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EDITORIAL

Leading the Ecological Transition
ECOMONDO 2022
The Green Technology Expo

The papers collected in this special issue of
Environmental Engineering and Management Journal
were presented as lectures or posters at the scientific and
technical conferences hosted by Ecomondo 2022 held
from the Italian Exhibition Group headquarter in Rimini,
Italy, during 8-11 November 2022.

(http://en.ecomondo.com).

Ecomondo is one of the largest European
exhibitions in the field of Green and Circular Economy,
hosting annually over than 99,000 delegates from more
than 140 different nations along with 1,500 industrial
exhibition stands in 150,000 square meters and over than
100 conferences and workshops on policies, research and
innovation, innovation funding opportunities, education,
communication and entrepreneurship and international
networking and partnership creation.

As with the previous editions, the aim of
Ecomondo 2022 was to explore and share recent
industrial advances and opportunities in industrial
technical waste production reduction, recycling and
exploitation; sustainable agrifood and wood chains,
biowaste collection and exploitation via integrated
biorefinery schemes, with the production of biobased
chemicals, materials and biofuels, including methane;
industrial eco-design; industrial symbiosis, renewable
and critical resources; water resources monitoring,
protection and sustainable use in the civil and agrifood
sectors; wastewater treatment and valorization with
nutrients recovery and water reuse; marine resources
protection and sustainable exploitation and port
regeneration; sustainable remediation of contaminated
sites and marine ecosystems; indoor and outdoor air
monitoring and clean up; and circular and smart cities.

Some of the international workshops were
focused on the emerging trends in the circular economy

domains and on the role of digitalization and industry 4.0
enabling technologies in process efficiency, eco-design
and waste collection in the major industrial value chains.
Some other workshops were focused on the technical and
regulatory  constrains  currently  affecting  the
implementation of circular economy value chains in the
sectors of electronic and electric products, automotive,
construction and demolition, packaging materials and
textile and fashion. A special focus was on the recycling
of plastic waste, biodegradable plastics and the
monitoring, prevention and mitigation of marine litter.
Finally, Ecomondo 2022 also hosted events on the
priorities of the Mediterranean macro-region, in close
cooperation with the EU commission, and in particular
the water scarcity of the area, the Mediterrancan Sea
contamination (also due to marine litter) and its
sustainable exploitation.

Ecomondo 2022 conferences hosted more than
700 oral communications, about 90 of them were then
selected for full paper publications on this journal, the
Procedia Environmental Science, Engineering and
Management and the Ecomondo proceedings. This
special issue contains some of such papers and provides
some of the key information presented and discussed in
the frame of some of the mentioned technical and
scientific conferences of Ecomondo 2022.

We believe that this collection of papers will be
useful to people who could not follow the edition of
Ecomondo 2022. 1t is primarily towards them but it also
aspires to provide permanent records in the promotion,
adoption and implementation of the major priorities and
opportunities of the green and circular economy in
Europe and in the Mediterrancan basin, with the
conversion of some of the key local environmental
challenges into new opportunities for a green and
sustainable growth of the territories.
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For additional info, please refer to the following link: https://en.ecomondo.com

Guest Editor:
Professor Fabio Fava, Alma Mater Studiorum - Universita di Bologna, Italy

8-n
NOVEMBRE

ECOMONDO =

THE GREEN TECHNOLOGY EXPO

Leading the ecological transition.

Fabio Fava, born in 1963, is Full Professor of “Industrial & Environmental Biotechnology” at the School of
Engineering of University of Bologna since 2005. He published about 250 scientific papers, 220 of which on
medium/high IF peer-review international journals of industrial and environmental biotechnology and circular
bioeconomy. He has more than 11000 citations, a H-index of 61 and an 110 index of 150 (Google Scholar) along
with 215 papers quoted by Scopus. He is actively working in the fields of environmental, industrial and marine
biotechnology and of the circular bioeconomy in the frame of a number of national projects and collaborative
projects funded by the European Commission. Among the latter, he coordinated the FP7 collaborative projects
NAMASTE, on the integrated exploitation of citrus and cereal processing byproducts with the production of food
ingredients and new food products, and BIOCLEAN, aiming at the development of biotechnological processes and
strategies for the biodegradation and the tailored depolymerization of wastes from the major oil-deriving plastics,
both in terrestrial and marine habitats. He also coordinated the Unit of the University of Bologna who participated
in the FP7 collaborative projects ECOBIOCAP, ROUTES, MINOTAURUS, WATER4CROPS, ULIXES and
KILL SPILL.

Fabio Fava served and is serving several national, European and international panels, by covering, among others,
the following positions:

* Member of the Scientific Committee of the European Environmental Agency (EEA), Copenhagen, for the "Circular economy and resource use" domain
(2021-);

« Italian Representative in the "European Bioeconomy Policy Forum" and the "European Bioeconomy Policy Support Facility" of the European
Commission (2020-);

« Senior Expert of the Italian delegation to the Programming committee Horizon Europe, Cluster VI: Food, bioeconomy, natural resources, agriculture
and environment (European Commission, DG RTD)(2020-);

« Italian Representative and elected vice chair in the "States Representatives Group" della Public Private Partnership "Circular Biobased Europe" (CBE
JU), Brussels (2021-);

« Italian Representative in the BLUEMED WG of the EURO-MED Group of Senior Officials (EU Commission DG RTD and Union for Mediterranean)
(2017-) and in the initiative on sustainable development of the blue economy in the western Mediterranean the "Western Mediterranean Initiative"
WEST MED, promoted by the EU Commission (DG MARE) in close cooperation with 10 countries of the area (2016-);

« [talian Representative in the "Working Party on Biotechnology, Nanotechnology and Converging Technologies" of the Organization for Economic
Co-operation and Development (OECD, Paris) (2008-);

Finally, he is the scientific coordinator of the International Exhibition on Green and Circular economy ECOMONDO held yearly in Rimini (Italy)
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THE WATER STEWARDSHIP APPROACH TOWARDS
RESILIENT WATER USE
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2Philip Morris International - Operations, Avenue de Rhodanie 50, 1007, Lausanne, Switzerland

Abstract

Climate change is altering patterns of weather and water all around the world and, uneven water distribution is amongst the most
compromising aspects. Water-related challenges may have serious impacts on a country in terms of economic losses, livelihoods,
and political stability. The need to safeguard the water resource is becoming a growing necessity for many multinational companies
which often operate in vulnerable and water-stressed environments.

The water stewardship approach and the Alliance for Water Stewardship (AWS) Certification is offering a standardized solution to
sustainable water management by implementing a 360-degree approach that acts both in local and territorial contexts and it is
applicable to all organization and industrial sectors. AWS is the first internationally recognized Standard for sustainable and resilient
water use: the certification allows companies to reduce their water footprint, through external engagement and synergic cooperation
between parties. Consequently, issues are address not only inside the site’s physical boundaries but also directly on and with the
catchment context through a stakeholder inclusive process. In the following article, we aim to illustrate the benefits and mitigation
actions implemented by a multi-national company following the water stewardship approach and the standardized framework given
by the AWS Standard. By implementing the AWS Standard, it is possible for companies to safeguard their surrounding territories
and communities, formalize and optimize their commitment into water saving and increase the environmental international
awareness through mitigation actions recognized and adopted by AWS.

Key words: catchment, multi-stakeholder governance, stewardship, sustainability, water security

Received: May, 2023; Revised final: September, 2023; Accepted: September, 2023; Published in final edited form: October, 2023

1. Introduction

The world is dealing with numerous
interconnected crises that have increased the level of
uncertainty around the globe. In this context, natural
resource calamities are amongst the top 10 global risks
as reported by the United Nations in 2022 (World
Economic Forum, 2022). In this paper we will focus
on those risks known to provoke water crises, and on
potential mitigation solutions that water demanding
companies can potentially apply to avoid one of the
most critical, upcoming situations of our time.

In the last 15 years, water-related challenges
have been exacerbating due to a multitude of factors
linked to climate change, population growth and
consequent overexploitation and mismanagement
(Carvalho and Van Tulder, 2022). Demand of fresh,
potable water is constantly increasing, especially in
emerging economies, as is competition and pressure
from agriculture, manufacturing, and energy sectors.
This can be highlighted by the fact that from 1900 to
2010, global freshwater consumption has grown by
over 600% (UNESCO, 2021). Freshwater resources
are very limited.

* Author to whom all correspondence should be addressed: e-mail: beatrice.bizzaro@hpc.ag; Phone: +39 0245488990
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We currently relay on less than 1% feasibly
usable freshwater reserves on Earth. The lack of
availability and resilient management of water
resources can have major negative impacts on both
social, economic and development aspects of a
country (Moreno-Pinzani, 2021). For this reason,
water crises must be considered a shared
responsibility: they involve a multitude of causes and
consequences and will potentially impact a huge
number of people and sectors, for which no single
solution is available (Carvalho and Van Tulder, 2022).

Before thinking about how to act, it must be
understood that water can be extremely complex to
deal with. A given water source never feeds one actor
alone, but a multitude of different stakeholders located
in a common catchment area. Companies often find
themselves operating in areas subjected to water-
related vulnerabilities, many of which remain
unperceived, especially in the short term. According
to the Carbon Disclosure Project’s (CDP, 2020)
Global Report, the cost of inaction on water risks,
especially for the manufacturing sector, is up to five
times the cost of action. Consequently, the need of
resilient management strategies to avoid physical,
reputational, and regulatory water risks that may affect
business productivity, is becoming impellent for all
multinational companies, especially those operating in
vulnerable and water-stressed environments.

Based on new, growing awareness and
understanding that water risks affect not only single
sites, but a multitude of different key figures in a
common territory, the term water stewardship was
born. This emerging paradigm sustains that water-
related issues can only be fully addressed and
mitigated through external engagement (Morrison and
Schulte, 2014) and synergic cooperation between
parties. Consequently, water stewardship practices
aim to address issues not only inside but especially
outside a site’s physical boundary, thus engaging and
acting directly on and with the catchment context in a
long-term multi-stakeholder pathway.

2. Baseline approach and methods
2.1. Clarification of concepts

The first global water conference organized by
the United Nations in Mar del Plata, Argentina, in
1977, was the first steppingstone towards concrete and
meaningful discussions in formalizing a standardized
approach in ensuring sustainable continuity in water
resource use. However, it was only after the United
Nations  Conference on  Environment and
Development (UNCED) in Rio de Janeiro, Brazil, also
known as the Rio Conference in 1992, that the concept
of Integrated Water Resource Management (IWRM)
was truly formalized and put into practice. The IWRM
is defined as an approach which promotes the co-
ordinated, synergic development and management of
water and related resources in order to maximize
economic and social well-being in an equitable
manner, without compromising the sustainability of
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vital ecosystems. On these principles the IWRM
approach has been discussed and taken into
consideration by all the following water-related
summits and conferences, but the major challenge has
remained its effective implementation on-the-ground
(Rahaman and Varis, 2005).

We can say that the Alliance for Water
Stewardship (AWS) Standard System (here forward
Standard) is a paradigm deriving and strictly
connected to the IWRM approach, as it is defined as
the use of water that is environmentally sustainable,
socially equal, and economically beneficial, achieved
through a stakeholder inclusive process that involves
site and catchment-based activities (Magnani et al.,
2020). The AWS Standard is focused on
implementing actions in a catchment area, a physical
area of land which the site relies upon for its water
supply and discharge, including the upstream and
downstream areas which may be impacted by the
site’s activity. A catchment area is defined considering
both surface water and groundwater if the site is
relying on multiple water sources.

2.2. Baseline approach

It is safe to say that we are all touched, either
directly or indirectly, by water risks. Some countries
may face them at more dramatic scale, whilst others
may still live in idyllic short-term situation in which
water is still readily available and free. Numerous
water-intensive multi-national companies are however
acting fast and now, especially those that have
numerous water-demanding operational activities
scattered in vulnerable areas world-wide. They are
committing to long-term  sustainable = water
management and stewardship practices to safeguard
and positively impact their territories’ water resources
and ensure a supply that is secure, especially in the
long run.

The question is, how are they managing to do
this? In the last 10 years, many companies have been
implementing an innovative, globally recognized,
how-to framework for stewardship implementation,
defined as the AWS Standard. The Standard is
designed around a Plan-Do-Check-Act management
concept subdivided into 5 phases (or Steps), focused
not only on the operational site but also on the supply
chain and territorial context that surround it. The scope
is to not only reduce a site’s water footprint but
contribute through the engagement of public and
private sector stakeholders to the identification and
mitigation of shared water challenges, which would
otherwise remain unperceived if focus of actions were
limited only to a site’s four walls.

2.3. Methods

To fully understand how a particular
operational site may implement the Standard in its
everyday activities and as a long-term commitment, it
is necessary to explain and detail further the Standard
structure itself. As previously anticipated, the
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Standard is subdivided into 5 main steps which are, in
turn, subdivided into criteria and indicators which
must be fulfilled and applied with standard
compliance. The degree of compliance may vary from
a basic, core level, to more advance levels of water
stewardship maturity (Gold or Platinum levels).
Standard implementation also implies a path of
continuous improvement, evaluation of achievements
against targets and implementation of ameliorative
actions over time.

The methodology on which the Standard relies
upon for water stewardship achievement can be
classified into two main categories (Figs. 1, 2):

1 Outcome compliance
2 Standard Step indicator implementation

Although the two are interconnected and
strictly reliant upon each other, the fulfilment of a
particular standard step does not automatically imply
the obtainment of a specific outcome.
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Fig. 1. The Alliance for Water Stewardship (AWS)
Standard Steps categories designed around a Plan-Do-
Check-Act management concept
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Fig. 2. The Alliance for Water Stewardship (AWS)
Standard Outcomes categories for water stewardship
achievement

At this stage, a detailed description of each
category must be undertaken.

2.3.1. Outcome compliance
The 5 AWS Outcomes represent the
fundamental steppingstones of optimum water

stewardship practices that benefit the site as well as
the catchment area. They do not correspond to a
particular Step but are a result of correct Standard
implementation:

e Good Water Quality Status: active
contribution to ensuring optimum water quality in
relation to the site (i.e., respect of legal threshold
levels for outgoing wastewater/incoming water) and
the catchment area based on credible data from
environmental agencies, academic studies and/or
direct sample collection

e Sustainable  Water  Balance: active
contribution to ensuring sustainable water use in
relation to the site (i.e., respect of legal abstraction
limits) and the catchment area based on water balance
studies

e  Good Water Governance: active contribution
to water/wastewater management in the catchment
area (i.e., protection, monitoring, treatment, policy
framework etc.) synergically with institutions, public
sectors, and government agencies, as well as other
organizations

e Secure Important Water-Related Areas
(IWRAs):  active  contribution to  assessing,
monitoring, restoring and/or maintaining the status of
specific water-related areas of environmental, cultural,
community and/or economic importance

e Water, Sanitation and Hygiene (WASH):
active contribution to providing, improving and/or
maintaining the provision of safe water, sanitation and
hygiene for employees and local catchment
communities in need.

2.3.2. Standard step indicator implementation

The Standard indicators have a particular focus
and scope based on the 5 Steps that they are bound to
comply with:

e  Step | indicators are all about collecting and
analyzing data from the site, indirect water use of its
service/raw material providers, the catchment area of
interest, and stakeholders in relation to the 5 Outcomes
(quality, quantity, governance, WASH and IWRAs),
water risks, and shared challenges as well as
mitigation actions and opportunities.

e  Step 2 indicators are focused on developing
three principal aspects related to water stewardship:

- public commitment;

system for maintaining and tracking water-
related regulatory compliance;

- developing a strategy and plan with actions
(technological and/or socioeconomic), goals and
targets linked to the 5 Outcomes with the scope of
addressing the water risks/challenges identified in
Step 1.

e Step 3 indicators are based on providing
evidence of the ‘doing’ to verify conformance and/or
achievement of the following:

- actions to implement to achieve goals/targets
(Step 2);

-~ 5 outcomes;

water rights and legal prescriptions;
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- indirect water use;

- stakeholder engagement.

e Step 4 indicators regard evaluating and
measuring performance (both positive and negative)
of what has been achieved (so far) based on planned
actions and targets (Step 2), as well as water-related
emergency incidents or compliance violations.
Stakeholders must be direct contributors to this Step
as they provide valuable insights and suggestions for
improvements. Based on evaluation results, the plan
(Step 2) must be adapted and integrated accordingly.

e Step 5 indicators regard the communication
and disclosure part of the Standard, which must be
executed with the scope of publicly sharing internal
governance, water risks and shared challenges (Step
1), planned actions (Step 2) and performances (Step
4), stakeholder synergies and (if applicable) any
significant water-related compliance violations.

Based on this framework, focused on
complying with 5 specific AWS Outcomes and
implementing the indicators belonging to the 5
Standard Steps, any type of site, anywhere in the
world, may formally and credibly implement with an
adequate level of maturity, a successful and resilient
water stewardship modus operandi.

3. Case studies

To portray the relevant array of results which
arise from Standard implementation, we will illustrate
a case study of a multi-national manufacturing

ENVIRONMENTAL

PRODUCT
IMPACT

company that operates in the tobacco industry. Philip
Morris  International (PMI) has, since 2018,
incorporated water stewardship and the AWS
Certification as a fundamental pillar of its
sustainability initiatives and core of its business
strategy. PMI believes that working efficiently goes
hand in hand with resiliently safeguarding and
managing the environment (Philip  Morris
International, 2021a). This year, PMI has received, for
the third consecutive year, a triple A rating from CDP
on its performance in protecting forest, tackling
climate change, and water security.

By conducting annual and dynamic materiality
assessments to identify, assess and prioritize
Environmental, Social, and Governance (ESG) topics
of interest (Philip Morris International, 2021b) (Fig.
3), PMI has shed light on the growing and fundamental
importance of sustainable water management and
stewardship for its operations. The reason is that water
is vital in PMI’s activities: from tobacco cultivation to
manufacturing, all products require water. PMI’s 2021
Materiality Assessment additionally identified water
as an emerging environmental issue in terms of
potential outward impact, on society and plant, and
inward impact on PMI’s operations (Philip Morris
International, 2021a) (Fig. 4). PMI’s agricultural
supply chain accounts for approximately 50% of
PMI's total water footprint, while approximately 40%
comes from other raw material producers and
approximately 5% from direct manufacturing
operations (Philip Morris International, 2022).
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Fig. 3. Top ranking Environmental, Social, and Governance (ESG)’s topics for Philip Morris International (PMI)
(Philip Morris International, 2021a)
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Fig. 4. Materiality matrix illustrating the results of Philip Morris International (PMI)’s Sustainability Materiality Assessment
and identifying water as an emerging environmental issue (Philip Morris International, 2022)

Consequently, the global goal of implementing
the AWS Standard to all relevant manufacturing
facilities by 2025 (Philip Morris International, 2022),
was a strategic decision to mitigate and reduce not
only a facility’s water footprint, but also the indirect
water use of its raw material producers. In 2018 the
first AWS pilot site deployed in Brazil. Following its
success, 17 manufacturing facilities followed the
Certification roadmap (Argentina, Brazil, Czech
Republic, Greece, Indonesia, Italy, Korea, Mexico,
Netherlands, Philippines, Portugal, Romania, Serbia,
Switzerland, Turkey, Jordan, and Poland - from the
AWS Certified list) with more to come in the
upcoming years.

Implementing the Standard and achieving
Certification allowed PMI to formalize its
commitment to water stewardship principles, reduce
its water footprint in manufacturing facilities and
throughout its supply chain, engage with local
stakeholders in a more robust, transparent, and
cooperative way with the scope of raising awareness
and synergically contributing to mitigating and
addressing shared water risks and challenges. The
implementation of the Standard framework has also
led to the completion of annual global water-risk
assessments with the scope of deep-diving into local,
more granular scenarios for identifying hotspots of

greater water-related vulnerabilities and prioritizing
intervention to higher risk areas (Philip Morris
International, 2022).

It would be difficult, if not impossible, to report
all the results and best practices that have arisen and
daily arise from each single PMI facility that has
achieved AWS Certification. Consequently, we have
decided to report a small array amongst the many
global examples. Each Certified site has become, in
their local catchment contexts, advocates for water
stewardship with the scope of continuously improving
their performances and outcomes. In the section
below, we will discuss the performance of three PMI
facilities:  Philip Morris  Manufacturing and
Technology Bologna (PM MTB), in Italy, Philip
Morris Polska S.A. (PMPL), in Poland, and the Philip
Morris Philippines (PMFTC) facility in Marikina, in
relation to the 5 AWS outcomes (Philip Morris Polska,
2021):

e Good Water Quality Status: Since 2021,
PMPL is undertaking detailed investigations on the
quality status of the groundwater, by implementing
dedicated on-site tests. The scope is to monitor the
quality status of the groundwater bodies on which the
site relies upon for its water provision (Philip Morris
Polska, 2022). PMFTC has also acted in safeguarding
the water quality of its surface water bodies. In
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collaboration with the local government, the
Community Environment and Natural Resources
(CENRO), neighbouring companies from an industrial
complex, and a local NGO, PMFTC supported the
installation of trash traps along a main river, the San
Juan. Two of these traps, which help prevent surface
water pollution, as well as blockages that may cause
flooding, have already been installed by the local
government. PMFTC and its community partners
consulted third party engineers, who improved the
design of the traps. Through a local NGO, the
company also provided the infrastructure to install a
third trash trap along the river and has plans to put
additional ones in place (Philip Morris Philippine,
2022).

e  Sustainable Water Balance: PM MTB has
been investing in innovative water recycling and reuse
technologies with the aim of reducing its potable water
withdrawal. From 2019, approximately 29% of PM
MTB’s total water consumption comes from recycled
waters. In 2021, PM MTB ameliorated its water
consumption even further by optimizing its on-site
wastewater treatment plant, resulting in an additional
potable water saving of approximately 58,000 m’.
Furthermore, PM MTB is also continuing its
investments in water consumption monitoring, which
has reached a coverage of 100%. This has significantly
contributed to the prompt identification of water losses
and, consequently, to timely mitigation and corrective
actions (Philip Morris Manufacturing & Technology
Bologna, 2022).

e Good Water Governance: Since responsible
water stewardship requires collective actions, PMFTC
identified and engaged with key internal and external
stakeholders, including employees and third-party
workers, as well as local communities, academics, and
regulators. To promote responsible water stewardship,
PMFTC ran comprehensive awareness campaigns that
included a webinar, in which local companies
participated in round table discussions with leaders of
local barangays (small communities or villages), a
seminar for in-house contractors, and a water
conservation art contest aimed to raise awareness
within local communities. Extensive communications
efforts across several digital channels and
announcements on  local  bulletin  boards
complemented the awareness campaign (Philip Morris
Philippine, 2022).

e Secure Important Water-Related Areas
(IWRAs): To protect and maintain healthy ecosystems
and important green areas, PMPL conducts annual tree
planting programmes and has installed, over the years,
beehives directly on-site. Forty-three trees have been
planted between 2019 and 2021 to enrich the green
areas within the site boundaries, thus also promoting
bee pollination and the development of local
biodiversity. Extensive campaigns with employees,
for example in occasion of world earth day, have also
been conducted to increase awareness and know-how
regarding environmental preservation and
sustainability. Such campaigns included the
construction and installation of bird nesting boxes, to
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encourage the repopulation of bird species, the
conduction of educational webinars on the urban
animals found within the site premises, and the
planting of herb gardens (Philip Morris Polska, 2022).

e  Water, Sanitation and Hygiene (WASH):
Access to water, sanitation, and hygiene is a key factor
in the AWS certification process. To equip local
communities, PMFTC has donated the first two
handwashing facilities at Tanauan Vegetable Trading
Post to provide residents better access to WASH
facilities. PMFTC also implemented awareness
campaigns on the importance of good potable water
quality within the local communities (Philip Morris
Philippine, 2022).

Based on the success stories and global results
achieved to date, PMI will continue to implement a
long-standing approach of sustainable water
management and stewardship actions at an
international scale. The scope will be to continue to
engage stakeholders, identify and address water
challenges, risks, and create catchment resilience,
throughout PMI’s supply chain and manufacturing
operations.

The long-term objectives that PMI is striving to
achieve through the implementation of sustainable
management practices and the Standard framework,
will be to save a total of 10 million m? of freshwater
by 2030, address shared water challenges both in its
tobacco and non-tobacco supply chain as well as in
production activities, reinforce good agricultural
practices, and improve current tools to better monitor
and understand water volumes that need to be restored
to achieve a net positive balance on-site and in the
catchment (Philip Morris International, 2021a).

4. Conclusion

Applicability of the AWS Standard framework
is structured in such way to fit and comply with any
type of water user anywhere in the world. This
flexibility permits the Standard to be implemented
voluntarily by any organisation, even if not productive
or water demanding, with the scope of formalizing a
commitment and an implementation scheme for
internationally ~ recognized  water  stewardship
practices.

By implementing the Standard and,
consequently, water stewardship practices, water
management is brought to another level by stepping
outside of an organization’s physical boundary and
bringing into the picture various actions and actors
such as stakeholders, water use in the supply chain,
WASH and TWRAs, assessment of shared water-
related  challenges and resilient mitigation
interventions to address vulnerabilities and ensure a
long-term water security. Consequently, issues are
address not only inside the site’s physical boundaries
but also directly on and with the catchment context
through a stakeholder inclusive process.

The case study of PMI highlights how a
multinational company can incorporate the Standard
framework as an international ambition and
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fundamental steppingstone towards the achievement
of long-term sustainability goals in relation to water.
The benefits and mitigation actions implemented by
several PMI facilities following the water stewardship
approach and the standardized framework given by the
AWS Standard, allowed the companies not only to
minimise their local water footprint, but also
cooperate in a more robust, durable, and synergic way
with their local stakeholders to manage and concretely
mitigate shared water issues and challenges within the
same catchment context. PMI’s journey in water
stewardship is still ongoing, but PMI facilities all over
the world are on the right path to transforming the way
that they deal with water.

The AWS and its water stewardship approach
could potentially be the light at the end of the tunnel,
an innovative, long-term solution to the widespread
water crises that we all, sooner or later, will lean
towards. We are seeing a significant transformation in
a number of companies and organizations, but the
hope is that many others will embark on this path
toward a more sustainable future and security for
water.
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Abstract

The problem of municipal solid waste (MSW) management is becoming an issue more and more relevant. Hydrothermal
carbonization (HTC) is an emerging path to address the concerns arising from the management of MSW, promoting a from-waste-
to-resource action plan. In this study, the HTC was performed by using the stabilized organic fraction (SOF) of the MSW to evaluate
the hydrochar characteristics and to determine the optimum temperature and residence time of the HTC process. Preliminary tests
were achieved with SOF and two different liquid substrates, the landfill leachate (LL) and the concentrate fraction (CF) of landfill
leachate from the reverse osmosis plant, respectively. The HTC was performed at different process temperatures and residence
times, while the solid-to-liquid ratio was maintained at 1/10. Furthermore, the influence of hydrodynamic cavitation (HC) to enhance
the homogenization of SOF and liquid substrate before the HTC was studied. Response Surface Methodology (RSM) was applied
to determine the best HTC process conditions (process temperature and residence time) based on the experimental campaign
developed through the Central Composite Face-Centered Design (CCF-CD). By statistical analysis, it was possible to understand
how the process variables influenced the fixed carbon content, deashing efficiency and mass yield (considered as responses of the
model). The optimum condition for the HTC process was at 232°C and 2.65 h. The preliminary results showed that the hydrochar
from HTC of the cavitated blend of SOF and LL is a valid mixture for the production of eco-sustainable plasters to be used in the
building sector in a circular economy approach.
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1. Introduction

Approximately 232 million tonnes of
municipal solid waste, or 517 kg per capita, were
produced in 2020 in the UE27. In the three years
2018-2020, there was an increase of 3.7% in
production overall (Eurostat, 2023). In 2021, in Italy,
the production of municipal waste involved a quantity
of about 30 million tons, the solution of which final
mainly involves landfilling. Such a solution not only
occupies more and more valuable space but also

causes air, water and soil pollution by discharging
carbon dioxide carbon (CO;) and methane (CH,) into
the atmosphere and chemicals and pesticides in the
land and the groundwater. This, in turn, is harmful to
human health, as well as the environment.
Mechanical Biological Treatment (MBT) is
widely used as a form of pretreatment to landfill or
incineration. It is an essential phase of the waste cycle
since allows, through a process of selection
(mechanical) and treatment (biological), to:
e recover a further part of recyclable materials;

* Author to whom all correspondence should be addressed: e-mail: a.cardarelli@unitus.it
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e make an appropriate selection of waste to be
sent for incineration/waste-to-energy plant, obtaining
a lower emission of pollutants and a higher energy
yield;

e reduce the volume of material for final
disposal and therefore the use of landfills and
incinerators;

e ensure the conditions of biological stability
of the waste to minimise the formation of
decomposition gases and leachate.

