls
affects different plant species (in terms of their development and appearance) and, for each one of them,
to evaluate the evolution of the quality of greywater using the living wall as a recirculating biofilter.

Three different species were used for the experiments: Philodendron hederaceum, Spathiphyllum wallisii
and Nephrolepis exaltata. Each species was planted in two felt-based living wall modules with a surface
area of 0.49 m? (1.02 m high and 0.48 wide). The living wall module (Fytotextile®, Terapia Urbana, S.L.,
Seville, Spain) was made up of three layers: a waterproof one at the back, a middle geotextile layer, and
an exterior polyamide one sawn to the former, configuring a grid of 7 by 3 pockets (each one of 0.14 m x
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0.14 m). The plants were obtained in nurseries and had the same size. The roots were meticulously
cleansed before transplanting, and the plants were inserted bareroot into the pockets, which were then
filled with expanded clay, serving as growth media.

Six living wall modules were used in the experiments, two for each species. They were attached (in a
random order) to a wall of the Urban Greening laboratory at the School of Agronomic Engineering of the
University of Seville. As this laboratory was located in a basement, the temperature and humidity
conditions were not subjected to important variations. During the experiment (November 2" to May 13%),
the temperature ranged between 20.6-27.82C and the relative humidity between 37.2 and 81.7%. No
natural light was available and lighting was provided by means of six floor lamps (one per living wall) with
3 LED bulbs (8 w, 6000° K) distributed in height to provide an uniform light intensity pattern. The
illuminance provided was measured with a lux meter (model 0635 0545) attached to a Testo 435-2/-4
(Testo SE & Co. KGaA, Lenzkirch, Germany), obtaining, on average, 1057 Ix in each living wall.

At the bottom of each living wall, there was a 30 L water tank that contained the greywater. It was
recirculated through the living wall thanks to a submerged water pump (Compact 1000, Eheim, Germany)
connected to PVC holed pipes at the top of the living wall modules. Irrigation cycles of 15 minutes were
performed continuously each hour. Two additional tanks with greywater, but not connected to the living
walls, were used as controls. In them, instead of the biofilter, a regular filter was used (pickup 1600, Eheim,
Germany).

For the experiment, synthetic greywater was used adapting the formula proposed by Lakho et al. (2021).
The ingredients used were lactic acid, cellulose, sodium dodecyl! sulphate, glycerol, sodium hydrogen
carbonate, sodium sulphate, ammoniumdihydrogenphosphate, casein, and septic effluent (aquaculture
effluent).

The living walls were initially irrigated with tap water for 3 weeks to allow for the adjustment of the plants
and a correct root development throughout the geotextile layer. After that, an adaptation period with 50%
of the volume of greywater the first week and 75% in the second week was carried out. Then, two different
tests were performed. The first was aimed at assessing the evolution of water quality due to the use of the
living walls as biofilters. It was a short-term test lasting 1 week and was repeated three times. At the
beginning of each week the tanks were filled with 100% of greywater, which was completely removed at
the end of it. Water quality parameters (pH, Electrical conductivity - EC, Biological Oxygen Demand - BOD,
Chemical Oxygen Demand - COD, ammonium, nitrates, nitrites, phosphates, cations and majority anions)
were determined when the tanks were filled and before removing the greywater. The volume of water
consumed was also measured.

A second test (long-term) was performed for 10 weeks, with the aim of studying the effects on the
vegetation of the constant irrigation with greywater. For that, the tanks were periodically refilled with
greywater without removing the remaining volume. Plant development parameters were measured
weekly and water samples were taken from each tank prior to refilling. The water quality main parameters
(pH, EC, ammonium, nitrates, nitrites, and phosphates) were monitored during this test.

After the long-term test, the first short-term test was repeated with the same characteristics presented
before to assess whether the influence of the living wall on water quality changed due to a long exposure
to greywater.

Photographs of the plants were taken to monitor the evolution of vegetation coverage over time. For that,
they were treated with the Imagel) image-processing software (Rueden et al., 2017) to determine which
pixels corresponded to green cover and which to the background, and, therefore, the fraction of the LW
area covered by vegetation. The health and vigour of the plants was evaluated with the Normalised
Difference Vegetation Index (NDVI) (Turvey and Mclaurin, 2012), obtained weekly for each living wall
module using a handheld GreenSeeker sensor (Trimble, Sunnyvale, CA, USA).

At the end of the experiments, plants were detached from the living wall and the total biomass production
was measured. Subsequently, the growing media was thoroughly removed from the roots by carefully
washing with tap water. Next, the aerial part was separated from the root system to obtain fresh and dry
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weights of both parts separately using an AH-300 precision scale (I.C.T, S.L., La Rioja, Spain). For the dry
weight, the shoots and roots were dried in an oven during 48 h at 80 2C. An LI-3100 Leaf Area Meter (Li-
Cor, Nebraska, USA) was used to determine the total leaf area per living wall module, and the average Leaf
Area Index (LAl) was calculated for each species. The plant nutritional status was also determined by
collecting leave samples of each species to obtain their macro and micronutrients (Ca, K, Mg, Na, P, C, N,
S, B, Fe, Mn) content.

The results of the short-term test showed that the average water consumption was 2 L m?2 d?, with no
significant difference between the species studied. Regarding the evolution of water quality, the pH
increased slightly from 7.69 to 8.2-8.4 (ranging from 7.7 to 8 in the control), with few differences between
species. The same behaviour was observed for EC, it increased from 428 uS/cm to 496-587 uS/cm,
depending on the species (481-487 uS/cm in the control). This increment was higher for P. hederaceum.
The reduction in ammonia and nitrites was important, while the concentration of nitrates tended to
increase. A reduction in phosphates was also observed, with a slight increase in NaCl. Both BOD and COD
were greatly lowered, with average reductions of 87.4 % and 98.9%, respectively. P. hederaceum showed
slightly better performance in this sense, though differences were negligible.

The second test (long-term) showed that the three species adapted well to the continuous irrigation with
greywater. The mean measured NDVI values were 0.81 (+0.024), 0.85 (+0.014) and 0.9 (+0.012) for N.
exaltata, P. hederaceum, and S. wallisii, respectively. These values did not change much with time.
However, S. wallisii showed a slight tendency to lower the NDVI values as time passed. Also, the covering
of the living wall modules also increased with time for all species, indicating that plant development
continued even with adverse quality conditions of the irrigation water.

The total average final biomass of the living wall was 128.7 g of dry weight for N. Exaltata, 130.3 g for P.
hederaceum and 181.1 for S. wallisii. The average values of LAl were 5.26, 3.52 and 3.91, respectively.
Foliar element content in the three plant species changed during the greywater treatments and differences
varied according to the species and elements. In S. wallisii, a significant increase in the Ca, Na and C%
content was observed, and a similar pattern was observed for P. hederaceum, while for N. exaltata, this
increase was only observed for Ca. In all species, a significant decrease of Fe content was observed. In S.
wallisii and P. hederaceum, a decrease in Mn was also detected. Even if some nutrient contents decreased
after greywater irrigation, the values were still in the optimal range for plant growth.

The main conclusion is that the ornamental species tested survived and developed adequately,
maintaining their aesthetic value, when irrigated constantly and exclusively with greywater. However, as
the water quality decreases with time, mixing the greywater with clean water is advisable. Another option
is to alternate clean water irrigation events with greywater, so that the living wall plants do not show
symptoms of toxicity.
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ABSTRACT

Lignocellulosic biomass residues are a valuable resource for producing renewable energy through
anaerobic digestion by offering the advantage of being abundantly available. Despite their principal
feasibility for biogas production, lignocellulosic biomass generally employs a lower biogas production
compared to conventional energy crops (Gizirska-Gdrna et al., 2016; Roj-Rojewski et al., 2019). This can
be attributed to the recalcitrant nature of the lignocellulosic biomolecules hindering the fast
biodegradability of such substrates in anaerobic digestion processes. An approach to address this
challenge is to apply pre-treatment methods to facilitate the biodegradation and thus consequently
improve biogas yields. While some of these pre-treatment methods are well studied, less research was
performed on the effect of deep eutectic solvents (DES) pre-treatment on biogas yield from lignocellulosic
materials. The use of DES provides a novel and more environmentally friendly pre-treatment method and
is also suggested as a green solvent for the extraction of value added products (Abbott et al., 2003; Kehili
et al., 2022). Recent studies showed that DES pre-treatment can lead to delignification (Lima et al., 2021)
and enhance lignin extraction and biomass saccharification (Wang & Lee, 2021). Associated with this,
studies showed an increase of the biogas formation potential of 48 and 33 % for corn stover and rice straw,
respectively (Basak et al., 2022; Olugbemide et al., 2021). However, it was observed that DES pre-
treatment may facilitate but can also inhibit biogas production from lignocellulosic material (Lima et al.,
2021; Olugbemide et al., 2021).

Against this background and in order to better exploit the potential of lignocellulosic residual biomass for
energy production, the present research tested deep eutectic solvents as pre-treatment method for
different residual biomass streams and its effect on their biodegradability and biogas production potential
through anaerobic digestion in lab scale experiments.

The lignocellulosic biomass investigated were residues from the cork and pruning producing industry as
well as common reed from the constructed wetlands. While anaerobic digestion of common reed has been
studied and shown to be principally feasible (Gizinska-Gérna et al., 2016; Roj-Rojewski et al., 2019) biogas
production from olive pruning is not well studied, even though its relatively low C/N ratio represents a
favourable substrate characteristic (COSTA et al., 2018; Garcia Martin et al., 2020). A waste product of the
cork industry, which has been proposed and studied for the use as biogas substrate, is cork boiling
wastewater (Gongalves et al., 2012). However, cork dust was not yet considered for biogas production.

For this study, residues from the cork industry (cork dust) and olive production (olive tree pruning), as well
as common reed stalks from a constructed wetland were treated with a deep eutectic solvent consisting
of choline chloride and formic acid (1:2 molar ratio) at a solid to solvent ratio of 1:10 and at 90, 110 and
130 °C for 20, 40 and 60 min, respectively. The biogas formation potential of untreated and pre-treated
samples were determined in anaerobic batch tests. The biogas formation was evaluated taking the solid
recovery after pre-treatment into account. To support the data interpretation, SEM images were taken
and a FTIR analysis was performed to visualize and determine differences in physical structure and
crystallinity of the substrates. Also, an elementary analysis of the major elements N, C, H, S and O and a
compositional analysis (glucose, xylose, galactose, arabinose, mannose lignin, ash) of the samples were
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carried out. Additionally, the content of solubilized sugars and phenolic content in the liquid hydrolysate
was determined to evaluate the extraction of values added products.

Exemplarily, the results of the biogas formation tests of the pre-treated cork dust samples are presented
in Figure 1. A significant improvement of the biogas formation was observed for samples which were
treated with DES at 130 °C for 40 and 60 min. Compared to the biogas yield of the untreated sample (51.6
1 15.9 mLN gVS-1), the cork dust treated at 130 °C for 60 min had a biogas yield of 114.9 £ 6.2 mLN gVS-1
which accounts for more than a twofold increase. This increase remains considerably high even if the loss
of organic mass as a consequence of the pre-treatment (solid recovery of 75.6 %) is taken into account.
The increase in biogas formation potential was associated with a significant increase in lignin and — even
more pronounced — glucose content of the solid substrate after DES treatment. This effect is resulting from
the solubilisation of other molecules such as xylan. Alongside this higher availability of glucose in the
substrate, SEM and FTIR analyses indicated structural alterations which could explain the increased biogas
yield. The highest phenolic content of 137.4 mg GAE / g was extracted from the cork dust at 110 °C and
treatment for 20 min.

Overall, the findings of the present study suggest that DES treatment is an effective option for obtaining
value added products such as phenols and at the same time increasing the biogas potential of various
lignocellulosic biomasses.

120
‘:'\
& g0
E |
& I
N I
=
gL
> 40
<
&0
o)
2
0
90 °C 110 °C 130 °C
time 20 min M 40 min M 60 min untreated

Figure 18: biogas formation potential of untreated and pre-treated cork dust samples in mLn gvs™.
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ABSTRACT

A large number of agricultural by-products and animal husbandry waste have been produced due to the
inevitable agricultural practice for human survival. The utilization of agricultural and animal husbandry
residues in waste-to-energy technologies has become an eye-catching issue over the years because of the
concept of the circular economy for sustainable development. These biogenic residues possess a high
content of organic carbon (e.g., carbohydrates, proteins, and lipids) and are being dumped into landfills or
incinerated, causing severe environmental challenges and the waste of available resources. Anaerobic
digestion (AD) provides a sustainable route for resource circular utilization in agriculture and husbandry
waste. The dry anaerobic digestion process is adopted to treat biogenic waste including outer leaves of
cabbage (C), litter (L), and pig manure (PM) in the present study. Different from the main target of past
studies to enhance biomethane production, this study aimed to transform the waste into saccharides and
organic acids which are the intermediates in AD processes (i.e., hydrolysis and acidogenesis phases) and
can be further refined or utilized in various industries. Hence, Saccharomyces cerevisiae was chosen as the
microbial inoculum due to its non-gas-generating characteristic. The results of batch AD experiments for
35 days showed that the optimum feedstock mass mixture ratios are C:L = 2:1, C:L = 3:1, C:PM = 2:1, and
C:PM = 3:1 since the observation of more saccharides formation. Moreover, the optimal feedstock-to-
inoculum ratio (F/I ratio) is 1:1 and the best AD operation temperature is 45°C. The batch experiments
were scaled up to the 10 L continuously stirred reaction tank to determine the feasibility of in situ AD
practice. In comparison to the traditional way to deal with agriculture and husbandry waste, AD is
promising to be a valorized treatment to convert waste into reusable bioproducts which enables economic
and environmental benefits to realize the concept of the circular economy.

INTRODUCTION

Due to the intensive cultivation conditions in agriculture and husbandry, the treatment of biogenic waste
becomes an important issue for resource recycling. Biogenic waste contains a high content of nutrients
such as carbohydrates, proteins, and lipids, which can be further recycled and utilized with proper
treatment. However, biogenic waste used to be incinerated or composted, causing severe environmental
challenges and the waste of available resources. Anaerobic digestion is a suitable way to transform macro-
organic substances into biogas and digestate. Therefore, this study aimed to apply the anaerobic digestion
process to transform biogenic waste and focus on the preliminary reactions, which are hydrolysis,
acidogenesis, and acetogenesis, by adopting specific bacteria inoculum. Different from the main target of
past AD to produce biomethane, the intermediate products (e.g., saccharides and VFAs) generated by AD
are also worthy to use in various related industries. This approach achieves economic growth while
minimizing environmental impact, facilitating the establishment of a sustainable circular economic model,
and reducing environmental burden and energy consumption.

MATERIAL AND METHODS

In this study, three kinds of biogenic wastes, i.e., outer leaves of cabbage (C), litter (L), and pig manure
(PM), were adopted as feedstock in the AD process. Saccharomyces cerevisiae was the chosen bacteria
strain to add into the AD process to be the dominant microbial inoculum due to its non-gas generating
characteristic. The AD processes were operated in both batch reactor and continuously stirred tank reactor
(CSTR) with 100 mL and 5 L working volume for 35 days under controlled experimental parameters (i.e.,
feedstock mixture ratio, feedstock-to-inoculum (F/I) ratio, AD temperature). Samples were collected on
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the 7, 14, 21, 28, and 35 days after the AD reaction took place. The digestate was separated into liquid and
solid form and analyzed by HPLC (e.g., saccharides and VFAs) and EA to evaluate the performance of AD
conversion efficiency.