In an MBT plant, the unsorted MSW is
mechanically sorted into three fractions, i.c. material
organic, recyclables and waste. The recyclable
fraction includes materials such as glass, metals,
plastics, rubber, rags, papers etc. which can be
differentiated by separation and sieving. The
recyclable components (glass, metals etc.) can be sent
for recycling, while the components non-recyclable
partly contribute to the production of solid fuel to be
sent to waste-to-energy plants and parts are sent to
landfill.

The organic fraction is addressed to a
biological stabilization process (aerobic digestion).
The output of the aerobic digestion is called stabilized
organic fraction (SOF), or off-specification compost,
and it is codified by the European Waste Catalog
(EWC) as EWC 19.05.03. This material is currently
discarded and landfilled, with additional costs.
According to the Urban Waste Report 2022 of ISPRA
(ISPRA, 2022), in 2021 over 8.1 million tons of
waste/materials were produced by mechanical
biological treatment plants, which is about 560.000
tons of SOF. Furthermore, leachate is generated from
the MSW landfilling. Landfill leachate (LL) is a
tainted liquid arising from the bottom of solid waste
disposal facilities that contain both soluble organic
and inorganic compounds as well as suspended
particles (Naveen et al., 2017).

In Italy, the regulation requires that it must be
captured and appropriately treated on the same site of
the landfill or transported in an ad hoc plant duly
authorized for disposal in the sewers. Currently,
physicochemical treatment methods such as reverse
osmosis are widely used. Reverse osmosis membrane
technology plants are employed for LL treatment,
producing two fractions: the permeate (PF) (about
75%) and the concentrate (CF) (about 25%). Since the
permeate might be directed to the sewers, the
concentrate remains a burden. In this context,
alternatives are needed to valorize the SOF, together
with landfill waste reduction, as well as the landfill
leachate and/or concentrate, leading the waste
management business towards a circular economy
perspective.

A valuable option is to use all these wastes as
precursors in the production of carbon-based
materials. This work arises from the project
ECOPLASTER - Biostabilized for Ecosustainable
Building -funded in 2022 by the Ministry of
Environment and Energetic Security. The project
intends to use the outputs of the municipal solid waste
management chain, i.e. SOF, LL, and the CF as input
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for the hydrothermal carbonization (HTC) process.
The HTC is a thermochemical valorization process
during which the wet biomass remains heated at a low
temperature range (150-350°C) over a few minutes to
several hours under autogenic pressure (Villamil et al.,
2020). Three types of products are resulting from the
process. The main output is a carbon-rich solid
material known as hydrochar, which accounts for
approximately 45-70% of the product mass. A gas
phase, approximately 1-3% of the raw material,
consisting mainly of CO, (>90% of the gaseous
products) with small amounts of CHa4, H,, and CO. A
liquid fraction (spent liquor), 5 and 25% of the mass
of products, which is rich in bio-degradable soluble
organic compounds (Magdziarz et al., 2021; Roman et
al., 2021; Wilk et al., 2020). The HTC process has
several advantages, including the ability to process
heterogeneous wet biomasses without pre-drying or
separation  pre-treatment required by  other
thermochemical processes, since water acts as a
reactant, solvent, and catalyst (Libra et al., 2011;
Sharma et al., 2020). These advantages make the HTC
process applicable to various wet residues, including
agricultural and forestry residues (Basakgilardan
Kabakc1 and Baran, 2019), anaerobic digestate (Cavali
et al., 2023), sewage sludge (Luo et al., 2020), algal
biomass (Castro et al., 2021; Jabeen et al., 2023), olive
mill sludge (Mendecka et al., 2020), pulp and paper
mill sludge (Mohammadi et al., 2020) and off-
specification compost (Basso et al., 2015).
Nonetheless, within the HTC process, there are
present some disadvantages. These include the use of
complex and costly systems which use substantial
amounts of water and further costs for the separation
of the solid and liquid phases, as well as the discharge
of significant quantities of wastewater (Ercan et al.,
2023; Khan et al., 2019).

However, current research examining the
possible valorization of the spent liquor derived from
the biomass HTC process highlights the commercial
rentability in a circular economy approach (Khan et
al., 2019). Possible solutions cited include processes
from which the resultant by-product represents a
benefit such as anaerobic digestion, nutrient recovery,
bioplastic production, wet oxidation, and liquid
fertilizer (Gonzalez-Arias et al., 2023; Ipiales et al.,
2021; Langone and Basso, 2020; Tripathi et al., 2022;
Zhang et al., 2023).

In the project ECOPLASTER, the hydrochar
(solid fraction) of the HTC process will be used for the
production of an eco-sustainable plaster to be used in
the building sector, while the spent liquor (liquid
fraction) will be employed for the growth of
microorganisms aimed at the production of
bioplastics. This study provides preliminary results on
the application of the HTC process to the stabilized
organic fraction of MSW for hydrochar production, by
using both landfill leachate and the concentrate
fraction as liquid substrate. Several studies have
investigated the HTC as thermal pre-treatment for
different types of MSWs, or streams obtained from it.
(Ischia et al., 2021) performed the HTC to valorize
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municipal solid waste for biofuel production; the off-
specification compost was used by (Gonzalez-Arias et
al., 2021) to be co-processed by HTC with olive tree
pruning and obtaining a coal-like product with a high
carbon content; Periyavaram et al. (2023) analyzed the
thermal behavior of hydrochar derived from HTC of
food waste using leachate as moisture source;
likewise, Sliz et al. (2022) reported the technical
feasibility of an industrial scale layout of an HTC plant
by using the wet fraction mechanically separated from
mixed MSW or under sieve fraction as solid substrate
and water as moisture source.

Despite the many probable benefits, the
potential application of LL or CF from reverse
osmosis plants as liquid substrates for HTC remains
less explored. This study aimed at comparatively
evaluating the efficacy of landfill leachate and
concentrate fraction as reaction media for the
hydrothermal conversion of SOF derived from MSWs
to hydrochar.

Product yield and proximate and ultimate
analyses were taken into consideration to understand
the basic physicochemical properties of the resulting
hydrochars and optimize the process parameters
(residence time and temperature) of the hydrothermal
carbonization to be used in an industrial scale-up.
Moreover, to further enhance the homogenization and
viscosity of the solid and liquid substrate mixture
before the HTC process, the application of
hydrodynamic cavitation (HC) was investigated. HC
is a promising physicochemical process consisting of
the phenomenon of formation, growth, and rapid
collapse of vapor cavities due to the reduced local
pressure (Lanfranchi et al., 2022). The HTC was
carried out at different process temperatures and
residence times, while the solid-to-liquid ratio was
maintained constant. Furthermore, HC was performed
at a temperature set point of 60°C in order to
investigate its influence on the hydrochar physical-
chemical characteristics.

Central Composite Face-Centered Design
(CCF-CD) and Response Surface Methodology
(RSM) were used to examine any potential
relationships of the hydrochar production parameters
(temperature and residence time) on the fixed carbon
content (FC), deashing (DE) and mass yield (MY) of
the hydrochars. In detail, FC, DE and MY were
selected as response variables in the optimization
process in order to obtain the HTC conditions at which
the hydrochar characteristics were maximized to
improve the efficiency of the admixture material to be
used as plaster in the building sector for carbon-
capture (Gupta and Kua, 2017; Navaratnam et al.,
2021), moisture absorption (Mrad and Chehab, 2019)
and thermal and acoustic insulation (Kahandawa
Arachchi et al., 2021; Srikanth et al., 2022). The
results of the present work will be used to define the
optimal mixture of mortar and hydrochar for the
production of eco-sustainable plasters to be employed
in the building sector.

2. Material and methods

2.1. Collection of SOF and liquid substrates

The stabilized organic fraction, the landfill
leachate, and the concentrate fraction of the reverse
osmosis of LL were obtained from the same MSWs
management plant located in Viterbo, Italy. The SOF
was collected from the MBT and locally sieved down
to a particle size of approximately 2.5 mm before the
laboratory experiments in order to remove any
inorganic residues, e.g. glass, metal, plastic, paper, etc.
The LL was spilled from the MSW landfill while the
CF came from the reverse osmosis plant, both located
in the same area as the MBT plant. The LL and CF
were gathered in plastic containers and stored at a
temperature of +4°C. The characteristics in terms of
pH, biochemical oxygen demand (BOD), chemical
oxygen demand (COD), conductivity, and total solids
(TS) at 105°C of each liquid substrate are listed in
Table 1.

Table 1. Characteristics of each liquid substrate

Liquid substrate LL CF
pH 7.9 6.8
BOD [mg/L] 2150 638
COD [mg/L] 8380 2490
Conductivity 25.6 23.7
[mS/cm]
Total solids [%] 2.0 1.4

2.2. HTC experiment

A stainless-steel Parr 4560 mini-batch reactor
with a volume of 600 ml was used for the
hydrothermal carbonization treatment. The removable
ceramic band heater was connected to the external
control system (4848 reactor controller, Parr
Instrument) which allowed the setting of both the
temperature and the rotational speed of the stirrer. For
each experimental run, the vessel was loaded with the
solid and liquid substrate and purged with nitrogen to
remove the air from the reactor. The reactor was
heated up to the desired temperature with a heating
rate of 3°C/min while the stirring rate was set to 200
rpm. The residence time is referred to the holding time
of the reactor after reaching the temperature set point.
Then, the internal cooling coil connected with an
external chiller allowed for an immediate decrease in
temperature by the coolant. Thus, the liquor was
separated by using a Biichner funnel with a vacuum
pump and filter paper (Whatman filter paper, 8 um).
While the hydrochar was washed with distilled water
several times and oven-dried at 105°C for 24 h to
remove residual moisture, the liquid fraction was
collected and maintained at +4°C for further analyses.
The mass yield (MY) of the HTC process was
calculated as the ratio of the mass of hydrochar (Ms) to
that of the initial feedstock (Mg) on a dry basis by
using Eq. (1).
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MY = L4100 [%] )
My

2.3. Hydrodynamic cavitation

When the HTC process is scaled up to
industrial size, the homogenization and viscosity of
the solid and liquid substrate mixture become essential
parameters affecting its pumpability. The pumpability
of the slurry is limited by the type of pump, which
generally have an upper limit of about 10-15% solids
(dry basis) loading (Nagarajan and Ranade, 2021).
Thus, hydrodynamic cavitation was selected as a pre-
treatment to enhance these characteristics.

The HC was performed by using single-step
homogenization with a controlled cavitation approach
patented by SOLDO Cavitators (Soldo Cavitators,
2023). The cavitation unit is composed of a feed tank
and a 5.5 kW electric motor which provides power to
a stainless steel rotor (cavitator) working at 20 L/min,
3 bar, and 3600 rpm. The solid and liquid substrates
were mixed at the desired solid-to-liquid ratio and
pumped inside the cavitator in a closed loop until the
flow temperature reached the set point of 60 °C.

2.4. Chemical-physical analysis

Proximate analysis was carried out following
the standards EN 14774-2 for the moisture content,
EN 15148 for the volatile matter (VM), and EN 14775
for the ash content, by using a thermogravimetric
analyzer (TGA-701, LECO Co., USA). Ultimate
analysis was performed by using a LECO Truspec
CHN analyzer, in compliance with UNI EN 15104
standard method. Fixed carbon (FC) and oxygen were
computed by difference. Moreover, the deashing
efficiency (DE) of the HTC process was evaluated
according to Eq. (2):

DE = Ashsor—(Ashyydrochar,i*MY () * 100 [%] (2)
AshsofF

where Ashsor is the ash content of the stabilized
organic fraction before the HTC treatment,
AShydrochar,i 18 the ash content of the hydrochar
obtained from the HTC process regarding the i-th test.
All measurements were conducted in triplicate and a
mean value was reported. Furthermore, the specific
surface area of the samples was examined with a BET
analyzer (ASAP2460, Micromeritics, USA).

2.5. Preliminary tests and experimental design

Firstly, preliminary tests of HTC were
conducted to understand the influence of the liquid
substrate (landfill leachate and concentrate fraction)
on the chemical properties of the hydrochar. The HTC
was performed at different process temperatures (200,
250, and 270 °C) and residence times (1, 3, and 6 h),
while the solid-to-liquid ratio was maintained at 1/10.
Then, the effect of the hydrodynamic cavitation on the
chemical characteristics of the hydrochar was
evaluated by considering a temperature set point of
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60°C. Response Surface Methodology (RSM) and
Central Composite Face-Centered Design (CCF-CD)
were used to examine any potential relationships
between the hydrochar production parameters
(temperature and residence time) and the impacts on
the fixed carbon content, deashing, and mass yield. A
three-level, 2-factor CCF-CD was employed. HTC
process temperature (X;) and residence time (X,) were
assumed as independent variables and coded at three
levels (—1, 0, and +1), corresponding to the minimum,
medium and maximum levels. Each process factor
level was carefully selected based on preliminary
tests. For the hydrochars, the chosen responses were
fixed carbon content (Yi), deashing efficiency (Y>),
and mass yield (Y3) of the HTC process. The software
Minitab v17.1.0 (Minitab Ltd., Coventry, UK) was
used to implement the statistical model. The statistical
significance of the regression coefficients was
examined by using analysis of variance (ANOVA) and
regression analysis. This was accomplished by using
the Fisher's F-test at a 95% confidence level, following
the methodology outlined by Buratti et al. (2018).
Multi-response  analysis, based on Derringer's
desirability function, was used to concurrently
optimize the response variables (Derringer and Suich,
1980). The desired response of FC content, DE, and
MY was the maximum of the target goal. The same
importance was assumed for each response during the
optimization analysis.

The method is described more exhaustively by
Barbanera et al. (2018). Three replications of
experiments under optimum conditions were
conducted to wvalidate the optimized models by
comparing the experimental data to the expected
values.

3. Results and discussion
3.1. Characterization of preliminary tests

The characteristics of biomass before and after
the HTC process in terms of proximate and ultimate
analysis, mass yield, and deashing efficiency are
shown in Table 2.

Preliminary results indicate that tests
performed at 250°C and a residence time of 3 h with
LL rather than CF produce hydrochar with improved
characteristics. Dehydration, decarboxylation,
hydrolysis, and condensation are the main reactions
that occur during the hydrothermal carbonization
process (Nawaz and Kumar, 2023; Wang et al,
2022a). The balance between these different reactions
determines the carbon content of the resulting
hydrochar. At moderate temperatures (250 °C) and
residence times (3 hours), the HTC process primarily
involves dehydration and decarboxylation reactions,
which lead to an increase in the carbon content
(Djandja et al., 2023), resulting in about +22% and
23% by using LL and CF respectively. However, as
the reaction temperature and residence time increase
(270°C and 6 hours), hydrolysis and condensation
reactions become more prevalent, leading to a
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decrease in the carbon content (Danso-Boateng et al.,
2022) of about —5% and —21% by using LL and CF
respectively. Thus, at lower temperatures and
residence times, the increase in carbon content due to
dehydration and decarboxylation reactions outweighs
the decrease due to hydrolysis and condensation
reactions. However, at higher temperatures and longer
residence times, the decrease in carbon content due to
hydrolysis and condensation reactions outperforms the
increase due to dehydration and decarboxylation
reactions, resulting in a net decrease in carbon content.
Furthermore, for both the hydrochar obtained with LL
and CF the ash content increased first and then lightly
decreased as the temperature and residence time
increased. A similar trend was found in literature
(Chen et al., 2021). The reason might be attributed to
the decrease of the organic compounds while the ash
increased with the increment of the reaction
temperature and residence time from 220 °C and 1
hour to 250 °C and 3 hours. However, with the further
increase of the HTC process parameters (270 °C and 6
hours), the degradation of organic components
promotes the decomposition of inorganics into the
liquid fraction. Thus, despite a higher carbon content
(+14.15%), the HTC of SOF with concentrate fraction
promotes the formation of ashes (+7.19%) in
comparison to using landfill leachate. Furthermore, by
using the CF the deashing efficiency of the process
resulted in a reduction of —51.69%. Higher ash content
in hydrochar reduces its porosity as the inorganic
materials can fill up the pore spaces. Additionally, ash
could also coat the surface of hydrochar particles and
reduce their specific area available for reactions or
adsorption (Masoumi and Dalai, 2020). Thus, the
reduction in porosity and specific area of the produced
hydrochar might be unsuitable for the application as
an admixture for plaster production. For this reason,
the hydrodynamic cavitation was performed only on
the mixture of SOF and LL. The mixture cavitated at
a temperature set point of 60 °C was submitted to the
HTC at a process temperature of 250 °C and a
residence time of 3 hours to evaluate the effect of the
HC on the hydrochar properties. The characteristics of
the hydrochars from the HTC process of the mixture

of SOF and LL before and after undergoing HC are
reported in Table 3.

The hydrodynamic cavitation performed at a
temperature set point of 60°C showed significant
advantages in terms of hydrochar properties. In detail,
HC as pre-treatment of HTC provided higher
disintegration and homogenization of the solid/liquid
mixture leading to higher carbon and fixed carbon
content (+11.37% and +33.68% respectively), lower
ash formation (-12.33%) and wupgraded DE
(+63.91%), lending support for producing hydrochar
with raised porosity.

3.2. Central composite face-centered design and
analysis

The CCF-CD experimental design was
established from the results of the preliminary
analysis. In detail, the HTC process was performed by
using the mixture of SOF and LL cavitated at a
temperature set point of 60°C. The factors and their
coded values are shown in Table 4. A total number of
13 tests were carried out, including 4 runs of factorial
points, 4 runs of face-centered points, and 5 replicates
at the central point useful to evaluate the pure error.

3.2.1. Elemental analysis of hydrochars

Table 5 displays the results of the proximate
analysis of hydrochars from the CCF-CD
experimental design. The trials were performed in
random order for minimising the effects of unexpected
variability on the observed responses. The changes in
the elemental composition of raw SOF and the
obtained hydrochars are also given in the Van
Krevelen diagram (Fig. 1), which is a plot of the
atomic H/C ratio versus the atomic O/C ratio. The
hydrochars had significantly lower H/C and O/C
atomic ratios than the raw SOF. This mainly results
from the dehydration and decar-boxylation reactions
occurring during HTC (Si et al., 2023; Venna et al.,
2021). The dehydration and decarboxylation
reactions, which reduce the amount of H and O
elements and increase the presence of C, were caused
by the rise in HTC temperature (Budiman et al., 2022).

Table 2. Characteristics of raw SOF and hydrochars from preliminary tests

Liquid substrate LL CF LL CF LL CF
HTC temperature [°C] 200 200 250 250 270 270
Residence time [h] 1 1 3 3 6 6
Ultimate analysis [Wt%odar]
Raw SOF
C 22.40 23.60 22.60 30.40 29.20 28.97 24.12
H 3.20 4.42 2.87 2.79 2.36 1.87 2.42
N 1.37 0.88 0.83 1.17 1.27 1.67 1.84
(6] 17.80 23.56 17.55 11.79 9.15 12.82 14.05
Proximate analysis [Wt%ab]
Ash 55.82 47.54 56.15 53.85 58.02 47.54 57.57
VM 41.79 46.77 36.73 41.72 36.82 46.77 39.38
FC 2.39 5.69 7.12 4.43 5.16 5.69 3.05
DE [%] - 38.04 11.32 24.48 16.14 28.45 22.11
MY [%] - 72.75 88.16 78.28 80.68 72.28 74.72

Note: db: dry basis; daf: dry and ash-free bases
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Table 3. Proximate and ultimate analysis of hydrochars before and after HC

Mixture Not cavitated Cavitated
HTC temperature [°C] 250 250
Residence time [h] 3 3

Ultimate analysis [Wt%0daf]

C 30.40 34.3

H 2.79 3.77

N 1.17 1.44

(6] 11.79 12.55
Proximate analysis [wt%ab]

Ash 53.85 47.94

VM 41.72 45.86

FC 443 6.68

DE [%] 24.48 67.86

MY [%] 78.28 37.45

Note: db: dry basis; daf: dry and ash-free bases

Table 4. Independent process variables, range values, and coded levels in experimental design

Independent variables Symbols 1 Code%levels 1
HTC temperature [°C] Xi 220 250 280
Residence time [h] X2 1.5 3 4.5
Table 5. Ultimate analysis of hydrochars from CCF-CD experimental design
Run order 1 2 3 4 5 6 7 8 9 10 11 12 13
X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3
Ultimate analysis [Wt%aar
C 34.70 | 36.60 | 37.68 | 30.13 | 34.40 | 35.00 | 35.13 | 30.43 | 33.40 | 33.20 | 34.18 | 33.00 | 34.85
H 403 | 398 | 411 | 3.61 | 368 | 4.13 | 3.48 | 3.81 393 | 3.67 | 345 | 3.83 | 340
N 1.32 1.38 1.75 1.04 | 150 | 146 | 1.24 | 0.89 | 098 | 0.89 1.28 1.52 1.15
(0] 14.19 | 10.15 | 12.38 | 17.58 | 11.41 | 1253 | 7.76 | 21.03 | 15.28 | 11.65 | 10.67 | 12.93 | 9.70

Note: db: dry basis; daf: dry and ash-free bases

Likewise, the increase in residence time only
influenced the O/C ratios, which decreased. While
dehydration and decarboxylation are the predominant
reaction pathways, demethanation has a negligible
influence on the HTC process.

3.2.2. BET analysis of hydrochars

As shown in Fig. 2, the specific surface area of
all hydrochars was larger than that of the raw SOF. As
the HTC temperature increased from 220 °C to 250
°C, the surface area gradually increased. This might be
due to the release of gases from the decomposition of
unstable components and the removal of VM during
the hydrothermal process, resulting in the formation of
open pores and cracks on the surface of the hydrochar
(Fuetal., 2022; Wu et al., 2023; Yang et al., 2023).

However, at higher HTC temperatures and long
residence times, the surface area decreased, which
might be due to the secondary polymerization of
soluble intermediates produced during the hydrolysis
phase led to the blocking of pores (Magdziarz et al.,
2021; Xu et al., 2013; Yang et al., 2023). Even though
the values for the surface area were generally low for
raw SOF and hydrochars produced at all conditions,
ranging from around 7 to 12 m%/g, they are consistent
with previous studies on biomass-derived hydrochars.
Low surface area values for hydrochars derived from

1694

municipal solid waste, sewage sludge, livestock
manure, spent coffee grounds, and macroalgae, have
been reported in the literature (Fu et al., 2022;
Milonka-Medrala et al., 2022; Venkatesan et al., 2022;
Wilk et al., 2023; Xu et al., 2013; Yang et al., 2023).
Nevertheless, the combination of thermal and
chemical or physical activation might explain the
surface area increase (Jais et al., 2021; Ogungbenro et
al., 2017; Zhang et al., 2021).

3.3. Effect of independent variables

The proximate analysis of hydrochars from the
CCF-CD experimental design, together with their
respective experimental responses are listed in Table
6. By applying multiple regression analysis to the
experimental data, the relationship between the
response variables, fixed carbon content (Y1),
deashing efficiency (Y2), and mass yield (Y3) of the
HTC process, and the input variables, HTC process
temperature (X1) and residence time (X2), was
expressed by second-order polynomial equations with
interaction terms. The final models generated in coded
factors are shown as described by Egs. (3-5).

Y, =-99.18 + 0.8427X, + 1.263X, —
0.001743X, X, —0.4149X,X, + 0.00550X, X,

3
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Y, =—1635.0 + 13.376X, + 3.76 X, —
0.026446X, X, —0.534X, X, + 0.0058X, X,

“4)

Y, = 1939.2—14.675X, —15.60X, +
0.02866X, X, + 1.723X,X, + 0.0093X, X,

©)

Analysis of variance (ANOVA) was performed
for the adequacy and fitness of predicted models and
the results are presented in Table 7. The calculated F-
values of 70.97, 197.38, and 182.08 for Y1, Y2, and Y3
respectively, demonstrated that the regression models
are highly significant (p < 0.0001).

There is only a 0.01% chance that these large
F-values could occur due to noise, confirming the
validity of the predicted model. Furthermore, the
adequacy of the model was analyzed by the evaluation
of the determination coefficient (R?> 0.95) and the
lack of fit (LOF) test. An R? value of 0.9807, 0.9930,
and 0.9924 for Y1, Yo, and Y3 respectively, ensured that
only 1.93%, 0.7%, and 0.76% of the total variations
are not explained by the regression models, validating

the precision of the deduced models. Moreover, the
values of R%g (0.9668, 0.9879, 0.9869) were very
high and in reasonable agreement with the R? values,
confirming that the regression models were highly
significant.

The acceptability of the quadratic models was
also verified by the lack of fit (LOF) test. A p-value
higher than 0.05 means that LOF is insignificant due
to relative pure error. Thus, the lack of fit p-values
(0.265, 0.093, and 0.120 for each model) confirms that
the models can be effectively employed for the
prediction.

3.3.1. Effect on fixed carbon content

The influence of the independent variables on
the responses and their interactions were evaluated by
plotting response surface graphs and contour plots.
Fig. 3 shows the effects of process temperature and
residence time on fixed carbon content. The FC
content increased with the increase in process
temperature from 220 to 250°C and then decreased at
the higher process temperature of 280°C.
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Table 6. Proximate analysis of hydrochars from CCF-CD experimental design

Run order 1 2 3 4 5 6 7 8 9 10 11 12 13
X1 [°C] 250 250 250 220 250 250 280 220 220 250 280 250 280
X2 [h] 1.5 3 4.5 3 3 3 4.5 1.5 4.5 3 1.5 3 3

Proximate analysis [wt%an)
Ash 45.76 | 47.89 | 44.09 | 47.64 | 49.01 | 46.88 | 52.39 | 43.84 | 46.41 | 50.58 | 50.44 | 48.71 | 50.90
VM 48.78 | 45.59 | 50.08 | 46.95 | 44.12 | 46.17 | 43.13 | 51.47 | 48.91 | 42.60 | 46.06 | 44.34 | 44.49
FC (Y1) 546 | 6.52 5.83 541 687 | 695 | 448 | 469 | 468 | 682 | 3.50 | 6.95 4.61
DE (Y2) [%] | 60.45 | 67.51 | 70.17 | 37.86 | 65.63 | 67.98 | 49.78 | 35.10 | 38.77 | 67.68 | 45.06 | 66.88 | 47.56
MY (Y3) [%] | 47.73 | 37.47 | 37.37 | 72.04 | 38.73 | 37.72 | 52.94 | 81.76 | 72.87 | 35.29 | 60.16 | 37.55 | 56.90
Note: db: dry basis; daf: dry and ash-free bases
Table 7. ANOVA of response surface quadratic models
Source DF F-Value Prob > F
Fixed carbon content
Model 5 70.97 <0.0001
Xi 1 18.06 0.004
X2 1 6.76 0.035
XiXi 1 153.47 <0.0001
X2X2 1 54.36 <0.0001
XiXa 1 5.53 0.051
Lack-of-Fit 3 1.94 0.265
R? = 0.9807; R?%qj= 0.9668
Deashing efficiency
Model 5 197.38 <0.0001
X1 1 73.08 <0.0001
X2 1 25.48 0.001
XiXi 1 729.38 <0.0001
X2Xo 1 1.86 0.215
XiXa 1 0.13 0.731
Lack-of-Fit 3 4.42 0.093
R? = 0.9930; R?%qj= 0.9879
Mass yield
Model 5 182.08 <0.0001
X1 1 157.31 <0.0001
X2 1 34.32 0.001
XiXi 1 540.20 <0.0001
X2X2 1 12.20 0.010
XiXa 1 0.20 0.664
Lack-of-Fit 3 3.68 0.120
R? = 0.9924; R?%qj= 0.9869

This result is in agreement with previous
studies (Zhang et al., 2016). Moreover, according to
the F-values and p-values of Table 7, it can be noted
that for the FC content Xj;, X5, X1X1, and XX, are
significant model terms because their p-values were
higher than 0.05. From the F-values, the process
temperature (X1) had a slightly greater effect on the FC
content rather than residence time (Xz). Therefore, the
positive signs of X; and X, in the Eq. (3) indicate
synergistic effects on the FC. However, the negative
signs of X1X1 and XoXo provide antagonistic effects on
the response which make the FC increase up to a
certain threshold with increasing HTC temperature
and residence time after which it decreases.