RESULTS
Effects of feedstock mixture ratios

The three types of feedstocks were mixed in different ratios to determine the effect of anaerobic digestion
in batch experiments. During the first stage of the AD process, microorganisms decomposed macro-organic
compounds into saccharides, amino acids, and fatty acids by hydrolysis. To determine the AD conversion
efficiency, the total monosaccharides production of cellobiose, glucose, galactose, mannose, xylose, and
arabinose was considered. The results showed the optimal feedstock mass mixture ratios are C:L=2:1, C:L
= 3:1, C:PM = 2:1, and C:PM = 3:1, and cabbage is the key feedstock that affects the monosaccharides
production. Moreover, the hydrolysis reaction was mainly carried out in the first 21 days and then forward
to the acidogenesis stage for VFAs production.
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Figure 1 The monosaccharides production of different feedstock mixture ratios in batch AD.
Effects of feedstock-to-inoculum (F/I) ratio

The monosaccharides production efficiency was used to evaluate the impact of the feedstock-to-inoculum
(F/1) ratio on the anaerobic digestion process. The experiment focused on the four optimal feedstock
mixture ratios (i.e., C:L=2:1, C:L=3:1, C:PM =2:1, and C:PM = 3:1) due to their obvious monosaccharides
production. The result showed monosaccharides production efficiencies at F/I ratios of 0.5 and 2 were
significantly lower than the F/I ratio of 1. This is mainly because of the water content in the batch reactor
which affects the AD hydrolysis efficiency. As a result, the F/I ratio of 1 was estimated to be the most
effective condition for AD transformation to monosaccharides.
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Figure 2 The monosaccharides production of different F/I ratios in batch AD.
Effects of anaerobic digestion operating temperature

To enhance the AD conversion efficiency, the proper increment of AD operating temperature could
improve digestion. The experiments were conducted at four different temperatures (i.e., 37°C, 45°C, 50°C,
and 55°C) at four optimal feedstock mixture ratios (C:L = 2:1, C:L = 3:1, C:PM = 2:1, and C:PM = 3:1). The
AD conversion efficiency results were evaluated by the residual carbon content in solid digestate, which
refer to the higher carbon conversion from feedstock to liquid digestate causing the lower carbon content
remains in the solid digestate. In the feedstock mixture of cabbage and litter, the residual carbon content
in solid digestate showed higher along with the temperature increment, indicating that raising the
temperature is not suitable for the mixture of cabbage and litter. In the experiments containing cabbage
and pig manure, the best AD conversion efficiency showed at the operating temperature of 45°Cand 50°C.
It may indicate the presence of other anaerobic bacterial species in pig manure, which are more suitable
for growth in the moderate temperature range. In summary, different feedstock combinations are suitable
for different anaerobic reaction temperatures.
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Figure 3 The carbon residual content in solid digestate at different operation temperatures in batch AD.
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Effects of anaerobic digestion operating volume

The AD process at 45°C was scale-up to the 10 litter CSTR with 5 L working volume and the AD conversion
efficiency affected by the operating volume was determined by the VFAs production in liquid digestate.
The results showed that there is no significant difference in the carbon percentage of produced VFAs in
the feedstock mixture of cabbage and litter when the process was scaled-up. In the CSTR of the feedstock
ratio of cabbage and pig manure, the VFAs yield was lower compared to the batch experiments, and the
trend of increasing VFAs yield over time was observed after 35 days. It is suggested that the larger reaction
volume may require a longer time for the overall reaction to convert the calculated formic acid and acetic
acid through anaerobic conversion.
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Figure 4 The carbon content of VFAs in liquid digestate in different AD operating volumes.
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ABSTRACT

Lignocellulosic materials, such as wood and stalky biomass, have significant potential as alternative energy,
material, and chemical sources. In the Mediterranean region, cork waste draws attention as a feedstock
that could be utilized with various valorisation technologies to produce value-added products and energy
in a biorefinery process. Cork is the outer bark of Quercus suber L., the cork oak tree (Aroso et al., 2017).
It is a natural, renewable, and sustainable raw material that is usually made up of suberin (30-60%), lignin
(19-22%), polysaccharides (12-20%), and extractives (9-20%), such as aliphatic, phenolic, and triterpenenic
compounds (Soares et al., 2014). This renewable material has a wide range of applications, the most
important of which is the production of wine stoppers, followed by applications in thermal and/or acoustic
insulation materials. The cork industry is an important sector in the Portuguese economy because it is the
world's largest cork producer (about 157 000 tons of cork annually, representing 50% of global production)
and exporter (representing 60% of global cork exports) (Santos et al. 2013). Industrial processing of raw
cork yields 20 % to 30 % residue, primarily in the form of cork powder/dust with low commercial value
(Mateus et al., 2016).

Chemical conversion of cork dust into a high-value product is an attractive option for increasing the overall
value of the cork chain and cork oak industry sustainability (Esteves et al., 2017). The extractives present
in cork and cork byproducts, particularly bioactive substances such as polyphenols and triterpenoids (e.g.,
friedelin), are gaining attention for their anti-inflammatory, anti-cancer, anti-oxidative, antiviral,
antifungal, and antibacterial activities (Cunha et al., 2020). Therefore, instead of being burned to produce
energy, this by-product could potentially be used for developing drugs, nutraceuticals, and functional
foods. Several studies have utilized conventional organic solvents to extract phenolic compounds from
cork dust (Reis et al., 2019; Santos et al., 2013, 2010; Touati et al., 2015). However, traditional solvents
have an adverse effect on the environment, prompting scientists to seek out greener alternatives.

Deep eutectic solvents (DES) are one of the "green" solvents that can be synthesized by mixing a hydrogen
bond donor (HBD) and a hydrogen bond acceptor (HBA) at a specific molar ratio capable of forming
eutectic mixtures (Abbott et al., 2003). Recent research demonstrated that deep eutectic solvents (DES)
may be an effective extraction medium for phenolic compounds due to their low cost, biodegradability,
and non-toxicity (Kehili et al., 2022). Various investigations on deep eutectic solvent extraction of phenolic
compounds from various biomass sources have been summarized in recent years (Kaoui et al., 2023).
However, the use of deep eutectic solvents for the extraction of phenolic compounds from cork dust is
rare in literature (Freitas et al., 2022; Rocha et al., 2023).

In light of this background, phenolic compounds were extracted from cork dust using DES. The treatment
was conducted with choline chloride and formic acid (1:2 molar ratio) at various temperatures (90, 110,
and 130 °C) and treatment times (20, 40, and 60 minutes) with a solid to solvent ratio of 1:10 (g/mL). The
extracts obtained at 110 °C-20 minutes had the highest total phenolic content (137 mg GAE/g dry cork
dust) (Figure 1). The total phenolic content yield in the liquid fractions increased with pretreatment time
at low pretreatment temperatures. In addition, a rise in temperature had a positive impact on total
phenolic content of the extracts. The antioxidant capacity of the optimal extracts was determined as
56.3+3.1% of DPPH inhibition. The DES treatment induced a negligible amount of sugar dissolution at low
temperatures. However, under severe conditions (e.g., 130 °C for 60 minutes), approximately 42% of the
xylan fraction in the biomass was degraded. Catechin, 4-hydroxybenzoic acid, and gallic acid were the most
abundant phenolics in DES extracts. The surface structure of the samples was smoother after mild
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pretreatment and rougher after severe pretreatment, as disclosed by SEM images. Overall, DES
pretreatment was effective at extracting phenolic compounds from cork dust.
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Figure 1. Change of total phenolic content in the liquid fraction with pretreatment time and temperature
(Lower case letters indicate significant difference between pretreatment time and upper case letters indicate
significant difference between pretreatment temperature (p<0.05)
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ABSTRACT
Hazelnuts are one of the world's leading nuts. Corylus avellana L. is the European hazelnut and it grows in

many countries like Turkey (63% of the total production and 59% of exports), Italy (8% of total production
and 11% of exports) or Azerbaijan (6% of total production and 6% of exports) (FAOSTAT, 2023; Pérez-
Armada et al., 2019). The 90% of the hazelnuts are intended for processing in chocolate, confectionery,
pastry, as well as in the preparation of numerous liqueurs and foods. In-shell hazelnuts must be opened in
order to be incorporated into the industrial food chain (Puliga et al., 2022). One of the main downsides
associated with hazelnut process are the by-products originated from the hazelnut industry during the
harvesting, shelling, and transformation processes. The hazelnut shell (HS), the residual woody biomass
resulting from the cracking process, represents approximately 50-55% of the total nut weight. The
economic valorization of these by-products is attractive to the industry. However, the HS only have direct
commercial value as boiler fuel and mulch presently. High-added value ingredients can be obtained from
the HS, which are potentially very abundant, valuable, and cheap by-product (Fuso et al., 2021; Pérez-
Armada et al., 2019; Puliga et al., 2022).

In recent decades, awareness and concern about environmental issues have increased. The constant
development of modern society and technology has produced several problems like climate change or the
scarcity of natural resources. The agricultural industry generates toons of biomass worldwide each year
which can be considered one of the most plentiful, cheapest, and easily renewable resources on the planet
(Barczewski et al., 2019; Santana-Méridas et al., 2012). Researchers are continuously striving to find new
methods and strategies for valorizing agro-waste, like HS, because its use provides low-cost biodegradable
raw materials, creates income and generates employment, and also, avoids the damaging effects of
untreated agricultural residues (Gupta et al., 2022).

This study is focused on the search for industrial applications for HS. The hazelnuts used in this research
have been cultivated in the village of Ayerbe (Huesca, Spain) and they are hand-picked hazelnuts from a
local farmer, grown naturally without fertilizers or pesticides. The shells were obtained by splitting the
hazelnuts with a manual cracker.

One of the main objectives of this study is a complete characterization of the material. This allows to take
advantage of its maximum potential thanks to the knowledge of its properties which permits to consider
the most suitable option for its use. For instance, elemental and immediate analysis provides interesting
information for hazelnut agronomic valorization, such as nitrogen, fixed carbon, and ashes content. Due
to this characterization, an identification of materials with similar characteristics can be made, which is a
useful aid in discovering and analyzing the possible applications of HS.

The methodology utilized to achieve the proposed objectives is an adaptation of the methodology
presented by (Manriquez-Altamirano et al., 2021) (see Figure 1). This method presents several phases, the
first step consists of gathering information about the shell, then a characterization of the material is
performed and finally, possible potential applications are identified. For the compilation of information, a
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literature review has been done through different catalogs (Google Scholar, Web of Science and Scopus)
with the objective of summarizing data on the material properties and its potential applications. After the
collection of information, the shell was characterized by its physical and chemical properties. The
mechanical characterization was discarded due to the impossibility of obtaining experimental results
because of the nature of the material itself and the absence of data in the bibliography. Once the material
has been fully characterized, other materials with similar characteristics to those of HS were identified by
scientific literature. This is intended to allow a better understanding of the material and, through similarity
to other materials, to achieve a better valorization of the product. Finally, an identification and proposal
of applications are performed. Two strategies are used for this purpose: on the one hand, thanks to
material characterization, applications are proposed based on its properties; and, on the other hand, by
identifying similar materials, applications that also fit the material can be detected. One of the main
advantages of the methodology presented is that thanks to the complete characterization of the material,
which allows the identification of materials with similar characteristics, the proposition and identification
of applications can be done in two ways. It is possible to find applications based on the properties of the
material and, also, applications can be found and adapted based on applications of materials with similar
characteristics.

Information Material Application
compiling characterization identification
Physical and chemical Applications Baved an
Biblagraghic review ‘ E::u.".mt “;:H * material preperties
identification of marerials Appsatie tenist v

Luborstory work applicacions of simiar

writh dimalar characiarstks matariali

Figure 1. Methodology adapted from (Manriquez-Altamirano et al., 2021).

The results of the chemical and physical characterization of HS and its applications found on scientific
literature are summarized in Table 1 and Table 2. Major components in the HS in order of content are
lignin, cellulose, and hemicellulose. High heat of combustion and low ash content are two of HS most
outstanding characteristics.

Table 1. Chemical and physical characterization of hazelnut shell

Shell Reference

Moisture [%] 8.93-10.04 ] ] o
S (Demirkaya et al., 2019; Gozaydin & Yuksel, 2017; Midilli et al., 2000)
= Ash [%] 1.35-1.48
N -

5 Heat °[fk°°|7k‘b]“$t'°“ 4060-4645 | (Dogru et al., 2002; Ferrero, 2007; Karatas et al., 2013; Midilli et al., 2000)
= cal/kg

= Mass [g] 1.15 (Bonisoli et al., 2015)

[*}

© Absolute density o

-2 721-945 (Bonisoli et al., 2015; Dogru et al., 2002)

z (kg/m?]

& Bulk density [kg/m3] 320 (Dogru et al., 2002)

Cellulose [%] 18.24-36.02 | (Cimino et al., 2000; Cruz-Lopes et al., 2012; Demirkaya et al., 2019;
= Hemicellulose [%] 11.3-32.28 Gozaydin & Yuksel, 2017; Midilli et al., 2000; Pehlivan et al., 2009; Pérez-
E Lignin [%] 30.2-48.57 Armada et al., 2019; Rivas et al., 2020; Senol, 2019)
£ Fixed carbon [%)] 19.43-27.12 - .
® - (Dogru et al., 2002; Karatas et al., 2013; Midilli et al., 2000; Solis et al., 2023)
s Volatile matter [%] 62.7-79.22
= C %] 46.76-55.48
1]

'g H [%] 4.92-6.76 (Cimino et al., 2000; Dogru et al., 2002; Gozaydin & Yuksel, 2017; Karatas et
S N [%] 0.22-1.4 al., 2013; Midilli et al., 2000; Solis et al., 2023)
0 [%] 36.45-45.83
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Numerous and varied applications have been found for HS. However, due to being a lignocellulosic
material and to its heat of combustion, the most relevant and currently developed applications are the
production of fiberboards, biosorbents and energy generation.

Table 2. Hazelnut shell applications found in the scientific literature.

Application Important properties Reference
Animal feed | Phenolic compounds, chemical composition, dry (Salami et al., 2019)
matter, ash, lignin
Fiberboards | Cellulose, hemicellulose, lignin, ash, moisture (Copur et al., 2008; Cruz-Lopes et al., 2012)

Composites | Chemical composition, moisture, density, cellulose, | (Barczewski et al., 2019; Demirer et al., 2018)
hemicellulose, lignin

Bioactive Cellulose, hemicellulose, lignin, ash, moisture, (Fuso et al., 2021; Pérez-Armada et al., 2019; Santana-
compounds | chemical composition Méridas et al., 2012)
Biosorbent Ash, chemical composition, cellulose, lignin, (Cimino et al., 2000; Ferrero, 2007; Pehlivan et al., 2009)

density, hemicellulose, moisture, pH, porosity,
calorific value

Substrate Lignin, cellulose, hemicellulose (Puliga et al., 2022)
Fertilizer Cellulose, hemicellulose, lignin, ash, moisture, (Chojnacka et al., 2020)
chemical composition
Renawable Cellulose, hemicellulose, lignin, ash, moisture, (Demirkaya et al., 2019; Gozaydin & Yuksel, 2017;
fuels chemical composition, calorific value, organic Hosgiin et al., 2017; Midilli et al., 2000; Solis et al., 2023)
matter, fixed carbon
Biogas Ash, volatile matter, fixed carbon, pH, moisture, (Dogru et al., 2002; Karatas et al., 2013; Senol, 2019)

density, chemical composition, calorific value,
cellulose, lignin, hemicellulose

Based on the existing body of knowledge, this study is the first to propose a methodology for the
characterization and valorization of agro-waste, specifically HS. In contrast to the traditional use of
biomass, like burning, this study focused on finding applications that add value to agricultural residues
which allows to use it as a higher quality eco-material. In addition, this research provided information on
the physical and chemical characterization of the HS that could be helpful for other research lines. There
are studies that offers data on the different parts of the hazelnut such as the husk to biomass (Copir et
al., 2008), the leaves to animal feed (Renna et al., 2020), the kernel to cosmetics and oils (Guiné & Correia,
2020) or the skin to animal feed or fertilizer (Chojnacka et al., 2020; Renna et al., 2020). Nevertheless,
although there are studies which provide data in particular of the HS, these have different perspectives,
for example, the adsorption of heavy metals and dyes (Cimino et al., 2000; Ferrero, 2007), the
development of cracking machinery (Bonisoli et al., 2015), to produce hydrogen, ethanol or renewable
fuels (Hosgiin et al., 2017; Midilli et al., 2000; Solis et al., 2023). Some studies were found focus on the
production of phenolic compounds and activated natural ingredients from shell, which are considered
renewable additives for biofuels production (Pérez-Armada et al., 2019; Rivas et al., 2020). There are some
studies where HS is used, mixed with other materials in different proportions, to produce fiberboards and
composites (Barczewski et al., 2019; Copur et al., 2008).

In summary, this study aims to develop a product with the HS with the objective of create a high-quality
material and add value to this abundant and cheap agricultural residue. Starting from this study, future
research is proposed to improve and extend the characterization of the material and to compare it with
other materials with similar properties. From there, identify the current applications of these materials,
and test the suitability of HS for those applications. Then, it is proposed to carry out an ideation process
together with experts from different fields (materials, environment, design, manufacturing, processes,
etc.) to generate new product ideas and evaluate their technical and economic feasibility.
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ABSTRACT
Sheep farming in mountainous areas seems to be a natural economic activity. It has a long tradition in the

Polish Carpathians where _the pastoral know-how was introduced several centuries ago by Wallachian
tribes who developed a transhumance pastoralism based on the seasonal flocks’ migration between
summer mountainous pastures and winter lowland ones. Over the centuries sheep were an integral
component of the mountain landscape and ecosystem, while pastoralism became a vital part of highlander
culture and economy. Transhumant pastoralism adapted to the local climate and vegetation enabled the
sustainable production of several sheep products.

For a long time, wool was a relevant and precious product obtained from mountain sheep. Processed with
traditional methods that have been passed down from generation to generation, wool was applied for the
production of felts and hand-spun yarns which were used for manufacturing some parts of highlander
clothes and costumes. In the industrial period wool was also used for the production of woollen fabrics
and blankets as well as knitting yarns for handicraft. Contrary to fine merino wool, the wool from Polish
mountain sheep is heterogenous, rough, difficult to spin and mass-produce. From sheep to sheep, the
wool varies greatly in terms of fibre length, diameter as well as kemp and guard hair content, which
significantly impairs textile properties. Generally, the kemp and guard hair content is relatively high, with
guard hairs being responsible for the itching effect in wool fabrics. Kemp's brittle fibres are released in the
form of fibre dust not only from semi-products during wool processing, but also from the textiles in
everyday use. In addition, kemp does not take dyes well, which is significant if textile dyeing is planned.
Due to its characteristics, the wool is not attractive for clothing production and consequently for the textile
industry and craft sectors. For most purposes it has been replaced by synthetic fibres or even merino wool,
which was also affected by the low-demand crisis. Nevertheless, regardless of its origin, wool has a number
of valuable properties. It provides good thermal and sound insulation [Patnaik], is self-extinguishing and
difficult to ignite [Cardamone, 2013], hygroscopic [Curling 2012], [Hegyi, 2021], biodegradable
[Kornitowicz, 2011], [Broda, 2016] and absorbs volatile organic compounds well [Mansour, 2016]. In other
words, it may be used as an effective raw material for numerous purposes.

At the moment sheep are kept in the Carpathians for meat as well as milk used for the production of
regional cheese. The wool is classified as a by-product of sheep husbandry [Regulation, 2009] but in fact it
is a troublesome waste. The amount of wool is simultaneously too small to generate interest in a big
industry and too big not to generate a problem with its utilization. Thus, the raw wool is unnecessarily
stored or just thrown away.