3.3.2. Effect on dashing efficiency

A similar trend obtained for the FC was found
for the deashing efficiency (Fig. 4). The proximate
analysis of Table 6 shows that the DE increased from
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35.10% up to 70.17% with the increase of process
temperature and residence time from 220°C and 1.5h
to 250°C and 4.5h and then decreasing up to 45.06%
at 280°C and 1.5h. Similar findings were observed in
literature studies (Mohammed et al., 2020; Nakason et
al., 2018; Tahmid Islam et al., 2023). This was
expected to be due to the fact that the ash can be
leached into the liquid fraction during HTC and its
increase may be caused by the condensation and
reprecipitation of some inorganics on the hydrochar
surface after a long residence time at high
temperatures. Furthermore, the F-values and p-values
of Table 7 highlighted how X;, X, and XiX; are
significant model terms. Likewise, for FC content, the
F-values of process temperature (X;) had a slightly
greater effect on the DE rather than residence time
(X2), while the quadratic effect of process temperature
(X1X1) showed a higher impact. However, an
important result from the ANOVA analysis is that the
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residence time had no significant quadratic and
interactive effects on the dashing efficiency.

3.3.3. Effect on mass yield

The effect of the independent variables on
hydrochars mass yield is shown in Fig. 5. By
considering each process temperature, the increase in
residence time determined a slight decrease in MY. On
the other hand, the hydrochar yield decreased by a
mean of 46% points from 220°C to 250°C and
increased again by a mean of 40% points from 250°C
to 280°C. The decrease in the yield as a function of
temperature and residence time might be due to the
higher carbonization degree, which led to a higher
degree of material decomposition, fragmentation, and
solubilization (Melo et al., 2017; Roslan et al., 2023;
Wilk et al., 2023). Furthermore, by raising the HTC
temperature from 250°C to 280°C the formation of
secondary char by polymerization reactions of small
molecules in the liquid phase and recondensation into
the char phase made the mass yield increase (Surup et
al., 2020).

The influence of the independent variables is
confirmed by the ANOVA analysis, as reported in
Table 7. All linear and quadratic terms were
significant. In detail, having the highest F-value for
both linear and quadratic coefficients, the process
temperature affected most significantly the MY and

L3
40

L5

Time [h]
E

10

(4]
m a1 240 il D e o

Temperature [*C)

FC %)

might be considered the main controlling factor of the
HTC process. Furthermore, the positive coefficients of
the quadratic terms X1X; and X>X» denoted that there
is a possible point of deflexion after which the
independent variables have a negative or positive
effect on the MY.

3.4. Determination and validation of optimum
conditions

Since the aim of this work is the preliminary
investigation of the possible use of hydrochar as an
admixture for the production of a sustainable plaster
as carbon-capture, thermal insulation, moisture
absorption, and acoustic insulation material, the FC,
DE, and MY were chosen as response variables to
obtain the optimum HTC process conditions at which
they are maximized. By using hydrochar as an
admixture, plasters and other building materials might
benefit from its low thermal conductivity, high surface
area, and porous nature.

These properties work together to enhance the
plaster thermal insulation by disrupting the thermal
bridging, rendering the heat propagation routes multi-
directional and hindering the effect of unidirectional
heat propagation, thus reducing the propagation of
heat flow (Cuthbertson et al., 2019; Zhang et al.,
2022).
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Fig. 3. Contour and surface plots of the fixed carbon content vs the independent variables (temperature and time)
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Additionally, hydrochar could increase the
ability of the plaster to absorb sound, as sound waves
would disperse and converted into heat through
refraction within the increased porosity and
interconnected pore networks of the admixture (Mota-
Panizio et al., 2023; Rojas et al., 2019). Furthermore,
a high surface area is favorable for the formation of a
suitable pore structure for CO, uptake, which is
subsequently mineralized into stable carbonates after
being released into the plaster matrix, and moisture
adsorption, which can help to regulate the relative
humidity (Cuthbertson et al., 2019; Deepak et al.,
2023; Gupta et al., 2022; Roychand et al., 2023; Zhang
et al., 2022). These considerations are strictly related
to the chosen response variables. The high ash content
in the SOF may clog the pores, resulting in a decrease
in specific surface area during the hydrothermal
carbonization process (Gao et al., 2022). On the other
hand, with the increase of FC the surface area of
hydrochar generally shows a regular increase
(Kahandawa Arachchi et al., 2021; Tu et al., 2021).
This is because of the dehydration, decarboxylation,
and devolatilization reactions, which increase the
carbon content and open these clogged pores (Wang et
al., 2022b). Furthermore, a higher MY could lead to
greater efficiency in the production process, reducing
production costs and increasing the economic viability
of hydrochar in large-scale industrial production
(Hussin et al., 2023; Yao et al.,, 2023). Thus, the
deashing effect of the HTC process, the fixed carbon
and the mass yield, should be maximised to enhance
the characteristics of the plaster. However, the
optimization of all responses under the same operative
conditions is difficult because their intervals of
variation are different. For this reason, the multi-
response optimization was carried out by the
desirability function approach. Composite desirability
evaluates how the settings optimize a set of responses
overall (Barbanera et al., 2021). In this study, equal
weightage was given for all responses (FC, DE and
MY) and an importance parameter equal to 1 were
assumed. As can be noted in Fig. 6 the composite
desirability (D) of the optimization was 56.87%,
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indicating that it is challenging to optimize all the
response variables simultaneously. In particular, the
maximum fixed carbon content, deashing efficiency
and mass yield was found to be 6.34%, 54.73% and
53.81% respectively at an optimal parametric
combination of a process temperature of 232°C and a
residence time of 2.65h.
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Fig. 6. Optimization plots of the operating variables

To consolidate the results of the model, a
hydrothermal carbonization treatment of the cavitated
mixture of SOF and LL was performed under the
optimized conditions. Experiments were performed in
triplicate and the values of the response variables are
reported in Table 8. Results confirm the suitability of
the developed quadratic models because the
experimental findings are in close agreement with the
predicted values within a < 3% error (Table 8).
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Table 8. Physicochemical characterization of hydrochar and response variables at the optimal HTC conditions

Analysis Measured Predicted Deviation [%]
FC (Y1) [%] 6.17 6.34 —2.64
DE (Y2) [%)] 53.87 54.73 ~1.58
MY (Y3) [%] 54.26 53.81 0.84

Note: db: dry basis; daf: dry and ash-free bases

4. Conclusions

In this work, the hydrothermal carbonization of
the stabilized organic fraction of municipal solid waste
was performed at several process conditions by using
landfill leachate as a liquid substrate. Also, the
hydrodynamic cavitation was confirmed as a valid
pretreatment to enhance both the homogenization of
the slurry, avoiding incurring pumpability problems at
an industrial scale, and the hydrochar characteristics.
Furthermore, the Central Composite Face-Centered
Design together with the Response Surface Model
proved to be very useful in determining the influence
of independent variables (process temperature and
residence time) on the response variables (FC, DE,
and MY), thus the optimal conditions for the HTC
process of the cavitated mixture of SOF and LL. In
detail, HTC temperature has the most influence on the
physicochemical properties of hydrochar while the
effects of residence time are less significant.

However, analysis of variance showed high R?
values, indicating a good fit of the regression models
to the experimental data. The optimum conditions for
the HTC process found at 232°C and 2.65 h resulted
in a fixed carbon content of 6.17%, a deashing
efficiency of 53.87%, and a mass yield of 54.26%.
Under the optimized conditions obtained from
Derringer’s desired function methodology, the
experimental values are in close agreement with the
predicted ones.
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Abstract

Green Public Procurement is the approach adopted by Public Administration (PA) that integrate application of environmental criteria
and technologies along entire life cycle of the ecological purchasing process. It is a voluntary instrument within the Europe but
mandatory in Italy in accordance with article 34 of Law Decree 50/2016 and the new Public Contract Code. Subsequently, in the
GPP was integrated the Action Plan for the environmental sustainability of public administration consumption in 2008 which defines
national objectives, categories of goods and services, defines the Minimum Environmental Criteria (MEC) and provides guidelines
for PA, with the aim of promoting the adoption of the GPP. Moreover, within European member state, the Italian Public Contract
Code provides for compliance with public procedures only in the case that such contracts are strictly functional to the core business.
The aim of this review is to analyze the difficulties that currently limit the application of GPP especially in Italy, strictly connected
to the special sectors of the PA. The authors carried out an analysis of the evolution path of GPP and of the possible solutions that
can be adopted to support the integration in the public administration. The result underlined that an important limitation concerns
business of public administrations operating in special sectors such as gas, thermal energy, electricity, water, transport, postal

services, exploitation of geographical area.
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1. Introduction

Since the International Conference on
Environment and Development hosted in Rio de
Janeiro in 1992, the importance of Green Public
Procurement (GPP) in supporting sustainable
consumption and production models has been
underlined. Nowadays, this awareness has greatly
increased and disseminating through public authorities
and public administrations (PAs), both as a political
and technical tool in the planning of interventions and
contracts (Testa et al., 2012a).

In the context of sustainability issues, PAs
plays a crucial role: they have a high purchasing
power, and the procurement market has enormous
potential with positive repercussions on the economies
of the countries. In 2018, EU PAs consumed around

670.31 billion euros, 22% more than in 2017 and about
29% more than in 2016 (European Commission,
2021). Additionally, in the same year, Italy invested
168 billion of euros, 36% more than 2016 (ANAC,
2022).

However, consumers and users play an
important role by in public procurement context.
Therefore, given that public procurement influences
production and consumption trends, even a significant
demand by public administrations for "greener" and
environmentally friendly goods and services will
expand the markets for such products and services (Li
and Geiser, 2005).

Therefore, PAs must be ready to face the
challenges of changes in consumption preferences and
in parallel of climate change and socio-economic
disparities (Rodriguez-Plesa et al., 2022). For this
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reason, local governments are slowly incorporating
sustainability principles into their policies, as
highlighted by Laurian and Crawford (2016). The
approach towards the green and sustainability of the
PAs has also been documented in the evolution of
public procurement, translated into green public
procurement (GPP) and sustainable (public
procurement SPP), both public procurement practices
(Alkadry et al. 2019).

Generally, the key role of GPPs in the economy
and sustainable development is highlighted because
the effects produced by their adoption fall on
environment and companies that are identified in the
procurement procedures and on PAs (Fig. 1).

Particularly, as shown in Fig. 1, in the basic
framework the production and consumption patterns -
in the public and private sectors - changed
substantially over the past decades (Hermundsdottir
and Aspelund, 2021), leading to social and
environmental transformations and creating demands,
constraints, new approaches and limitations for the
companies. Furthermore, the key element driving this
interconnected transformation is the management of
innovation and sustainability (Annesi et al., 2023).
Among these effects, the authors highlighted:

a) reduction of environmental impacts,

b) protection and improvement of the
competitiveness of businesses, incentive for
innovation, rationalization of public spending,
diffusion of sustainable consumption and purchasing
models, efficiency and saving of natural resources,

¢) reduction of waste produced,

d) reduction in the use of hazardous substances,

e) integration of environmental considerations
into the other policies of the institution, improvement
of the image of the public administration,

f) enhancing the skills of public buyers.

Particularly, at national level, In Italy, GPP is
playing a key role in public procurement considering
the investment of the National Recovery and
Resilience Plan (NRRP). As a matter of fact, this Plan
provides that public administrations must adopt the
DNSH (Do No Significant Harm) principle as a
preparatory element for any funding from public or
private entities, i.e. not causing significant damage to
the environment. This procedure is accelerating and
increasing GPP adoption procedures. Hence, the
DNSH approach requires the mandatory adoption of
Minimum  Environmental Criteria ~ (CAM).
Furthermore, for 37% of the resources of the NRRP
equal to approximately 200 billion euros, it will not be
possible to limit oneself to “not causing significant
damage to the environment” but must be shown to
have contributed substantially to environmental
improvement. Therefore, at the Italian level the
implementation of NRR and GPP will be parallel
(Falocco et al., 2022). Moreover, this direction in
public procurement procedures has, however, led to
some studies conducted over the years (Table 1).
Amongst these studies, several empirical applications
shown that public procurement can be a relevant
innovation policy on the demand side (Castelnovo et
al., 2023).

This review aims to analyze the difficulties that
currently limit the application of GPP strictly
connected to the public administration, in particularly
in Italy, a European member state. The methodology
consists in a review of the evolution path of GPP and
of the possible solutions that can be adopted to support
the integration in the public administration.
Particularly, the novelty of this study relies in the
analysis of the elements that facilitate or obstruct the
adoption of the GPP under the NRRP which is
involving Italy currently.

Environment

Fig. 1. Basic framework
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Methodologically, this paper is based on a
review but aims to identify some key issues related to
GPP. Hence, this study not is a purely scientific
interest analysis, but a reasoned discussion on the
critical issues of GPP.

Lastly, this paper contains a critical analysis of
the barriers that obstacle the GPP adoption in order to
provide some solutions for overcoming and make the
procurement procedure simple and sustainable, not
only environmentally. Hence, the barriers exploration
that constrain the adoption of GGP provides a better
understanding of the adoption of GGP (Navarani et al.,
2020).

2. Theoretical framework

With the aim to analyze the scientific interest
about GPP, the authors performed a research on
Scopus database. Using Green Public Procurement
term in the “TITLE-ABS-KEY”, the query revealed
536 scientific documents (Fig. 2) in which the term
“GPP” was found at least in their title, summary or
keywords. In 2021 it was recorded a pick with 81
articles, followed by 2022 with 60 publications.
Subsequently, comparing the documents by
country/region of publications, it emerged Italy as
country in the top with 69 articles, equal of 12% of the
total production.

The scholars that studied mainly GPP are
Iraldo and Liu with 8 publications each, followed by
Apolloni and Testa with 6. The articles represent
62.9% of production, 17.2% are conference papers,
and other studies between book chapters (9.1%),
reviews (5.4%), books (1.9%), conference review
(1.7%) and other kinds with percentage less than 1%
(note, editorial, erratum, short survey) (Table 1).

Only 20.9% are studies included in
Environmental Sciences area, 15.0% in Social
Sciences, 14.0% in Engineering, 12.8% in Business,
Management and Accounting, 12.5% in Energy, 7.7%
in Economy, Economics and Finance and other areas
with less than 4% coverage.

Moreover, it has been stressed that 14 articles
were elaborated under the sponsor of the European
Commission: this event is explained by the European
funding finalized with the adoption of the GPP in
member countries, as Italy.

After this general analysis, the authors
explored the scientific literature on Scopus platform
using a composed string in “Green Public
Procurement” AND “Public administration”. The
results quantified 35 scientific products. Moreover,
adding a third element like “Europe”, the results
showed 3 papers. Then, considering the three results
obtained and analyzing abstract, keywords and
introduction the unique article published in line with
our study was a documental analysis of European
Practices processed by Litardi et al. (2020). The
authors presented a study on the state of the art of GPP
in the new trends promoted by the United Nations
Agenda 2030. They mapped the main practices and
their environmental impact, using a qualitative
research methodology such as the documentary
analysis of the most important GPP practices, divided
into 129 documents and separated for each sector.
Subsequently, analyzing the scientific production on
Italian adoption of GPP, using “Green Public
Procurement” AND “Public administration” AND
“Italy” the unique study in line with this topic was
elaborated in Spanish by Fuentes Bargues et al.
(2021), and focused of Piedmont Region, in Northwest
Italy.

0
o 0000011101000

Number of articles
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Fig. 2. Documents per year
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Title

Journal

[s public procurement going green?: Experiences
and open issues

Experience and Open Issue

Green Procurement in the private sector: A state of
the art review between 1996 and 2013

Journal of Cleaner Production

The application of life cycle assessment (LCA) in
municipal solid waste management: A comparative
study on street sweeping services

Journal of Cleaner Production

Green Public Procurement, missing concepts and
future trends — A critical review

Journal of Cleaner Production

Does Green Public Procurement lead to Life Cycle
Costing (LCC) adoption?

Journal of Purchasing and Supply
Management

How external stakeholders drive the green public
procurement practice? An organizational learning
perspective

Journal of Public Procurement

Improving the green public procurement
performance of Chinese local governments: From
the perspective of officials’ knowledge

Journal of Purchasing and Supply
Management

Enhancing green public procurement practices in
local governments: Chinese evidence based on a new
research framework

Journal of Cleaner Production

Does green public procurement encourage firm's
environmental certification practice? The mediation
role of top management support

Corporate Social Responsibility
and Environmental Management

Investigating the management challenges of the EU
Ecolabel through multi-stakeholder surveys

The International Journal of Life
Cycle Assessment

The integration of circular economy with sustainable
consumption and production tools: Systematic
review and future research agenda

Journal of Cleaner Production

The relevance of life cycle costing in green public
procurement

Economics and Policy of Energy
and the Environment

Environmental value chain in green SME networks:
The threat of the Abilene paradox

Journal of Cleaner Production

Examining green public procurement using content
analysis: existing difficulties for procurers and
useful recommendations

Environment, Development and
Sustainability

Drawbacks and opportunities of green public
procurement: An effective tool for sustainable
production

Journal of Cleaner Production

What factors influence the uptake of GPP (green
public procurement) practices? New evidence from
an Italian survey

Ecological Economics

Price/time/intellectual efficiency of procurement:
Uncovering the related factors in Chinese public
authorities

Journal of Purchasing and Supply
Management

Green public procurement as a promoter for green
consumption: From the perspective of individual's
knowledge

Cleaner and Responsible
Consumption

Authors Year
Apolloni et al. 2013
Apolloni et al. 2014

Bartolozzi et al. 2018
Cheng et al. 2018
De Giacomo et al. 2019

Liu et al. 2021

Liu et al. 2019a

Liu et al. 2019b

Ma et al. 2021
Marucci et al. 2021
Marucci et al. 2019

Nucci et al. 2016
Rizzi et al. 2014
Testa et al. 2016a
Testa et al. 2016b
Testa et al. 2012b
Wang et al. 2020
Wang et al. 2021

Ye et al. 2022

Why do public sectors perform high-level green
public procurement practice? A new insight with
fsQCA approach

Journal of Environmental
Planning and Management

Particularly, the scholars investigated how
procurement is green, recognizing public purchasing
authorities a leadership position in promoting
greening of operations (Apolloni et al., 2011; Apolloni
et al, 2014), focused on the role of Life Cycle
Approaches useful to analyze the impact of
particularly products and goods involved in
procurement (Bartolozzi et al. 2018; De Giacomo et
al., 2019; Nucci et al., 2016), examined the integration
of circular economy with sustainable consumption and
production (Testa et al., 2016).
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This shortage in the scientific publication
(Table 1) led the authors to carry out this study to
enrich the production and provide an overview to the
stakeholders involved in the sector. The structure of
the papers contains a section of introduction,
presenting the essential elements of the GPP, a
theoretical framework in second section and material
and methods used for the analysis presented in section
3. Moreover, section 4 presents the results obtained
analyzing different element associated to GPP, first of
all the technical/economic/social obstacles to apply
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GPP in public procurement, subsequently the role of
GPP in Circular Economy Action Plan, an
examination of the differences between Green Public
Procurement and Sustainable Public Procurement, the
importance of LCC (Life Cycle Costing) in GPP
implementation, GPP in Italian Analysis. In this
section authors presented the GPP in Italian National
Ecological Transition and the numbers of the GPP in
Italy. Subsequently, authors presented a best practice
about GPP in energy sector. Therefore, the general
question who drove this article is “what are the
barriers that obstacle the implementation of GGP at
national level?”.

3. Materials and methods

This section has been elaborated through a
structured analysis, starting from the scientific
literature, regulations, laws and technical reports
published in recent years. Considering that GPP has
been presented for the first time in Rio de Janeiro in
1992 at the UN Conference on Environment and
Development, this analysis carried out at Italian level
with the aim of making a critical analysis within the
Next Generation EU program, which involves
different European member countries, including Italy.

Contemplating  that  European  public
authorities and member states as Italy are large
consumers of goods and services produced and
supplied by small and medium-sized enterprises and
large companies, corrective measures for producing
and procurement need to be taken. These products, if
not accurately identified, generate significant impacts
on the environment, such as emissions of carbon
dioxide, waste and hazardous waste, consumption of
natural resources and impacts on urban areas and
populations. At European level, the first analysis is
based on European regulation on GPP and are worth
drawing attention to:

a) For Defining the requirements of a contract:
“Defining technical specifications is guided through
Article 42 and Annex VII of Directive 2014/24/EU;
and Article 60 and Annex VIII of Directive
2014/25/EU”,

b) For Use of labels: “Conditions for using
labels are laid out in Article 43 of Directive
2014/24/EU; and Article 61 of Directive
2014/25/EU”,

c) For Lowest price award and life-cycle
costing (LCC): “Awarding public contracts on the
basis of the most economically advantageous tender is
provided as part of Article 67 of Directive
2014/24/EU; and Article 82 of Directive
2014/25/EU”,

d) For Innovation partnerships: “The procedure
for establishing an innovation partnership is set out in
Article 31 of Directive 2014/24/EU”,

e) For Consulting the market: “The
procurement directives  specifically allow for
preliminary market consultation with suppliers in
order to get advice, which may be used in the

preparation of the procedure. Article 40 of Directive
2014/24/EU (European Commission, 2014)”.

The EU also required to define clearly the
concept of GPP: it must be a verifiable and justifiable
environmental criterion, based on a life cycle
approach and scientific evidence (COM (2008) 400)
by recommending the creation of a process for the
definition of common criteria for GPP.

Therefore, since 2008 the Commission has
developed more than 20 common GPP criteria through
a multi-criteria analysis including: scope of
environmental improvement; public spending;
potential impact on suppliers; potential to lead by
example for private/corporate consumers; political
sensitivity; existence of relevant and user-friendly
criteria; market availability and economic efficiency.
Table 2 shows these criteria that has been updated
regularly.

Table 2. European GPP Criteria”

Developed criteria Under development
criteria
food and catering

cleaning services

copying and graphic paper
computer and monitors

transport imaging equipment

electricity transport
textiles street lighting

cleaning products and data centers
services
office buildings public space
management

furniture

food & catering services
gardening products and
services
water based heaters
waste water infrastructures
flushing toilets & urinals
imaging equipment
roads
road lighting and traffic
signals
sanitary tapware
health care sector
paints and varnishes
Authors’ elaboration on European Commission and Lombardia
Region, 2022; “GPP criteria for products are largely based on
standard Type | ecolabels

Particularly, recently EU has updated several
criteria (Table 2) for cleaning products and services,
computers, monitors, tablets and smartphones, data
centers, server rooms and cloud services, electricity,
food and catering services and vending machines,
furniture, imaging equipment, consumables, print
services, office building design, construction and
management, paints, varnishes and road markings,
public space maintenance, road design, construction
and maintenance, road lighting and traffic signals,
road transport, textiles. Hence, considering that Italy
is a European member state, these criteria must also be
applied in Italian public procurement.
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More generally, conducting an analysis of the
Italian level of adoption, GPP was introduced in Italy
in 2008 with the National GPP Action Plan which
provided for the adoption, with subsequent ministerial
decrees, of the Minimum Environmental Criteria
(MEC) for each category of products, services and
works purchased or entrusted by the Public
administration.

In Italy, the application of the MEC has been
ensured by art. 18 of Law 221/2015 and by article 34
containing “Criteria for energy and environmental
sustainability” (Table 3) of Legislative Decree
50/2016 “Procurement Code”, which made it
mandatory for all contracting authorities to apply it.

Table 3. Italian MEC criteria

Developed Under adoption d Under
criteria criteria evel_opr_nent
criteria
Design services
. and works for the
Interior .
o new construction | Cultural events
furnishings .
and maintenance
of roads
Food and
Supply and bev.erage. sales
Street furniture rental of textile services (indoor
products bars E.md
vending
machines)
.S upports for Urban furniture
incontinence
Work shoes
and leather PC and server
accessories
Paper Public tr?msport
service
o Energy services
Building for buildings
Public lighting
(service)
Lighting,
heating /
cooling for
buildings
Industrial
washing and
rental of
textiles and
mattresses
Urban waste
and street
sweeping
Collective
catering
Disinfection
Printers
Public green
Cartridges
Public lighting
(supply and
design)
Textiles
Vehicles

Authors’ elaboration on MITE, 2022
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Table 3 shows the evolution in MEC Italian
Criteria, highlighting how Italy is steadily operating
towards a complete green transition of public
procurement. Moreover, recently, a directorial decree
established the planning of activities aimed at defining
the minimum environmental criteria preliminary to the
adoption of the related ministerial decrees, for the year
2023 (MITE, 2023).

As highlighted by the European Commission,
the criteria used by the Member States (e.g. MEC in
Italy, see Table 3) must be similar to the general
criteria of the GPP (Table 2) and suitable to avoid
distortion of the single European market and the
consequent reduction of competition. Therefore,
choosing common criteria across member countries
and at European level, this significantly reduces the
administrative burden for economic operators and
public administrations implementing GPP. Therefore,
having common GPP criteria is an advantage for
companies operating in more than one Member State
and for SMEs and public administrations managing
public procurement.

Then in order to carrying out a structured study,
the authors envisaged some research questions
developed after analyzing some reports and some
scientific articles.

3.1. Research questions

RQI. The GPP implementation is obstructed
by some technical, social and economic limits that
cannot be overcome.

RQ2. The terminological confusion of the
approaches does not support the stakeholders.

RQ3. The absence of technical standards and
holistic approaches does mnot convince public
administrations to use GPP.

RQ4. Italy is a country lagging behind in
adopting the GPP.

RQ5. At the European level, there are no
funding programs to favor GPP in the energy sector.

4. Results and discussion

In this section the authors presented the
obstacles to implementation of GPP, the role of GPP
in the Circular Economy Action Plan, the differences
between two approaches, the Green Public
Procurement (GPP) and the Sustainable Public
Procurement (SPP), the innovative LCC approach for
GPP, the GPP in Italian public administration and a
case study with the aim of addressing the themes
proposed in the research questions.

4.1. Obstacles to GPP

A survey conducted by the FEuropean
Commission on “Green Public Procurement in
Europe” revealed numerous barriers for the
implementation of GPPs at European level. In Table 4
authors inserted in the first column the barriers that
restrict the adoption of GPP followed by a synthetic
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description. Moreover, in third column authors
proposed a possible solution in order to overcome the
obstacles. Then, the hypothesis of RQ1 is not verified
because there are many barriers but they can be
overcome through systematic activities and behaviors
starting from correct communication and training.

4.2. Green Public procurement in circular economy
action plan

An evolution to GPP is the *“‘circular
procurement” that defines an approach to green public
procurement with particular attention “to the purchase
of works, goods or services that seek to contribute to
the closure of energy and material circuits within

supply chains, reducing to a minimum and, in the best
of cases, avoiding environmental impacts and the
creation of waste along the entire life cycle”.

These kinds of procurement:

a) allow buyers to focus on meeting needs,

b) consider life cycle costs with potential savings,

c) provide a framework for a more holistic
consideration of environmental impacts and creation
of waste along the entire life cycle of goods and
services (European Commission, 2022).

For this reason, in order to support public
buyers to leverage support for a transition to a circular
economy, the European Commission published the
“Public Procurement for a Circular Economy” manual
in 2017.

Table 4. Barriers and possible solution for GPP implementation at European level

Barriers to adoption GPP

Description

Solutions

Lack of political support

Many public authorities complained about
the lack of support in the implementation of
the GPP. The reason for this difficulty is
associated with a lack of awareness of the
importance of the GPP agenda of European
civil servants and purchasing staff

1) train senior officials and GPP
practitioners

2) provide tools and indications necessary
to implement the approach

3) update with new regulations and
technical evolutions

Green products are perceived to
cost more

Using the purchase price alone to decide
between offers, rather than the cost of the
entire life cycle of the product or service, can
affect the adoption of ecological products and
services and not justify a difference in price
between product/service traditional and green
product/service

1) use a life cycle costing (LCC) approach
to calculate the financial impact of GPP
2) do not use only the purchase price of
the product/service

3) the average financial impact of GPP is
lower because maintenance and disposal
costs decrease

Lack of legal expertise in
applying environmental criteria

Many senior public purchasing officials do
not and cannot be aware of all the
environmental and social impacts of
purchasing certain products or services

In some cases, senior officials and buyers still
struggle to define what an "environmentally
and/or socially preferable" product or service
is and how to include appropriate criteria to
identify them in the procurement process

Provide technical data sheets of the
products with the indications of:

a) the environmental criteria

b) the reduced impacts

¢) the production and disposal procedures

Lack of practical tools and
information

Continuous lack of practical tools and
information both in the purchase phase and in
the use and disposal phase

Overcoming this gap by publishing
information on international, community
and national digital platforms

The need for systematic
implementation and integration
into management systems

Decentralized organizations require effective
management systems to ensure the consistent
application of environmental and social
initiatives — and this applies equally to GPP.