The research aiming at maximizing the utilization of local resources of wool obtained from mountain sheep
was carried out. The authors were guided by the idea that “waste is not waste until we waste it”. The
subject of the study was wool from sheep raised in Southern Poland, in the part of Carpathians called the
Silesian Beskids. The flock consisted of several hundred mountain-bred sheep. Raised mainly for milk,
these sheep were diverse in terms of wool colour and quality.
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The activity crucial for the aim of the research was to sort the wool according to clearly visible criteria,
namely its natural colour, degree of purity and origin from the sheep's body parts. The dark and white
fleeces were separated and some fragments of the fleeces — consisting of short, coarse, heavily faeces-
contaminated and felted fibres — were removed just after sheep shearing. Thus, from a textile point of
view, the wool was divided into wool for textile processing and waste wool. Both types of fibre were
managed, each in a different way. In order to make even more efficient use of textile wool, the authors
conducted a detailed review of the fleeces to estimate the guarded hair and kemp content of the wool.
The extremely kemp-rich fleeces were used along with the waste wool. Fig.1 shows a diagram of wool
distribution.

Fig.1. Distribution of wool to maximize its use.

The sorted textile wool was scoured and dried. Before carding, the authors inspected the wool for the last
time and removed fine impurities and felted fibres by hand. Carding was the basic operation for different
textile processes. Subsequent operations depended on the type of end product as well as wool quality.
The processing of the wool into felts and yarns was carried out at the small family-owned Selbu Spinneri
spinning mill (Klaebu, Norway), which specialises in processing different types of wool from native sheep.

Textile wool with the highest content of kemp was designated for felting. Felt was made of several layers
of card web laid crosswise over each other. The felting tests carried out on a plate machine showed that
the wool from mountain sheep is suitable for felting, as the kemp is tightly trapped in the compact felted
material. Such felt has good properties for various uses, mainly technical ones.

Wool with predominantly long, coarse guard hair was processed into rug-core yarn. The yarn was formed
by wrapping a card web around a relatively thin wool waste yarn. Such yarns have diameters of approx. 8-
12 mm and a linear density of approx. 4-5 ktex. Due to their large thickness, core-rug yarns are suitable
especially for handicraft techniques such as weaving and big-knit but may also be used in hand tufting (Fig
2.a).

The wool selected as having the best quality was designed for ring spinning. The slivers formed in the last
stage of carding were joined together in threes and drawn. The process was repeated. The formation of
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ring-spun yarns included the production of single yarn in the spinning process, the formation of plied yarn
in the twisting process, twist stabilization and yarn rewinding. Ring-spun yarns with linear densities in the
range of 1100 - 1350 tex were eventually produced. They were tested in tufting, weaving and knitting. The
suitability of ring-spun yarns in hand tufting and mechanical weaving was demonstrated (Fig 2. b).

The wool rejected as unsuitable for textile processing was used in agriculture and horticulture as a
fertilizer. Agricultural and horticultural tests were carried out on a small farm in the Cieszyn Foothills
(Poland). Chemical analysis for heavy metals, polycyclic hydrocarbons and other harmful substances has
shown that tested wool is safe for fertilizing food crops [Broda, 2023]. Cut fibres were tested in the
cultivation of tomatoes, potatoes, winter wheat (Fig 2. c) and northern highbush blueberry. Indicators of
tomatoes, potatoes and wheat health and their yields showed that wool is an effective slow-release
fertilizer. Moreover, the tests of northern highbush blueberry showed that the wool fertiliser does not
change soil acidity. Some of the cut wool was formed into pellets, which are more convenient for use and
more attractive commercially. The first trials with pellet wool were conducted.

a/ b/ c/
Fig 2. Selected forms of processed wool and their applications: a) core-rug yarns used in tufting, b) ring-spun yarn
used in tufting, c) cut wool fertilizer used in agriculture.

In this way, all the wool from the shearing has been used for various purposes depending on its
parameters. The key prerequisite for its maximum use is its proper separation in terms of the degree of
impurity and quality directly at shearing. Accurate segregation of wool for various purposes corresponds
to the highest level in the waste management hierarchy according to the European Union guidelines
[Regulation, 2019], [Sigaard, 2022]. The portion of the wool of better quality is suitable for textile
processing and it can be included in the wool value chain and used in local small-scale production to make
felt and yarn, especially rug yarn for tufted rugs and carpets. From the point of view of textile processing
waste wool, the second portion can be used for the production of wool-based fertilisers. Additional sorting
of textile wool with a focus on the more subtle characteristics of the fibre allows for its most rational use
in the production of yarns with differentiated properties. All the wool forms presented show market
potential. It was therefore shown that there is no bad wool, only bad utilisation.
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ABSTRACT

Wheat bran (WB) is a sustainable material produced by milling industry in very high quantities. It forms
cover layers of wheat kernel, which are removed during wheat flour production. This secondary product
contains many nutritional significant components, which could be utilized for the enhancing the food
quality. The protein fraction is one of the most abundant components of wheat bran (13-18 %) and
according to its nutritional characteristics, the inclusion to human diet seems to be convenient and
required.

The proteins are the part of lignocellulosic structure of WB. However, it could be easily isolated thanks to
its ampholytic nature by pH-shift method. The protein fraction is extracted by NaOH solution (pH 10 +0,1;
2 h; room temperature) in ratio 1:20 with continuous mixing. The proteins were separated from
deproteined WB by centrifugation (8000 rcf, 15 min, r.t.) and precipitated by pH adjustment to 4 + 0,05
(1M citric acid). Precipitated proteins were isolated by centrifugation and dried by lyophilization.

The quality proteins are nutritionally very significant commodity which is recommended to be a common
part of a diet, especially for the athletes and the elderly. WBPI contains more than 80 % of proteins
represented by several protein fractions (up to 170 kDa). As it is typical for plant proteins, the most
abundant amino acid of WBPI is glutamic acid. However, there are also high concentrations of amino acids,
which are helpful in muscle and wound regeneration, as arginine and proline. This protein isolate seems
to be ‘complete’ according to the representation of all essential amino acid. The limiting amino acids of
WBPI are phenylalanine and tyrosine. However, the determined 93% digestibility of this material provides
the opportunity for utilization of WBPI in production of food with added nutritional value.

As the part of this research, WBPI was used for production of several food commodities with added protein
value, e. g. baguettes, yogurt, or bars. In all these products the protein content was increased by the
addition of WBPI which made them high-protein food. However, during the production it was necessary
to reflect the negative side effects of WBPI addition to different food matrices. The defects of products
were evaluated by rheological (product fragility/rigidity) or sensory analysis (acidity/bitterness of WBPI)
and eliminated by different approaches (change of recipe procedure, flavour masking, etc.).

Acknowledgements

This research was supported by Technology Agency of the Czech Republic, project no. FW02020135 and
by project no. FCH-S-23-8330 financed by the Ministry of Education, Youth and Sports of the Czech
Republic.

References:

Balandan-Quintana, R. R., Mercado-Ruiz, J. N., Mendoza-Wilson, A. M. (2015). Wheat Bran Proteins: A Review of Their
Uses and Potential. Food Reviews International, 31(3), 279-29, https://doi.org/10.1080/87559129.2015.1015137.

International Conference of the International Ecological Engineering Society, Chania, Greece, October 1 -5, 2023



Application of sheep wool as slowly released organic fertilizer in tomato and
winter wheat cultivation

Jan Broda'*, Andrzej Gawlowski', Monika Rom?, Katarzyna Kobiela-Mendrek!, Maria Kohut?
" Faculty of Materials, Environment and Engineering, University of Bielsko-Biala, Bielsko-Biala, Poland

2 Centre of Regional Produce, Koniakow, Poland

*Corresponding author: jbroda@ath.bielsko.pl

Keywords: sheep wool, waste, wool biodegradation, organic fertilizer, nitrogen supply

ABSTRACT

For many years, sheep wool was used as a precious raw material used for the production of apparel
textiles, carpets and blankets. In recent decades, due to the rapid development of products made from
synthetic fibres, the demand for wool has declined significantly and the share of wool in global fibre
production has decreased considerably. At the same time, wool has lost its economic value and the costs
of sheep shearing have overweighed the price of the material. In many countries, sheep husbandry was
reoriented on meat production, while wool became a worthless and troublemaking by-product. The deep
crisis affected especially coarse wool obtained from local breeds, including breeds raised traditionally in
mountain areas.

To find a reasonable solution for the utilization of wool surpluses, several attempts of using it as a soil
amendment and organic fertilizer in agricultural and horticultural crops were undertaken (Zheljazkov et al.
2009; Abdallah et al. 2019a). As a protein fibre, wool is composed of carbon, nitrogen and sulphur,
elements that play an essential role in plant development. It undergoes biodegradation, resulting in
nitrogen-rich organic compounds being gradually released into the soil. Then, the compounds undergo
ammonification and nitrification, whereby organic nitrogen is transformed into ammonium and nitrate
forms making the keratin resource become available and accessible for plant nutrition (Broda and
Gawlowski 2018). In addition to nutrition function, wool mixed with soil retains water and improves several
soil’s physical properties (Abdallah et al. 2019b; Broda et al. 2020). The positive impact of wool on plant
growth was repeatedly shown in the cultivation of cereals and various vegetables (Lal et al. 2020; Bohme
2021).

To maximize the valorisation of wool obtained from sheep raised in Polish mountains, investigations on its
application as a fertilizer in tomato and winter wheat cultivations were performed. For the purpose of the
research, waste wool left after the selection of better quality material designed for spinning of rug yarns
was separated right after sheep shearing. The waste included partially felted wool, fibres contaminated
with faces or mud and short wool sheared from sheep legs, tails and heads.

Before the field tests, raw, unwashed and naturally contaminated waste wool was examined. During these
examinations, heavy metal concentration and polycyclic aromatic hydrocarbons content were determined.
It was revealed that the fibres do not contain any excess heavy metals and residues of other harmful
substances. It was concluded that this wool can be safely applied as a clean soil additive and its application
does not involve any risk of soil contamination (Broda et al. in press).

The waste wool containing grease and other natural contaminants was cut with a prototype cutting device
into short, few-millimetre-long segments. Its fertilizing efficiency was then examined in experimental
plots.

The studies on tomato growth were carried out inside a foil tunnel. The cut wool was spread on the soil
surface in the amount of 0.5 and 1% in relation to the weight of the 20 cm layer of soil. Then, the wool was
covered with a thin layer of soil in which tomato seedlings were planted. During vegetation, the growth of
the plants was monitored. At the harvest, the size of tomatoes was measured and their yield was
determined. It was found that the average size of tomatoes grown in plots fed with wool is much larger
and their yield is twice as large (Figure 1).
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Figure 1. A tomato grown in soil fertilized with wool by different amounts of wool; a/ 0.5%; b/ 1%.

The studies on winter wheat were conducted in a field with arable soil of average quality. In the
experimental plots, different amounts of cut wool (0.5%, 1% and 2%) in relation to the weight of the 20
cm layer of soil were spread out on the field surface and mixed with soil with a rotary tiller. In autumn, the
field was sown with winter wheat. Next year, throughout the vegetation period, the wheat growth was
systematically monitored, while the tillering degree, height of stems and colour of leaves were assessed.
At the harvest, the yield of wheat was determined.

stam heght, =

0 O N ™

a/ b/

Figure 2. Winter wheat grown on soil fertilized with wool; a/ overview of the field with experimental
plots fertilized with wool during stem elongation stage; b/ wheat steams grown in experimental plots by
different wool amounts
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It was revealed that thanks to the addition of wool, the tillering degree of wheat was almost two times
higher. During the stem growth stage, the wheat had intensive dark green colour and its blades were
considerably higher (Figure 2). Finally, the wheat yield from the plots fertilized with wool was much bigger.
A significant increase in the yield was observed already at a small amount of wool added. At higher wool
doses (1 and 2%), the yield is much bigger, reaching twice the level obtained for plots containing no
fertilizer.

During wheat growth, the progress of wool biodegradation in natural conditions in the soil was monitored.
It was stated that cutting results in mechanical damage of wool. Due to the damage of the outer cuticle
layer, the natural enzymatic resistance of wool is weakened and enzymes released by microorganisms
naturally present in the soil have easier access to the fibres. As a result, the biodegradation of cut wool is
initiated quickly and proceeds successively for several months.

During biodegradation, the compact wool's keratin structure is gradually broken down, while nitrogen-rich
peptides and particular amino acids are released into the soil. In experiments during wheat growth, the
content of the organic and mineral forms of nitrogen in the soil was controlled. It was revealed that the
nitrogen supply is strictly correlated with the progress of wool biodegradation.

The analyses of the results of performed studies led to a conclusion that raw waste wool can be used as
an environmentally friendly organic fertilizer with high nitrogen content (several times higher than in other
organic fertilizers). Useless, waste wool obtained just after sheep shearing, not submitted to any additional
chemical and environmentally unfriendly treatment can be safely applied as such fertilizer. The preferable
form of fertilizer are fibres cut into short segments. The cut wool can be easily compounded with the soil
using agricultural machinery. The cut wool is more easily biodegradable and ensures nitrogen supply
shortly after planting seedlings or seeding. Then, contrary to conventional mineral fertilizers, the nutrients
are systematically delivered to plants during the whole vegetation season. With an appropriate dose of
wool, nitrogen is available to plants in sufficient quantities in successive stages of their growth. Since the
biodegradation of wool does not end with the vegetation season, the supply of nitrogen is ensured until
the last stage of growth. The systematic supply of nitrogen during all growth stages ensures a high yield.
Slow release of nitrogen and its successive consumption during plant growth enables better nutrient
utilization and reduces losses of nitrogen through volatilization, leaching and denitrification. Proper timing
is also favourable to the environment and protects water resources from contamination resulting from
excessive nitrogen release.
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ABSTRACT

Over the last decades the rapid growth in chemicals production and trade has caused concerns among the
international community about the possible risk associated with the use of hazardous chemicals and
pesticides. Countries that have no necessary infrastructure in place to monitor and control the import and
use of these substances are particularly vulnerable in this regards.

Since the use of chemicals has become an important means of achieving success in the economic and social
development of countries, it is necessary to maximize benefits of chemicals use of and minimize their
adverse effects on human health and the environment. In this regard, the development of legislative and
technical infrastructure for the safe production and handling of chemicals, as well as ensuring their proper
use, is extremely important.

In the Republic of Armenia the key direction of State policy in the area of nature protection is ensuring
sound management of chemicals and wastes in order to prevent their harmful impacts towards the
environment and human health.

Issues related to environmental and human health protection are included in all strategy documents of
the country.

Chemicals and wastes management in Armenia is based on development and implementation of
integrated approach aimed at efficient arrangement of chemicals safe production and application, as well
as prevention of their harmful impacts to human health and ensuring healthy environment.

The integrated approach in the area of chemicals and wastes management presupposes creation,
strengthening of cooperation at the national level between ministries, research and academy institutions,
industrial associations, NGOs. This is the platform for efficient and coordinated actions for consideration
of national priorities in the area of chemicals and wastes management, as well as for effective
implementation of international agreements and initiatives related to chemicals and wastes.

Currently there is no Law “On Chemicals” in Armenia. In the Republic of Armenia chemicals and wastes
management is implemented under Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes and their Disposal, Rotterdam Convention on the Prior Informed Consent Procedure for
Certain Hazardous Chemicals and Pesticides in International Trade, Stockholm Convention on Persistent
Organic Pollutants and Minamata Convention on Mercury.

In order to carry out obligations undertaken within the ratified conventions the “List of hazardous wastes
prohibited for import to/ export from the Republic of Armenia”, “List of prohibited industrial chemicals
and wastes regulated under the Stockholm and Rotterdam Conventions, as well as “List of mercury
containing products” , the ban on their production, import, export were approved.

For sound management of chemicals in the Republic of Armenia the following is required:

o establishment of a unified system for chemicals registration
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e setting forth requirements on chemicals classification,

e setting forth requirement for chemicals labelling that will ensure efficient system for notification
of the final consumer about the hazardous properties of chemicals

e integrated regulation of chemicals import and export system establishing and clearly
differentiating authorities/ responsibilities of state governance bodies in the area of chemicals
handling

e establishing the rights and responsibilities of persons involved in the chemicals handling area,
e setting forth responsibility for violation of legislative requirements on chemicals handling;
e Chemicals Registry development, and

e registration of chemicals importers and manufacturers and the chemicals they offer on the market
for professional use and for use among the general public.

The information about importers and manufacturers of chemicals and the market for chemicals in the
country is needed. It is crucial to develop contacts with them and the dialogue for the implementation of
this roadmap.

It is necessary to have statistics about chemicals in the country, composition, use of substances in
chemicals, the aim of each chemical, changes in use patterns.

Considering principles of Chemicals Health and Safety at the work places, it is necessary to strengthen the
prevention of risks by eliminating the sources of risks, change the choice and use of chemicals and
chemical-technical solutions, by collective measures and organizational changes in the work environment.

Ensuring the process of providing information related to health impacts of chemical factors, including
different type produce, natural poisons, industrial chemicals, pesticides, their hazards, chemical and
toxicological properties, antidotes and treatment; integration in the international chemical information
network.
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ABSTRACT

The society of the 21st century faces and is aware of a wide range of sustainability challenges. From the
crisis of social cohesion to adverse climate changes, the multifaceted nature of risks makes it necessary to
look for systemic solutions that would not only reduce the impact of risks, but also change of society's
values. Therefore, the sustainability of all dimensions of the urban environment is one of the development
criteria on a global scale. The increasing intensity and risks of urbanization challenge the possibilities of
urban regeneration. The topicality of urban regeneration creates the need to reassess existing
development trends and the systems of social interaction, resource consumption and value understanding
contained in them.