Joint procurement/contracting and
public/private partnerships are possible
approaches to overcome these types of
obstacles

Lack of training

The staff responsible for carrying out specific
tasks (from the preparation of contracts, to
execution and control) does not always have
the appropriate skills and training

Optimize the training required of
contractors and subcontracted stations on
the legal and technical aspects of GPP
implementation, on the concept of life
cycle cost and for end users on the
sustainable use of products

Lack of co-operation between

Systematic implementation of GPP between
different public authorities is still completely
absent and is an obstacle to implementation

1) Need to push for informal and formal
cooperation between public authorities to
improve GPP

authorities 2) Promote a coordinated exchange of
good practices and networks between
authorities.
Lack of clear and accurate information for . .
- . . Provide a clear and organized
Limited established many product and service groups and . .
. - . . . . communication of the criteria to be
environmental criteria for difficulty in accessing clear and verifiable . .
. .. . considered in the procurement, use,
products/services criteria that allow them to incorporate

environmental considerations into tenders

disposal phase

Source: Authors’ elaboration on European Commission (2020)
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This publication contains a series of good
practice case studies and a guide on integrating
circular economy principles into procurement.

Therefore, recognized the key role of the
Circular Economy, this new approach:

a) placed particular emphasis on aspects of the
circular economy in terms of setting criteria,

b) supported greater dissemination of GPP
criteria by public authorities,

c) has required training and ongoing assistance,

d) has guaranteed the accompaniment of the
Commission and an increase in funding.

4.3. Differences between Green Public Procurement
and Sustainable Public Procurement

Generally, sustainable public procurement
(SPP) supports the organization’s sustainability goals
and optimizes environmental, social, and economic
impacts throughout the product or service life cycle.
Therefore, it does not only consider purely
environmental aspects. Hence, SPP includes
complying with environmental laws and objectives,
removing hazardous/prohibited materials and wastes
in the supply chain, thoroughly auditing suppliers for
fair labor practices, operating for the long term (CIPS,
2023). According to a definition by Rodriguez-Plesa
et al. (2022) the “Sustainable Public Procurement
(SPP)” consists of a mechanism for governments to
address problems strategically using government
funds efficiently and effectively, promoting the well-
being of the environment, economy and society.

Conversely, according to a definition by the
Commission of the European Parliament (2008), the
“Green public procurement” is a process by which
authorities seek to purchase goods [...], with reduced
environmental impact throughout their life cycle
compared to goods [...] with the same primary
function that would otherwise be purchased”.

Analyzing the main characteristics between
GPP and SPP, it emerged that:

1) GPP approach is characterized by the
presence of two types of criteria for each covered
sector:

a) “core criteria, which can be used by any
contracting authority in the Member States, address
key environmental impacts and are designed to be
used with minimal additional verification effort or
increased costs”,

b) “comprehensive criteria, suitable for those
who wish to purchase the best environmental products
available on the market, and may require additional
verification effort or a slight cost increase compared
to other products with the same functionality”.

2) Sustainable Public Procurement (SPP) is an
interconnected and interdependent system consisting
of the environmental, social and economic dimensions
(Rodriguez-Plesa et al., 2022):

a) above all the environmental dimension was
included in the existing literature (Grandia and
Kruyen, 2020),
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b) the economic dimension focused on the
material well-being of all people (Fiorino, 2010),

c) the social dimension emphasizes an
“effective, stable and democratic government”
(Fiorino, 2010).

However, the social and economic dimensions
have overlapping elements because they are focused
on people.

At the government level, many public
authorities in the EU are implementing GPP as part of
a broader approach to sustainability in their
purchasing, which also addresses economic and social
aspects. Instead, the United Nations developed a
detailed guide on SPPs to address all three aspects of
sustainability (economic, social and environmental)
and summarize the operation as “Buying for a Better
World”.

Then, when discussing sustainability in public
procurement public administration are operating
according economic, social and environmental
sustainability, towards the three levels of
sustainability that do mnot only concern the
environment. Conversely, green public procurement
only refers to environment. In conclusion, RQ2 is
verified. These two approaches can confuse public
administrations in the approach to be adopted because
they often do not know the difference.

4.4. Life Cycle Costing (LCC)

The wuse of GPP supports various
environmental policy tools, in line with the logic of the
Integrated Product Policy promoted at European level,
such as the improvement programs prepared as part of
EMAS or ISO 14001 processes or the action plans of
the Agenda 21 or simply the political will of the
institution to improve its environmental impacts and
demonstrate the results internally and externally, as
highlighted in MITE (2007).

Therefore, the criteria indicated in Tables 3-4,
to be functional to the purpose of the GPP, must be
evaluated on the basis of methodology proposed in the
National Plan on GPP (for the Italian case) with
reference to market analysis. Therefore, these can also
be accompanied, where appropriate, by cost-benefit
analyzes or by LCC analyzes, bearing in mind, in
general, the concept of sustainability.

In scientific literature, Querol et al. (2020)
analyzed life cycle cost (LCC) as a useful tool for
green public procurement (GPP). The cost savings
obtained during the life of the product are negatively
offset by the price premiums linked to the impact on
the  environment.  Therefore, through the
environmental component of the LCC the authors
included not only the “internal” costs but also the
“external”. The LCC internalizes externalities to
consider environmental aspects in addition to the usual
elements of operating, maintenance and end-of-life
costs. Hence, this option consists in defining stringent
environmental technical specifications to ensure an
ecological result and using this approach as an award
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criterion when selecting among alternatives already
considered ecological.

Unfortunately, despite its usefulness, LCC is
little used in public procurement because PAS have
not yet understood its potential and effectiveness.
However, at the EU level the new directive on public
procurement has been issued which recognizes the
LCC as a key role in operations conducted for
sustainable procurement (De Giacomo et al., 2019).

Therefore, this kind of operation is regulated
by the technical standard, the ISO 15686-5:2017,
“which provides requirements and guidelines for
performing life cycle costing (LCC) analyzes of
buildings and constructed assets and their parts, new
or existing”. Therefore, RQ3 is not verified because
there isn’t a lack of technical standards and holistic
approaches to coexist public administrations in using
GPP. Indeed, it is enough to consider the LCC or the
various certifications regulated by technical standards.

4.5. GPP in Italian analysis

Among the EU member states, the authors
analyzed the GPP implementation in Italy. For this
reason, they present two subsections, the first about
the national program of the ecological transition and
the second dealt with the diffusion of this approach
among public administrations.

4.5.1. GPP in Italian national ecological transition
At national level, starting from the indication
contained in the Communication of the European
Commission “Integrated product policy, develop the
concept of the environmental life cycle” (COM (2003)
302), the Ministry of Ecological Transition has
developed the “action for the environmental
sustainability of public administration consumption”
(PAN GPP). This tool provided a general framework
on GPP, defined national objectives, identified the
categories of goods, services and priority intervention
works for environmental impacts and the volumes of
expenditure on which to define the Minimum
Environmental Criteria (MEC) (MITE, 2017).
Moreover, the PAN GPP also orders specific
requirements for public bodies, which are called to
carry out an analysis of their needs with the aim of
rationalizing consumption and favoring decoupling
(the dissociation between economic development and
environmental degradation), identifying the functions
responsible for the implementation of the GPP
involved in the purchasing process, draw up a specific
internal program to implement the actions in the GPP
area. In particular, it invites Provinces and
Municipalities to promote energy efficiency measures
in the school buildings of competence. Finally, the
PAN GPP provides for annual monitoring to verify its
application, with relative analysis of the
environmental benefits obtained and the training and

dissemination actions to be carried out on the national
territory (MITE, 2017).

4.5.2. The numbers of the GPP in Italy

There are 18 Italian municipalities that
declared that always apply MEC: Belluno, Bolzano,
Brescia, Chieti, Cuneo, Ferrara, Forli, Imperia, Latina,
Mantua, Modena, Monza, Padua, Pavia, Pordenone,
Rimini, Savona and Trento. Furthermore, the cities
that have an application rate between 99% and 99.99%
compared to the 17 monitored MECs are 9: Bari,
Bologna, Gorizia, Livorno, Ravenna, Turin, Treviso,
Venice and Verona (Table 5).

As shown in Table 5, other 8 municipalities
shown percentages between 88% and 99% such as
Brindisi, Cremona, Oristano, Perugia, Pistoia, Reggio
Emilia, Syracuse and Teramo. It emerged that the
highest rates of adoption of MEC are medium-sized
cities, with a population between 50,000 and 200,000
inhabitants, such as Trento (Table 5).

Technically, the synthetic indicator of GPP
expresses the systematic commitment of an
administration in the implementation of this policy: it
is higher than 0.90 in provincial capitals such as
Bolzano, Modena, Monza, Padua, Rimini, Teramo,
Turin. On the other hand, the administrations that do
not adopt the MECs do not even adopt the GPP policy.
Moreover, GPP process indicators and MEC adoption
indicators are two indexes elaborated with the aim to
indicate, respectively, the level of application of GPP
criteria and MEC criteria. The sum of these two
indicators reveals the synthetic GPP Indicator.
Generally, these indicators quantity the performance
on the GPP implementation in Italy.

Practically, amongst the factors that facilitate
the adoption of MEC and GPP, the authors highlighted
knowledge of GPP (almost 90%), training on GPP,
monitoring, social criteria, gender equality, the
adoption of plastic-free policies. As shown in the Fig.
3, the MEC most used by the municipalities are those
relating to the purchase of paper and cleaning services
(over 70%), followed by printers, toner cartridges and
paper graphics (between 60% and 70%). These are
activities prevalent in all public administrations.
Conversely, the least used MECs, with values between
30% and 40%, are related to vehicles, energy services,
textiles and footwear.

Particularly, considering that some sectors
presented the same level of influence in the
environmental impact generated by  public
administration activities, the percentage of application
of MEC by these areas is equal (e.g. printers and
cartridges, energy services and road vehicles).

Notwithstanding, from the data analyzed and
presented at a general level, Italy is not a country
lagging behind in the adoption of the GPP, indeed
many regions and countries have achieved a full
application of it. So, RQ4 is not true.
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Table 5. Statistics on GPP and MEC adoption in Italy (2021)"

Municipalities capital of | Inhabitants (in GPP Process MEC adoption % MEC Synthetic GPP
the Region millions) Indicators indicators adoption Indicator

Roma 2.864 0.23 0.18 n.d. 0.40
Milano 1.372 0.25 0.45 64.3 0.70
Napoli 0.962 0.30 0.00 0.00 0.30
Torino 0.878 0.30 0.65 92.3 0.95
Palermo 0.666 0.30 0.35 50.0 0.65
Genova 0.578 0.12 0.45 64.3 0.57
Bologna 0.390 0.20 0.65 92.9 0.85
Firenze 0.381 0.30 0.44 62.5 0.74
Bari 0.322 0.12 0.65 93.3 0.77
Venezia 0.261 0.25 0.64 91.7 0.89
Trieste 0.204 n.d. n.d. n.d. n.d.
Perugia 0.166 0.23 0.59 84.6 0.82
Cagliari 0.154 0.20 0.43 61.5 0.63
Trento 0.118 0.15 0.70 100.0 0.85
Ancona 0.101 0.10 0.26 37.5 0.36
Catanzaro 0.089 0.08 0.35 50.0 0.43
L’Aquila 0.678 0.30 0.31 43.8 0.61
Potenza 0.670 0.30 0.00 0.00 0.30
Campobasso 0.492 0.05 0.19 26.7 0.24
Aosta 0.339 0.15 0.32 46.2 0.47

“Trieste did not reply to the OAV 2022 questionnaire on GPP; Source: Authors’ elaboration on Falocco et al. (2022)
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4.6. GPP in energy industry — The XPRESS Project

Fig. 3. MEC adoption rate in the Italian capital municipalities, 2021 (in%)
Source: Authors’ elaboration on data Falocco et al. (2022)

Union program,

aims to facilitate

introduction

case study

With the aim to implement a close cooperation
between public and private sector and for creating a
useful partnership that facilitate the implementation of
the GPP, European Union launched various tools.
Particularly, in the renewable energy sector, for
example, an important project, the XPRESS, has been
planned. This project, funded by the Horizon Europe
2020 program for research and innovation of the
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technologies of Renewable Energy Sources and
increasing their share in final energy consumption
along two dimensions:

1) through the use of Smart Green Public
Procurement (SGPP), to create the new market and
strengthen the performance of innovators in
Renewable Energy Sources (RES) technologies,

2) with the development of innovative
financing tools and the sharing of best practices with
the aim of supporting the innovation of SMEs (Small



Green public procurement for a sustainable public administration in a resilience context

and Medium Enterprises) and producing new RES
technologies.

The XPRESS program initially focused on
cities and municipalities in Italy, the United Kingdom,
Norway, Germany, Sweden, Spain, Denmark,
Slovakia, Portugal and Belgium with the aim of
extending the analysis and involvement to wider
regions of all European countries. Nevertheless, the
general aim is to facilitate the adoption of GPP in the
energy sector. This program allows you to operate on
several levels: understanding the problem, finding the
solution, preparing a financial analysis with
constraints on RES innovations, analyze barriers and
innovative challenges in GPP for both stakeholders
involved, public authorities and SMEs, analyze the
environmental impact of RES Innovations carried out
through GPP.

Furthermore, with this project, public
authorities and SMEs can be supported in minimizing
any financial and regulatory constraints that affect
their collaboration, organizing GPP co-creation
workshops, coffee moments between stakeholders
(SMEs and policy makers), collection of eco-design
and examples of good practices, recommendations for
the use of RES solutions (XPRESS, 2022).

Italy, through EURADA, the European
Association of Development Agencies, has created a
moment to bring together Italian PAs and SMEs
gathered in Venice for the XPRESS Co-creation
Policy Workshop on the development of GPP in the
renewable energy sector. Moreover, the need to
overcome the bureaucratic, financial and technical
barriers that hinder the full involvement of public
administrations and innovative companies in the
development of Green Public Procurement (GPP) in
the renewable energy sector was discussed. Through
this partnership, between Italy, the Express Program
and EURADA, the need to acquire responsible

behaviors for the reduction of CO; emissions in the
area of the Po river basin, for example, an area critical
for air quality, was highlighted. and pollution
(EURADA, 2022). For this reason, there are several
financing programs to support the implementation of
the GPP in the energy sectors (RQ5).

4.7. Possible actions to adopt GPPs in the future

Firstly, as Navarani et al. (2020) underlined,
among the major obstacles emerged: not providing for
the obligation in some sectors (Ahsan and Rahman,
2017), difficulties in carrying out the procedures (Hall
et al., 2015), not specifying the method of transport of
the product and the frequency of deliveries to predict
more sustainable hypotheses (Thomson and Jackson,
2007), non-indication of the achievable level of
sustainability (Adjei-Bamfo and Maloreh-Nyamekye,
2019). For this reason, the problems related to
obstacles to GPP implementation can be solved in
various modes. Among these stand out above all (Fig.
4):

a) Modify calls for tenders and communications to
businesses,

b) Implement adequate internal staff training,
Initiate specific monitoring activities.

Figure 4 includes the results of a survey carried
out by Legambiente (2021) in Italy for analyzing the
adjustment actions due to the GPP. The answers
highlighted as the first area of intervention consists of
a change in the process of preparing and
communicating with companies (first column), which
is followed by the internal training of personnel
(second column), subsequently moving on to the
activity of monitoring or updating internal information
systems such as networking and external support.
Finally, to a lesser extent there is interest in hiring new

Modify cal's for Impleme nt
tenders and  adequate internal monitoring
ccmmuneations  staff tmining aclivities

to businesses

% of requests

3.16
268
08
181
I :LB

Initiate specific  Update intemal

information
systems.

personnel.
17
I 131

Develop Resort to Hire new staff
collaborations specialized with specific
with other local professionals training

authoiities

Fig. 4. Possible solution to increase MEC adoption rate in the Italy (in %)
(authors’ elaboration on data Falocco et al., 2022)

1713



Crovella et al./Environmental Engineering and Management Journal 22 (2023), 10, 1703-1716

Of minor importance, the authors emphasized
the hiring of new staff with specific training.
Therefore, by adopting the GPP and the MEC in Italy,
as well as in other countries, important benefits can be
achieved: Therefore, by adopting the GPP and the
MEC in Italy, as well as in other countries, important
benefits can be achieved:

a) 35% of the fallout are positive territorial
impact from the point of environmental and / or social
view,

b) 25% improvement of the image towards
citizens and users,

c) 15% reduction of  environmental
management costs (e.g. waste, energy),

d) 12.5% rationalization of public spending,

e) 11% better access to Community funding
(criterion reward) (Falocco et al., 2022).

Furthermore, considering that sustainability
innovation is an integrated and interdependent process
between PA and Companies, through the collaboration
of stakeholders, as Cillo et al. (2019) underlined, a
public service company can be a strategic player in the
improvement of local policies towards sustainability
(Annesi et al., 2023).

4. Conclusions, limitations and future implications

GPP represent 14% of GDP (Gross Domestic
Product) and include environmental, economic, social
and political benefits. Particularly, in environmental
field this approach allows to decrease GHG and
hazardous substances, increase resource and energy
efficiency. From the economic point of view, the GPP
approach supports the achievement of environmental
obligations, shows commitment to the protection of
the environment, sustainable consumption and
production. Furthermore, politically, it supports the
growing diffusion of green technologies and products,
supporting innovation. Finally, it also supports the
social issue by improving health and well-being of
populations with less impacting products and services.

Among the major obstacles, it emerged the lack
of knowledge and awareness. However, the financial
constraint is not the main obstacle for GGP
implementation, as previously perceived, because
especially in Italy it is favored by funding from the
NRRP. However, widespread barriers can be
considered: limited budget, precise legislation,
involvement of people such as customers and
suppliers, lack of knowledge and awareness,
decentralization of purchasing, GGP policy and
strategies, size of the organization, political and top
management commitment, lack of monitoring
evaluation and lack of incentives.

Therefore, for the future authorities must carry
out the control of the appropriate execution of the
contracts and set up a legislative observatory GPP and
MEC, for verifying that each local authority operates
on the basis of a regional action plan and that a bank
is planned “green” procurement data. Moreover, a
positive note that could accelerate the adoption of
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GPPs is the introduction of the DNSH (Do no
significant harm) approach at European level, a
principle according to which the interventions
envisaged by the Italian NRPP must not cause
significant damage to the environment. Therefore,
GPP can be considered an important operational and
evaluation tools for the sustainable management of
materials and energy in a public administration that
moves towards the Circular Economy. Moreover, GPP
supports public administrations to achieve the
environmental sustainability of their countries earlier.

This review mainly investigated the barriers for
GPP adoption, conducting a comparative and
qualitative research, focusing on the Italian case. For
the future, more investigations are needed at different
levels and for different sectors to understand in
quantitative terms also the nature of barriers. In this
first study, it was not possible to quantify the
criticality of the barriers as it was decided to observe
the phenomenon in order to build a quantitative
analysis model for a future application.

In conclusion, future research should explore a
shift from green procurement to sustainable
procurement, contemplating environmental, economic
and social sustainability aspects, also favoring the
application of life cycle costing approaches. In this
way public administrations can benefit and not
damage the environment and humanity.
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Abstract

The management of sewage sludge is a recognized and pressing issue. Traditional and innovative sludge minimization processes
are applied at full-scale or are at the research stage. However, the processes traditionally applied in wastewater treatment plants
(WWTP), at times, have a not fully exploited potential due to a lack of process optimization. Therefore, careful monitoring, coupled
with functionality checks and experimental tests, can provide useful indications for maximizing the performance of the treatment
units already in place. In this work a full-scale experimental campaign was set up in a recently renewed WWTP, to investigate the
potential of aerobic sludge stabilization in reducing the volume of sludge produced and, consequently, the management costs.
Operating data were collected and analysed. Two tests were conducted in a stabilization tank, varying the dissolved oxygen (DO)
concentration (1 mg/L and > 3 mg/L). The energy consumption was monitored. A model of the volatile suspended solids removal
was built, and results were ultimately compared after homogenization. The reduction of volatile suspended solids was 60% and
44%, respectively. The reduction of the quantity of sludge obtained in the two tests was 38% and 29%, respectively. Improved
sludge stabilisation rather than sludge reduction was achieved by pushing aerobic stabilisation. The modelled sludge reduction after
2 weeks of treatment would have been 12% and 15% under the tested conditions, respectively. It resulted that, for contact times up
to 2 weeks, the DO concentration had not a relevant influence on the sludge stabilization, while consuming more energy.
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1. Introduction

Sewage sludge management is a key challenge
and topical issue in water cycle management. The
sludge produced by wastewater treatment plants
(WWTPs) has to be recovered in terms of material and
energy (Morello et al., 2022; Salisu et al., 2023), or it
has to be disposed of. The annual sludge production in
the European Union (EU 27) could be estimated in the
range of 7 -8 million tons in 2018 (EU, 2022). In Italy,
wastewater treatment produced about 3.4 million tons
of sludge in 2020, and of the over 3 million tons
managed, 53.5% was disposed of and 44.1% was
recovered (ISPRA, 2022). Sludge management,
regardless of its production process, can account for

about 25-65% of the operating costs in a sewage
treatment plant (Scrinzi et al., 2022), with
recovery/disposal costs ranging between 120 and 200
€/t in 2021 in Italy (Campo et al., 2021; Domini et al.,
2022a). Despite the sludge production trend has been
stabilizing in recent years, a slight increase is
expected, due i.e., to the extension of the service,
estimated as 10% in Lombardy, North of Italy
(Domini et al., 2022b). Therefore, great interest and
many efforts are directed to sludge minimization, to
respect the European Directive 2018/851 on waste that
prioritizes prevention over recovery and, ultimately
disposal, and to reduce management costs.

Sludge minimization can be obtained through
the adoption of consolidated processes reducing the
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production of sludge, and/or the water content
(dewatering, drying) and /or the fraction of volatile
solids (stabilization) (Collivignarelli et al., 2019;
Qegaard, 2004). Moreover, various innovative sludge
minimization options could be coupled or
implemented in addition to traditional ones (Pérez-
Elvira et al.,, 2006). Sludge reduction mechanical
methods include, i.e., stirred ball-mill and ultrasonic
disintegrator (Atay and Akbal, 2016; Shrestha et al.,
2020; Yao et al. 2021); chemical methods include i.e.,
ozonization and wet oxidation (Bertanza et al., 2015a;
Semblante et al., 2017); physical methods include, i.e.,
thermal and thermal/chemical hydrolysis (Hii et al.,
2014); biological methods include. i.e. enzymatic
processes, microbial  metabolism, membrane
bioreactor, granular sludge systems (De Oliveira et al.,
2018; Guo et al 2020; Qegaard, 2004). Finally, other
processes have been studied such as the oxic-settling-
anaerobic (OSA) process, and electroosmosis
(Collivignarelli et al., 2019; Morello et al., 2022).

However, the implementation of a new process
or the installation of a new technology in an existing
plant would be expensive, and not always possible.
WWTPs often work less optimally when it comes to
resource management, and there is space for further
optimization of the process to achieve better
performances, maximizing the sludge stabilization
and dewaterability, through attentive monitoring,
coupled with functionality checks and experimental
tests, on existing facilities (Bertanza and
Collivignarelli, 2012; Silva and Rosa, 2020). These
activities  provide valuable information for
maximizing the performances of existing units, and, in
principle, they should always precede the design of
upgrades involving complex and costly renovations.

The aerobic stabilization of sewage sludge is a
solid technology for volatile suspended solids (VSS)
abatement, and its efficiency depends on factors such
as temperature, sludge retention time, dissolved
oxygen (DO) concentration, and on the characteristics
of the sludge entering the process (De Feo et al.,
2012). In particular, DO is a critical parameter which
can affect the biological activities, but there is scarce
information on its effects on the performance of
aerobic sludge stabilisation (Arunachalam et al., 2004;
Jietal., 2016).

This work aims at studying the potential for
sludge minimization of the aerobic stabilization of a
WWTP at full-scale by improving its performance
acting on the aeration. We studied the degree of
stabilization in the tank, in terms of VSS abatement,
the degree of dry solids, in terms of reduction of the
water content in the sludge (by mechanical
dewatering), and the energetic consumption of the
system.

2. Materials and methods
2.1. Investigation site

Experimental tests were carried out, full-scale,
in an activated WWTP treating municipal wastewater
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located in the Province of Brescia Lombardy, in the
North of Italy. The plant was recently revamped to
reach the current nominal capacity of 90.000
population equivalent (PE). It entered into operation
in its current configuration, after commissioning, in
April 2021. The water line counts 6 biological lines;
the sludge line is composed of a gravity sludge pre-
thickener, two aerobic stabilization tanks (A and B) in
parallel, a post-thickener, and mechanical dewatering,
supplied by an external company (truck-mounted
POLAT S570 centrifuge). Tests were carried out in the
aerobic stabilization thank A, dimensions 15x 11x5.3
m (usable depth), with a net capacity of 874 m®. The
tank is served by a fine bubble aeration system,
powered by 2 blowers (type Kaeser FBS 660 M SFC),
insufflating the air through an aeration duct with a
manual gate valve, and by 2 mixers.

2.2. Operational and management data

2.2.1 Data collection

Operational and management data for the years
2021-2022 were retrieved from the plant database.
The inlet flow rate, and the sludge level in the aerobic
stabilization tanks, were measured by probes in the
field and collected through the Programmable Logic
Controller (PLC) of the plant.

Data on the pollutants’ inlet and outlet
concentrations resulted from weekly laboratory
analyses on wastewater and sludge samples:
ammoniacal nitrogen (N-NH,), total nitrogen (TN),
biochemical oxygen demand (BODs), chemical
oxygen demand (COD), total phosphorus (TP), sludge
volume index (SVI), sedimentable solids (SS), total
and volatile suspended solids (TSS and VSS).

2.2.2 Data analysis

All data were elaborated in Excel (Microsoft,
2010). The operational data of the plant were
summarized graphically over time, and normed
parameters were compared to national and regional
regulatory limits. The average and median values of
the inlet flow were calculated. Pollutant removal
yields n (%) were calculated considering the average
loads of the pollutants in input and output to the plant
in the reference period.

To estimate the pollutant loads incoming from
the sewer, excluding the contribution of the
recirculated flows, BODs and COD loads were
reduced by 7%, while that of TN by 10%. Values were
estimated based on literature (Bertanza et al. 2015b;
Bertanza et al., 2018; Mininni et al., 2015). To
calculate the sludge load C¢ (kgBOD/(kgSST-d), the
average seasonal value for the BODs load in the i-th
oxidation tank (BODsiyi) and the biomass
concentration in terms of TSS in the i-th oxidation
tank (X;) were used.

To calculate the sludge age Ad), the average
seasonal values for the daily excess flow rate extracted
from the i-th oxidation tank (qs; ), the TSS
concentration in the recirculation sludge of the i-th
oxidation tank (X;;) and X; were used.
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2.3. Experimental campaign

2.3.1. Data collection and analysis

An experimental campaign was carried out
from April to July 2022. Two tests were performed in
the aerobic stabilization tank A (Fig. 1), in batch, with
continuous aeration, varying the DO concentration:
the first test (P1) had a DO target concentration of 1
mg/L; the second test (P2), had a DO target
concentration of >3 mg/L.

The same procedure was followed for both
tests. The tank, previously emptied, was filled with
sewage sludge from the pre-thickener to a level of 5.3
m, with mixers on and aeration off (2 days). Sludge
thickening followed for 1 day, with supernatant
removal (1 day), and the tank was re-filled back to the
5.3 mlevel (1 day). Then, the aeration started, and the
test began, to continue till the stabilization of the
VSS/TSS ratio (or other operational time constraints
of the plant).

Part of the sewage sludge (2 containers,
equivalent to about 250 m?), was dewatered at the
start, middle, and end of each test, with sampling of
the liquid and solid fractions. Measurements of
sewage sludge temperature and DO concentrations in
the tank were taken with a portable probe and
multimeter (Hach HQ40D), during weekdays, at 5
different points at a depth of 4 meters, 3 measures for
each point, twice per day (Fig. 1). Depending on DO
measurements, the aeration was controlled by the
regulation of the gate valve and of the blowers’
frequency, manually. During the tests, tank B was
operated as usual in continuous.

Sewage sludge was sampled in the tanks during
weekdays (Fig. 1). An internal laboratory determined
analytically TSS and VSS concentrations on sewage
sludge and dewatered sludge samples; and, it
determined N-NH4, TN, BODs, COD, TSS and VSS
on the liquid fraction of dewatered sludge. SVI tests in
cylinder were carried out (CNR-IRSA, 2003).

Tank B Tank A

Data on air temperature were derived from the
online regional database at
https://www.arpalombardia.it/. Data on blowers’
frequency and intensity were recorded through the
PLC. The voltage was assumed equal to 398 volts, and
the power factor (PF) equal to 0.9. All data were
elaborated in Excel (Microsoft, 2010).