Agriculture is a primary sector that provides not only the primary needs of society, but also creates
awareness of food resources, process and system at different levels and groups of society. Agricultural
practice in the urban environment in the 21st century has acquired a historically new and unprecedented
multifunctionality. Taking into account the change of functions of urban agriculture, when it was initially
the basic principle of urban planning, but then with the period of the Industrial Revolution it was
conceptually separated from the urban environment, the multifunctionality of the practice realized in the
21st century allows to identify its renaissance period (Dobele & Zvirbule, 2020). Urban agriculture covers
a wide range of functions, from providing food resources and promoting urban sustainability, to
developing education and innovation and building social cohesion (Dobele, Dobele & Zvirbule, 2022). Food
growing and agriculture in the 21st century is mostly associated with rural areas, their characteristic way
of life and aspects (Nowysz et al., 2022). Therefore, the conceptualization of urban agriculture is related
not only to food production as the basic function of the practice, but to a much wider range of functions
specific to the urban environment. Although urban agriculture is often defined broadly and simplistically
as the cultivation of plants and livestock within the boundaries of the city (Caldas, Christopoulos, 2023), in
the understanding of urban agriculture, the essential aspect is that agriculture in cities is much more
closely integrated into urban systems, space and environment than agriculture in the territories of the
countryside (Téth, Timpe, 2017).

Also in Latvia, urban agriculture is a multifunctional practice, but the functionality is affected by several
specific aspects. Agriculture is a cultural-historical activity of Latvian society, but the increase in the level
of life quality reduces the economic motivation of the practice. Food growing traditions in Latvia are old
and socially supported, however, urban agriculture as an activity promoting and supporting the
sustainability of cities is relatively underdeveloped both in practical implementation and research.
Therefore, in this study, the analysis of urban agriculture in Latvia includes the characterization of three
directions: urban agriculture as a household self-consumption practice, as a social community initiative
and as a commercial activity. In the study, the demarcation of the "urban" environment is subordinated to
the 10 State cities of Latvia. "Agriculture" is conceptualized as the economic activity of crop cultivation and
animal husbandry.

In Latvia, the commercial trends of urban agriculture are difficult to analyse. The Central Statistical Bureau
compiles statistics on industry companies registered in the State cities. However, the data are not
unambiguously applicable to the practice of urban agriculture, taking into account that the place of
company registration and practice often differ. And even then, only 6% of the entire country's agricultural
sector enterprises are registered in State cities, which proves the lack of interest in commercial practice in
urban agriculture (Tirgus sektora ekonomiski..., (n.d.)). The areas of agricultural land in State cities are also
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small - in 2022, the area of agricultural land in the cities is 1,617 ha and constitutes 0.03% of the total
territory of the country and 0.07% of the total area of agricultural land, which indicates the focus of the
use of land resources on non-agricultural land in the cities (Land distribution land..., 2020). The relatively
large proportion of meadows and pastures in the agricultural lands of the State cities may indicate the
potential for livestock and poultry farming practices, however, the number of livestock and poultry does
not confirm this (Figure 1).
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Source: author’s construction based on Lauksaimniecibas datu centrs, (n.d.)
Fig.1. Number of livestock and poultry in State cities at the beginning of the year 2005-2022 in Latvia.

Trends in the number of livestock and poultry in Latvian cities are fluctuating - only in such categories of
livestock as cattle and pigs is there a decrease in the number. The consumption of beef and pork among
city residents is also decreasing (Partikas produktu patérins vidéji..., (n.d.)), therefore, the decrease in the
number of these livestock is not related to the decrease in the relevance of urban agriculture. The
increasing trends in numbers in categories such as poultry and bee hives indicate a reorientation of urban
agriculture to those groups of livestock and poultry that are relatively easier to manage in household
conditions. However, the overall trends in the number of livestock and poultry indicate that livestock
farming currently is not the primary direction of agriculture in Latvian cities, taking into account that both
the number and the proportion of animals are decreasing in almost all livestock farming groups.

Analysing the case study of the commercial activity of urban agriculture in Latvia (Dobele, 2022), it can be
concluded that urban agriculture is primarily a complementary practice. "Hotel Janne" Ltd, which operates
in the field of guest accommodation, has also established an urban beehive on the company's territory
since 2018. Company owner and beekeeper Valdis Janovs admits that the primary function of urban
agriculture in his company and the choice to create an apiary in the capital is related to restoring the
connection between nature and human, diversifying the urban environment and popularizing green
lifestyle and thinking. The analysis of urban agriculture practice in "Hotel Janne" Ltd concludes that the
urban environment is conducive to beekeeping, as the main challenges are related to increased risks of
vandalism and theft, but the environment, the availability of multiflora, the non-use of agricultural
chemicals in cities and the proximity of educational institutions are contributory aspects in the
implementation of the practice. In addition, currently urban agriculture in Latvia has a good potential for
the development of tourism, taking into account that the practice of commercial activity is not yet widely
developed. However, the existing business trends, which also include a relatively lower average wage in
the agricultural sector compared to other sectors, a high level of the employment in the State cities and
high costs of land resources, are hindered economic factors (Dobele et al., 2022).

Urban community gardens have a high potential for building community ties, as they are characterized by
a collective management and use of production, often as an initiative to reduce social and economic risks
in the community (Nowysz et al., 2022). That is why community gardens have the potential of several,
especially social, functions - they support community formation, socialization, have educational and
recreational functions (Trendov, 2018). Determining the trends of community gardens in the Latvian
situation is complicated by the fact that community gardens in Latvia are mostly registered as associations
whose activities are not directly related to agriculture. Therefore, identifying the number, proportion and
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scope of practice of community gardens in Latvia is only possible based on the principles of case study
selection. The practice of community gardens is not widely developed in Latvia - there are several
community gardens in the capital, but only a few in other cities. Most of the activities of community
gardens are related to horticulture and its financial base is made up of donations, membership fees or
fundraising from environmental and educational projects (Dobele, 2022). However, community gardens in
Latvia are currently not supported by local governments, which make their development fragmentary and
without systematic support and evaluation in the sustainable development of the State cities.

Urban agriculture is able to create links between urban and rural environments, food production and
consumption, nature and culture, people and places, both at the macro level through community and
social initiatives, and at the micro level in individual habits and households (Wittenberg et al., 2022).
Therefore, in the analysis of urban agriculture practices and its functions, it is important to evaluate not
only commercial practices and community activities, but also individual, household activities that ensure
social sustainability at the individual, household level. In order to identify the habits of Latvian households
in the context of urban agriculture, in 2021 a survey of the residents of Latvian State cities was conducted,
in which 620 respondents participated. 65% (n=406) of the State cities' residents grow at least one food
product in their household, which shows that food growing in the urban environment is widely developed.
However, the results of the survey show that urban agriculture in Latvia is mostly practiced in the form of
micro-agriculture (Table 1).

Table 1: Indicators characterizing the practice of urban agriculture in the population survey

. . " . Amount of grown
Duration of experience, Time spent on practice, h L.
production in Types of products
years avg. week .
consumption, %
category resp., % category resp., % category resp., % category resp., %
uptol 12 up to 2 61 up to 10 56 herbs 94
1-2 20 2-4 24 11-25 15 vegetables 64
35 28 5-7 7 26-35 14 fruit trees, berry 46
bushes
6-10 14 8-10 4 36-50 10 berries 40
E poultry for meat,
more than 10 26 more than 10 4 >1-74 3 eggs 8
more than 75 2 livestock 2

Source: author’s construction based on the results of a survey of respondents (n=406)

The approach of micro-agriculture is evidenced by several aspects of practice: 1) very short time is
consumed for practice (61% of respondents spend up to 2 hours per week on average for agricultural
practice); 2) the proportion of the grown production in the volume of household consumption in the
relevant product group is small (56% of respondents grow only up to 10% of the necessary food); 3) goals
of growing food (78% of Latvian respondents grow food for household consumption, 19% both for self-
consumption and for giving to family and friends, only 2.5% also for sale); 4) the most frequently grown
types of products (herbs, which are a relatively less time and labour-intensive group, are grown by 94% of
respondents). Although the volumes of household practice are small, practicing urban agriculture is an
essential part of the daily life of residents in the urban environment. The results of the survey show that
residents are primarily motivated by the opportunity to green their surroundings (77% of practitioners this
is an important motivator), which interacts with the environmental dimension of urban sustainability. Also,
the implementation of the practice is motivated by aspects related to education: 70% of respondents
choose urban agriculture as a household practice motivated by the opportunity to learn something new,
and more than 90% of respondents evaluate it as a practice that potentially could complement the
educational program. The high functionality of educational promotion in the context of Latvian urban
agriculture is also indicated by experts, emphasizing that practice promotes the acquisition of knowledge,
regardless of its scope and place of implementation (Dobele, Dobele & Zvirbule, 2023).

Urban agriculture in Latvia is closely related to cultural-historical traditions. For 76% of practitioners, the
important motivator is the tradition of growing food in the family. In addition, 73% of practitioners acquire
knowledge about agriculture from their family. This proves that growing food is a traditional activity also
among the residents of Latvian State cities and promotes the development of the practice. However, the
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residents are not motivated by the potential of the practice to create opportunities for socialization with
others (only 15% of respondents state this as an important motivator). This aspect also interacts with the
relatively small number of community gardens in Latvia, which shows that residents currently do not value
urban agriculture as an aspect promoting social cohesion. At the household level, as well as in the approach
of commercial activities and community gardens, residents evaluate urban agriculture as a resource-
intensive practice (only 28% of respondents admit that the value of the food grown covers the resources
consumed in its cultivation, 47% answered that partially and 25% denied). This shows that the
development of urban agriculture in Latvia in all approaches (business, community networking and
individual traditions) should primarily be based on social and environmental functions and motivational
aspects.

Evaluating the existing trends of urban agriculture in Latvia, it can be concluded that the practice is
currently mostly implemented at the household level. However, given the multifunctionality potential of
urban agriculture in promoting urban sustainability, it should not be an exclusive choice between different
directions of implementation of the practice. In order for urban agriculture in Latvia to function as a
practice integrated into urban systems for sustainable cities, it is necessary to develop and promote
community activities and commercial practices as well. The attitude and habits of the population are
conducive to the practice, therefore the inclusion of urban agriculture in the form of community gardens
in the planning of the territories of the State cities and the development of support systems for the
promotion of commercial activity would provide a basis for the development of urban agriculture as a
factor contributing to the sustainability of cities in Latvia.
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ABSTRACT

The H LAB project, initiated in 2020, is a one-hectare laboratory that conducts action-research in
collaboration with the artistic collective Parti Poétique and the Zone Sensible site. It aims to understand
the social and ecological benefits of conserving one hectare of agricultural land in a densely urbanized
area. Zone Sensible, managed by Parti Poétique, is a model of harmonious integration between nature and
the city. The project, developed over a 24-month rehabilitation period, reactivates the land while
preserving its nourishing qualities and introducing new uses for the public, researchers, artists, and urban
agriculture actors. The permaculture approach adopted by Parti Poétique ensures long-term respect for
ecosystems and low-carbon sustainable agriculture.

Zone Sensible serves as an educational platform, organizing guided tours, workshops, conferences, and
events to engage the public and raise awareness about environmental and social issues. It is an urban farm
project in Porte de Paris a Saint-Denis that preserves a unique heritage site and contributes to hyper-local
agricultural and food production. It was identified as UNESCO Green Citizen in 2019.

The site incorporates sustainable installations like gardens, greenhouses, beehives, shared workspaces,
and exhibition areas, fostering collaboration and collective learning among artists, researchers, gardeners,
and residents.

Overall, the H LAB project and Zone Sensible exemplify the fusion of art, research, and sustainable
practices to explore new forms of cohabitation and co-creation between humans and their environment,
while promoting biodiversity, urban agriculture, ecology, and citizen participation.

To achieve the goal of demonstrating the added value of Zone Sensible, an approach to explore is to align
it with the conceptual framework of Nature-based Solutions (NbS) developed by the International Union
for Conservation of Nature (IUCN). By doing so, Zone Sensible can benefit from the established criteria and
indicators of NbS to showcase its effectiveness and contributions in addressing global challenges. Nature-
based Solutions are actions that utilize ecosystems to address societal issues while ensuring human well-
being and biodiversity benefits. The NbS standard consists of eight criteria and 28 indicators, which can be
utilized to assess the extent to which Zone Sensible embodies the characteristics of a Nature-based
Solution. This alignment with NbS could expand the project's visibility, strengthens its credibility, and
unlocks additional financial opportunities.

The spider chart (Figure 1) represents the performance or achievement levels of each criterion. The criteria
are plotted as points on the chart, and the percentage values indicate the level of accomplishment for
each criterion.

For example, C1 (Societal Challenges) has a result of 78%, indicating a relatively high level of success in
addressing and tackling societal challenges. On the other hand, C3 (Biodiversity Net-Gain) has a result of
50%, suggesting that there may be room for improvement in achieving net gains in biodiversity.
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Figure 1. Percentage assessment of NbS criteria

In conclusion, this study shows that the urban farm Zone Sensible performs well for the criteria and
could certified as Nature based Solution according to the IUCN standard for NbS. This could be a
pioneering analysis to be applied to other urban farm projects to increase their visibility and impact.
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ABSTRACT

There is a reinvigoration of human space travel and the goal is to establish a moon base with a constant
human presence by 2030 to eventually bring mankind to Mars. Missions to the Moon come with a myriad
of challenges and even though we may have the required technology to bring humans to the Moon, we do
not have the food system to sustain them. Ultimately food is a limiting factor for human space travel. Due
to resource and cost limitations and food acceptability challenges, future lunar habitats cannot rely solely
on resupply missions from Earth. As a result, in situ food production becomes a necessity for sustained
human space travel.

There is a variety of research on how to provide food for space missions, such as insect farming, cultivated
meat and Controlled Environmental Agriculture (CEA) where projects such as the EDEN ISS developed by
the German Aerospace Centre (DLR), have shown promise in closed-loop food production during space
analog missions. However, there are still certain gaps to be addressed if food production on the moon is
ever to become truly independent, variable and nutritionally adequate. For instance, certain areas such as
nutrient rich crop production, and post-harvest management including food storage and food processing
have been overlooked.

Food processing will not only extend shelf life and increase the nutritional qualities of certain foods, but
also create new products, and introduce new crop varieties e.g., staple foods such as cereals and tubers.
Similarly, alternative sources of protein such as cultivated meat and insects needs processing, preparation
and storage to be acceptable. Subsequently leading to a highly sufficient and variable diet over the long
run. Furthermore, food processing may lead to better caretaking of side streams from the greenhouse or
crew waste, which in turn can be refined into useful products that promote the circularity of the closed-
loop habitat.

In current landscape of space food research, the efforts are scattered and lack a cohesive, integrated
approach. A holistic multi-factored approach to test the synergies between different innovations as well
as with humans in the loop, is a requisite to accelerate current food production research and innovations.
Existing research initiatives and facilities often focus on isolated aspects of space food production, failing
to address the critical need for a holistic understanding of the synergies between different innovations
and the inclusion of human factors. To address this, a centralized facility is needed to serve as a hub,
bringing together diverse research and innovations under one roof. Such a facility would provide a unique
opportunity to systematically test and evaluate the interplay between various space food research
components, while incorporating the invaluable insights gained from human involvement. By bridging the
existing gaps and fostering collaboration, this comprehensive platform would accelerate the pace of
research and implementation in space food production, ultimately advancing the prospects of sustainable
food systems for future space missions.

The objective of this project is to establish a centralized facility that integrates post-harvest management
and Controlled Environmental Agriculture (CEA) systems, bolstered by state-of-the-art laboratory
infrastructure. This facility aims to serve as a versatile closed loop food production system, specifically
designed for future lunar habitats, allowing for comprehensive testing and acceleration of any related
research.

The urgency behind this endeavor stems from the current roadmaps of international space agencies are
to establish a constant human presence on the Moon before the end of the decade. By developing this
research facility, we aim to address the critical need for advanced food production capabilities that will
support prolonged lunar missions, laying the foundation for sustainable food systems in extraterrestrial
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and terrestrial environments. This comprehensive platform will foster collaboration, bridge existing gaps,
and accelerate the pace of research and implementation in space food production, ultimately advancing
the prospects of sustainable food systems for future space missions and on Earth.

The HABSIM project team aims to create a comprehensive concept for a world-class research
infrastructure in the area of sustainable closed loop food production and management, using space as a
testing ground to foster out-of-the-box thinking. The plan is to establish an international incubator that
focuses on accelerating and testing the synergies between food pre-harvest and post-harvest
technologies, as well as the utilization of inedible biomass and bio-based materials for manufacturing. This
initiative aims to develop innovative food production solutions for space infrastructures, while also
fostering sustainable applications for terrestrial markets. The HABSIM is designed with circularity in mind,
aiming to recycle and reuse water, heat, and gas, and utilize side stream and biowaste processing for
nutrient reintroduction and natural product extractions. The goal is to achieve complete self-sufficiency in
consumable materials, including packaging, tableware, utensils, and nutrient components, all derived from
the closed-loop system.