2.3.2. VSS abatement model

To study the stabilization kinetics in more
detail, a numerical model of VSS abatement was
constructed. The reaction was assumed to be a first-
order reaction, as follows (Eq. 1):

[Vss], = [VSS]g* (1

where [VSS]t and [VSS]o denote the concentration of
VSS [g/L] at time t and time t = 0, t is the elapsed time
[d] and k is the kinetic constant [d']. The kinetic
constants ~were normalized wunder standard
homogeneous temperature conditions using the
following simplified Van't Hoff - Arrhenius equation

(Eq. 2):
kagoc = kp * §0°C=TP) 2

where Kpoecy is the kinetic constant at the standard
temperature of 20°C and kp is the kinetic constant at
the average test temperature Tp. The value of 6 was
assumed equal to 1.04 (Anderson and Mavinic, 1992).

2.3.3. Simulation of performance under homogeneous
conditions

To perform a relevant comparison, having the
sewage sludge different characteristics in the two
tests, a simulation of the stabilization performance
was performed considering the following homogenous
initial sludge conditions: TSS concentration of 19 g/L;
VSS; concentration of 15 g/L; 20% dewaterability of
TSS on the total dewatered sludge; VSS/TSS of
78.9%.

Fig. 1. Investigation site: schema and picture of aerobic stabilization tanks A and B, with indication
of the sampling point and DO measure points
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For each test, the following parameters were
calculated after 7, 14, 21, 30 and 45 days of
stabilization:

e  quantity of VSS and TSS in the dewatered
sludge produced from 1 m? of stabilisation sludge
(batch);

e quantity of VSS and TSS in the dewatered
sludge produced from 1 m? of stabilisation sludge
(continuous sludge feeding);

e quantity of water in the dewatered sludge
produced from 1 m? of stabilisation sludge;

e total quantity of dewatered sludge produced
from 1 m® of stabilisation sludge;

e  VSS/TSS ratio of the stabilisation sludge;

e  energy consumption per 1 m* of stabilisation
sludge treated.

VSS abatement was calculated by Eq. (1), and
k calculated under real conditions were used. VSSy
leaving the tanks concentration under continuous
feeding conditions was calculated as (Eq. 3):

_ VSS;
VSSy = (Oprk+1)

3)
where 64 is the hydraulic retention time of the sludge
in the stabilization tank [d]; values of 6y equal to 7,
14, 21, 30 and 45 days were considered.

The TSS concentration was calculated as the
difference between TSS; and the VSS removed. The
quantities of TSS and VSS in the dewatered sludge
produced from 1 m® of stabilization sludge, were
derived as the product of the calculated TSS and VSS
concentrations for the volume considered. The
percentage of TSS in the dewatered sludge over time
was calculated using the following equation (Eq. 4):

TSSt = TSSO + Mrgg * t (4)

where TSSp is the initial percentage of TSS in the
dewatered sludge set to 20%, mrss is the slope of the
interpolation line of the TSS percentage values
measured for the dewatered samples in P1 and P2.
The total amount of dewatered sludge
remaining from 1 m® of stabilization sludge was
calculated by dividing the amount of TSS in the
dewatered sludge by the percentage of dry part
provided by laboratory analysis. The amount of water
in the dewatered sludge was calculated by the
difference between the total dewatered sludge and the
dry part. The concentration of TN(t) [mg/L], in the
liquid fraction obtained from dewatering, over time,
was calculated by the following relationship (Eq. 5):

where T'N, indicates the initial concentration of TN set
equal to 100 mg/L, t indicates the time elapsed from
the stabilisation start [d], my is the slope of the trend
line obtained from the linear interpolation of the TN
concentration values in P1 and P2.
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The percentage of TN load recirculated in the
plant, defined N;, was calculated by Eq. (6):

__ Nror(t)+200m3

N, ©)

Nin,average

where Nin average indicates the average input of the TN
load [kg/d], and 200 m® is assumed as the average
volume of supernatant recirculated.

3. Results and discussion
3.1. Operational and management data

The inlet flow to the WWTP, in 2021 - 2022,
presented an average value of 30,501 m*/d, a median
of 26.248 m’/d, a minimum of a 5.300 m%d and a
maximum of 67.933 m*/d. Table 1 summarizes the
main results on the concentrations of pollutants at the
input and output of the plant. We observed that
regulatory limits were always respected in the period
of reference for TN, N-NH4 and TSS. The BODs and
COD presented concentration values in the outlet
exceeding limits only once, in the period of reference.
The TP exceeded limits in some samples, especially in
the first months of 2021. Overall, the plant performed
well in respecting regulatory limits. With the
exception of the first months of 2021 (before the
commissioning), the removal yelds of the plant were
elevated (Table 2), with values > 93% for BODs and
COD, and > 82% for TN and TP.

Calculated sludge loading values C; were
relatively low (Collivignarelli and Bertanza, 2012),
close to 0.1 kgBODs/(kgTSS*d) with lower values at
the beginning of 2021, probably due to the fact that
after the revamping, the full plant operation had not
yet been restored (Table 2). Calculated sludge ages 6.
exceeded one week (Table 2). The values of SVI, SS
and TSS in oxidation tanks showed great variability in
2021 and 2022 in all lines.

3.2. Experimental campaign

The average DO concentration, sludge
temperature in the tank and air temperature measured
for tests P1 and P2, are summarized in Table 3. In test
P1, after the first week in which the biomass
requirement of DO was elevated, the DO
concentration stabilized around 1 mg/L, with an
average value of 1.2 mg/L (min 0.24 mg/L; max 2.6
mg/L). The temperature of the sewage sludge in the
tank was on average 31°C (min 29.9°C; max 32.8°C).
The air temperature was on average 22°C (min
13.5°C; max 28.7°C). In test P2, the DO concentration
was kept over 3 mg/L, and after a few days, it
stabilized around an average value of 6.8 mg/L (min
5.7 mg/L; max 7.8 mg/L). The temperature of the
sewage sludge was on average 32°C (min 31.5°C; max
32.6°C). The air temperature was on average 27°C
(min 22.6°C; max 30.7°C).
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It has to be noted that the temperature in the
tank reached similar values in both tests, whilst the air
temperature varied, being warmer in June/July (during
test P2). The wvariability of measured DO
concentrations depended on the manual regulation of
the airflow, and on the fact that the blowers and
aeration duct served both stabilization tanks (A and
B), and that tank B was in operation serving the plant
during tests. The two blowers feeding the air supply
for aerobic stabilisation operate on a single pipeline,
which only splits in two near the inlet to stabilisation
tanks A and B. Due to this configuration, the flow of
the supplied air is influenced by the sludge level in the
two stabilisation tanks: as the difference in sludge

head between the two tanks increases, the air tends to
flow with greater inertia towards the tank with the
lower level. It is possible to partially control the flow
of the supplied air and the DO concentration by
adjusting the blowers’ frequency and the opening of
the gate valves.

However, these adjustments only result in
constant DO concentrations over time if the sludge
level does not vary in either tank. In the experimental
tests, the sludge level was only kept constant in tank
A, while in tank B it varied according to the plant's
operational needs. For these reasons, it was not
possible to conduct a precise regulation of the DO in
the stabilization sludge.

Table 1. Concentrations of pollutants in input and output at the plant (period of reference 2021 - 2022)

Inlet (mg/L) Outlet (mg/L)

Parameter Average Median Min Max Average Median Min Max
BODs 145 149 22 490 6 5 3 36
COD 323 307 66 1,000 21 19 5 104

TSS 144 131 17 680 4 3 3 14
TN 37 38 8 90 4 4 1 10
N-NH4 30 32 6 49 1 0.5 0.3 3.5
TP 4 4 1 17 0.7 0.6 0.1 3.7
Table 2. Removal yields for main parameters, average sludge temperatures in biological lines, sludge load and age, on a seasonal
basis
Period T[°C] | BODs (%) | COD (%) TN (%) TP (%) [kgBODsl(iLgTSS-d)] . [d]
01/21/2021-02/28/2021 - 89.6 86.7 62.9 71.7 0.04 16.1
03/01/2021-05/31/2021 - 91.9 86.2 80.8 64.3 0.05 9.6
06/01/2021-08/31/2021 23.8 96.0 93.0 89.1 81.9 0.09 9.0
09/01/2021-11/30/2021 19.5 95.7 93.3 91.3 87.4 0.09 12.5
12/01/2021-02/28/2022 12.4 95.3 93.4 88.6 91.2 0.10 8.2
03/01/2022-05/31/2022 16.6 95.5 92.9 90.4 86.5 0.07 7.5
06/01/2022-08/31/2022 25.1 98.1 95.7 84.6 84.0 0.10 7.0
09/01/2022-11/30/2022 20.8 98.0 96.5 86.3 82.3 0.08 9.1
12/01/2021-12/31/2022 13.8 95.7 93.3 83.2 71.5 0.06 11.4

Table 3. Summary of results on DO concentration, sludge temperature and air temperature measured for tests P1 and P2

Description Test P1 Test P2
DO target concentration 1 mg/L >3 mg/L
Start and end date 04/12/2022 - 05/30/2022 06/21/2022 — 07/25/2022
Duration 49 days 35 days
DO average concentration 1.2 mg/L 6.8 mg/L
Average sludge temperature in the tank 31°C 32°C
Average air temperature 22°C 27°C

The total duration of the tests differed, the first
(P1) lasting 49 days and the second (P2) 35 days. This
was due to the fact that during P2, a foaming problem
occurred: the aeration was stopped, and the test was
concluded earlier to avoid the overflow of the sludge
from the tank and other operational problems. It was
determined by microscopical observations that the
foam consisted of floating sludge flakes due to the
proliferation of a filamentous bacterium Type 0092.
The presence and proliferation of this filamentous
bacterium are favoured by the high temperatures and
the presence in the sludge of rapidly biodegradable
substrates (Burger et al., 2017; Madoni et al., 2000;

Sam et al, 2022). It is suspected that, during the filling
phase of test P2, the bacterium was already present in
the biological reactor sludge, whose temperature was
higher than in P1. The stabilization tank offered ideal
conditions for the proliferation, with the temperature
rising over 32°C. It was hypothesized that the foaming
was possibly due to the increased airflow leading to
the flotation of the mud flakes with the filamentous
bacteria, rather than to the DO concentration.

During the test P1, the sludge characteristics
varied as follows: the TSS decreased from 19.0 g/L to
10.1 g/L (47% reduction); the VSS decreased from
15.2 g/L to 6.1 g/L (60% reduction); the VSS/TSS
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ratio passed from 81% to 60% (Fig. 2). The
dewaterability of the sludge, in terms of the percentage
of dry matter in the dewatered sludge resulted: 20.8%
TSS and 16.7% VSS at the beginning of the test;
20.0% TSS and 14.3% VSS at mid-test; 18.6% TSS
and 12.4% VSS at the end of the test (Fig. 2). The
settleability showed a slight deterioration: the SVI
varied from 114 mL/g to 137 mL/g.

During the test P2, the sludge characteristics
varied as follows: the TSS decreased from 18.0 g/L to
11.6 g/L (36% reduction); the VSS decreased from
12.2 g/L to 6.7 g/L (45% reduction); the VSS/TSS
ratio passed from 68% to 58% (Fig. 3). The
dewaterability of the sludge, in terms of the percentage
of dry matter in the dewatered sludge resulted: 23.6%
TSS and 16.0% VSS at the beginning of the test;
21.8% TSS and 15.6% VSS after about 2 weeks;
21.7% TSS and 13.0% VSS at the end of the test (Fig.
3). The settleability of the sludge remained stable,
with SVI varying from 102 mL/g to 96 mL/g.

The concentration of TN in the liquid fraction
separated during dewatering increased from about 170
mg/L to over 700 mg/L in P1, and from about 170
mg/L to about 500 mg/L in P2. The concentration of
N-NH; in the liquid fraction separated during
dewatering, increased from about 138 mg/L to about
270 mg/L in P1, and decreased from about 260 mg/L
to about 80 mg/L in P2.

Table 4 summarizes the results of energy
consumption observed and calculated for tests P1 and
P2, that are in line with literature (Foladori et al.,
2010). The test P2, characterized by the largest
aeration, had the highest energy specific consumption
(1.75 kWh/(m3*d)), despite lasting less than P1,
considering the specific energetic consumption per
unit of volume per day.

The main identified factors influencing the
outcomes of experimental tests on the stabilization
were: the DO concentration in the stabilization sludge;
the duration of the tests; the characteristics of the
sludge entering stabilization; the process temperature.
The DO concentration and duration were controllable
factors, while the characteristics of the sludge in input
and the process temperature were non-controllable

factors. Therefore, the results of tests were processed
to draw general conclusions untethered from
occasional factors.

3.3. Degree of stabilization

Since the sludge entering the stabilization tank
in the two tests had different characteristics, results
were compared at a common value of the VSS/TSS
ratio, equal to 67%, set at day 28 of P1 (Fig. 4). VSS
had a reduction respectively of 60% (P1) and 44%
(P2) that are respectively higher and in line with what
expected: VSS abatement is generally expected to be
in the range of 20%-50% (Arunachalam et al., 2004;
Bertanza et al., 2015b; Minnini et al., 2015). Tas
(2010) reported a 31% VSS removal in 18 days of
aerobic stabilization, in line with what was observed
in P1. Sanchez et al. (2006) reported a VSS/TSS ratio
of 0.56 after 46 days of acrobic stabilization with a DO
concentration of 0.5 - 1.4 mg/L. A high VSS
abatement (60%) was reported after 31 days by
Zupan¢ic and Ro$ (2008) wunder thermophilic
conditions (50-58°C), which are more favorable than
the temperature reached in the tank in our study (31 -
32°C).

The trends of VSS/TSS ratios and VSS
concentrations in P1 and P2 thus compared were
similar, suggesting that the different DO
concentrations adopted did not substantially affect the
sludge stabilization process. Differently, Ji et al.
(2016), observed an amelioration of VSS abatement
by anaerobic stabilization when increasing the DO
concentration from 3 to 7 mg/L after 15 d. It should be
noticed that the experiment was conducted at lab scale,
while this study was conducted on a full-scale plant
under real operating conditions.

The model developed supported the modelling
of the VSS abatement as a function of the sludge
characteristics (VSS concentration) and time. The
reaction rates for the VSS abatement resulted equal to
0.0152 d""in test P1, and equal to 0,0191 d"! in test P2.
The normalized rates calculated at 20°C resulted equal
t0 0.0099 d! in test P1 and 0.0118 d"! in test P2 (Table
5).
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Fig. 2. Variation of the concentration of VSS and TSS in test P1. Note that D = dewatering, AA = test start
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Table 4. Energetic consumption of tests P1 and P2

Energy consumption
Test kWh kWh/Kgrss removed kKWh/Kgvss removed kWh/m3 kWh/(m3*d)
P1 27,428 8.63 8.41 33.35 1.16
P2 31,534 10.31 13.82 32.05 1.75
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Fig. 4. Comparison between VSS concentration and VSS/TSS ratio in P1 and P2, at the same value of VSS/TSS ratio

Table 5. Reaction rate of VSS abatement at the temperature of the test Tp and at the standard temperature T=20°C

Test Tr [°C] Kep) [d7] Kooy [d1]
Pl 31.0 0.0152 0.0099
P2 32.3 0.0191 0.0118

Under real conditions, the highest reaction rate
is that of P2, characterized by the highest temperature
and aeration. However, the reaction rate values at the
homogeneous temperature of 20°C, were more similar
to each other than under real conditions, thus
suggesting that the process temperature had a greater
influence on the reaction kinetics than the DO
concentration, according to literature (Anjum et al.,
2016; Arunachalam et al., 2004). Arunachalam et al.
(2004), comparing aerobic digestion in batch at high
(3-4 mg/L) and low (0.2-1 mg/L) DO concentrations,
and observed slower VSS digestion at low DO

concentrations. It should be noted that the experiment
was conducted at lab scale under controlled
conditions, while our work was conducted at in a plant
at full-scale under operating conditions. It can be
hypothesized that, while higher aeration could favour
faster VSS abatement under optimal conditions, real
conditions might mitigate this effect.

3.4. Dewaterability\
To compare results, the quantities of dewatered

sludge obtained in each dewatering phase were
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calculated starting from 1 m? of stabilization sludge,
and divided as dry and liquid fractions. During the test
P1, it was produced 87.5 kg of dewatered sludge, of
which 18.2 kg (20.8%) was dry fraction and 69.3 kg
was aqueous fraction, at the first dewatering; 77.1 kg
of dewatered sludge, of which 15.4 kg (20.0%) was
dry fraction and 61.7 kg was aqueous fraction, at the
second dewatering; 54.3 kg of dewatered sludge, of
which 10.1 kg (18.6%) was dry fraction and 44.2 kg
was aqueous fraction, at the third dewatering. Between
the first and third dewatering there was a 38%
reduction of the dewatered sludge produced.

During the test P2, starting from 1 m? of
stabilization sludge, it was produced: 75.6 kg of
dewatered sludge, of which 17.8 kg (23.6%) was dry
part and 57.8 kg was aqueous part, during the first
dewatering; 67.4 kg of dewatered sludge, of which
14.7 kg (21.8%) was dry part and 52.7 kg was aqueous
part, during the second dewatering; 53.6 kg of
dewatered sludge, of which 11.6 kg (21.7%) was dry
part and 42.0 kg was aqueous part, during the third
dewatering. Between the first and third dewatering
there was a 29% reduction of the dewatered sludge
produced. The comparison between the two tests was
started in correspondence with similar values of TSS:
on the third day of test P1, with a value of TSS of 18.0
g/L (Fig. 5).

It is possible to observe that the higher
reduction was in P1 (38%). On the other hand, final
TSS values obtained were 18.6% in P1 and 21.7% in
P2: in P2, a higher quantity of dry fraction and a lower
quantity of liquid fraction, in percentage, were
obtained indicating a meliorate dewaterability. These
results suggested that, when the aerobic stabilization
process was pushed, as in P1 where we had a longer
duration to reach a better stability of the VSS/TSS
ratio values, it did not result in a higher sludge
reduction, but rather in an improved sludge
stabilization. In P1, a 60% VSS abatement was

achieved, which corresponds to a high quality sludge
in terms of characteristics for reuse in agriculture.

In the liquid fraction from dewatering, both TN
and N-NHj4 concentrations increased in P1, suggesting
that the low DO concentration prevented anaerobic
conditions for denitrification but was insufficient to
induce aerobic conditions for nitrification. In P2, the
TN concentration increased, as shown in (Ji et al.,
2016), while decreasing that of N-NH4: it is
hypothesized that the greater aeration triggered
spontaneous nitrification.

3.5. Simulation of performance under homogeneous
conditions

Table 6 and Fig. 6 report the results of the
simulation of performances of the stabilization under
homogeneous conditions, for tests P1 and P2, carried
out in batch, and also simulating the tests performed
with continuous sludge feeding.

The simulation showed that, for test P1, in 45
days of stabilization in batch, the total amount of
dewatered sludge produced from 1 m? of stabilization
sludge would decrease from 95.0 kg (at 20% TSS), to
64.2 kg (at 18% TSS). The VSS/TSS ratio would
decrease from about 79% to 65%, with an estimated
energy consumption of 52 kWh per unit of volume of
sludge treated. The 90% VSS removal yields would
have been obtained after 151 days (in batch), and after
590 days (in continuous). For the test P2, in 45 days of
stabilization in batch, the total amount of dewatered
sludge produced from 1 m® of stabilization sludge
would decrease from 95 kg (at 20.0% TSS), to 59 kg,
(at 17.7% TSS). The VSS/TSS ratio would decrease
from 79% to 61%, with an estimated energy
consumption of 79 kWh per unit volume of sludge
treated. The VSS removal yields of 90% would have
been obtained after 120 days (in batch), and after 470
days (in continuous).
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Fig. 5. Comparison of dewatered sludge quantities produced from 1 m? of stabilization sludge

1724



Potential of aerobic stabilization in drastic sludge reduction: a full-scale experiment

Table 6. Results of the simulation of the stabilization performance on 1 m? of sludge under homogeneous initial conditions (P1,
and P2), in batch and in continuous, in terms of energy consumption, VSS/TSS ratio and amount of dewatered sludge produced

from 1 m? of stabilization sludge

Time| VSS[kgl | VSScont [kg] TSS [ka] TSS [%] H20 [kg] TOT [kg] | VSS/TSS [%] conEsE?r:g{ion
[d] [kwh]
P1 | P2 P1 P2 P1 P2 | P1 | P2 P1 P2 | P1L | P2 P1 P2 P1 P2
15.0 |15.0| 150 | 15.0 | 19.0 | 19.0 | 20.0 | 20.0 | 76.0 | 76.0 | 95.0 | 95.0 | 78.9% | 78.9% | 0.0 0.0
135 |13.1| 13.6 | 13.2 | 17.5 | 17.1 | 19.7 | 19.6 | 71.3 | 70.0 | 88.8 | 87.2 | 77.1% | 76.6% 8.2 12.3
14 | 121 |11.5] 124 | 11.8 | 16.1 | 155 194|193 | 67.1 | 64.8 | 83.2 | 80.3 | 752% | 74.2% | 16.3 24.5
21 | 109 [10.0| 11.4 | 10.7 | 149 | 140 [ 19.1 | 189 | 63.2 | 60.1 | 78.1 | 74.2 | 73.1% | 71.5% | 24.4 36.8
30 | 95 |85 103 | 95 | 135|125 (187|185 | 58.8 | 55.0 | 723 | 67.4 | 70.4% | 67.9% | 34.9 52.6
45 | 7.6 | 64 | 89 81 | 11.6 | 10.4 | 18.0 | 17.7 | 52.7 | 48.1 | 64.2 | 58.5 | 65.4% | 61.3% | 52.4 78.9
= = = Consumption P1 = = = Consumption P2 VSS/TSS P1 VSS/TSS P2
= 100 100%
E 90 i — 90%
.E. 80 — == - 80%
g 70 :--—___E—______“‘:_'_: 708%
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Fig. 6. Stabilization performance on 1 m® of sludge under homogeneous initial conditions in terms of energy consumption,
VSS/TSS ratio and amount of dewatered sludge produced from 1 m? of stabilization sludge (represented by the vertical bars) , in
test P1(light grey lines) and P2 (dark grey lines)

The VSS/TSS ratios would have similar trends,
which diverge as the retention times considered
increase (Fig. 6). Sludge is stabilized more rapidly in
P2. The amounts of dewatered sludge produced from
1 m? of stabilization sludge would be similar in tests
P1 and P2, with the difference increasing with time.
Differences would be noticed after about 20 days of
treatment (Fig. 6). The energy consumption is higher
in P2, characterized by higher aeration, with the
divergence increasing with time (Fig. 6).

In general, for VSS/TSS ratio and dewatered
sludge production, clear differences are noted only for
high retention times, while for more realistic duration,
as of less than two weeks, there are no substantial
differences. On the contrary, higher energy
consumption could be noticed in P2 since the shorter
duration of a few days. For a 7-day sludge treatment
time, the simulated removal of VSS was
approximately 10% in P1 and 12% in P2; it was 19%
in P1 and 23% in P2 for a 14-days treatment time. The
difference in VSS removal for batch and continuous
sludge feed stabilisation is minimal for low retention
times. If, on the other hand, high retention times are

considered, batch treatment is much faster than
continuous feeding in achieving removal yields of
90%.

The simulation model of stabilization
performance was built on data from only two tests and
it was based on several approximations. For this
reason, the numerical results obtained are not intended
as exact values, but rather as a likely prediction of
actual performance.

Based on the results obtained, aerobic
stabilization would need high retention times to reach
VSS reduction compared to other sludge minimization
processes. As an example, the MBR thermophilic
process with intermittent aeration, showed, at a pilot
scale, a VSS removal efficiency > 80%, for a retention
time < 15 d (Collivignarelli et al., 2017). Ozonation
was reported to achieve a reduction in TSS from 30%
to 99% (water line) and from 10% to 60% (sludge
line), for a treatment duration of up to 2 weeks at lab
or pilot scale, the great variability in the performance
being influenced by the dosage of the oxidizing agent
(Collivignarelli et al., 2019). An experimental full-
scale test reported 39% sludge reduction by applying
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ozonization and mechanical dewatering, for an
average treatment time of 14 days (Peroni et al 2022).

Among study limitations, the results of
experimental tests were carried out exclusively in
batch mode on a single full-scale plant, but they
represent the starting point for further research. Future
studies should focus on verifying the effectiveness of
continuous and alternating-cycle stabilization under
real conditions with continuous sludge feeding; on
researching other possible influencing factors on
stabilization performance; and, on repeating the same
experimental tests on other existing plants to identify
conclusions of general validity.

4. Conclusions

The study permitted to investigate the potential
of the aerobic stabilisation compartment of a real plant
to provide operating indications. The performance of
the aerobic sludge stabilization was studied in two
experimental tests comparing different DO
concentrations (I mg/L and >3 mg/L). A VSS
abatement of 60% and 44% was reached in the two
tests respectively. The aerobic stabilization coupled
with the mechanical dewatering had the potential to
reduce the TSS up to about 40% for retention times
longer than 1 month.

The simulation of performance carried out
under homogeneous conditions, showed a VSS
abatement of about 10% in P1 and 12% in P2, for a
sludge treatment time of 7 days, and also a VSS
abatement of about 19% in P1 and 23% in P2 for a
treatment time of 14 days.

Therefore, the study showed that, for sludge
treatment times of up to 14 days, which can be
realistically replicated in management practice, the
removal of VSS, as well as the reduction of dewatered
sludge produced, did not differ substantially by
varying the DO concentration in continuous aeration
in the aerobic stabilization. Targeting a lower DO
concentration, on the other hand, required lower
aeration, and consequently implied a lower energetic
consumption.
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Abstract

Climate change and environmental crises have a very big impact on water cycle in terms of water availability. The scarcity of water
impacts agricultural production, while its quality influences the safety of agricultural products and consequently public health. A
sustainable way to supplement agricultural production and industrial water needs stands in the reuse of wastewater. Moreover, it is
so necessary to develop smart, sustainable and efficient wastewater treatment technologies in terms of construction and management
cost for small communities. Natural wastewater treatment systems represent a cost-effective treatment, already tested and
implemented all around the world.

In this context, this study focuses on horizontal sub-surface flow phytotreatment systems implementation with the aim to understand
the processes and features involved to optimize both design and technical management phases. This work is a continuation and
extension of previous studies conducted by the authors and focuses on nitrification and denitrification processes.

To this aim, a pilot plant located on Bertalia-UNIBO campus in Bologna was monitored to evaluate the nitrification-denitrification
efficiencies related to seasonal variation of Temperature, dissolved oxygen at different hydraulic retention time. The pilot plant was
charged with a domestic wastewater and the emergent macrophytes were Phragmites australis. The tests show good nitrification
efficiencies in summer (from 78% to 91%) at HRT more than 12 h and the resulting data were stable at 30h. Winter nitrification
efficiencies are lower than summer (44%, 66%) at HRT more than 12 h. As expected, dissolved oxygen was greater in winter than
summer. Denitrification efficiency were in the range 40% - 75%, increasing with HRT. Results also show that full scale
implementations need HRT equal 30h in order to reach significant nitrification rates.

Key words: denitrification, nitrification, small plants, SFS-H phytotreatment, wastewater reuse
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1. Introduction 2.3 billion people already face water stress, especially

in developing countries. The scarcity of water impacts

Climate change together with population
growth and urbanization have a huge impact on water
cycle in terms of water quality and availability. In the
last years, many countries suffer from drought.
Indeed, the number and duration of droughts have
increased by 29% since 2000, as compared to the two
previous decades (UNDRR, 2021). Hence, more than

agricultural production, while its quality influences
the safety of agricultural products such as fresh fruits
or vegetables and consequently public health (FAO,
2017).

A sustainable way to supplement agricultural
production and industrial water needs stands in the
reuse of wastewater. Thus, on the one hand, research
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and development in wastewater treatment must focus
on the improvement of water quality in water bodies,
where treated sewage is discharged, to reach adequate
sanitary quality standards. On the other hand, it is
necessary to develop smart, sustainable and efficient
wastewater treatment technologies in terms of
construction and management cost, with a direct
impact on the treatment processes adopted. Natural
wastewater treatment systems represent a cost-
effective  treatment, thoroughly tested and
implemented all around the world (Barjoveanu et. Al.,
2010; Kadlec and Wallace, 2009) which interest is still
very high (Jiang and May Chui, 2022).

Processes involved in those systems are related
to several natural parameters: plant growth, soil
substrate and atmospheric parameters (such as
Temperature, solar irradiation, wind). Consequently, it
is a low-cost technology in terms of construction and
maintenance (very low or even zero energy
consumption), minimal hands-on maintenance
(Kadlec et al., 2000; Vymazal, 2014). In the last years
many studies have been conducted on efficiency of
those systems mainly related on the HRT under
different process conditions: influent sewage,
previous treatments, soil media, plants and obviously
different climatic zones and countries.

Ghosh and Gopal (2010) studied the efficiency
of a subsurface flow constructed wetlands (CWs) used
as tertiary treatment showing a good removal
efficiency at 4 days HRT. The study also showed
removal efficiency at lower HRT even if the system
was not as stable. In subtropical climate Merino-Solis
et al. (2015) set al studied the performance of a pilot
plant for urban wastewater treatment consisting of
anaerobic filter followed by a horizontal subsurface
constructed wetland showing the real possibility to
implement those systems in subtropical climate zones.
According to the Italian environmental law, natural
wastewater treatment systems are suitable and
recommended for urban discharges of towns under
2000 population equivalent (PE) (DLGS, 2006). In
wider terms, natural wastewater treatment plants are
well suitable for small communities, less than 10000
PE (Garcia et al., 2001; Garfi et al., 2017). In larger
agglomeration, it would be arduous to achieve the
legal discharge thresholds as the plant design and
technical management is much complicated. Design
difficulties are mainly related to the Nitrogen removal
from wastewater while technical management
difficulties are related to transient inlet loading, high
wet weather flows due to runoff, primary treatment
adequate management. Instead, the implementation of
natural wastewater treatment plants for water reuse is
a smart solution especially in small communities (like
farmhouses, holiday parks) as reused water needs are
close-range from the treatment facilities.

In this context, it is necessary to deepen the
hydraulic behavior and the efficiency of natural
treatment systems implemented in the specific
climatic conditions of Northern Italy. To this aim this
study focuses on Horizontal Sub-Surface flow (SFS-
H) phytotreatment systems implementation with the
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aim to understand the processes and features involved
to optimize both design and technical management
phases.

This work is a continuation and extension of
previous studies conducted by the authors Fiorentino
and Mancini, (2020) and Mancini (2004), and focuses
on nitrification and denitrification processes in
Horizontal Sub-Surface flow (SFS-H). A pilot plant
located on Bertalia-UNIBO campus in Bologna was
monitored to measure and evaluate the nitrification-
denitrification efficiency related to seasonal variation
due to Temperature, Dissolved Oxygen (DO) at
different Hydraulic Retention Time (HRT), from 1.5
to 30 hours. Seasonal monitoring also considers the
vegetation state of plants (Phragmites australis). The
pilot plant was charged with a domestic wastewater
coming from bathrooms and bar activities of the
Bertalia Engineering Campus. The measurement
campaigns were performed over twelve months, to
compare summer and winter conditions, considering
the following parameters that affect the nitrification-
denitrification processes such as: pH, Dissolved
Oxygen (DO), Ammonia (NH4-N) and Total
Nitrogen (TN) concentrations.

2. Materials and methods

For this study, experimentations were
conducted on the existing pilot plant scale located in
Bertalia campus of the University of Bologna (School
of Engineering) (Fig. 1a).

The experimental unit of the pilot plant
consisting in a sedimentation tank followed by the
Horizontal Sub-Surface flow tank called “SFS H-1”
containing sand (diameter = 2-4 mm) in which were
planted Phragmites australis (Fig. 1b). The pilot plant
is fed by the raw sewage from the campus sewage
system coming from toilets, canteen service and bar.

The sedimentation tank aims to avoid that
suspended solids could clog the following SFS-H tank
gravel bed, as often happens in biofiltering beds when
the path from discharge point is short (Fig. 2). Eight
monitoring campaigns were conducted in one year, in
different seasonal conditions (five in summer and
three in winter) setting three Hydraulic Retention
times (HRT): 1.5, 12 and 30 hours. After an
acclimatization time of the bed, the tests were done at
HRT equal to 1.5 and 12 hours in order to have a
complete and exhaustive timeline and to see the
hydraulic steady state conditions (Fiorentino and
Mancini, 2020). HRT equal to 30 hours, after the
acclimatization time, is the minimum limit above
which the system starts to be interesting in efficiency
terms. During each monitoring campaign were
measured: Ammonium Nitrogen (NHs'-N); Total
Nitrogen (TN); Dissolved Oxygen (DO), Temperature
(T). Ammonium nitrogen, dissolved oxygen, pH and
temperature were measured on site using the lon
Selective Electrod Crison 9663C (NH4"-N) and the
multiparameter system YSI 556 (DO, pH and T) in
probe tubes specifically positioned at the beginning
and the end of the SFS H-1 tank.
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Fig. 1. (a) Bertalia campus of the University of Bologna (School of Engineering) - pilot plant location marked
with black circle (44°30°50.4’N — 11°19°16.5°’E); (b) pilot plant front view
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3
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Fig. 2. Pilot plant flow scheme with sampling sections (Input and Output)

Simultaneously, samples were collected in the
same tubes for TN analysis. TN was determined
according to the 4500-N C. Persulphate Method from
APHA Methods for water and wastewater (APHA,
1998). According to this method, TN concentration is
determined by alkaline oxidation of all nitrogen
compounds to nitrate at 100 to 110°C. The digestion
reagent is  potassium  persulfate  (K:S,Os).
Spectrophotometric measurement permits to obtain
the Nitrate concentration, resulting from the oxidation,
reading the absorbance against distilled water at the
wavelength of 220 nm.

However, organic matter may also absorb at
220 nm and a second measure must be done at the
wavelength of 275 nm to correct the nitrate value, as
it does not absorb at this wavelength. The
implementation of this method is more appropriate
than Kjeldahl method in our case, because it hasbeen
shown more precision and accuracy to determine TN
in aqueous samples (Smart et al., 1981).

3. Results and discussion

Table 1 shows the results of experimentation in
terms of Ammonium nitrogen (NH4"-N) and Total
Nitrogen (TN), Dissolved Oxygen (DO) and
Temperature (T) at different HRT in summer and
winter. Nitrification and denitrification efficiency
have been calculated from NH4*-N and TN monitoring
results and reported in columns five and eight. During
the monitoring campaigns M6-M7-M8 was not

possible to measure TN and consequently the
denitrification efficiency (“-“ in Table 1). Each
measurement campaign has been called “M” with
progressive number from 1 to 8 followed by
“Summer” or “Winter”, depending on the monitoring
season. DO and T is reported in the last two columns
of Table 1 and discussed to understand the process
conditions in each monitoring campaign.

We observe that nitrification efficiency
increase with HRT in winter, from 16% to 66% with
similar NH4*N inlet concentrations. Summer
nitrification efficiency in M2, M3 (HRT=12h) M4 and
M5 (HRT = 30h) is higher than M1 (HRT=1.5h), in
accordance with winter results but we don’t observe a
marked increase with higher HRT even if the value is
very similar. This could be due to the NH4"-N inlet
concentrations variation, from 22.12 mgN/L to 57.66
mgN/L, and in particular in M4 we observe a good
removal efficiency (81%) with input concentration
very high (57.66 mgN/L) showing that nitrification
process is stable and efficient at this HRT.

The consideration made above is even more
clearer in Fig. 3 where we reported the NH4™-N results
for each measurement campaign and we observe that
vertical line corresponding to M4 is the biggest
meaning that is the biggest NH4"-N decrease.

Concerning the denitrification process, the data
shown a TN removal efficiency increase with HRT,
from 40% to 75% with Input form 26.54 mgN/L to
69.19 mgN/L. Also in this case in M4 we observe (Fig.
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4) the best removal efficiency (75%) with the higher
Input concentration (69.19 mgN/L).

DO concentration measured in the tank gravel
bed is greater than 2 mg/L, lower limit below which
oxi-nitrification process may not operate. In general
terms, Oxygen inlet in the system occurs both in
winter and summer but, as expected, DO
concentrations are higher in winter than summer due
to due to the higher oxygen saturation concentration at
lower temperatures. Temperature measures follows
seasonal variation and directly affects the degradation
kinetics: lower. Temperature correspond to lower
nitrification efficiencies. The nitrification efficiency
variations between summer and winter also depends
on the photosynthetic activity of the plants,
Phragmites australis in this case, which is responsible
of the oxygen concentration near the roots. Oxigen
supply near the roots is maximum in summer when the
plants are in the vegetative stage (Wang et al., 2019).

4. Conclusions

The study focuses Horizontal Sub-Surface
flow (SFS-H) implementation for small communities
and wastewater reuse. To this aim, the efficiency of
nitrification and denitrification processes in SFS-H
have been tested in Bertalia-UNIBO pilot plant
conducting eight monitoring campaigns at different
Hydraulic Retention Rates, in summer and winter. The
tests show good nitrification efficiencies at HRT more
than 12 h even if the data start to be stable at HRT
equal to 30h.

It is possible to consider that HRT more than
30h, realist for full scale implementations, this process
is even more stable. In any case, it is important to point
out that, removal efficiency is strictly connected to
treated sewage and in this it comes case from the
Bertalia Campus facilities (toilets, canteen service and
bar) that was already oxygenated.

Table 1. NH4"-N, TN, DO and T monitoring data in INPUT and OUTPUT sections, in summer
and winter measurement campaigns in different Hydraulic Retention Time (HRT)

Measurement | HRT | NHs*-N | NH4*-N Ne';;:?iz?]téon TN TN Denitrification DO T
Campaign (h) | (mgN/L) | (mgN/L) %) y (mgN/L) | (mgN/L) | efficiency (%) | (mg/L) | (°C)
Input Output Input Output
MI - Summer 1.5 30.11 19.48 35 36.13 21.79 40 1.56 | 20.2
M2 - Summer 12 24.60 2.30 91 29.52 10.88 63 2.92 19.5
M3 - Summer 12 22.12 2.95 87 26.54 13.38 50 244 | 215
M4 - Summer 30 57.66 11.18 81 69.19 17.18 75 239 | 282
M5 - Summer 30 29.18 6.36 78 35.02 12.70 64 1.99 22.0
M6 - Winter 1.5 35.39 29.72 16 i} ; } 4.03 6.5
M7 - Winter 12 33.45 18.86 44 - ; } 4.24 3.9
M8 - Winter 30 32.21 11.02 66 - ; } 4.14 6.1
70
M
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HRT [h]

Fig. 3. Ammonium concentration in INPUT and OUTPUT sampling points in summer (M1, M2, M3, M4 and M5)
and winter (M6, M7 and MS) related to each HRT
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Fig. 4. Total Nitrogen concentration in INPUT and OUTPUT sampling points in summer (M1, M2, M3, M4 and M5)
and winter (M6, M7 and MS) related to each HRT

Denitrification efficiency was evaluated only
in summer and the values were in the range 40% -
75%, increasing with HRT. Hence, the data shown that
denitrification process in those systems may have
good efficiencies due to the presence of anoxic areas
in the gravel bed. Denitrification efficiency also
depends on nitrification in terms of ammonia
concentration as well as organic matter.

As expected, Dissolved Oxygen values,
measured in the tank gravel bed, are greater in winter
than summer but they show the proper functioning of
the system in terms of oxi-nitrification as all values are
greater than 2 mg/L.

It has been confirmed that full scale
implementations need HRT equal 30h in order to
reach significant and reasonable nitrification rates.
HRT more than 30 h should be tested in future.
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REMEDIATION OF DIOXIN-CONTAMINATED SOILS THROUGH
THERMAL DESORPTION AND VAPOR MANAGEMENT
VIA THERMAL OXIDIZER AT BIEN HOA AIRBASE, VIETNAM
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Abstract

During the US-Vietnam War, millions of liters of harmful herbicides, including Agent Orange, were dumped in Vietnam, resulting
in severe health issues caused by polychlorinated dibenzo-p-dioxins and dibenzofurans (“dioxins”). Even decades later, dioxin
contamination continues to affect the local population. In response to this problem, the Center for Technology Environmental
Treatment/Chemical Force (CTET/CF), the GAET Corporation (Vietnam), and HAEMERS Technologies SA (Belgium) have
collaborated to establish a joint operation. Their aim is to assess the effectiveness of thermal desorption treatment on dioxin-
contaminated soil at Bién Hoa Airbase.

The primary objective of this trial treatment is to demonstrate the capabilities of thermal treatment technology and design in meeting
specific targets for dioxins at the site. The goal is to reduce the contamination level from over 17.000 ppt Toxic Equivalents (TEQ)
to below 300 ppt TEQ. To achieve this, Haemers Technologies has developed a thermal treatment pilot plant comprising two main
units: (i) The thermal pile of 237m* composed of three types of materials: 187m?® of contaminated soils, 25m* of contaminated
sludges and 25m? of soil washing cake; (ii) The vapor treatment unit composed of a thermal oxidizer where dioxins are destroyed
and a quench tower that rapidly cools the vapor, preventing dioxin reformation. This unit generates no liquid or solid waste. The
pilot project has successfully demonstrated that soil can be remediated by heating it to 335°C, with a pollutant removal rate of 99
wt.%. Additionally, dioxins can be destroyed at 1.100°C, achieving a destruction rate of 99.9999 wt.% in the thermal oxidizer. This
zero-waste solution offers an improved method for remediating dioxin-contaminated soils, with air emission results meeting the
standards set by Vietnam, the European Union (EU), and the United States (US).

Overall, this project showcases an efficient thermal treatment technology for remediating dioxin-contaminated soils. It ensures the
complete destruction of all toxic components while enabling soil recycling.

Key words: agent orange, dioxins remediation, thermal conductive heating, thermal oxidizer, zero-waste
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1. Introduction toxic herbicides used (USAID, 2016). It has been
scientifically proven that Agent Orange causes severe

1.1. Site history and project timeline health issues, including birth defects, neurological
problems, and various types of cancer (Schecter et al.,

During the US-Vietnam War, large quantities 2009; Young and Cecil, 2011). The composition of

of herbicides known as the Rainbow agents were Agent Orange consists of 2,4-dichlorophenoxyacetic
sprayed over Vietnam. Bién Hoa Airbase, which acid and 2,4,5-trichlorophenoxyacetic acid, with trace
served as a joint operating base for the South Vietnam amounts of polychlorinated dibenzo-p-dioxins and
Air Force and the United States Air Force, stored dibenzofurans (“dioxins™) present as impurities
thousands of barrels of Agent Orange, one of the most resulting  from the production of 24,5-

* Author to whom all correspondence should be addressed: e-mail: aline.jordens@haemers-tech.com; Phone: +32 2 219 13 42
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trichlorophenoxyacetic acid. Dioxins are highly
insoluble in water, lipophilic, and extremely persistent
in the environment (Kulkarni et al., 2008; Mudhoo et
al., 2013).

Decades after the Vietnam War came to an end
in 1975, the persistence and accumulation of dioxins
continue to have adverse effects on the local
population (Schecter et al., 2003; Tuyet-Hanh et al.,
2015). To improve the living conditions for the
residents, it became necessary to take measures to
remediate the soil contaminated with dioxins.

The Center for Technology Environmental
Treatment/Chemical Force (CTET/CF), the GAET
Corporation, and HAEMERS Technologies SA have
joined forces to establish a collaborative effort. Their
primary objective is to conduct testing and evaluation
activities to demonstrate the efficacy of thermal
desorption treatment on dioxin-contaminated soils at
Bién Hoa Airbase.

A thermal desorption treatment project for
dioxin-contaminated soils has already been conducted
in Pa Ning, Vietnam (USAID, 2010, 2015) and
demonstrated the effectiveness of thermal treatment in
achieving target levels of dioxins in soil. The main
objective of this new operation at Bién Hoa airbase is
to demonstrate the effectiveness of the Smart
Burners™ technology but, more importantly, to
propose an improved solution compared to what has
been done in the past, particularly in terms of
contaminated vapor management.

Therefore, Haemers Technologies has
designed a thermal treatment pilot plant composed of
two main units:

*  The soil pile, comprising various types of
materials, is subjected to thermal treatment.

*  The Vapor Treatment Unit (VTU): This unit
is responsible for the destruction of dioxins. It
comprises a thermal oxidizer, which ensures the
complete destruction of dioxins, and prevents the

formation of any liquid or solid waste during the
process.

Haemers Technologies has undertaken this
pilot-demonstration initiative at the Bién Hoa Airforce
Base, aiming to implement its specialized
technologies for the treatment of soil contaminated
with Agent Orange. Although the project started in
early 2020, it faced an interruption due to the COVID
pandemic. Haemers Technologies returned to the site
in late December 2021, resuming its activities and
upholding its commitment to the demonstration
project. The remediation process was restarted on
February 2, 2022, and after a treatment duration of 40
days, the heating phase was concluded on March 14,
2022. The thermal pile successfully attained and
sustained the target temperature of 335°C for a
minimum of five days.

1.2. Technology outline

In the Haemers Technologies’ process
(Haemers, 2016) polluted soil is heated by conduction
under the action of Smart Burners™ developed by
Haemers Technologies. More precisely, steel tubes are
inserted into the soil to be remediated. Hot gases,
generated by Smart Burners™, circulate in the tubes
in order to transfer heat to the soil. This results in the
vaporization of the pollutants in the soil when their
boiling temperature is reached.

The emitted vapors are extracted through
perforated steel tubes, called vapor tubes, and are then
either directed to a vapor treatment unit for further
treatment or reintroduced into the flame generated by
the Smart Burners™ in the case of hydrocarbons
pollution.

In Ex situ Thermal Desorption (ESTD) mode,
heating tubes are inserted horizontally in pre-
excavated soils (Fig. 1). ESTD is an on-site or near-
site treatment that avoids truck traffic on public roads.

Fig. 1. Ex situ Thermal Desorption (ESTD) principle
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2. Project design
2.1. Thermal pile design

The Ex situ Thermal Desorption (ESTD) takes
place in a designated landfill area within Bién Hoa
Airbase, where contaminated soils have been stored
and restrained over the years. The ESTD is composed
of 15 horizontal heating tubes and 13 exchanger tubes
(Fig. 2), heating the soil by conduction. The exchanger
tubes recover the combustion gases after their passage
through the heating tubes, allowing a second passage
through the pile and energy optimization. The fan,
located at the back of the pile, drives the combustion
gases from the burners through the tube network to the
chimney. The combustion gases never encounter the
contaminated soil and circulate through the tube
network until they are released into the atmosphere.
Conversely, the polluted vapors generated by the
temperature rise in the pile are collected by the vapor
tubes placed inside the pile and connected to a
collector, placed in front of the pile, leading the
polluted vapors to the vapor treatment unit.

The main goal of treatment is to lower the
TCDD-TEQ concentration in contaminated soils to
target objectives (Table 1), by heating the soil to the
target temperature of 335°C. The top of the pile is
covered with a layer of gravel, in which more vapor
tubes, called secondary vapor tubes, are placed. These
secondary vapor tubes are an additional security to
avoid any fugitive emission or contamination of the
concrete.

The whole pile is then covered with concrete
and thermal insulation. The 237 cubic meters pile is
made of materials from three origins: 187m® are
contaminated soils directly extracted from the polluted
area, 25m’ are contaminated sludge and another 25m?
are washing cake. Soil washing is a remediation
technique using physical separation technique to
remove contaminants from soils. Particles are
separated by size. As a matter, most contaminants tend

()

to be sorbed to clay and silt.

Washing separates those small particles from
larger ones (sand and gravel) by breaking adhesive
bonds and by mean of filtration. The smaller particles
are then filtered and generate a highly contaminated
filter-cake (Tran et al., 2022). To avoid the landfill
disposal of this residue, the cake is treated in the ESTD
pile. In this pilot project the washing cake comes from
the Shimizu soil washing installation and was
produced in 2019-2020 at Bién Hoa Airbase.

The sludges and washing cakes are arranged in
"basins" in the pile of contaminated soil as presented
in Fig. 3. The level of contamination of the different
materials and their respective treatment objective are
listed in Table 1. For soil and sludge materials, initial
concentrations are sourced USAID environmental
assessment at Bién Hoa Airbase (USAID, 2016). For
washing cakes, analyses were performed by an
accredited European laboratory on samples before
treatment (Eigen method NEN-EN-1948).

2.2. Vapor Treatment Unit

The Vapor Treatment Unit (VTU) is
specifically designed to manage the contaminated
vapors generated during the soil treatment process and
ensure their concentrations are reduced to comply with
legal emission standards. There are two primary
options available for the treatment of these vapors:
condensation and adsorption on activated carbon or
thermal oxidation. The first option, condensation and
adsorption on activated carbon offers the advantage of
low energy consumption. However, it does come with
the drawback of producing liquid and solid waste.

The liquid obtained after condensation requires
additional treatment, and the activated carbon used in
the absorption process becomes a solid hazardous
waste that needs proper disposal. In contrast, the
second option, Thermal Oxidation, eliminates the
need for additional treatment of liquid waste or the
disposal of solid waste.

(b

Fig. 2. ESTD design front (a), back (b)
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volume oo la ple: 237 m

Fig. 3. ESTD composition: 187m?* of contaminated soils (in grey), 25m* of sludges and 25m? of washing cake

Table 1. Contaminated materials concentrations

Material Unit Initial concentration Treatment goal Target DRE" (%)
. 300 (Urban residential) 97.3
Soil ppt TEQ > 11,400 1200 (Industrial) 89.5
Sludges ppt TEQ > 5,410 150 97.2
Washing cake ppt TEQ > 17,200 300 98.2

* Destruction Rate Efficiency

It achieves the destruction of contaminants
through high-temperature combustion. While thermal
oxidation may require more energy, it eliminates the
complications associated with liquid and solid waste
management. An insulated piping network collects the
vapours and routes them to the VTU; some
condensation occurs, and the condensates are
recovered and treated in the thermal oxidizer as well,
leaving no contaminated waste (zero waste
technology). Energy efficiency for thermal oxidation
can be improved by installing a recuperative heat
exchanger. The option was judged not suitable for a
pilot stage. The chosen design for vapor treatment
consists of a Direct Fired Thermal Oxidizer. A direct
fired Thermal Oxidizer (also known as a direct-fired
oxidizer or afterburner) is an air pollution control
technology that is used to treat exhaust gases
containing volatile organic compounds (VOCs). The
process involves heating the exhaust gas stream to a
high temperature in a combustion chamber with a
burner and maintaining it at that temperature for a
residence time sufficient to allow the oxidation of the
VOCs .

In order to achieve a destruction rate efficiency
over 99.99%, the following criteria must be met within
the oxidation chamber (Gao et al., 2015; Temme et al.,
2015):

e temperature of  minimum 1.100°C
(preferably 1.200°C)

e oxygen content of minimum 6% (preferably
10%)

e residence time of minimum 1 second
(preferably 2 seconds)

1738

e good mixing conditions - High Turbulence
(Re>>4,000).

Dioxin compounds reformation can happen in
the cooling phase, within a temperature range of
200°C to 500°C, with the highest formation occurring
at 350°C. The presence of oxygen, chlorine (Cl,), and
hydrocarbons can facilitate the reformation of dioxins.
Additionally, factors such as the presence of dust
and/or metals can contribute to the formation of
dioxins (Buekens et al., 2001; Mukherjee et al., 2016).
To avoid the reformation process, the hot gases pass
through a quench tower to be cooled quickly enough
below 200°C before being released into the
atmosphere. To comply with Vietnamese regulations,
a maximum temperature of 180°C at the stack has
been set. The Vapor Treatment Unit configuration is
presented in Fig. 4.

3. Treatment monitoring

The performance of the thermal treatment is evaluated
by various parameters: temperature profile in the
thermal pile over time, pressure into the soil,
emissions at the venting and soil sampling.

3.1. Soil temperature monitoring

The increase in soil temperature is the principal
indicator of the progress of decontamination. It is
measured at the ‘cold points’ in the soil. A cold point
is at the center of the triangle formed by every three
tubes and is therefore the furthest point from the heat
source (Fig. 5).
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Temperature measurement is done through
thermocouples. Thermocouples are devices consisting
of two conductors that produce a temperature-
dependent voltage to monitor large temperature
ranges. Type-K thermocouples are used, allowing for
measurements up to 800°C.

Fig. 5. Cold points

Soil temperature is measured at nine different
locations, as described in Fig. 6 - T1 to T9 - and at four
different depths within the thermal pile. A total of 36
temperature sensors are placed in the thermal pile.

3.2. Soil pressure monitoring

It is fundamental to control and keep track of
the soil pressure during treatment. The aim of this
monitoring is to ensure that a negative relative
pressure in the soil (P<Pam) is maintained, which will
consequently prevent fugitive emissions during the
treatment. For this project, two pressure wells (P1-P2)
were installed and measurements were performed
manually every day.
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Fig. 6. Temperature monitoring locations
3.3. Emission control

The Vietnam-Russia Tropical Center (VRTC),
an accredited Vietnamese laboratory, performed
sampling at the outlet of the chimney during the
treatment process. Six gas samples were collected
between February 8 and 25, 2022, using the United
States Environmental Protection Agency (USEPA)
method 23 for analysis of polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzofurans. The
sampling equipment consisted of a glass fiber filter, a
condenser, a trap, and four impingers with different
contents (EPA, 2022).

Sample extraction and analysis followed the
EPA  method 23 procedures, wusing Gas
Chromatography coupled with High-Resolution Mass
Spectrometry. Toxicity Equivalence Factors (TEF)
were used to correlate the toxicity of various dioxin
and furan compounds, with the most toxic compound,
2,3,7,8-TCDD, having a TEF of 1. Each compound's
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concentration was multiplied by its respective
equivalence factor, and the sum of these values
constituted the total toxicity relative to 2,3,7,8-TCDD
(Eq. 1) (EPA, 2022).

Total Equivalent Toxicity (TEQ) = Y, Ci X TEF,
(1

Toxicity Equivalence Factors (TEF) is
established by WHO 2005 TEF (Table 2).

3.4. Soil sampling

Soil samples after treatment were collected in
the cooled thermal pile and analysis by an accredited
laboratory: Eurofins, Vietnam.

4. Treatment results and discussions
4.1. Soil temperature

4.1.1. Thermographies

Thermographies are heat maps representing the
temperature distribution inside the thermal pile. This
section presents the thermographies generated at
different stages of heat treatment (10, 22, 30 and 40
days of treatment) (Fig. 7). Each thermography
illustrates a vertical slice of the thermal pile: the front,
the middle and the back of the pile. The evolution of
the thermographies enables to visualize the evolution
of the heat front in the pile.

The thermographies show that the whole mass
of the thermal pile has heated up to the target
temperature. After 10 and 22 days, the hot spots are
localized next to the heating elements. As the
treatment progresses, when 30 and 40 days of
treatment are reached, the heat front gradually moves
away from the heating tubes towards the so-called
cold points (the most distant points from the heating
elements).

4.1.2. Average temperature

As the data from thermocouples does not fully
represent the global temperature evolution of the soil
mass (measurement of coldest points of the thermal
pile), Haemers Technologies employs the ANSYS
Fluent simulation program to better determine the
average temperature of the pile. Haemers
Technologies has developed its own algorithm to
control their sites and estimate optimal treatment stop.
By comparing simulation data with previous sites, a
more accurate representation of temperature evolution
is achieved (Depasse et al., 2021).

The evolution of the average soil temperature
is represented in the green line below. The red line
represents the target temperature (335°C) (Fig. 8). The
average temperature in the thermal pile has reached
the target temperature of 335°C after 35 days of
treatment. The target temperature was maintained for
five days before stopping thermal treatment.
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4.2. Pressure monitoring

Figure 9 shows the evolution of the vacuum in
the pile, monitored at both wells (P1 and P2), during
treatment. The vertical axis shows the pressure
measured (in mbar), the horizontal axis the treatment
time. Throughout the treatment process, a vacuum was
maintained in the thermal pile, ensuring that the
pressure remained below 0 mbar. These results
provide evidence that no fugitive emissions occurred
during the remediation process. The findings were
further supported by ambient air monitoring
conducted by the CTET: the ambient air quality
remained in conformity throughout the pilot project,
for all parameters monitored (dust and noise, volatile
organic compounds (VOCs), chlorophenols and
dioxins).

4.3. Emissions control results

The results of stack sampling analysis carried
out between 08/02/2022 and 25/02/2022 are presented
in Table 3 and Fig. 10. The emission standard,
represented with the blue line, is 0.1 ng TEQ/Nm?* (or
100 pg TEQ/Nm?). As presented above, the norm is
respected, and all emissions are compliant. These
results confirm the efficiency of the thermal oxidizer
and the proper oxidation of the dioxins inside.

4.4. Soil sampling results

The results of the final sampling are available
in Table 4. The two treated soil analysis were
respectively performed by two laboratories: Agrolab
(Accredited European laboratory) and Eurofins.
Treated sludges and washing cake were analysed by
Eurofins. As presented in Table 4, the treatment
objective of each material (soil, sludges and washing
cake) were met. The Destruction Rate Efficiency is
over 99% for all samples.