State of the art

The current roadmaps of international space agencies are to establish a human constant presence on the
Moon by the end of the decade, to eventually bring humans to Mars (1). However, the lack of suitable
food supplies poses a challenge, as food is a limiting factor for lunar habitats (2). Even though we may have
the technology to bring humans to the Moon, we do not have the required food systems or the food
technology to sustain them. Space food has evolved from toothpaste-like tubes to food similar to what we
eat on Earth, emphasizing organoleptic appeal and variety to prevent menu fatigue. During longer
missions, it is important to consider that food is not only a source of nutrients but should also ensure
personal and emotional well-being. In other words, food plays an important role as a countermeasure to
the many psychological challenges that humans experience on longer space missions (3). Nutrition is vital
for overcoming physical challenges in deep space, as environmental conditions and reduced gravity impact
the body's metabolic processes and the body’s nutrient utilization ability. Furthermore, microgravity
affects pharmacokinetics and since research on pharmaceuticals and potential side effects in space is
scarce, food is the primary source of nutrition and the most important countermeasure for these
challenges (4) (5). Developing food for long space missions requires the consideration of these factors (6).
Due to resource limitations and acceptability challenges, future lunar habitats cannot rely on Earth
resupply missions, necessitating in situ food production (7). Greenhouse modules as an implementation
into bio-regenerative life support systems (BLSS), such as the EDEN ISS project developed by the German
Aerospace Centre (DLR), have shown promise in closed-loop food production during space analog missions
(8). However, current space food and crop research are focused on fast growing ready-to-eat crops, which
evolved as the main focus during the International Space Station (ISS) program to meet the immediate
needs of astronauts in low Earth orbit. However, prior to the ISS program, the significance of staple foods
like tubers and cereals was recognized as a vital part of an independent lunar food production system.
Continuing previous research on staple foods in space is crucial for achieving an independent food
production system. An area that has been overlooked in space food research is post-harvest management
such as food storage and food processing, which is essential for meeting the aforementioned criteria, and
a truly bio-regenerative and sustainable lunar food production made possible. Food processing can also
facilitate the circularity of closed-loop habitats by utilizing side streams and waste. Additionally, a
comprehensive approach is needed for testing synergies between different space food research and
innovations, and involving humans in the loop for accelerated research and implementation.

Beyond state of the art

The current foods for space missions have limited shelf-life stability and rely on Earth-dependent pre-
packed foods, which are not sustainable for longer interplanetary missions (9) (7). Existing research on
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space food production mainly focuses on pre-harvest technologies, such as micronutrient focused fast-
growing crops, algae, insects and lab-grown meat. Areas such as post-harvest management has generally
been overlooked, leaving a knowledge-gap of how to store and process food once its produced. Insects
and meat all need processing and storage to be acceptable, while lunar greenhouses need to expand their
crop selection to include staple foods that can be processed to provide a diverse and nutritious diet. To
achieve this, post-harvest technologies such as food processing equipment and storage solutions must be
implemented alongside greenhouse modules and other food production technologies. Addressing the gaps
in space food research, the inclusion of post-harvest modules for processing and storing food is essential.
Processing technologies also enables side stream and biowaste valorisation by reintroducing nutrients,
producing packaging materials and utensils made from greenhouse side streams, or providing components
for cultivated meat production. However, food handling on the Moon presents unique challenges due to
reduced gravity, which affects heat and mass transfer, fluid behaviour, and physiochemical properties of
food, necessitating the adaptation of processing methods and equipment to the space environment (10)
(11) (22) (23) (14) (15). Moreover, the lunar environment, with its elevated radiation levels, can increase
the pathogenicity of certain bacteria as well as improving microbial tolerance to intrinsic and extrinsic
stressors which impacts food shelf-life stability and processing mechanisms (16) (17) (18). Hence,
determining the requirements for storage facilities becomes crucial.

Previous closed-loop efforts, such as, Lunar Palace 1, the MELISSA initiative and DLR’s ModuLES approach,
are mainly concentrated on simulations of closed loops with several breadboard test facilities. However,
their integration with post-harvest management and the incorporation of humans in the loop have been
limited. The project described here aims to bridge these gaps and establish a comprehensive framework
for space food production, encompassing both pre-harvest and post-harvest technologies, as well as
human involvement. By combining the post-harvest module with Controlled Environmental Agriculture
(CEA) technologies from the EDEN-ISS greenhouse, the project seeks to create HABSIM, a research
infrastructure for a multi-purpose closed-loop food production system essential for human survival on the
Moon. The implementation of post-harvest management within HABSIM is crucial for achieving a truly
sustainable and self-sufficient food production system in space. This will provide a technological layout of
a future post-harvest management facility as a part of the bio-regenerative life support system and closed
loop habitat, to minimize resupply missions from Earth and to establish an independent closed loop food
production system. HABSIM, a research infrastructure for a multi-purpose closed-loop food production
system, will be essential for human survival on the Moon. The implementation of post-harvest
management is necessary for the feasibility and acceleration of research and innovation in space food
development, as the HABSIM aims to integrate various research into a closed-loop system that will enable
testing of technology synergies and humans-in-the-loop experiments. The project has garnered interest
from research institutions and international space agencies such as National Aeronautics and Space
Administration (NASA) and Canada Space Agency (CSA). The module is designed with circularity in mind,
aiming to recycle and reuse water, heat, and gas, and utilize side stream and biowaste processing for
nutrient reintroduction and natural product extractions. The goal is to achieve complete self-sufficiency in
consumable materials, including packaging, tableware, utensils, and nutrient components, all derived from
the closed-loop system.

The closed-loop food production technology developed through this project has applications beyond
space, supporting independent food production and reducing external dependencies in challenging
environments on Earth, aiding both rural and urban areas, and contributing to climate neutrality and
humanitarian efforts. The project promotes collaboration among scientific, engineering, and industrial
teams across Europe, strengthening scientific excellence and fostering leading-edge research of space food
in and Europe.
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ABSTRACT
In this project, two complementary project goals are in the foreground:

1. Securing the long-term livelihood of the Kokrobite childrens and adult education Center KCC in
Kokrobite, Ghana

2. The establishment of a regional West African Regenerative Agriculture Training Center that trains
local fishermen in farmers in sustainable farming practices, including aquaculture, biochar,
composting, etc.

Background

The school “Kokrobite Childrens Centre”, “KKC”, has grown to 1200 students since 2004. The two
headmasters, Jane and Martial Zohoungbogbo, are concerned about the continued existence and would
like to have the institution built on a secure financial and structural framework within the next 10 years
so that their many years of social commitment can be continued after their retirement. Jane and Martial
Zohoungbogbo have been actively building local capacity from the beginning and would like to turn day-
to-day operations over to their current staff within the next five years. This will require ensuring that the
operations are financially self-sustaining.

At the same time, a training center for sustainable fish farming on land is to be set up for fishermen in
West Africa. Fishing on the coasts of West Africa has become a futureless activity due to deep-sea
fishing; the catches are getting smaller and smaller, the coasts more polluted, the forests for the wood
for smoking are cut down and the soil is impoverished.

Both project goals can be addressed with this project. By means of an integrated approach of closed
material cycles, fish farming on land is made possible in a sustainable manner. The aquaponics approach
(fish farming and plant breeding in a closed water cycle) offers the “poorest of the poor” the opportunity
to build a livelihood without putting too much strain on nature. The West African fishermen should learn
the aquaponics training in Kokrobite and be able to take the system home with them to replicate it. This
creates a multiplication of sustainable fish farming in West Africa. Fishermen who have knowledge of fish
handling and the fish market can gain a new perspective by switching to onshore fish farming and
provide protein-rich food to their local communities.

The primary building and a first demonstration aquaponics system have been built with support from the
entire Kokrobite community. Variations of Aquaponic systems have been tested. The construction work
was carried out with PET bottles filled with sand, as bricks are too expensive.

After this series of demonstration systems, the integration of all work packages into a circular
regenerative agriculture will start this year. Closing the loop locally brings decisive advantages: The
nutrient cycle is closed, which replaces the purchase of feed or fertiliser, for example. It also reduces the
ecological burden, as regenerative agriculture does not produce waste, but serves to build up valuable
soil. This makes reforestation and crop cultivation possible.

Work packages
the work packages that will be trained at the West African Regenerative Agriculture Training Center are:
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e Fish feed production using insect breeding from crop residues

e Fish farming on land with Aquaponics

e Production of vegetable charcoal with pyrolysis cookers

e Composting of fish waste with vegetable charcoal to build up humus

e Creation of latrines to recover organic material, which after fermentation and subsequent
composting, also with vegetable charcoal, is used for reforestation.

e Sustainable fish drying with solar drying ovens and smokers to keep the typical taste with a
reduced amount of wood needed

e House construction with reduced funds

The training center is to be built on the KCC premises in the next 5 years.

Project partners

The “International School of Zug and Lucerne”, “ISZL”, in Switzerland has been working with the KCC
since 2013. During project weeks, volunteers work on the most necessary infrastructure projects. For
example, the only library far and wide or drinking water treatment for 7000 people could be realized
with the help of the ISZL in the KCC.

The aquaponics approach has been around for a long time. For the training of ISZL students, there is an
aquaponics test facility on the campus in Hiinenberg ZG as well as a model of an aquaponics facility that
could be built in Ghana with the simplest of means. The ISZL students have already won international
prizes with their efforts to implement aquaponics in Ghana. A test facility was built in Kokrobite in 2018
during an ISZL project week. However, it had to be removed again because the plot on which the facility
was built had to be cleared. The structure of this system was also not suitable for multiplication. A
completely new approach should enable simplified reproduction and integration into local material
cycles.

In 2021, Ecological Engineer Raffael Kanzig from Phoster GmbH was brought in to improve the
Hlanenberg aquaponics facility. Together with the students under the guidance of Humanities teacher
Christopher Koch, the biological stability was raised to a significantly better level. Measures were almost
exclusively of an eco-technological nature, i.e. the optimization of biological processes in aquaponics.
Since 2023, Raffael Kanzig is involved in the project in Kokrobite for the transfer of this knowledge and
for the integration of aquaponics into the local material cycles. In June 2023, under his lead, a domestic
aquaponic system has been set up in Kokrobite with low-tech materials such as sand-stuffed PET- bottles
as brick replacement or Aircrete to save investment costs. This makes aquaponic systems available for
the low-income community in West Africa.

Closing nutrient cycles with aquaponics

The term "aquaponics" combines fish farming on land and plant cultivation in soilless substrate. Fish
farming benefits from the fact that the water from the planting is cleaned. The plants receive the fish
water as fertilizer-containing water. The water is circulated with little effort. Aquaponics uses 90-95%
less water than conventional farming, making it economical and less vulnerable to climate change.
Engineering an aquaponics facility that can be learned and copied with the simplest of means is the goal
at the KCC Aquaponics Training Centre. Trainees should learn the principles of aquaponics and be able to
copy the construction and recreate it at home.

Sustainable embedding in natural cycles will be important in aquaponic training at the KCC. In this way it
can be ensured that the food is of high quality and that the ecological footprint can be kept small.

An example of this is the fish feed that Ghana still imports from unsustainable feed production in the US.
The own feed production by breeding Black Soldier Flies from vegetable waste ensures independence
from feed imports from the USA.

Another problem from fish farms, resulting sludge from fish excrement is composted with charred plant
residues, possibly also from human faeces from dry toilets, mixed with biochar and used to clear and
reforest firewood for cooking or smoking the fish.
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The quality of the fish, but especially of the plants, is of central importance for acceptance in the
"premium market" in West Africa. Imports of fresh produce from Europe by plane are currently used for
high-quality vegetables. Vegetables in Ghana are not necessarily available in perfect condition; either the
quality is often not right, or vast quantities of pesticides were used. With aquaponics, the latter is
omitted due to the system. Business models are therefore being developed for the harvest from
aquaponics in order to reliably supply the Ghanaian market with high-quality products. One possibility is
a cooperative, which receives the goods from the hopefully numerous replica aquaponic systems, cools
them and sells them to the customers. Conclusion: The products from aquaponics are accepted and in
demand on local markets; smoked fish and good quality vegetables fetch good prices.

Project goal and impact

The construction of an aquaponic center pursues these goals:

Goal 1: Financial security for the KCC school

Goal 2: The training of aquaponic fish farmers from West Africa

Goal 3: Development of a competitive system for marketing harvests from aguaponic systems of all
participants

Goal 1: Financial security for KCC

The KCC continues to fund children's education. With the upcoming retirement of Jane and Martial
Zohoungbogbo in the next 10 years, there is a risk that the school will no longer be able to continue.
With the Aquaponics Training Centre, the school has the opportunity to have another important financial
basis by harvesting the training aquaponics facility.

Goal 2: Self-empowerment and training of West African fishermen

The KCC school trains the poorest of the poor from all over West Africa to practice sustainable fish
farming on land. It offers them the chance to build up a livelihood with their work at home. This
opportunity is also available for KCC school leavers. After school, the chances for a good job are rare.
With the know-how from the school days in the KCC, the foundations have been laid for an option of
being able to earn a living yourself.

Objective 3: Marketing of products from all aquaponic systems of the participants

A food center is to ensure the quality of the food from aquaponic systems. It buys the groceries from the
small farms and is a trading partner in the “Premium Market” in Ghana for hotels and restaurants in the
nearby capital Accra. This food center can be organized as a cooperative. The appropriate business
model will be developed and implemented over the next 5 years.

Subsystems of integrated aquaponics in school KCC
- Aquaponic training unit
- Aguaponics domestic unit
- Charcoal kilt
- Insect fish food production
- Dry toilet for compost
- Raised beds for soil upgrading
- Reforestation
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ABSTRACT

Globally, the ecological footprints of cities, which are accountable for the majority of the world’s resource
and energy consumption, are increasing rapidly along with the exponential urbanisation rates. While cities
and nature have traditionally been seen as diametrical opposites, the concept of Urban Bioeconomy strives
to bridge this gap and to transform cities into bioeconomy hubs that assimilate to nature and manage their
bioresources more efficiently. The concept focuses specifically on the biological side of cities and can
therefore be seen as the bioeconomic subsection of the more widely known Urban Metabolism research.
As resource accounting is often only conducted on national levels, the comprehensive bioresource flow
data within urban and suburban environments will be highly valuable to create a local resource strategy
for a sustainable future city.

To identify Urban Bio-Symbioses, i.e., the synergies between different bioeconomic sectors, this work
maps the different bioresource streams within cities. It does so quantitatively by using Material/Substance
Flow Analysis methods. Oxford and Singapore have been chosen as case studies as they represent two
contrasting types of cities amongst developed countries in terms of population density, local conditions
and land area. With this approach, the following research questions have been answered: ‘How, where
and when do biological resources currently enter, function within and exit urban environments? How do
the current systems perform against a set of environmental criteria?’ The focus was on the bioresources
of the food system, green infrastructure and organic waste system.

Between Oxford and Singapore, the Material Flow Analysis in this work shows that Oxford imports most
of its food and barely processes its organic waste within the city. It relies heavenly on its surroundings as
it is embedded in a rural county. While Singapore similarly imports almost all of its food, an increasing
amount of urban food production could be quantified in Singapore with its aim of 30% food self-sufficiency
by 2030. Potential synergies between urban food systems and organic biowaste have been identified, e.g.,
the valorisation of wastewater and food waste to biofertilizers for urban agriculture. The Substance Flow
Analysis of nitrogen and phosphorus, which are mostly responsible for eutrophication or greenhouse gas
(GHG) emissions, shows that the majority of these nutrients can be found in wastewater and its valorised
products like the digestate cakes.

This work is significant because it is, to our best knowledge, the first work that combines quantitative
research methods on urban bioresource flows and their nutrient flows with the lens of identifying
synergies between different bioeconomic components. In general, the concept of Urban Bioeconomy has
been rarely academically explored although it gained traction among practitioners and policymakers
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significantly. To help identify Urban Bio-Symbiosis opportunities, this research about the current state of
cities laid the ground for future work on optimisations and improvements, including novel resource
processing technologies, enhanced nature-based solutions and effective urban agriculture practices,
towards a sustainable, circular Urban Bioeconomy.
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ABSTRACT

Aguaponic systems have been proposed as a sustainable solution for food production, since they recycle
98% of the effluent from aquaculture, almost completely reducing the load of wastewater released into
the environment (Al-Hafedh et al., 2008). Therefore, it appears to be an environmentally viable system,
especially considering nexus approaches as in the case of Food-Energy-Water.

Since the World Economic Forum (2011), the FEW Nexus approach have been seen as a conceptual and
theoretical tool to understand the sustainability transition challenge. It presents the ability to take into
account the interdisciplinary and multiscale objectives of the FEW dimensions. This fact is supported by
the urgency to achieve resilience of food-energy-water components in light of climate change (Givens et
al., 2018).

The quantification of interactive relationships between components of complex systems, as FEW nexus
approach, allow analyses of potential trade-offs in scenarios that have multiple attributes. These analyses
could be provided by System Dynamics Modelling (SDM) tool application (Forrester, 1961; 1968). The SDM
is considered a robust methodology for analysing and understanding risk scenarios, prioritizing actions
that consider uncertainty, optimize offsets, and reflect institutional capacity (Weiskop et al., 2020). Due to
the complexity of the interrelationships between the components of the FEW nexus, the objective of the
study is to analyse the sustainability of the aquaponics system through SDM simulations for socio-
economic and environmental parameters.

Methodology

The study was developed applying data from the aquaponics company Symbiotec - Aquaculture and
Integrated Production Systems Ltd. for food production, in this case Tilapia (Oreochromis niloticus) as fish
and lettuce (Lactuca sativa) for vegetables. The pilot plant was designed for the region known as the
“green belt,” composed of regions of the mega-metropolis of Sdo Paulo. The green belt is located at the
edge of the Atlantic Forest, evidencing the complexity of the analysis of the FEW (Food-Energy-Water)
Nexus.