4. Conclusions

In conclusion, the joint operation between
CTET/CF, the GAET Corporation, and HAEMERS
Technologies SA has successfully demonstrated the
effectiveness of thermal desorption treatment on
dioxin-contaminated soil at Bién Hoa Airbase. The
pilot project has shown that dioxin-contaminated soil
can be remediated after being heated to 335°C, and
vaporized dioxins can be destroyed at 1,100°C. The
thermal treatment technology and design have met the
site-specific ~ dioxins  target levels, reducing
contamination levels to less than 150 ppt TEQ. Soil
sampling results confirmed that the treatment
objectives were met, with a destruction rate efficiency
of over 99% for all samples. The chosen design for
vapor treatment consists of a direct-fired thermal
oxidizer, which avoids any liquid/solid waste, and
ensures that emissions meet Vietnamese, European,
and US standards.
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Table 2. Toxicity Equivalence Factors (TEF) of the most toxic dioxins and furans components

List number Most toxic dioxins and furans components WHO-TEF
1 2,3,7,8-TCDD 1
2 1,2,3,7,8-PeCDD 1
3 1,2,3,4,7,8-HxCDD 0.1
4 1,2,3,6,7,8-HxCDD 0.1
5 1,2,3,7,8,9-HxCDD 0.1
6 1,2,3,4,6,7,8-HpCDD 0.01
7 OCDD 0.0003
8 2,3,7,8-TCDF 0.1
9 1,2,3,7,8-PeCDF 0.03
10 2,3,4,7,8-PeCDF 0.3
11 1,2,3,4,7,8-HxCDF 0.1
12 1,2,3,6,7,8-HxCDF 0.1
13 2,3,4,6,7,8-HxCDF 0.1
14 1,2,3,7,8,9-HxCDF 0.1
15 1,2,3,4,6,7,8-HpCDF 0.01
16 1,2,3,4,7,8,9-HpCDF 0.01
17 OCDF 0.0003

22 heating days

40 heating days

Fig. 7. Thermographies after 10, 22, 30 and 40 days of heating
(front, middle and back of the pile)

1741



Jordens et al./Environmental Engineering and Management Journal 22 (2023), 10, 1735-1744

1111]

Teripia @i 0]

100

]

Pile temperalure

o [15Fard ona2 1mm; 1442 L 2302 Py Tired a1 ol 13200
RAean b atune
Fig. 8. Average temperature evolution in the thermal pile
404 miar
010 mbar
— ";: g 03ME oM 102 Al 1 LY - =l 122
P L
Fig. 9. Soil pressure monitoring during treatment
Table 3. Emission sampling results
. . Emission .
Sample Unit Concentration standard Sampling date
1 pg WHO-TEQ200s/Nm? 40.07 100 08/02/2022
2 pg WHO-TEQ200s/Nm? 73.52 100 11/02/2022
3 pg WHO-TEQ200s/Nm? 76.14 100 15/02/2022
4 pg WHO-TEQ200s/Nm? 1.38 100 18/02/2022
5 pg WHO-TEQ2005/Nm?* 0.821 100 22/02/2022
6 pg WHO-TEQ2005/Nm? 51.38 100 25/02/2022

1742




Remediation of dioxin-contaminated soils through thermal desorption and vapor management

E 00
o

2 w
3

. 02 22BMKTOS 02 22BHKTOS 02 22BHKTOS 02228HETOT 0222BHKTOR 02 22BHKTOY
08/02/22] (1103/22) (150222) (120233 (220227 [2502-22)
Sample
. Sample Concentration
e LGN S andard
Fig. 10. Emission sampling results
Table 4. Treated soil analysis results
Material Unit Initial . Treatment goal Treated soil DRE" (%)
concentration results
300 (Urban
Soil ppt WHO-TEQ200s 11,400 residential) 946'8249 gg?g
1,200 (Industrial) ) )
Sludges ppt WHO-TEQ2005 5,410 150 ND™ >99.99
Washing cake ppt WHO-TEQ2005 17,200 300 6.7 99.96
*Destruction Rate Efficiency; **Non-Detected
Soil temperature, pressure, and emissions Protection Agency, On line at:
control were monitored throughout the treatment, and }flttPSW www.epa.gov/emc/method-23-dioxins-and-
urans

the results demonstrated the efficiency and success of
the thermal treatment.

This zero-waste solution demonstrates an
improved and efficient method for remediating
dioxin-contaminated soils. Future design
improvements could be made, such as adding a heat
exchanger to the thermal oxidizer, in order to reduce
the energy consumption of such a project.

Overall, the study provides a promising
solution for the remediation of dioxin-contaminated
soils, with the potential for broader applications in the
future.
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Abstract

Red gypsum is an industrial waste generated by the titanium dioxide industry. Currently, it is mainly used for environmental
restoration, but this is not ideal due to problems of geographical availability of suitable sites and environmental issues. Different
valorization routes have been proposed, including the utilization of red gypsum in the cement industry or its chemical recycling
through thermal processes. These routes either lack the production capacity for an efficient disposal of red gypsum, or propose
processes that need severe operating conditions and that generate a significant amount of CO2 emissions. This paper proposes a
novel process for electrochemical recycling of red gypsum based on four fundamental steps: metathesis, electrodialysis, electrolysis,
and carbonatation. Preliminary estimates on a process design basis are obtained and analyzed from a phenomenological point of
view, leading to the development of mass and energy balances for the process. The advantage of such system is that an industrial
plant capable of treating 80000 t/y of CaSO4 on an anhydrous basis leads to the production of 55234 t/y of concentrated H2SO4 and
52571 t/y of synthetic CaCO3, coupled with the mineralization of 23131 t/y of COz. The process is completely electrified and has a
power consumption of 8.5 MW that can be provided entirely from renewables-based power plants, leading to net-negative CO2
emissions. Tuscany region in Italy is taken as a practical example, where the TiO2 production industry could benefit from the
ELEDGE (ELEttroDialisi di GEssi) process and couple it with a geothermal-based power plant.

Key words: electrochemistry, electrodialysis, recycle, red gypsum, Tuscany
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1. Introduction

Worldwide production of titanium minerals in
2022 was estimated at more than 9.5 Mt of equivalent
titanium dioxide (TiO,) content, with China covering
more than one third of the mining operations (Statista,
2023). Titanium-containing minerals are included in
the so-called “mineral sands” and include ilmenite and
rutile, that make up the main feedstock for the
industrial production of TiO,, along with titanium
slug. More than 95% of the world’s titanium ores are
used in TiO, production, which is a key compound in
the pigment industry. TiO, white pigments are mainly
used in the paint, plastics, and paper industries, and
also in wastewater treatment (Enesca et al., 2009;

Gazquez et al., 2014; Porter, 2014; Woodruff et al.,
2017; Zarogiannis et al., 2017).

Nowadays, two large-scale industrial processes
are available for the synthesis of TiO», those being the
sulfate process and the chloride process. The
increasing popularity of the chloride process is due to
its higher performances regarding waste disposal,
energy, and quality (Braun et al., 1992). However, the
sulfate process is still dominant in China and it is also
used for a significant fraction of the European TiO,
supply chain, with 55% of the total still based on this
technology in 2017 (Zarogiannis et al., 2017). The
sulfate process includes a filtering and washing step
that generates a weak acid effluent that is neutralized
by using calcium hydroxide, leading to the production

* Author to whom all correspondence should be addressed: e-mail: flavio.manenti@polimi.it
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of a byproduct named “red gypsum” (Géazquez et al.,
2021).

Red gypsum is mainly composed of gypsum di-
hydrate (CaSO4:2H,0) and other impurities, among
which Fe-bearing phases cause the typical red color.
The management of this waste is a significant issue for
the TiO» industry, since it is produced in large amount
and has typically no practical use: 7-8 tons of red
gypsum are generated for every ton of TiO, produced,
and the most widespread use for this waste is the
environmental restoration of abandoned quarries,
mines, and landfills since it is considered an inert and
safe material for such purpose (Auer et al., 2017;
Protano et al., 2020; Rosli et al., 2020, 2021).

The utilization of red gypsum for
environmental restoration may lead to the
accumulation of species such as Fe, Ca, Al, Mg, Mn,
S in the soil together with an increase of the pH of the
area, leading to a slow and complicated revegetation
process (Zapata-Carbonell et al., 2019).

Studies have shown that it is possible to use red
gypsum to create a waste-based binder to be used in
deep in-situ soil stabilization instead of cement, or it
can be used directly as a raw material for cement
production (Gazquez et al., 2013; Hughes et al., 2011).
It has been also proposed to use this waste as a
calcium-rich feedstock to be wused for the
mineralization of CO,, leading to the possible long-
term sequestration of CO,-rich effluents derived from
industrial processes with the formation of CaCO;
(Azdarpour et al., 2014, 2015; Rahmani et al., 2014).

Finally, some solutions that may be classified
as chemical recycling have been proposed, one
example being the utilization of red gypsum as the
pivot of a metal self-enrichment process leading to the
co-production of ammonium sulfate and raw materials
for the sintering industry (Wu et al., 2019) and another
example being a thermal process for the conversion of
red gypsum to elemental sulfur and calcium carbonate
(De Beer et al., 2014).

The use of red gypsum in the cement and
construction industry has a limited scope since the rate
of utilization for this waste is subordinated to the
production volume of said industry. Moreover, the
amount to be used in this area is not arbitrarily large,
due to constraints regarding the mechanical and
chemical properties of the cement and ligands that are
obtained from the gypsum. The chemical recycling
route is a far more promising one, since it is
disconnected from other industrial sectors and allows
to selectively tackle the issue of red gypsum by
converting it into useful chemicals. However, the
solutions proposed in the literature are few and show
some issues, such as the presence of severely
endothermic steps such as calcination and thermal
reduction that require temperatures above 1000°C,
leading to the generation of large amount of CO,
emissions from fossil fuels combustion.

This paper proposes a novel approach to this
problem based on a completely electrified scheme for
the electrochemical recycling of red gypsum. This
innovative process solution is named ELEDGE
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(ELEttroDialisi di GEssi, which means Gypsum
Electrodialysis in Italian) and it is based on four
fundamental steps: metathesis, electrodialysis,
electrolysis, and carbonatation, which lead to the
complete conversion of red gypsum to diluted sulfuric
acid and calcium carbonate. The electrification of the
process allows to couple it to a suitable renewables-
based power production plant, leading to a net-
negative process for what concerns carbon emissions
due to the mineralization of a CO, stream.

2. Materials and methods

A simplified Block Flow Diagram for the
ELEDGE process is shown in Fig. 1, with electrified
units highlighted by a lightning symbol. The
conversion pathway for red gypsum is here shown
only for the main component in its dehydrated form
for simplicity (CaSOs). The process is based on four
tailored key steps aimed at converting the waste to
useful products. First, red gypsum is co-fed with an
excess of a concentrated hydrochloric acid solution
(HC) in a dedicated metathesis reactor, leading to the
conversion of gypsum to sulfuric acid (H.SO4) and
calcium chloride (CaCl,). Then, the acidic mixture is
treated in an electrodialyzer, a unit in which an electric
field is applied to separate ions in solution by also
exploiting suitable ion-selective semi-permeable
membranes, producing a stream of diluted sulfuric
acid and some brine rich in HCI and CaCl,. The excess
HCI used for the metathesis step is easily separated
and recirculated to the beginning of the process, while
the CaCl, solution enters a dedicated electrolytic cell.
The electrolysis of the CaCl, aqueous solution
generates a  calcium  hydroxide (Ca(OH),)
concentrated stream and gaseous hydrogen (H) and
chlorine (Cly). H, and Cl, react in a dedicated unit
(HCI burner) where HCl is generated and recirculated
back to the beginning of the process, thus closing the
HCl loop and ensuring that no net consumption of this
reactant is necessary to run the process. Finally, the
Ca(OH); solution is used in a carbonatation reactor to
mineralize a CO; stream (possibly obtained from a
suitable stream of industrial flue gases), converting it
into CaCOs. While introducing a new, innovative, and
general approach for the chemical recycling of red
gypsum that can be applied to any TiO, production
facility, the technology is especially useful for the
TiO; plant located in Scarlino, Tuscany, Italy. In fact,
the production plant is close to a facility that produces
sulfuric acid to be used in the sulfate process. Thus, it
is possible to imagine an industrial symbiosis scheme
in which red gypsum is treated with the ELEDGE
process to produce diluted HoSO4 which can then be
easily concentrated with the equipment available at the
nearby sulfuric acid production plant, maximizing the
efficiency of the chemical recycling operation and
minimizing the costs and the energy requirements. In
addition, the carbonatation reaction allows to
mineralize CO» emissions that can be obtained from
industrial off-gases, leading to the reduction of GHG
emissions of the site. Moreover, the production of
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synthetic CaCOs can partially substitute the intensive
marble quarrying activity for the extraction of natural
CaCOs that is currently conducted in the nearby
Massa-Carrara area in Tuscany, Italy. This allows to
mitigate the problem of marble powder generated by
such activities, which turns into marble sludge in case
of rainfall (the so-called “marmettola”), and may lead
to environmental issues such as flooding and
groundwater pollution (Piccini et al., 2019). Finally, it
is also reasonable to imagine a possible coupling of
the electrified ELEDGE process with a geothermal-
based renewable energy power plant since this type of
technology is well-established and popular in many
areas of Tuscany region (Reinsch et al., 2017).

More detailed information on the process are
shown in the Process Flow Diagram (PFD) in Fig. 2.
It is possible to see that the system is a combination of
the key operations described previously (metathesis,
electrodialysis, electrolysis, carbonatation) and a
series of conventional steps, such as filtration,
absorption, distillation, evaporation, purging. The
process design solution proposed in this paper will
proceed with the description of the key steps, without
entering the detail of more conventional operations
since they are well-known and a detailed evaluation of
their performance is outside the scope of this work.

The metathesis step can be carried out in a
stirred tank reactor in which red gypsum (rich in
CaSO4) and a concentrated solution of hydrochloric
acid react according to the reaction shown in (Eq. 1):

CaS0,+ ZHClH,S0,+CaCl, (1)

The insoluble residue remaining from the
metathesis step is filtered out of the system, then the
sludge is washed with distilled water to recover water-
soluble components, and the resulting solution is
recirculated to the process vessel. It is possible to
evaluate the performance of this reactive step through
a thermodynamic evaluation by using Gibbs free
energy and formation enthalpy of the involved
chemical species, to be considered as dissolved in
aqueous solution (Lange, 1999). The computation of
reaction enthalpy and reaction Gibbs free energy at
standard conditions highlights two values that are

caso, H50,
. HC1+Call,

close to zero (AH% = -1 kJ/mol and AG% = -0.08
kJ/mol). This means that in this reaction, neither the
reactants nor the products are favored, and that
variations in the operating temperature will have little
to no effect on the thermodynamic yield. In order to
push the reaction towards the products and ensure high
conversion of the gypsum, it is necessary to operate on
other parameters, for example by working in large
excess of hydrochloric acid. Equilibrium can be
studied for this system by solving the system of
equations in (Eq. 2), respectively showing the
equilibrium condition and the Van’t Hoff equation.
Since the reaction enthalpy at standard conditions
shows a rather small value, the computation of the
Van’t Hoff equation is performed by considering a
constant value for AH%, leading to the expression
shown in (Eq. 2).

Keg(M)=TIY, &'

- A} /11 )
Keq(T)=Keq(Taer) EXP [=F - (E ) ?)]

where Keq, T, N, ai, Vi, Trer, 4H%, R, are respectively
the equilibrium constant, the system temperature, the
number of components, the activity for the i-th
component, the stoichiometric coefficient for the i-th
component, the reference temperature (298 K), the
reaction enthalpy, and the universal gas constant.

The CaCl,-rich brine containing two strong
acids (H»SOs and HCI) is then sent to an
electrodialyzer. Electrodialysis is a process which is
typically used to perform water desalination and salt
pre-concentration. It works by applying an electric
field to an ionic solution contained inside of a space
delimited by anion- and cation- exchange membranes.
The electric field combined with the selectivity of the
membranes allows to separate the dissolved ions
(Strathmann, 2010; Xu and Huang, 2008). There are
also innovative approaches based on electrodialysis
such as bipolar membrane electrodialysis for the
production of acid and bases from corresponding salts,
showing that this technology can potentially be
applied to a large number of cases in addition to that
of water desalting (Huang et al., 2007).

DILUTED H,50,

HCL+Call,

METATHE SIS ELECTRODIALYSIS SEFARATION

HCL

Caco,

CARBOMATATION

co,

HCI

Call,
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HLl BURNER

Fig. 1. Block flow diagram for the ELEDGE process
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Fig. 2. Process flow diagram for the ELEDGE process

It is interesting to notice that it is possible to
use an ion-selective anion-exchange membrane so that
a separation between different anions in solution can
be achieved on top of the more conventional
cation/anion separation. Specifically, it has been
shown that it is possible to use semi-permeable
membrane for the selective separation of CI and SO4*
anions (Li et al., 2022). A simplified scheme of an
electrodialyzer using this type of anion-selective
membrane for the treatment of the CaCly-rich double-
acid brine is shown in Fig. 3. The double-acid brine
containing CaCl,, HCI, and H»SOy is fed to the unit
and the cations start to migrate towards the cathode by
passing through a cationic membrane, while the
anions tend to migrate towards the anode by passing
through an anionic membrane. However, the use of a
CI'/SO4* anion-selective membrane makes it much
more difficult for the larger sulfate ions to pass
through the membrane, allowing almost only the CI
ion to pass. This leads to the production of diluted
sulfuric acid from the central channel, and a single-
acid brine containing HCI and CaCl, from the sides.
While the cation/anion separation can be considered
as practically complete, the separation efficiency for
the anion-selective membrane is not perfect (Li et al.,
2022). This is not a problem for the diluted sulfuric
acid stream, since it will contain a small amount of
HCI easily separable by distillation, due to the very
different boiling points of these substances between
themselves and water. However, this may generate a
problem for the single-acid brine since the leaching of
sulfate ions will regenerate CaSO, that cannot be re-
converted to CaCl, in the following process steps. To
avoid its accumulation, it is either necessary to purge
it outside of the system and compensate the loss of
material with a fresh CaCl, make-up, or split the
effluent from the electrodialyzer and recirculate it to
the metathesis section, where CaSQO4 will be converted
to CaCl,. In this work showing the conceptual design
procedure for the process, it has been decided to
proceed with the first choice for the sake of simplicity,
even if it is less optimal.

The single-acid brine containing HCI and
CaCl, then undergoes a simple distillation to recover
pure gaseous HCI from the top, to be recirculated to a
water absorption column for the synthesis of the
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hydrochloric acid solution that is used in the
metathesis reactor. The brine, now only containing
calcium chloride, is then concentrated and added with
a CaCl, make-up before entering an electrolytic cell
for the electrochemical decomposition of the salt.
Inspired by the chloralkali process for the industrial
production of chlorine and sodium hydroxide, the
electrolysis step in the ELEDGE process includes the
half-reactions reported in (Eq. 3). They are the same
half-reactions that take place in the chloralkali
process, those being the oxidation of chloride anions
to chlorine at the anode, and the reduction of water to
hydrogen and hydroxide anion at the cathode
(Schmittinger et al., 2011). The only difference with
the chloralkali process is that the cations in this system
are Ca’' ions, leading to the production of Ca(OH),.

{ 2C1"— Cl,+2e- X
2H,0+2e"—> H,+20H" @)

DILUTED H,S0,
.

( —’L —_ ‘,—— SINGLE-ACID BRINE

i 507

+ Caz'—%- -

I TE.

—Cr

DOUBLE-ACID BRINE

Fig. 3. Electrodialysis step in the ELEDGE process

It is possible to evaluate the performance of
this electrochemical cell through a thermodynamic
evaluation by starting from standard reduction
potentials of the chemical species involved in each
half-reaction and shifting them to the real operating
conditions by using the Nernst equation, as reported in

(Eq. 4).

—g0_ _RT (@)
Erep = Erep - 21N 200 “)
where: Egep is the half-cell actual reduction potential,
the E%gp is the standard half-cell reduction potential,
T is the system temperature, R is the universal gas
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constant, 7 is the number of electrons transferred in the
half-reaction, F is the Faraday constant, arep is the
activity of the reduced form, aox is the activity of the
oxidized form. A rigorous methodology should
include suitable expressions for the activity
coefficients of the species involved in the reactions
(Thummar et al., 2022). However, it is possible to
have a preliminary estimation of the reduction
potential by considering the activity of a dissolved
species as the concentration, and the activity of a
gaseous product as its partial pressure. This is coherent
with the preliminary level of the conceptual design
procedure introduced in this work.

Chlorine and hydrogen gas produced from the
atmospheric electrolytic cell must be compressed and
fed to an HCI burner, where gaseous hydrogen
chloride is produced through an extremely exothermic
reaction, leading to the production of a substantial
amount of steam to be used in the plant (Austin and
Glowacki, 2000). HCl is then recirculated to the water
absorption column to regenerate the 5 M hydrochloric
acid solution, thus closing the HCI loop and ensuring
that no net consumption of this reactant is needed to
run the process.

Finally, the Ca(OH), solution produced at the
cathode of the electrolytic cell is processed in a
carbonatation reactor, where CO; bubbled from the
bottom is mineralized upon contact with the caustic
solution, leading to the production of synthetic CaCOs
(Boynton, 1980; Oates, 2008).

3. Results and discussion

The process design procedure described in this
paper allows to choose the optimal operating
conditions for the non-conventional unit operations
included in the system, followed by a high-level mass
balance for a plant based on the ELEDGE process. The
thermodynamic study performed in the metathesis

step shows that the use of a 5 M hydrochloric acid
solution at 80°C corresponds to a CaSO4 conversion
higher than 99%. The system temperature has a
negligible effect on the thermodynamic yield, but the
combination of HCI presence and the choice of
operating temperature allows to maximize CaSOs
solubility in the aqueous solution, leading to a great
increment in the productivity of the unit. It must be
noted that the co-presence of CaSOs and CaCl,
generated from the metathesis decreases gypsum
solubility. However, the choice of operating
conditions results in a net increase in CaSOy solubility,
passing approximately from 2 g/L to 20 g/L when
referring to its anhydrous form (Li and Demopoulos,
2005). The effluent from the reactor to be purified in
the electrodialysis unit is separated in a diluted
sulfuric acid stream and a brine containing mainly HCI
and CaCl,, with a separation efficiency that can be
quantified as follows: 91.71% of the CI" ions and
5.44% of the SO4* ions pass through the anionic
membrane on average (Li et al., 2022). Finally, the
brine concentration in CaCl, and the operating
temperature chosen for the electrolytic cell are such
that there is a deviation from the standard
thermodynamic potential, and the resulting half-cell
reduction potentials at the chosen operating conditions
lead to an overall thermodynamic electrochemical
potential of 1.94 V, which is 12% less than the
standard overall thermodynamic potential (2.19 V).
With these data, it is possible to perform a high-level
mass balance for the system based on the ELEDGE
process.

The size of the plant considered for the mass
balance refers to an industrial complex capable of
treating 80000 t/y of CaSO4 on an anhydrous basis and
that has a stream factor of 8000 h/y. The mass balance
of the proposed layout, along with the main operating
temperatures is reported in Table 1, where the stream
names refer to the PFD shown in Fig. 2.

Table 1. Mass balance and operating conditions for the main streams of the ELEDGE process

. | Double- . Single- | CaCl> | Ca(OH)2
Stream Name CaSOq4 Hydro_clorlc acid Diluted acgin brine sol(utiozl CO2 CaCOs
acid : H2S04 :
brine brine conc. conc.
Phase S L L L L L L G S
Composition [mol%]
H>O 89.4% 82.6% 85.9% 94.5% 78.7% | 94.5% | 99.976% 0% 89.3%
CaSOq4 7.89% 0% 0% 0% 0% 0% 0% 0% 0%
HCl 0% 17.4% 10.8% 1.96% 18.1% 0% 0% 0% 0%
CaCl 0% 0% 1.67% 0% 3.07% | 5.38% 0% 0% 0%
H2SO4 0% 0% 1.67% 3.49% 0.17% | 0.14% 0% 0% 0%
Ca(OH)> 0% 0% 0% 0% 0% 0% 0% 0% 0%
CO2 0% 0% 0% 0% 0% 0% 0% 0% 0%
CaCOs3 0% 0% 0% 0% 0% 0% 0.024% 0% 0%
Inerts 0% 0% 0% 0% 0% 0% 0% 100% 0%
Flowrate [kmol/h] 932 3528 4361 1981 2381 4233 270221 66 613
MW [kg/kmol] 30 21 23 21 24 23 18 44 27
Mass Flowrate [kg/h] 27500 74884 99884 41896 57988 | 97945 | 4867655 2891 16428
Tempe-rature [°C] 25 80 80 25 25 80 80 80 80
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The electric energy requirement for the process
can be estimated by considering that the steam
production from the HCI burner is sufficient to cover
all the requirements from the other process units such
as the metathesis reactor, the distillation column, and
the evaporators. This means that the only electric
power required to run the process refers to the
electrodialysis and electrolysis steps. For the
electrodialysis, a preliminary energy consumption for
the system described previously can be obtained from
the literature, corresponding to an average value of
0.20 kWh/kgCaCl, (Li et al, 2022). For the
electrolytic cell, it is possible to consider the typical
average values for current density and effective
electrode area for a standard chloralkali cell, and refer
them to the influent calculated for the industrial case,
while considering the overall thermodynamic
potential calculated as shown in (Eq. 4). The
electrolytic cell resulting from the analysis has a
specific power consumption of 0.27 kWh/kgCaCl,
(Thummar et al., 2022).

Considering  the industrial-scale  plant
operating with a capacity of 80000 t/y of CaSO4 on an
anhydrous basis, this corresponds to a power
consumption of 1.6 MW for the electrodialysis, and
6.9 MW for the electrolytic cell, for a total of 8.5 MW.
Thus, it is reasonable to imagine the erection of such
an electrochemical recycling plant in the Tuscany
region and power it completely through renewable
geothermal energy since the total installed capacity for
this type of renewables system in the region in 2023 is
915 MW provided by 33 power plants, with 20 MW
to be installed in the following years (Regione
Toscana, 2023). The resulting electrochemical
recycling plant is effectively a net-negative carbon
emissions process, with the utilization of 0.29
kgCO,/kgCaSO4 through mineralization.

4. Conclusions

The design of an electrochemical recycling
process for red gypsum waste was described in its
most important parts: metathesis, electrodialysis,
electrolysis, and carbonatation.

A thermodynamic analysis was performed for
the metathesis step in order to find the optimal
operating conditions. An electrodialysis unit based on
the use of a CI/SO42- anion-selective membrane was
illustrated in terms of separation efficiency and
general performance, followed by the evaluation of
the real overall thermodynamic potential of an
electrolytic cell. The carbonatation section was
introduced and described in detail.

The ELEDGE process can be used in an
industrial plant capable of treating 80000 t/y of CaSO4
on an anhydrous basis, obtaining, after suitable
purification steps aimed at removing excess water and
other contaminants, 55234 t/y of concentrated H>SO4
and 52571 t/ly of synthetic CaCOs, while also
mineralizing 23131 t/y of CO,, with an electric
consumption of 8.5 MW that can be entirely provided
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by renewables such as geothermal energy for the case
of titanium dioxide industry in Tuscany region, Italy.
The renewables-based electrochemical recycling
process is a net-negative CO, emissions process, due
to the mineralization of a CO»-rich stream.
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Abstract

The wood-based panel industry plays a crucial role in facilitating the industrial production of everyday products like particleboard
and fiberboard, which are commonly used in flooring, furniture, and more. Key inputs for board production include thermoset resins,
which act as binders. Traditionally, resins based on urea-formaldehyde, melamine-formaldehyde, and melamine-urea-formaldehyde
are widely used due to their reactivity and cost-effectiveness. However, the sustainability of these resins is a growing concern, and
stricter regulations regarding formaldehyde emissions are impacting the industry.

In response to this challenge, this study introduces a bio-based resin formulation, utilizing corn starch and Mimosa tannin as
alternatives to formaldehyde-based resins. The choice of corn starch and Mimosa tannin as raw materials is motivated by their
chemical compatibility and ready availability. The study involved the determination of the solids and gel times of the synthesized
resins. Additionally, laboratory-scale board production was undertaken to assess the performance of the newly developed resin
formulations. The mechanical and physical properties of the resulting boards, along with formaldehyde content, were measured.
Mechanical test results were evaluated in accordance with the EN 312 standard.

The findings suggest that the developed resin formulations show promise for particleboard production suitable for interior
applications, as they generally meet the standard requirements for mechanical properties.