The establishment of benchmarking was carried out previously based on literature and technical protocols
considering collected data from production systems and/or international protocols. The indicators were
selected to organize a decision tree and its respective benchmarking values according to previous study
(Dal Poz et al., 2022). The indicators in question are: a) Land Use Earnings [LUE] (RS$/ha) - represents the
average profitability of horticulture in rural properties (unit of analysis); b) Land Social Development Index
[LSDI] (0 - 1) - developed in partnership with stakeholders consisting of five sub-indicators; c) Trophic State
Index [TSI] (0 — 67): used in the measurement of the eutrophication process (CETESB, 2017; Lamparelli,
2004); d) Water Footprint [WF] (m3/tonprequct): considered a comprehensive indicator of the appropriation
of water resources (Hoekstra et al., 2011); e) Carbon Footprint [CF] (tonco,eq/ha): measure of the total
amount, in mass unit (scope 1 and 2) of greenhouse gas emissions (GHG Protocol, 2010). The SDM-Aqua
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model (Figure 1) was developed in Anylogic® University 8.7.7. The systems represent the aquaponics
system integrating fish and vegetable production on a scale of 200m?.

—

Figure 1: SDM-Aqua model that represents the process for the aquaponic system.

The equations used were developed by the SP in Natura Laboratory team or, obtained from a secondary
source (literature). The databases of the Center for Meteorological and Climatic Research Applied to
Agriculture (CEPAGRI/UNICAMP, 2021), Center for Advanced Studies in Economics Applied (CEPEA-
Esalg/USP, 2021) and State Water Resources Fund (FEHIDRO, 2019) were used for climatology from Baixo
Tieté Basin, products market (fish and vegetables) and water resources data, respectively.

The causality analysis between indicators and system components represents relevant strategies or
policies implemented in the transition to more sustainable system. However, stands out that due to the
complexity of the system studied, not all possible relationships were studied. For the indicators being
studied, predictive scenarios were considered for a period of 10 years (120 months). Scenario 1 represents
the real state of the production process, that is, processes that do not have the implementation of
sustainable strategies. Scenarios 2-4 present the adoption of technologies or public policies identified as
sustainable. In addition, Scenarios 5-6 were evaluated for the TSI and WF indicators, aiming to simulate
environmental events, specifically a prolonged water crisis. The hypothetical simulation of a period of
climate crisis considered a rainfall deficit of 30% and a dilution rate of the Baixo Tieté Basin (FEHIDRO,
2019) constant in its minimum mean.

The predictive scenarios were statistically evaluated by analysis of variance (ANOVA) for 95% significance,
and the R programming language was used in the production of the graphs. The ANOVA statistical
technique, used to perform comparisons between three or more groups in independent samples, met the
statistical purposes since the indicators (stocks) are influenced by two or more components (parameters
and/or dynamic variables), showing the needs to evaluate the degree of influence on causal relationships.

Results and Discussions

The Figure 2 presents the results for predictive scenarios for the indicators, their respective benchmarking
(red line) and discussions.
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The implementation of CSAl and ESI results in levels of greater
A = sustainability for the system, directing the LUE to optimistic
~~_ " benchmarking when higher CSAI indices are tested. Furthermore,
7 ! Payments for Environmental Services, hypothetically simulated
according to Public Selection n°006 (2018), demonstrate a marginal
effect on land use gains (LUE).

The positive effect in the application of the tested policies is evident,

a fact also highlighted for open systems (Francisco et al., 2023). A

better level of sustainability is observed for scenarios 2-4, going from

3 a step of lower sustainability, pessimistic level I, to higher levels,
; reaching a neutral level at certain times (benchmarking C).

The analysis for the TSI, which represents the level of eutrophication
in water sources, demonstrates that the aquaponics system is located
in the benchmark with the highest level of sustainability, even for
pessimistic scenarios. That is, it demonstrates sustainability even
without the implementation of ESI strategies or periods of water crisis.
However, additional studies are needed regarding the installation of
some plants of these systems in the region.

(S P LR

The WF indicator demonstrates that the aquaponic system has a
sustainable profile, even in the case of non-implementation of
rainwater reuse with ESI strategy on the studied scale. Similarly, to the
TSI indicator, sustainability remains constant in the scenarios in which
: the water crisis was simulated.

The emission of CO2eq, represented by the CF, is presented in the

neutral band for the pessimistic simulation, that is, for the full use of

the source of electric energy coming from the distribution system. Still,

there is a small reduction in FC for scenario 2, directing the indicator to
i : a degree slightly below neutrality (benchmarking B). As for scenarios 3-
: 4, CF is drastically reduced, reaching the point of greater sustainability
(benchmarking A).

Figure 2: Results from predictive scenarios from SDM-Aqua model.
Conclusion

The application of the system dynamics modelling tool in the analysis of the sustainability of the
aquaponics system for the FEW Nexus proved to be robust and efficient for the indicators in question. Still,
it is concluded that the use of the tool for decision-making and support for the development of public
policies, their monitoring and evaluation, is seen as a potential ally for the governance of sustainability.

Regarding aquaponics, a system considered worldwide as an option for sustainable food production,
analyses of predictive scenarios confirm the feasibility of its implementation in metropolitan regions. It
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emphasizes the need for public policy, in parallel with additional studies about socio-economic and
environmental parameters, addressing the scheduling of production to meet the high demand for food in
regions such as the mega-metropolis of the city of Sdo Paulo.
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ABSTRACT

The IPCC Special Report (IPCC, 2018) indicates that in 2017, ongoing man-made warming has already
reached a value of about 1°C above pre-industrial levels (probably between 0.8°C and 1.2°C), which is
estimated with a high level of confidence. The developing climate changes and their effects, which can be
observed with increasing frequency, and which become particularly burdensome in cities, make it
necessary to take quick steps towards the transformation of cities. One of these effects may be shortages
of tap water. Currently, water is becoming a scarce commodity in more and more places, as exemplified
by cities in India (including Mumbai and Chennai) (Ghosh, 2021), and the "Zero Day" crisis from Cape Town
is a confirmation of the possibility of water insecurity (Dugard, 2021).

In turn, ensuring the protection of water supply to cities, both in terms of quality and quantity, is an
extremely important task carried out by water safety and security management. Water safety plans
recommended by the World Health Organization (WHO) in 2004 through the document (WHO, 2004) are
being developed and implemented, and the need to ensure water safety along the entire supply chain is
reflected in legal regulations - i.e. in the Directive of the European Parliament and of the Council (EU)
2020/2184 on the quality of water intended for human consumption, adopted at the end of 2020. Such a
situation forces the search for ways to effectively use the available tap water in accordance with the
principles of the circular economy, but also the search for alternative water sources to traditional ones -
precisely in order to secure water supplies for the city. Here, the idea of using rainwater is part of the
direction of activities aimed at ensuring water security for cities in quantitative terms.

At the same time, the COVID 19 pandemic has shown that the world, and in particular cities with large
concentrations of people, should be prepared for scenarios that until now were considered impossible.
Thus, for instance, a sudden cut-off of large settlement units from food supplies should be treated now as
a probable event.

The solution that meets these problems is the use of hydroponics partially fed with rainwater in urban
multi-family buildings. The introduction of such hydroponic crops is one of the main objectives of the
SmartFood research project based on the full proposal (Gontar et al., 2020). Nevertheless, this process
must be preceded by multi-faceted research, also in terms of the possibility of introducing a rainwater
sharing system into buildings for the needs of urban agriculture.

For these reasons, the SmartFood project carried out i.a. research work aimed at analyzing selected factors
determining the possibility of introducing and effectively operating rainwater sharing systems for the
needs of urban agriculture in common spaces of existing multi-family buildings in cities. The purpose of
the analysis was to establish a list of basic questions that should be answered when selecting or
prequalifying a building for the introduction of a water management system for its joint use for
hydroponics. Such a list will allow a fast appraisal of the suitability of existing facilities to introduce semi-
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automated farming into urban multi-family buildings in terms of rainwater supply, and will also allow an
estimation of the number of buildings potentially suitable for this purpose.

The material for the study was the existing multi-family buildings located in cities, for which the
introduction of rainwater sharing systems for the needs of hydroponics can be considered. In particular,
the conditions in (or for) these buildings were analyzed in terms of the possibility of implementing this
type of water systems. In addition, the material for the analysis was also data on rainfall in one of the
Polish cities for the years 2016 - 2021 obtained from the Institute of Meteorology and Water Management
- National Research Institute (IMGW - PIB), as well as literature data on the quality of rainwater flowing
from the roof for different locations in Poland and in the world. The study also used study visits to existing
buildings considered for the introduction of a rainwater sharing system, as well as collected photographic
documentation on the occurrence of various conditions in multi-family buildings in terms of the
introduction of rainwater sharing systems. The analysis was conducted on the basis of the literature and
the knowledge and experience of the members of the research team in the field of environmental
engineering (water and wastewater technology, water supply and sewage systems) and construction.
The scope of the analysis included such determinants as, i.a., material and area of the roof, availability of
space in the building, permissible loads or the quality and quantity of rainwater. Another important issue
turned out to be the availability and readability of architectural and construction documentation (including
sanitary industry), as well as the possible affiliation of the object and area to the protection of the city (or
provincial) preservation officer. The analyzed factors were divided into:

- direct factors (i.e. internal factors related to the building, its construction and location)

- indirect factors (i.e. external factors not directly related to the building).

This division is shown schematically in Figure 1.
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Fig.1. Division of factors determining the possibility of use of rainwater in existing buildings for hydroponics

The assumed final result of the research work in the form of a list of basic questions to which answers
should be obtained each time, and then analyzed them in detail during the selection or qualification of the
building for the implementation of the rainwater sharing system, was obtained in two stages. In table, the
guestions have been outlined with a brief explanation of why this is an important issue for building
qualification, and the priority of the question. In addition, a detailed analysis of selected factors
determining the implementation of this type of installation allows for a quick assessment of the building's
conditions and possibilities of searching for ways to eliminate the existing restrictions.

The results of the work carried out will constitute a guide/guidelines for those willing to implement such
a solution. It is also possible to transfer after modifications the obtained final effects when introducing
rainwater utilization system to existing buildings used for other purposes than hydroponics.
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ABSTRACT

Circular economy can be defined as a function of a metric, departing from a well-defined material flow and
value system. Recently it has been proposed as a metric that is derived from maximizing the value to
society of materials used in the production of commodities that provide services to consumers (Garcia-
Barragan,2019; Stefanakis,2021). Treatment wetland (TW) are a compatible component of an on-farm,
total waste management. The land intensiveness is not a serious limitation in most instances. Farmers
typically have the equipment and skills to build their own TW and operate them successfully (Kadlec,2009).
The case studies provide the evidence of how a circular economy and close cycle approach can be applied
in practice while highlighting co-benefits of resource recovery and reuse. The 5 hectares Villacanali food
farm situated in Reggio Emilia - Italy, produces since 2020 agricultural products and spirulina microalgae
(cyanobacteria, Selitto V.M., 2021) for human food supplement in 500 special greenhouses called
photobioreactor, with capacity of 500 litres each, that takes solar radiation and directs it into the
photobioreactors via optical fiber.

. L —— ‘ s | : = —
Figure 1: photobioreactor for growing of spirulina microalgae; spirulina microalgae preparation and drying

In order to treat the domestic and industrial farm’s wastewater a sub-surface vertical flow treatment
wetland (VFTWSs) has been designed. In the industrial line, after the water and nutrient are recycled inside
the photobioreactor, the exhausted algal culture medium called "extinct medium" with algae residues and
softened water is discharged and accumulated in two tank of 40 m3before immitted in the VFTWSs. The
domestic line treats wastewater from 3 farmers houses and employees’ toilettes.

Clogging in VFTWs is an important process influencing water purification processes. The main contributing
factors are the growth of microorganisms within the filter media, the accumulation of suspended solids on
top of the wetland, as well as within the filter media. Both processes lead to a decrease of the available
pore space, hence changing the soil’s hydraulic properties (Pucher,2019). To prevent clogging all the raw
wastewater go into two septic tanks of 9 m3(industrial) and 5 m*® (domestic) functioning for sedimentation
and removal of particulate matter as primary treatment before reaching the VFTWs through a loading tank
with submersible electric pump that pumps the sewage four times a day.

In VFTWs, primary treated wastewater is intermittently loaded on the surface of the filter and percolates
vertically through it. During two loadings, air re-enters the pores and aerates the filter so that aerobic
degradation processes mainly occur. The treatment efficiency and acceptable organic loading rate depend
heavily on the granularity of the filter media used (K. Cross, et al.2021). The VFTWs of Villacanali farm has
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been designed with a main layer of 60 cm of washed sand (1-4 mm), a 10 cm intermediate gravel layer ( 8-
16 mm) and a 20 cm drainage layer (16-32mm). Emergent wetland vegetation has been used: Phragmites
australis (4 plants/m?).

There are many ways to size and design a treatment wetland system (TW). Over recent decades, TW design
approaches have evolved, but for VF wetlands only rule-of-thumb and loading charts are applicable (G.
Dotro et al.,2017). The VFTWs of Villacanali farm has been design considering organic and hydraulic load
of the inflow and a surface area of 4 m?/p.e. The industrial wastewater is assimilated to domestic according
to the chemical-physical analysis (pH 7,7; BOD5 91 mg/I ; COD 262 mg/l; SST 26 mg/I| ; N- NH4 23,5 mg/I;
N-NO3 36 mg/l; total P 24,8 mg/l; chlorides 740 mg/I|, fats and oils 50 mg/|, surfactants 4,1 mg/l). The
influent rate flow is of 6,6 m3/g corresponding to 33 p.e. The superficial hydraulic loading rate (HLRs) is
0,06 m3/m?*d so lower than 0,1 m3/m?2*d as suggested by specific literature (Langergraber G., et al., 2017).
The organic loading rate is 2,38 g COD/m?2*d. The system treatment efficiency is: BOD5 98% ; COD 95%;
SST 88% ; N- NH4 94%; N-NO3 90%; total P 83%; chlorides 41%, fats and oils 93%, surfactants 93%.

The treated water outflow from the VFTWs is accumulated in a pond of 100 m? and reuse inside the farm
for gardening, landscaping and for fruit crops irrigation. The final overflow is in a little stream called Rio
Acqua Chiara.

VFTWs
100
90
80
70
60
50
40
30
20
3
BOD5 COD  SST N- N-  Total Chlori| Fats | Surfa
NH4 | NO3 P des = and ctants
oil
HIN 91 262 26 23,5 36 24,8 740 40 7
mOUT 2 12 3 1,4 3,7 4,27 | 440 3 0,5

EFFICIENCY % 98 95 88 94 90 83 41 93 93
HIN mOuUT EFFICIENCY %

Table 1: the vertical flow treatment wetland removal efficiency

Figure 3: the vertical flow treatment wetlands (VFTWSs) during construction

Today a new vision of the water management and sanitation approach is receiving increasing attention;
this new paradigm considersresource recovery as a factor of primary importance and clearly highlights the
consequences of the “end-of-pipe” approaches (centralised and undifferentiated water supply and
wastewater treatment, great role of extensive and extremely costly infrastructures such as sewers and
pipelines, scarce consideration of the environmental carrying capacity of specific urbanised territories,
etc.) (Stefanakis et al., 2014). The innovative approach of the circular design of Villacanali treatment
system will minimize the total consumption of fresh water of the farm and also reduce the pollution load
on the public sewerage system using a decentralized wastewater treatment system (DEWATS).
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ABSTRACT

The study aimed to evaluate the effect of interaction between different rates of fertilizers: nitrogen,
phosphorus, potassium, and silicon on the vegetation of Wheat (Triticum aestivum L). The plant height
from the beginning of the experiment and yield at harvest were studied. The trials are conducted on two
soils with contrasting soil properties. The study is in the field of regenerative agriculture. Optimization of
Wheat nutrition was the main task, especially with silicon nutrition. The neglected until recently element,
silicon proves to be extremely necessary and useful for the development of crops and protects them from
disease and climate change, and suppresses toxic elements. The results are based on a multifactorial field
experiment, which is 1/2 replication of a 2* factor scheme with added control variant that allows the
assessment of actions and interactions of four factors, varying on three levels. According to the results,
the agronomic characteristics were affected significantly by fertilization on the selected soils - Pelic Vertisol
and Eutric Livisol. Results with silicon fertilization are discussed in detail.

Introduction

Ecological engineering was introduced by Howard Odum and others as utilizing natural energy sources as
the predominant input to manipulate and control environmental systems (Wikipedia). The present study
claims to belong to the field of Ecological Engineering.

Currently, several new ideas and directions have emerged in the field of environmental engineering. Some
of them will be mentioned here. The European Parliament's report on "Precision agriculture and the future
of farming in Europe" defines precision agriculture as: "a modern farming management concept using
digital techniques to monitor and optimize agricultural production processes". The key point here is
optimization. This leads to optimized fertilizer usage, saving coast, and reducing the environmental impact
(EPRS, 2016). In the IAASTD report, agroecology is mentioned relatively few times, although many
elements of how it is seen today were already in the report (IAASTD, 2009). Agroecology was presented as
the science of applying ecological concepts and principles to the design and management of sustainable
agroecosystems, including the study of the ecological processes in farming systems and processes.
Regenerative agriculture means a perspective steeped in the use of plant, soil, ecological, and system
sciences to support the production of food, feed, and fiber sustainably (Giller et al., 2021).

An effective tool for analyzing problems in regenerative agriculture is Mathematical Agronomy a theory of
mathematical models of agronomic objects, processes, and phenomena (Sadovski, 2020).

Wheat (Triticum aestivum L.) is one of the most important cereal crops in the world on account of its wide
adaptability to different agroclimatic conditions and different soils. The total cultivated area of wheat in
the world is 240.00 million hectares with an annual production of 765 million tonnes (FAOSTAT, 2020). In
Bulgaria, wheat is the first most important food crop; with a cultivated area of 1 198 682 hectares in 2019
which produced 6.2 million tonnes, with average productivity of 5140 kg.ha! (Agrarian Report, Bg, 2020).
Bulgaria has many competitive advantages in the development of the agricultural sector (favorable
climatic conditions, inexpensive labor, and raw materials, convenient location to global sales markets).
Intensive agricultural activity is accompanied by a decrease in soil fertility, environmental pollution, and a
decrease in production quality (Nenov, M., I. Dimitrov, V. Lozanova, I. Gerassimova, N. Traikov, 2020).
Therefore, it is necessary to implement new, environmentally safe, and, highly effective methods of
managing agricultural production (Ur, ZI., E. Vasileva, 2014).
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The reduction of soil fertility and the agricultural production quality is associated to a significant extent,
with the unbalanced nutrition of grown crops (Davies et al., 2020). The management of modern agriculture
requires the fertilization of the soil to take into account the need to preserve the ecological equilibrium
created during the soil formation process. This will be achieved by improving key elements in
agrotechnology, such as fertilization and crop rotations.

The use of the previously neglected element of silicon (Si) can contribute to increasing the quantity and
quality of yields, as well as to the sustainability of crops. Silicon is known to play a role in strengthening
the cell wall in plants and can therefore help to give plants increased resistance to pests and diseases,
impaired tolerance to drought and heavy metals, and enhance both crop quality and yields (Savant et al.,
1999; Atanasova et al., 2022; Hou et al., 2023). Every year, 20 to 700 kg of Si/ha are irreversibly removed
from the soil (Bocharnikova & Matichenkov, 2012). Silicon content in some regions might be limited to
sustainable crop production. The need for proper Si management to increase yield and sustain crop
productivity appears to be necessary in temperate as well as tropical countries. In addition, Si diminution
in the soil can occur in intensive cultivation practices and continuous monoculture of high-yielding
cultivars. (Korndorfer &. Lepsch, 2001).

This study aims to acquire new knowledge through experimental and theoretical activity to develop the
scientific basis of appropriate recommendations for optimal fertilization of wheat and to clarify the role
and importance of the main macroelements including silicon for plant nutrition.

Materials and Methods

In the experimental fields of ISSAPP "N. Pushkarov" in Bozhurishte, Sofia district and in Tsalapitsa, Plovdiv
district, field experiments with the application of mineral fertilizers - N (ammonium nitrate), P
(superphosphate), K (potassium sulfate), and Si (diatomic soil which represents 89-95% silica in amorphous
form) are conducted. The experiments include 9 variants of fertilization with the size of the experimental
parcels - 25 m2. The design of treatments is presented in Table 1.

The test culture was Wheat (Triticum aestivum L) - medium-early Bulgarian sort “Sadovo 1", which used to
be a national standard. The trials are conducted on two soils with contrasting soil properties. The soil in
Bozhurishte is Leached smolnitza according to Bulgarian classification (Koinov, 1987) and it is defined as
Pelic Vertisol - according to (FAO, 2015). The soil in Tsalapitsa is Alluvial-meadow and it is defined as Eutric
Livisol. Soil properties and agrochemical characteristics getting before starting the experiment are
presented in Tables 2 - 5.

The following methods of analysis are used: determination of Hummus - by oxidation during heating along
with the Turin (Kononova, 1963); pH- potentiometrically in H,O and KCI (Arinushkina, 1962); total N — by
Kjeldahl (Buffler & Muhleis, 2018), mineral N - Bremner and Kiney method (Bremner, 1965a; Bremner,
1965b); mobile forms of phosphorus and potassium (P,Os and K;O) by the acetate method of Ivanov
(Ilvanov, 1984). Silicon analysis of soluble and exchangeable forms by acetic acid and calcium chloride
(Snyder, 2001; Heckman & Wolf, 2009).

The plant height on the 195th, 222nd, and 248th day from the beginning of the experiment and the yield
of fresh and dried biomass from the aboveground part of the crop at harvest were studied.

For the statistical processing of the data, the One-way-ANOVA method was used from the package
Statgraphics 18 program (StatPoint, 2017). To identify the differences between the variants studied, the
least significant differences (LSD) were used at p < 0.05 (95%). Optimization was performed by the free
software package GNU Octave (2021).

Results and Discussion

Experimental design, which is 1/2 replication of a 2% factor scheme with added control variant was used in
the planning of multifactorial experiments that allow the assessment of actions and interactions of more
than three factors, varying on three levels (Davies, 1954, page 455).

Results from soil tests for soluble and exchangeable silicon and corresponding yields from two
experimental fields are presented in Table 6.

Results of multiple regression analysis of yields from Bozhurishte and Tsalapitsa are given in Tables 7 and
8.

The following regression equations are obtained
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For Bozhurishte:
Y =249.8+6.113*N+19.760*P+23.850*K-90.190*Si+0.935*NP-2.228*PK+9.376*KSi
The regression equation is with R2=0.8312, but almost all of the regression coefficients are not significant.
The soil equivalent for silicon from Pelic Vertisol calculated is Xo = 0.4417 (Sadovski, 2021).
With its help, the equation was received in the form
Y = a(Xo + F)® exp[c(Xo + F)].
Y= 871.312*(0.4417+F)l‘2430 *e(—0.5287*(0.4417+F))
The optimization gives the following result:
F=1.909 kg/da
Y =727.49 kg/da
For Tsalapitsa:
Y =457.80+59.91*N+54.90*P-50.70*K-209.70*Si-4.768*NP+3.179*PK+4.796*KSi
The regression equation is obtained with R? = 0.5185, and is not suitable for optimization purposes.
The soil equivalent for silicon from Eutric Livisol calculated is Xo = 0.4033.
The equation was received
Y= 83631*(04033+F)05432 *e(—0.2705*(0.4033+F))
Results from optimization are
F = 1.605 kg/da
Y = 709.47 kg/da

Conclusions

As a result of the experiment with silicon fertilization on Pelic Vertisol and Eutric Livisol the following
conclusions are drawn. Comparison of the quantity of soil silicon determined at sowing and harvest shows
depletion of this nutrient. The presented examples from experiments confirm the practical benefit of using
the soil equivalent in processing the results of field experiments. At Pelic Vertisol optimal quantity of silicon
F = 1.909 kg/da gives maximum vyield of Y = 727.49 kg/da. Maximum yield of Y = 709.47 kg/da at Eutric
Luvisol is obtained with optimal quantity of silicon F = 1.605 kg/da. It is recommended for European
scientists to conduct extensive studies on the influence of silicon on different crops.
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ABSTRACT

A long-standing debate is whether the use of biomass from forests is carbon-dioxide neutral or whether
the use of biomass compromises the efforts to reduce the emissions of climate change. The question is of
prime relevance because Europe is seeking independence, or at least a reduction of the dependence on
fossil fuels, which are provided by the commonly known suppliers of raw oil and the former supplier of
natural gas. A plethora of energy sources is proposed, ranging from tidal energy, energy from windmills,
photovoltaics, bioenergy, and the production and use of hydrogen. In some (few) countries of the world
bioenergy from woody biomass can supply energy.

A challenge of renewable energy sources is the limited control of energy supply. The intermittently energy
sources from wind and photovoltaics are a major obstacles for energy suppliers. Whereas gas turbines can
be turned on and off in order to balance the energy supply, other renewable energy sources are less
reliable, or less predictable. Bioenergy from woody biomass is available on demand.

In our presentation we present a case study for Austria and interpret the results with respect to the
relevance of biological processes and with respect to ecological concepts. Key issues are the wide
definitions of sustainability and carbon neutrality. The theoretical concepts are therefore open for
criticism. Both concepts affect the debate on carbon neutrality because they are open for interpretation.

In our paper we make a case that the use of bioenergy is carbon neutral in Central and Northern Europe.
The reason for this opinion is based on facts that are inherent in the known dynamics of forests over time:
forest biomass has increased year after year, external factors such as nitrogen enrichment and climate
change, and internal factors such as improved forest management have increased the standing stock of
biomass year after year. It is relevant to quantify and interpret this effect in the context of forest
management. In addition, we interpret strengths and weaknesses of different concepts of carbon
neutrality.

Will the energy supply from forest biomass be a significant contribution to the energy supply of Europe or
not? — We address this question with hindsight to regional differences. The authors conclude that wood
biomass in the current strategy of its use is sustainable. Changing the energy supply within even small
margins may be problematic from the viewpoint of sustainability.
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ABSTRACT

1. Introduction: Reducing energy usage in buildings is extremely important for promoting different low-
carbon communities and advancing eco-friendly architectural practices. An approximate 40% of the total
energy consumed globally can be traced back to buildings. Predominantly, this consumption arises from
Heating, Ventilation, and Air Conditioning (HVAC) systems and lighting apparatus designed to ensure the
comfort of occupants (Yau & Hasbi, 2013). Therefore, it's crucial to better understand how people behave
in buildings to effectively decrease energy usage. In this context, occupant location information assumes
a critical role, influencing energy conservation strategies from the design phase through to operation.
During the design stage, comprehending the occupant's spatial pattern profoundly impacts decisions on
the positioning of heating or cooling ducts and the magnitude of the HVAC apparatus. Erroneous
identification of these patterns at this stage can lead to the installation of surplus heating and cooling
devices, consequently triggering energy wastage due to over-equipped devices. Furthermore, during the
operational phase, recognizing the occupant's spatial patterns can prompt a significant reduction in energy
usage when operating HVAC and lighting systems, achieved by suspending the operation of such systems
in unoccupied spaces.

A variety of techniques for automatically obtaining occupant location information are currently in place.
Passive Infrared (PIR) sensors, though basic, have limitations as they cannot reliably detect stationary
occupants, nor can they accurately count multiple individuals moving together (Andrews et al., 2020). CO2
sensors, which are widely used and cost-effective for occupant detection, require careful usage due to
potential reliability issues caused by factors such as ventilation, door positions, and external CO2 levels.
(Chen et al., 2018). Bluetooth positioning technology provides an affordable and precise solution, but its
efficacy is questionable due to many devices and mobile phones used by occupants not enabling Bluetooth
transmission (Tekler et al., 2020). In response to these challenges, camera-based techniques for detecting
occupant in indoor environments has emerged. Cameras have not only become cheaper, but
improvements in computer vision have also enabled the precise detection of multiple individuals.
Furthermore, using camera-based technology can result in more advanced energy-saving systems,
because it can provide precise information about where individuals are located at different times, in
addition to their spatial data. For example, the introduction of Personalized Ventilation (PV) systems -
adjustable units placed near each workstation to meet individual needs - has shown the potential of this
technology (Wang et al., 2021). These PV systems have proven to save up to 51% of energy by adjusting
the microclimate surrounding each occupant (Schiavon et al., 2010). Moreover, the precise detection of
occupants has proved to decrease the energy consumption in lighting control. By turning off lights in
unoccupied areas and only illuminating specific zones occupied by individuals, unnecessary energy
consumption of individual lighting fixtures can be minimized.

Numerous studies have utilized cameras for automatically obtaining occupant location information and
introduced the energy-saving systems based on it. For example, Chun et al. introduced a real-time smart
lighting control system based on occupant location estimation utilizing inverse-perspective mapping of
depth map images and location data from multiple depth cameras (Chun et al., 2015). Liu et al. suggested
a tracking cooling fan using marker and camera-based occupant location detection for thermal comfort
and energy savings by determining the direction of airflow and calculating the occupant-fan distance (Liu
et al., 2017). Petersen et al. automatically generated a occupant location information at entrance regions
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by using depth camera (Petersen et al., 2016). Wang et al. used multiple cameras to gather real-time
images from different angles, providing real-time location for a group of individuals to control the zone-
based HVAC system (Wang et al., 2021). Despite the promising results demonstrated by camera-based
techniques in prior studies, they are some limitations. Depth cameras proved impractical due to their high
costs relative to regular RGB cameras. Moreover, the use of multiple RGB cameras could potentially
introduce calibration errors and necessitate installation restrictions as compared to single RGB cameras.
Since the accuracy offered by multiple cameras can be improved by obtaining precise data from individual
cameras, there arises a necessity for a method that accurately locates a real person using only a single RGB
camera. Therefore, this study aims to develop a framework to automatically obtain occupant location
information using a single RGB camera.

2. Methodology: This study focuses on obtaining location information of occupants. Toward this end, the
world coordinates in indoor environments are estimated from the single RGB image. The framework for
estimating the world coordinates of occupants consists of three main steps: (i) depth estimation, (ii)
instance segmentation, and (iii) camera calibration and post-processing (refers to Figure 1).

Sten 01 ~

Depth estimation —>

Location of camera
x

Input image

Y T T T T Y

Y-

A1

p v

Camera calibration and post processing

Step 02
Instance segmentation

Figure 1. Overall framework for estimating the world coordinates of occupants.

Firstly, the depth estimation model plays a crucial role in obtaining occupant location by estimating depth
information or the distance of objects in the scene. Depth estimation provides essential spatial cues
necessary for accurately determining the world coordinates of occupants within indoor environments. By
estimating depth, the model helps differentiate between objects at varying distances from the camera and
facilitates the conversion of 2D image coordinates to 3D world coordinates. In this study, the ZoeDepth
model was employed, which demonstrated a high level of accuracy with an error rate of only
approximately 2% (Bhat et al., 2023), trained on the New York Depth (NYU Depth v2) dataset (Silberman
et al., 2012). This dataset provides synchronized RGB and depth images for 1,449 scenes, encompassing
diverse indoor environments with different room layouts, furniture arrangements, and lighting conditions.
Therefore, training depth estimation models on this dataset ensures their suitability for indoor
environments and yields accurate depth predictions. The depth estimation model takes RGB images as
input and outputs a depth map indicating the distance of each pixel from the camera.

Secondly, the instance segmentation model is used to identify and segment individual occupants within
captured images. Instance segmentation goes beyond traditional object detection by not only detecting
objects but also providing pixel-level segmentation masks that differentiate between different instances
of the same object class. By associating each segmented occupant with their corresponding depth values,
their precise 3D positions in the indoor environment can be determined. In this study, we utilized the
Mask2Former model (Cheng et al., 2022)fine-tuned on the COCO dataset, which demonstrates high
performance in the field of instance segmentation (Lin et al., 2014). The COCO dataset covers a wide range
of challenging scenarios, including crowded scenes, occlusions, and varying poses. Training on the COCO
dataset enhances the model's ability to accurately segment humans in complex real-world situations. The
instance segmentation model predicts the pixel-level positions of individuals from RGB images and outputs
a mask image for each occupant.
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Finally, camera calibration and post-processing are performed to locate occupants in the indoor
environments based on the provided mask image and depth map. Camera calibration involves finding the
correspondence between pixel coordinates in the image and the real-world coordinates in the scene. This
correspondence is expressed in matrix form, as shown in Equation (1). The camera calibration process
involves solving for the intrinsic and extrinsic matrices of the camera.

u fy 0 cx][r11 T2 Nz §
s [V] =10 f, cy|[f21 T2z T2z Y 7 (1)
1 0 0 1/ls1 Ts2rss t 1]y

where (X, Y, Z) represents the world coordinates and (u, v) represents the pixel coordinates in the image.
The scale vector s is acquired from the depth map that corresponds to the pixel coordinates (u, v). The
intrinsic parameters comprise of focal lengths (fy and fy) and the principal point (cx and cy), which
represents the center of the image. On the other hand, the extrinsic parameters include rotation vectors
(r) and translation vectors (t).

The camera calibration process is solving from the camera’s intrinsic and extrinsic matrices. These matrices
are derived from the mask image, which provides pixel coordinates (u, v), and the depth map, which
contributes the scale vector s. The camera's intrinsic parameters, specific to each camera, can be
established in advance. On the other hand, the extrinsic parameters are obtained from the camera's
installation position and orientation. By applying the given formula, the global coordinates (X, Y, Z) of the
occupants can be extracted. Given that a single mask image comprises multiple points pertaining to one
individual, it's crucial to refine these into a singular point to accurately deduce the occupant location. The
Interquartile Range method is applied to eliminate outlier coordinates, followed by computing the median
values to determine the precise location of each occupant.

3. Case study: The proposed framework for obtaining location information of occupants has been verified
in a virtual environment using the Unity game engine (Unity Technologies, 2020). The Unity environment
offers the advantage of creating indoor environments that closely resemble real-world settings, while also
allowing for accurate data collection by randomly varying the position of the occupants. For evaluation, a
simulated meeting room with dimensions of 5m x 10m x 3m was used. A camera was strategically placed
in a corner at a height of 2.9m and an angle of 30 degrees to capture the entire space. The occupant's
location was randomly assigned within the meeting room, and a total of 100 images were collected, each
with its corresponding person's location. The number of occupants in each image ranged from more than
one to less than six. Notably, the intrinsic parameters of the camera were determined using the Unity
camera's local length, while the principal point was set at the center of the image (960, 540). Additionally,
the extrinsic parameters were calculated based on the camera's position (0, 0, 2.9) and angle (30 degrees).
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Figure 2. Percentage of occupants within error threshold.

The results revealed an average error of 0.94m with a standard deviation of 0.63m. The percentage of
occupants with errors less than 0.5m was relatively low at 30.47%. However, when considering a larger
error threshold of 2m, the proportion of occupants within this range was significantly higher at 94.85%.
Through analysis, the reason for the errors was found: This is due to the decrease in the depth map's
precision when the image resolution inputted into the depth estimation model was downscaled from
(1920, 1080) to (512, 384). Nonetheless, in real-world applications, these results can be interpreted as
follows: Firstly, in the context of HVAC and lighting systems, which are typically installed at intervals
greater than 2m, the precise granularity of location detection may not have substantial practical
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implications. If these systems can effectively operate with intervals of 2m, the 2m error range remains
acceptable while still allowing for satisfactory system performance. This can be further optimized by
adjusting the spatial arrangement of HVAC and lighting systems to align with the accuracy of the occupancy
detection system. Secondly, when considering zone control capabilities, larger spaces are often divided
into zones. If a single zone is larger than the error range, the system's accuracy proves sufficient. Even with
a 2m error range, the system should be capable of accurately identifying the specific zone that an occupant
is in, thereby enabling effective control of that zone.

4. Conclusion: The proposed framework can reliably obtain occupant location from a single RGB image
within indoor environments, an average positional error of 0.94m. In practical terms, this level of error is
acceptable, especially when considering the typical arrangement of HVAC and lighting systems for zoning
control. The research thereby contributes to the development of energy-efficient strategies for building
management, paving the way for considerable energy savings in HVAC and lighting operations by precisely
controlling unoccupied areas.
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ABSTRACT

The access to clean fresh water is a matter of major importance for human survival. As the population
grows and environmental problems from climate change intensify, access to fresh water is expected to
decrease in the foreseeable future (Pichel et al., 2019). A large percentage of natural disasters are related
to the availability of water resources and simultaneously affect their availability. Climate change is
inextricably linked to the water cycle and therefore affects its availability (Kushawaha et al., 2021). The
rise in sea level will increase groundwater salinity in coastal areas and will lead to the depletion of
groundwater and to salinization problems (Eswar et al., 2021). At the same time, based on the forecasts,
a deterioration of the climatic factors affecting the primary agricultural sector is expected (Anderson et
al., 2020). As a general prediction, it is estimated that the length of the cultivation season and consequently
agricultural production will decrease. The Water-Energy- Food Index (WEF) highlights the interdependence
of water, energy, and food together to the achievement of social stability and economic growth (David et
al., 2022). In addition, the availability of water resources may have an impact on the capacity to generate
electricity to meet energy demands (Nouri et al., 2019).

Water scarcity and energy independence are two critical issues facing many Greek islands, with limited
access to energy sources and to freshwater. Today, the average annual cost for the transportation of
freshwater to the islands from the mainland has been estimated at around 8.2 €/m? (Myronidis et al.,
2021). Also, the fulfillment of their energy requirements through Local Power Stations (LPS) leads to high-
cost electricity generation, blackouts during summer which is a high-energy demand period due to
tourism, dependence on conventional fuels and unstable network performance. In recent years, Hybrid
Renewable Energy Systems (HRES) would be the solution to energy dependence and water scarcity of
these islands. HRESs combine one or more renewable energy sources (RES), such as wind, solar, and
hydroelectric power, with one or more storage technologies. This integration of Renewable Energy Sources
(RES) units and energy storage systems can solve the problems from the stochastic nature of natural
variables, especially the wind and solar potential, can contribute to RES transition, can improve the WEF
nexus, can enhance the network reliability and performance and can reduce CO, emissions. In 2022,
renewables prevented over 230 million tonnes of greenhouse gas emissions, according to the
Environmental Protection Agency of the United States and this is equivalent to 49 million petrol-powered
cars off the road for one year. With the integration of a desalination unit into an HRES, the problem of lack
of domestic and irrigation water is also solved through the desalination of the abundant sea water that
surrounds these islands.

In the present research study, an energy management scenario for an HRES consisting of a wind farm, a
desalination unit and a hydrogen storage unit for the excess produced RES from the wind turbines, is
developed. The fulfillment of domestic and irrigation water demand and the fulfillment of household
energy consumption is the main purpose of the proposed methodology. The nominal power of the wind
farm is estimated according to Kaldellis et al. (2001). The hydrogen tank is dimensioned for two days of
autonomy (Bhandari et al., 2015). The fuel cell should be able to handle any electrical load that cannot be
met by the wind farm, while the electrolyzer should be able to convert any surplus energy into hydrogen
at each time step (Ceran et al., 2021). The desalination unit is supposed to be able to cover the average
demand for desalinated domestic and irrigation water. Also, the desalination unit is used for the
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desalination of the seawater that is used by the electrolyzer for the production of green hydrogen. The
study area is Fournoi Korseon, an island in the South-East Aegean Sea. The permanent population of the
island is provided by Hellenic Statistical Authority and is 1400 residents. However, as the island is a popular
tourist destination, the fluctuates significantly depending on the time of year. According to the Technical
Service of the island, the population reaches 4000 during summer and especially in August, which is the
month with the most tourist traffic in the Greek islands. Data about wind speed, temperature and
precipitation are obtained from the weather station of Fournoi Korseon of the National Observatory of
Athens Automatic Network-NOANN (Lagouvardos et al., 2017). Wind speed is used for the estimation of
the produced energy from the wind farm, according to the power curve, while temperature and
precipitation are used for the estimation of irrigation water demand, according to the Blaney-Criddle
method (Blaney HF & Criddle WD, 1962) for the calculation of evapotranspiration. For irrigation water
demand, the crops of the islands are obtained from the Hellenic Statistical Authority. Domestic water
requirements are provided are estimated according to the monthly population. Data about electric load
are provided by the Public Power Corporation (PPC).

The simulations are conducted in an hourly time step and for wind data of 25 years, as this period is the
lifetime of the whole project. Wind speed is characterized by its intermittent nature and high seasonality
and, also, according to a sensitivity analysis conducted by Bertsiou and Baltas (2022) to a similar HRES,
wind speed is the meteorological parameter that affects more the final results. The production of synthetic
wind speed time-series is based on the methodology of Negra et al. (2008), as it is of high importance for
the wind speed to maintain its hourly variation and monthly seasonality. For every time step, for the 25
years of wind data the produced energy from the wind farm is calculated and the demand for domestic
water, irrigation water and electricity are calculated too. After the fulfillment of the demands with the
same order of priority, it is checked if there is an energy surplus or energy deficit. If there is an energy
surplus it is checked if there is available space in the hydrogen tank for storage. If there is an energy deficit
it is checked if there is available hydrogen stored in the hydrogen tank. After each time step the met and
unmet demands are calculated. Results about the Loss of Load Probability (LOLP) and the final price of
energy and desalinated water are extracted for the whole lifetime of the project. Also, results about the
reduced CO; emissions and the amount saved from the Emissions Trading System due to the integration
of the HRES to the island are presented. It is found that, although results differ throughout the whole
lifetime of the project, the cost of desalinated water is significantly reduced, compared to current prices,
the amount of avoided emissions is noteworthy. Also, following the same coverage priority order, such
projects can contribute over 85% of the whole domestic water demands, 80% of the whole domestic water
demands and over 72% of the whole electrical demands.
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ABSTRACT

The use of solar thermal energy for hot water supply or heating is usually achieved by installing solar
thermal energy storage systems (STESS). These STESS operate at temperatures between 20° C and 80° C
depending on heat demand, technology and ambient conditions. In order to increase the efficiency of the
STESS, heat storage materials are used. This allows both the utilization of maximum solar radiation peaks
as well as the supply of heat even at night. Heat storage can be implemented as sensible heat or latent
heat, but the latter is preferred because of the higher heat densities. For heat storage as latent heat
(LHTSS), phase change materials (PCM) are used. For safety and design issues, low-cost, abundant, solid-
to-liquid state materials with high enthalpies of fusion and high heat capacities are preferred (Shukla,
2020). Currently, the most commonly used phase change material is paraffine wax of petrochemical origin.
Although some renewable PCMs, mainly fatty acids and sugars, have been investigated, some technical
disadvantages, but mainly their cost, have prevented their mass application (Yuan, 2014). Colombia is
currently the largest producer of palm oil in the Americas, which provides an availability of products and
by-products of this industry. One of these by-products is palm stearin, which is composed mainly of
saturated fatty acids. In the present work, the enthalpies and temperatures of fusion and crystallization
and the solid and liquid heat capacities of soybean soapstock, palm stearin and hydrogenated palm stearin
were measured by differential scanning calorimetry. The thermal performance of each material was
evaluated under a theoretical scenario by calculating the amount of energy stored when heated from 25
°Cto 85 °C, with the aim of using them as PCMs in STESS. Hydrogenated palm stearin achieved the highest
heat storage capacity (270 kl/kg) at the lowest unit cost of COP 38/klJ. These results were the basis for the
design and construction of a solar thermal storage system (STSs) which was installed in a Colombian
paramo with an altitude of 3,200 meters above sea level (m.a.s.l.) to supply hot water and space heating
for a bedroom. This experimental setup implements hydrogenated palm stearin as phase change material
(PCM) of renewable origin and a robust measurement and control system, including 39 PT-100 type
temperature sensors and a control system based on the microcontroller board Arduino MEGA. This
configuration also allows for the implementation of a remote monitoring system. The constructed STSs
employs 140 collector tubes and 550 kg of PCM, running at a maximum temperature of 75 °C. The research
outcomes so far show that the technology developed can fulfill the energy needs of a rural house in a
moorland zone, and it becomes a starting point for designing of systems aimed at other applications or
larger scales while diversifying the oil palm value chain, reducing manufacturing costs of thermal energy
storage systems and promoting the implementation of solar thermal energy technologies.
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ABSTRACT

For many decades economic development has been based on a linear model consisting of the steps
produce — process — consume — discard. The result is that Western societies, due to the thoughtless
production and overconsumption of goods, are increasingly depleting natural resources. At the same time,
they produce huge amounts of wastes and wastewaters, the accumulation of which leads to the severe
degradation of the natural environment. Understanding, however, the consequences of such a production
and consumption culture in Europe, has led the European Commission to propose in December 2015 a
package of measures aiming at facilitating the transition from a linear to a circular economy. Circular
economy is based on the reuse of wastes and wastewaters produced at different stages of the production
process of goods, not only through recycling but also through their transformation into other useful
products. Thus, wastes/wastewaters are not treated as disposables but as an alternative and valuable
source of raw materials, through their reintegration into the cycle of the production chain.

In this light, the current study focuses on the exploitation of a wastewater (WW) that is generated from a
large confectionary industry of Western Greece, towards a gaseous energy carrier with high energy density
i.e. biohydrogen (H;) and also different organics acids of high added value i.e. volatile fatty acids (VFAs)
and lactic acid (LA), via anaerobic dark fermentation (DF). The wastewater was actually the residues that
remain on the cauldrons during the production process of fruit jellies and syrups and which are removed
by rinsing with hot water, and it contained mainly sugars but also considerable amount of protein derived
from the gelatin of the jelly residues. For the biotransormation of the above to H, , VFAs and LA, a
mesophilic bioreactor with working volume 0.5L, operated at continuous mode (i.e. as continuous stirred
tank reactor, CSTR) was used and the effect of hydraulic retention time (HRT) on the yields of the
bioproducts was investigated. For the start-up of the bioreactor the WW was diluted with tap water to
initial substrate concentration (S,) in terms of dissolved chemical oxygen demand d-(COD), 20g/L mixed
with heat-shocked anaerobic sludge as inoculum and incubation for 24h at 35.5 °C followed. The transition
to continuous operation mode followed, upon checking the hydrogen content of the gas phase, with feed
substrate concentration (S¢), 20 g/L and initial HRT 12h. Upon reaching a steady state the HRT was altered
as following: 24h, 18h, 24h, 30h and finally 36h.

In Figure 1 the change of molecular hydrogen ratio in the gas phase of the bioreactor as well as the
production rates of biogas and molecular hydrogen during the operation of the CSTR are presented. As
shown, the production of gaseous metabolites, H, and CO, were significantly affected by the alterations
of HRT.
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Figurel: Percentage of Hz in the produced biogas (a), and biogas and H2 production rates (b) throughout the operation
of the CSTR treating confectionary industrial WW from with different HRTs.

Specifically, at the beginning of the continuous operation of the system with HRT, 12h, although the
percentage of H, showed an increasing trend (from 40% to 60%) in the gas phase, the gas production is
generally low, which can be attributed to a possible kinetic limitation of the system since the consumption
of sugars is also low (results not shown) with a tendency to be accumulate in the bioreactor. The increase
in the HRT at 24h appeared to improve the fermentation capacity of the supplied sugars, with a significant
increase in the biogas production rate, without, however, a corresponding increase in the hydrogen
production rate. The maximum hydrogen productivity was observed during the operation of the system
with 18h HRT, which, however, could not be maintained to achieve a steady state due to the accumulation
of solids in the system and the subsequent drop in gas production rates when resuming the 24h HRT
operation. This observation could be attributed to a change in the composition of the microbial
consortium. The hydrogen production was also low during the operation of the system with higher HRTs,
30h and 36h.

In Figure 2 the change in the concentrations of the produced VFAs throughout the operation of the CSTR
as well as the distribution of all soluble metabolic products, including LA and ethanol in the steady states
of the system, are illustrated. As shown, the production of soluble metabolic products is also significantly
affected by the HRTs, while it is noteworthy that when the HRT is restored at 24h after 18h, the distribution
is significantly differentiated, strengthening the original hypothesis for the prevalence of different
microorganisms. This assumption is also supported by the change in the concentration of LA in the steady
states which is decreasing during the system operation.
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Figure 2: Change in VFAs concentration throughout the operation of the CSTR (a), and distribution of the main soluble
metabolic products in the steady states (b).

Table 1 summarizes the yields and productivities of the system in terms of biogas, H, and the acidification
of the waste to VFAs, for all HRTs tested but for HRT12 during the operational period of which no steady
state was achieved due to sugars accumulation.. As shown the maximum yield of H, from the waste but
also the maximum H; molecular yield from the consumed sugars was observed for the lowest HRT, 18h.
However, for HRT 18h the acidification rate was the lowest observed, >40%. On the contrary, for the
highest, 36h, the lowest H, yield was observed with maximum though of acidification, exceeding 70%.

Table 1. Cumulative results of operation of the pilot system of acidification of expired juices in the permanent
conditions.

HRT24 HRT18 HRT24 HRT30 HRT36

Biogas, L/L.d 3.45+0.19 3.52+0.31 1.61+0.13 1.8310.43 2.09+0.01
Hz, L/L.d 1.91+0.12 2.19+0.13 0.63+0.55 2.28+0.54 2.19+0.13
Yh2, mL/kg WW 93.9015.99 76.67+4.54 30.95+2.71 31.08+5.56 29.97+3.50
Yu2™°!, mol/mol consumed

0.79+0.02 1.04+0.04 0.51+0.08 0.29+0.04 0.151+0.01
sugars
% acidification, VFAs (g COD)/g

41.57145.01 37.33£2.18 45.36%3.02 28.21+1.36 71.081+0.15

d-COD initial

Concluding, it can be noted although during the DF of the WW, the maximum productivity in H; is not
followed by its maximum acidification, by adjusting the operating conditions of the CSTR, the system can
be directed towards the maximum production of different products upon demand valorizing in any case
the WW.
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ABSTRACT

The rapid popularization of electric vehicles (EVs) in the European Union (EU) is creating a new category
of e-waste, the lithium-ion batteries (LIBs). LIBs manufacturing involves many raw materials, some of which
are Critical Raw Materials (CRMs) for the EU, so their proper management through circular economy (CE)
models is essential. These models include Remanufacturing, Reuse and Recycling of LIBs (Wralsen et al.,
2021; Kastanaki and Giannis, 2023).

In this work, the dynamic estimation of retired LIBs from EVs in Greece is accomplished using material flow
analysis with a 3-parameter Weibull distribution function under two LIBs lifetime scenarios. The
methodology flowchart is shown in Fig. 1. Remanufacturing, Reuse and Recycling of LIBs are considered
and all flows are estimated. The trends in future battery chemistries and the dynamic change in specific
energy of Battery Electric Vehicles (BEVs) and Plug-In Hybrid Electric Vehicles (PHEVs) are taken into
account. The sales of new EVs until 2030 in Greece are considered according to the national policy for
promoting electromobility. Among the CE models for retired LIBs, special focus is given on Reuse. Retired
batteries hold about 80 % of their initial capacity and can be utilized for applications such as Energy
Stationary Storage (ESS) (Rallo et al., 2020; Kotak et al., 2021). Optimized management of retired batteries
requires regional planning at country level to reduce logistics costs. This study examines whether the LIBs
available for reuse in Greece can meet the demand for ESS for PV installations. It is estimated that by 2030
the accumulated battery capacity available for a second life in Greece will be 0.08-0.14 GWh, covering 2-
3.7% of the ESS needed, while by 2035 the battery capacity will be 0.39-0.76 GWh, covering 10.1-19.7% of
the required ESS needs.
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Fig. 1. Methodology flowchart (BEVs: Battery Electric Vehicles; PHEVs Plug-In Hybrid Electric Vehicles; MFA: Material
Flow Analysis; B2L: Battery 2nd Life; B2R: Batteries to Recycle; ESS: energy stationary storage)
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ABSTRACT

The work deals with the amount of energy produced from renewable energy sources in the Slovak Republic
and their impact on economic growth and the price of electricity. The work also describes the relationships
between the amount of energy from renewable sources and economic growth and between the amount
of energy from renewable sources and the price of electricity and examines these relationships in the
conditions of the Slovak Republic. Renewable energy sources are one of the most dynamic segments of
the Slovak energy industry. The work will also deal with the problems and obstacles that stand in the way
of introducing or increasing the utilization of the available potential of renewable resources in the Slovak
Republic. It investigates the caus