Key words: corn starch, furanic derivatives, Mimosa tannin, wood adhesive
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1. Introduction

Formaldehyde-based thermoset resins,
including urea-formaldehyde, melamine-
formaldehyde, and melamine-urea-formaldehyde,
have found extensive utility in the wood-based panel
industry due to their cost-effectiveness and high
reactivity, as corroborated by numerous studies (Ji et
al.,2017; Kim, 2009; Liu et al., 2018; Nuryawan et al.,
2017; Perminova et al., 2019; Philbrook et al., 2005).
These resins have been instrumental in manufacturing
various products integral to our daily lives, such as
particleboard and fiberboard, which serve as
fundamental components in flooring, furniture, and
more.

However, despite their practical advantages,
formaldehyde-based resins present substantial
drawbacks, particularly in terms of sustainability and
their contribution to formaldehyde emissions. These
concerns have curtailed their widespread adoption.

Formaldehyde-based resins, being derived
from non-renewable sources, are entwined with the
issue of formaldehyde emissions, a prominent
environmental pollutant with adverse implications for
human health and ecological well-being. As a result,
there has been a growing emphasis on research and
development aimed at formulating wood adhesives
that are both sustainable and devoid of formaldehyde,
echoing the industry's shift towards greener and more
responsible practices (El Mansouri et al., 2007; Liu et

* Author to whom all correspondence should be addressed: e-mail: salise.oktay@keas.com.tr; Phone: +902165543587
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al., 2018; Moubarik et al., 2010, 2013; Yang et al.,
2013; Zhao et al., 2016).

Within the academic domain, attention has
increasingly gravitated towards starch and tannin-
based wood adhesive formulations as promising
avenues to produce natural, formaldehyde-free wood
adhesives. These materials have been favored for their
compatible chemical composition and eco-friendly
attributes. However, it is recognized that bio-based
resins, despite their sustainable advantages, tend to
exhibit comparatively lower reactivity —when
juxtaposed with traditional formaldehyde-based
adhesives. Consequently, this study embarks on the
task of synthesizing a starch-tannin-based resin
endowed with heightened reactivity, thus striving to
bridge this performance gap (Ahmad et al., 2020; Gu
etal., 2019; Kuakpetoon and Wang, 2008; Pizzi, 1979;
Sumathirathne and Karunanayake, 2017; Tondi,
2017).

The paramount objective of this research
revolves around the creation of a renewable, eco-
conscious resin formulation that stands as a
compelling alternative to formaldehyde-based
counterparts. In this context, starch and tannin were
judiciously chosen as raw materials owing to their
harmonious chemical makeup and environmentally
sustainable attributes. The outcome of this effort
revealed a resin formulation that not only exhibited
excellent mechanical properties but also, importantly,
showcased minimal formaldehyde emissions when
utilized in the production of particleboards. As a
collective testimony to these findings, it becomes
evident that the newly developed starch and tannin-
based wood adhesive formulations have the potential
to be effectively harnessed within the wood-based
panel industry as efficient binders. In doing so, they
aptly address and mitigate the critical concerns
associated with conventional formaldehyde-based
adhesives, thereby propelling the industry towards a
more sustainable and eco-friendly trajectory.

2. Experimental
2.1. Chemicals and reagents

Corn starch (CS) was obtained by Sunar Misir
(Adana, Turkey). Amylose and moisture content of the
CS were 25.3% and 11.9% by weight on a dry basis,
respectively. Wattle bark (Mimosa) tannin (MT) was
purchased from Bondtite Pty. Ltd (Dorpspruit, South
Africa). The moisture content of the MT was 7% by
weight on a dry basis. Laboratory-scale particleboards
were manufactured in Kastamonu Entegre Agac San.
Tic. A.S. Besides, mechanical, physical, and
formaldehyde content tests of the produced boards
were also carried out in Kastamonu Entegre.

2.2. Synthesis of tannin-based wood adhesive
Primarily for resin synthesis with 46% solid

content by weight, 1110 g of tannin was mixed into
1110 g of distilled water and dispersed at room
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temperature using a mechanical stirrer. Finally,
hexamine (HMTA) was added to the resin system as a
hardener. The hardener content used was 10% by
weight of the resin solid content. Finally, the pH value
of the resin was adjusted to the range 8-9 with a 40
wt.% NaOH aqueous solution.

2.3. Synthesis of starch-based wood adhesive

A quantity of 350 g of corn starch was added to
1000 g of distilled water and mixed at room
temperature using a mechanical stirrer. Then, 75 g of
sugar and 70 g of urea were added. Finally, 70 g of
furfural was added to the system and the pH value of
the resin was adjusted to the range of 8-9 with 40%
NaOH.

2.4. Physical properties: Solid content and viscosity
determination

Firstly, about 1.5 g of synthesized wood
adhesives were poured into a piece of aluminum foil
and then dried at 120°C in an oven for 2 hours. After
drying, the dried sample was taken out of the oven.
Following that, the dried sample was reweighed. The
solid content by percentage (S) of the tannin-based
adhesive was determined according to Eq. (1).

_ M;—-M,

S=0 . X 100% (1

1—Mp

where: S was solid content, Mo was the mass of
aluminum foil, M1 was the mass of aluminum foil and
adhesive sample and M; was the mass of aluminum
foil and dry adhesive sample+.

The calculated solid content value was an
average of three replicates (Zhao et al., 2018a). The
viscosity of the prepared adhesives at 20°C was
measured using Brookfield CAP 2000+ instrument at
200 rpm. An average of three test results was
presented.

2.5. Fourier transform infrared (FT-IR) spectroscopy

The chemical structure of the cured tannin-
based wood adhesive sample was characterized by
Fourier transform infrared spectroscopy (FT-IR). FT-
IR analyses were carried out by using Bruker Tensor
37 spectrophotometer and the samples were scanned
between 400 and 4000 cm™!. To obtain a cured tannin
adhesive sample, the synthesized tannin-based wood
adhesive of 55 g and an HMTA of 2.5 g were added
sequentially to a beaker, and the HMTA was dissolved
completely in the resin. The pH value of the resin was
adjusted to the range 8-9 with a 40 wt.% NaOH
aqueous solution. 2 g of the prepared resin sample and
stir bar was placed in the test tube. Then, as soon as
the test tube was immersed in boiling water, the
chronometer was started and the resin was mixed with
the rod.

The chronometer was stopped when the resin
took solid form. The recorded time was determined as
the curing time. After the cured resin samples were
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completely dried, FT-IR analyses of the samples were
carried out.

2.6. Particleboard preparation and testing

Particleboards are mainly composed of three
layers which are 2 surface layers (SL) and 1 core layer
(CL). Laboratory scale particleboards of dimensions
500 mm x 500 mm x 12 mm were prepared. The total
resin solid by weight was 12% for the surface layers
and 7% for the core layer. Particleboard samples
bonded with the developed bio-based resin
formulations were assembled and hot-pressed at
200°C, for 4 minutes press time. In general, it is
known that the core layer of the particleboard
determines the mechanical properties, and the
formaldehyde content is determined by the surface
layer.

Therefore, in the study, tannin-based resin with
higher mechanical strength was used in the core layer,
and corn starch-based resin was used in the surface
layer. Particles were dried to approximately 4%
moisture content before the application of resin. The
aimed board density was 700 kg/m®. All tests were
conducted by appropriate European Standards.
Internal bond (IB), bending strength (BS), modulus of
elasticity (MOE), and surface soundness of the
produced particleboards were performed according to
EN 319, EN 310, and EN 311 test standards,
respectively (Wager and Kleinert, 2011).

2.7. Formaldehyde content by perforator method

The formaldehyde content of the manufactured
particleboards was measured according to the
European Norm (EN  12460-5), also called the
perforator method. It is used to determine the
formaldehyde content of the uncoated and non-
laminated wood-based board. In this method, the
amount of formaldehyde (mg) within the 100 g sample
was measured.

Firstly, formaldehyde was extracted from the
test samples by boiling toluene and transferred into de-
mineralized water. After that, the formaldehyde
content of this aqueous solution was determined
photometrically (Oktay et al., 2021).

3. Results and discussion

3.1. Physical properties: Solid content and viscosity
determination

Resin solid content and viscosity significantly
affect the processability of adhesives in a board
production line. The solid content of the tannin and
starch-based resin was 46%. The viscosity values for
tannin and starch-based wood adhesives were 350 and
30 mPa-s, respectively. The resin solid content was at
a level that prevented excessive moisture during board
pressing, and the resin viscosity was such that it could
spread evenly on the chips. Additionally, it was

observed that the resin solid content and viscosity
obtained were similar to those of commercial
formaldehyde-based wood adhesives (Zhao et al.,
2018a).

3.2. Fourier transform infrared (FT-IR) spectroscopy

The chemical structure of the cured tannin-
based adhesive sample was illuminated with FT-IR
and their spectra are shown in Fig. 1. As could be seen
from Fig. 1, the detected bands at 1587 and 1458 cm’!
in the Mimosa tannin spectrum which were attributed
to the aromatic -C=C- stretching, disappeared in the
cured resin spectrum possibly due to the increment of
the aromatic ring substitution of tannin. Likewise,
compared with the Mimosa tannin spectrum, the band
at 1148 c¢cm ! related to the C—O and O-H groups of
resorcinol molecule of mimosa tannin, disappear after
the reaction. Besides, three new peaks at around 1010
cm’!, 1230 cm and 1605 cm’' which were
respectively  ascribed to the antisymmetric
deformation of -C—O-C- in ether groups, presence of
—C-N- groups, and formation of the azomethine
groups (—CH=N-) were detected in the FT-IR
spectrum of the cured tannin-based resin (Pefia et al.,
2009).

Moreover, to elucidate the chemical structures
of the cured corn starch-NaOH and corn starch-
NaOH-sugar mixtures, FT-IR analyses were
performed. Their spectra are shown in Fig. 2. As could
be seen from Fig. 2, compared with the corn starch
spectrum, the broadband at around 3300 cm! related
to the hydroxyl groups of the starch gradually
weakened in the cured corn starch-NaOH and corn
starch-NaOH-sugar mixtures. This could be attributed
to the reducing —OH content after oxidization.
Likewise, the band at 1147 -' cm disappeared. Besides,
two new peaks were detected in the FT-IR spectrum
of the cured corn starch-NaOH and cornstarch-NaOH-
sugar at around 1560 cm ™' and 1410 cm!. These peaks
were ascribed to the -COO™Na" group on the starch
molecule chains (Yaacob et al., 2011). On the other
hand, compared to the corn starch and cured corn
starch-NaOH spectra, a new peak at 778 cm! was
detected according to the FT-IR spectrum of the cured
corn starch-NaOH-sugar mixture, which was related
to the wunsubstituted CH=CH group of 5-
hydroxymethyl-2-furfural (5-HMF) ring (Zhao et al.,
2018a).

It was known that sugar decomposes at high
temperatures and produces furanic derivatives such as
5-HMF (Fig. 3) (Tondi et al., 2012; Zhao et al., 2016;
Zhao et al., 2018b). It was known that the chemical
interaction between corn starch and 5-HMF with
dimethylene ether bridges was possible. These
observations revealed that chemical interactions
between corn starch and NaOH occurred in the cured
corn starch-NaOH mixture. In the cured corn starch-
NaOH-sugar mixture, in addition to the interaction of
corn starch and NaOH, a possible interaction between
corn starch and 5-HMF could be formed.
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3.3. Particleboard preparation and testing

To examine the performance of the developed
resin formulation, at least 3 laboratory-scale
particleboards were produced. The physical (thickness
and density) and the mechanical test results (internal
bond, surface soundness, bending strength, and
modulus of elasticity) of the particleboards were
illustrated and compared with similar studies in the
literature in Table 1.

Since the boards were intended to be used in a
dry environment, water uptake and thickness swelling
tests were not performed.

All of the obtained results showed that the
produced board by using a developed bio-based resin
formulation met the standard values and was
comparable with similar studies' results. In addition,
the formaldehyde content of the produced boards is
significantly lower and originates from the wood itself
(Oktay et al., 2022).
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Table 1. Particleboards test results
Thickness Surface
Hybrid resin formulation mm 1B MOE MOR soundness FA content
(by weight%) Density N/mm? N/mm? N/mm? mm? (mg/100g)
kg/m? N/mm
Resin 1
35% CS Resin 2
7% furfural | 50% MT 11.08
75% 10% HMTA 739 0.60 2843 15.07 1.14 1.36
sucrose
7% urea
10.47
Oktay et al., 2021 761 0.97 2220 10.36 1.34 0.94
11.45
Oktay et al., 2022 695 0.43 2472 11.14 0.72 0.92
P2 class std. 6<x<13 >0.40 > 1800 >11 >0.80 -
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Abstract

Italian law requires bioplastics to meet precise degradability criteria under aerobic conditions to be treated with Organic Fraction
Municipal Solid Waste (OFMSW) but does not provide specific controls on anaerobic degradation capacity. The result is longer
composting times for bioplastics than OFMSW. The marketing and use of biodegradable single-use products, such as shopper bags,
sidesteps the problem of using common plastics without completely solving it. Therefore, there is a need to identify technological
solutions that allow for the complete degradation of biodegradable plastics without the need to modify the process in place in organic
waste treatment plants. For this purpose, on biodegradable plastics composed mainly of starch and PBAT, anaerobic digestion tests
were carried out to assess whether the degradation kinetics are consistent with the digestion hydraulic retention time of the organic
fraction. Alongside this process, pre-treatment tests involving chemical hydrolysis and commercial enzymes were conducted. The
tests were performed on laboratory and pilot scales, using organic matter and culture medium for methanogenic bacteria growing
also in comparison with Clostridia consortia and both in mesophilic and thermophilic conditions. During the tests, samples were
collected after 30 and 55 days of reaction. Microplastic content was analysed in terms of weight loss and presence of PBAT building
blocks: adipic acid, terephthalic acid, and 1,4-butanediol. The results showed that both types of pre-treatments increase the
degradation yield of bioplastics at different processing times. These results lead the way for the prospect that pre-treated
biodegradable plastics can be delivered along with organic waste to existing anaerobic digestion and could increase the quantities
normally handled in the aerobic composting plants.

Key words: anaerobic digestion, bioplastic, chemical pre-treatment, enzyme, PBAT
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1. Introduction environment (Comanita et al., 2015; Venturelli et al.,
2021). The two properties are not directly related:

According to European Bioplastics, an some polymers are 100% biobased but not

association representing the interests of the bioplastics
industry in Europe, a plastic material is defined as
bioplastic if it is "biobased, biodegradable, or has both
properties" (https://www.european-
bioplastics.org/bioplastics/). For a bioplastic to be
"biobased," it must come, even partially, from
renewable sources, while for it to be biodegradable, it
is sufficient for the polymer to be digestible into
simpler monomers by microorganisms in the

biodegradable, and some are 100% obtained from
fossil sources but are biodegradable. Indeed,
biodegradability has little to do with the polymer
source but more to do with the chemical bonds in the
polymer structure.

When the biodegradation of the polymer
occurs in a manner and time frame compatible with
those of industrial or household degradation of organic
waste, the bioplastic is also called "compostable". The
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spread of biodegradable and compostable plastics has
gained momentum in some Countries after European
Directive  2019/904 banned single-use plastic
products. Bioplastic (BP) can be disposed of and
processed with organic waste, but only if it meets the
compostability criteria of EN 13432. The problem
arises because the standard refers to the mode and time
of aerobic digestion, which is much longer than that
required by a standard municipal solid waste
anacrobic digester (Kosheleva et al., 2023). Different
pre-treatments can be applied to promote bioplastic
degradation and their digestion by the microorganisms
(Mohee et al., 2008). Calabro et al. (2020) conducted
an experiment using Mater-Bi, previously treated by
different  pre-treatment  methods:  mechanical
shredding, chemical pre-treatment with NaOH for 24
hours and aerobic digestion using an aerobic inoculum
from a sludge plant activated. Mechanical trituration
has no significant effect, while chemical pre-treatment
with NaOH was the most effective because it makes
the polymer more accessible to enzymes, increasing
both methane yields and sample mass loss. In contrast,
aerobic digestion slowed the growth of the aerobic
consortium, inhibiting biogas production.

In the literature are mentioned several enzymes
of the hydrolase class, synthesized by bacteria, adhere
to the surface of the substrate and degrade it (Muroi et
al., 2017; Suzuki et al., 2014; Zumstein et al., 2017).
Among the enzymes readily available on the market
are RoL lipase extracted from Rhizopus oryzae
(SIGMA Catalog No. 80612) and an FsC-like cutinase
isolated from Fusarium solani (NOVOZYM 51032)
(Urbanek et al., 2020). These two enzymes completely
degrade very thick films of Mater-Bi within 20 hours
at a pH of 6 at a temperature of 20°C.

This paper studied the action of enzymatic and
chemical pre-treatment on BP bags subjected to
anaerobic digestion afterward.

2. Materials and methods

The chemical and enzymatic pre-treatment
effects were studied on BP bags composed of 70
percent  polybutylene adipate co-terephthalate
(PBAT), 20 percent starch, and 10 percent additives
(Venturelli et al. 2021). The weight decrease of
plastics over time is the critical parameter studied to
evaluate the effectiveness of pre-treatment.

2.1. Laboratory-scale chemical pre-treatment and
anaerobic digestion

For this activity, were used HCl and NaOH
supplied by Sigma Aldrich. The tests were conducted
in 500-mL Duran bottles.

Carried out: nine tests with NaOH under
different concentrations and process conditions; two
pre-treatments with hydrochloric acid and one alkaline
pre-treatment followed by anaerobic digestion. The
Table 1 shows the operating conditions of the several
tests performed. Having selected, thanks to the
observation of weight decrease of the polymer, the
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best pre-treatment conditions among those tested, the
experimentation continued with the replication of the
test followed by anaerobic digestion. Was performed
the pre-treatment test followed by anaerobic digestion
by mixing 10 mL of 25% NaOH and 7g of BP in 320
mL of water, with a pH of 12.2 and a process
temperature of 50°C. The test lasted for 96 hours.
Then 10% v/v digestate was added and started the
anaerobic digestion process. The anaerobic digestion
lasted 16 days.

2.2. Laboratory-scale enzymatic pre-treatment

The enzymes used were amylase from Bacillus
licheniformis, amylase from Bacillus
amyloliquefaciens, and esterase from Bacillus subtilis.
The enzymes were all supplied by Sigma Aldrich. The
tests were conducted in 500-mL Duran bottles.

For the enzyme pre-treatment, were set up
three bottles for each amylases enzymes (two for the
test at different enzyme concentrations and one for the
blank for each enzyme), two bottles for the esterase at
varying BP content, and two bottles containing
amylase from Bacillus amyloliquefaciens and
esterase, added at two different times, to evaluate the
synergy of the two enzymes in the pre-treatment
process. Process parameters such as pH, temperature,
buffer, and reaction times utilized are given in Table
2, while Table 3 shows a review of the test setup.

Each plastic bag was divided into equal parts
weighed. The pieces were placed in the oven at 55 °C
for 30 minutes; then, they were dried in the desiccator
for 30 minutes and weighed again. In each bottle was
placed a certain amount of bioplastic (Table 3). The
bottles were placed in the shaken bath at 55 °C. After
24 hours, was sampled one piece of bioplastic from the
test bottles and one from the blank bottle. The plastic
pieces were rinsed in distilled water and placed in the
oven at 55°C overnight; afterward, they dried again in
the desiccator for 30 minutes. The sampling procedure
was carried out every 24 hours and at the end of the
tests. In each bioplastics sampling, 8 mL of liquid was
taken from both the test bottle and the blank bottle to
later test for the presence of sugars (Megazyme's K-
MASUG kit) and stored in the freezer.

In tests conducted with both enzymes, 2.5 mg
esterase (Test 3) and 20 pL amylase (Test 4), the
bottles were placed in a shaker at 55 °C for an
additional 48 hours, with sampling every 24 hours.
After drying, the samples were weighed, and the
weight loss was estimated. The bioplastic pieces were
stored in a dry place.

2.3. Laboratory-scale anaerobic digestion tests

Following the initial screening on the
effectiveness of enzymatic pre-treatments on the
degradation of plastics, several anaerobic digestion
tests were conducted to evaluate the effect of the pre-
treatments performed on the degradation kinetics of
bioplastics. These tests were carried out at 50 °C with
consortia of methanigenic bacteria and at 37 °C with
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consortia of Clostridia-type bacteria in the presence or
absence of Organic Fraction Municipal Solid Wastes
(OFMSW) and a specific medium (Perz et al., 2016;
Yagi et al., 2014). Non-pre-treated BPs were used as a
comparison. Again, as with the pre-treatments,
degradation efficiency was studied by analyzing
weight decreases as principal parameter. Table 4
shows the summary of the tests performed. The
unpretreated bioplastic pieces were placed in the oven
at 55°C for 30 minutes and then in the desiccator for
30 minutes.

After drying, the bioplastics were weighed. In
the bottle test without pre-treatment, was added 0.6 g
of bioplastic per bottle. In the test with pre-treatment,
was added the amount of bioplastic remaining after
enzymatic action. Fresh OFMSW consisting
exclusively of fruit and vegetable waste was shredded.
Medium for Clostridia and methanigenic bacteria
were prepared, with the composition shown in the
Table 5. Anaerobic digestion tests were carried out in
500 mL Duran bottles with a total filling volume of
375 mL.

Table 1. Operating conditions of chemical pre-treatments

Test (%) Base or Acid quantity (mL) | Bioplastic quantity (g) | Water (mL) | pH | Temperature (°C) | HRT (h)
NaOH, 25 10 7 330 12.3 50 96
NaOH, 25 0.5 7 330 10 50 168
NaOH, 25 0.75 7 330 12 50 192
NaOH, 25 0.25 8.5 330 11 50 144
NaOH, 25 0.094 8.5 330 11.5 50 144
NaOH, 25 0.25 8.5 330 12 50 144
NaOH, 25 6 7 330 13.5 50 384
NaOH, 25 8 7 330 13.5 50 384
NaOH, 25 10 7 330 13.6 50 384

HCI, 37 0.028 8.5 330 3 25 144

HCI, 37 0.001 8.5 330 5 25 144

Table 2. Summary of the process parameters of the enzymatic tests performed
Enzyme Buffer pH Temperature (°C)
Bacillus licheniformis citrate 5 50
Bacillus amyloliquefaciens phosphate 7 50
Bacillus subtilis phosphate 7.5 30

Table 3. Tests carried out with the different enzymes studied

Test Type of enzyme Enzyme quantity | Biopolymer quantity (g) | HRT (h)
Iﬂ; Amilase (B. licheniformis) iii ; iz
i; Amilase (B. amyloliquefaciens) 4218 tli ; iz
izzt ; Esterase (B. subtilis) ;Z Eﬁ ?g 22
Test 3 Amilase + Esterase 20 pL +2.5 mg 3.5 48 +48
Test 4 Esterase + Amilase 2.5mg+20 uL 3.5 48 +48
Table 4. Summary of anaerobic digestion conditions tested
Test Colture pH T Medium | OFMS | Water | Digestate | Total volume | Pretreat- HRT
(°C) (mL) W(@mL) | (mL) (mL) (mL) ment (d)
Dl Clostridia 5 37 337.5 - 37.5 375 - 111
D2 Clostridia 5 37 - - 337.5 37.5 375 - 111
D3 Methanigenic 7 50 337.5 - 37.5 375 - 76
D4 Methanigenic 7 50 - - 337.5 37.5 375 - 76
FDI Clostridia 5 37 37.5 300 - 37.5 375 - 111
FD1* Clostridia 5 37 37.5 300 - 37.5 375 AloLl 111
FD2* | Methanigenic 7 50 37.5 300 - 37.5 375 AlolLl 56
FD4* | Methanigenic 7 50 37.5 250 - 87.5 375 A20L2 86
FD5* Clostridia 5 37 37.5 250 - 87.5 375 A20L2 86
FD6* Clostridia 5 37 37.5 300 - 37.5 375 Prova 1 49
FD7* Clostridia 5 37 37.5 300 - 37.5 375 Prova 3 49
FD8* | Methanigenic 7 50 37.5 300 - 37.5 375 Prova 2 49
FD9* | Methanigenic 7 50 37.5 300 - 37.5 375 Prova 4 49
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Table 5. Medium for Clostridia and methanogenic bacteria

Reagent Medium Clostridia (g) Medium methanigenic (g)
Distillate water 675 675
NaHCO3 0.324 3.375
NH4Cl 0.206 0.675
KH2PO4 0.102 0.202
FeCls 6H20 0.007 -
Yeast extract 0.021 -
NaCl - 0.405
Glucose - 13.5

All bottles were placed in anaerobiosis
(nitrogen flow for 15 min under a chemical fume
hood). At the end of this step, the 0.5 L bottles were
sealed with a cap. Was attached an anaerobiosis
indicator, appropriately activated with distilled water.
A one liter or 3 L Tedlar bag was attached to each
bottle's cap to collect the gases produced during the
fermentation process. The bottles were placed in the
shaking bath at 37 °C or in the 50°C orbital shaker.
Each time a bottle was opened for sampling, the pH
was measured to monitor its trend and put back into
anaerobiosis as described above. The bioplastic
samples were rinsed and then placed in an oven at
55°C for 2-3 hours or overnight (in the case of
enzymatically pre-treated bioplastics) so that they dry
well; then, they are placed in a desiccator for 30
minutes. After drying, the samples are weighed, and
the loss incurred over time is estimated.

2.4. Pilot-scale enzymatic and
anaerobic digestion tests

pre-treatment

Enzymatic pre-treatment testing of pilot-scale
bioplastics took place in the pilot plant consisting of a
71reactor (LAMBDA Minifor Fermenter). The reactor
is placed on a housing equipped with a coil for
temperature control and connected to two peristaltic
pumps that control its pH by withdrawing controlled
amounts of H,SO4 or NaOH from two bottles placed
on the base of the reactor support. Temperature and
pH are measured with the probe. After filling the
reactor, temperature, pH, and stirring values are set via
the control panel integrated into the reactor housing.

BP bags were cut into squares of about 10x10
cm, weighed (initial weight of 0.21 g each), and
subjected to enzymatic pre-treatment to promote their
degradation during anaerobic digestion tests by
methanigenic bacteria. In the 7 L reactor, 35 g of so-
cut bags (i.c., about 166 squares), 3.30 L of phosphate
buffer (100 mM, pH 7), 200 pl of a-amylase from
Bacillus amyloliquefaciens and 25 mg of an esterase
from Bacillus subtilis were placed, according to the
protocol developed after laboratory-scale enzymatic
pre-treatment trials. The reactor was kept stirring at a
constant temperature of 55°C for 48 hours. Samples of
bioplastics were taken from the reactor after 18, 24,
36, and 48 hours to monitor their weight change.

After 48 hours of enzymatic pre-treatment, the
reactor was emptied. The bioplastics were put back
into the reactor while the buffer was discarded. The
OFSMW, consisting mainly of fruit and vegetable
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waste, was shredded and slightly diluted with water.
To the 5 L reactor, already containing the pre-treated
bioplastics, 3 L of OFMSW, 375 mL of digestate
containing the methanogenic bacteria, and 375 mL of
the medium, whose recipe is given in Table 5, were
added, with a final volume of about 4 L. Finally, was
set a temperature of 50°C and constant stirring. To
achieve anaerobiosis and to promote the initial stirring
of the mixture, nitrogen was insufflate from the
bottom of the reactor for about one hour. On samples
was performed a FOS/TAC assay by titration with 0.1
N sulfuric acid to monitor and maintain this parameter
in line with optimal values for anaerobic digestion.

After 30 and 55 days from the start of the test,
digestate samples were taken and sent to a certified
laboratory to quantify the weight change and to
evaluate the degradation of PBAT into its three
monomers: adipic acid, terephthalic acid, and 1,4-
butanediol.

2.5. Quantification of weight loss and the presence of
terephthalic acid, adipic acid and 1,4-butanediol

For weight loss quantification, samples were
diluted with water and allowed to be decanted
overnight. After filtering out the supernatant, the solid
was rinsed several times with water and filtered; all
the solid was then dried in an oven at 80°C and
weighed.

For terephthalic acid quantification, the water
in each sample was directly analysed through an
HPLC-UV, employing a Phenomenex Sinergi Hydro
250 x 4.6 mm, 4pum column and eluting with a water
+0.1% phosphoric acid/acetonitrile mixture. The
wavelength of detection was 254 nm.

For adipic acid quantification, it was
derivatised in acidic methanol and then determined in
GC-MS, with a VF-17ms column.

For 1,4-butanediol, methanol was directly
injected into a GC-MS system, equipped with a VF-
17ms column, for sample dilution.

3. Results and discussion

3.1. Laboratory-scale chemical pre-treatment and
anaerobic digestion

Due to the dissolution of the samples, it wasn’t
possible to proceed with evaluations of the
effectiveness of the treatment in terms of weight
decrease. Therefore, analytical evaluations were made
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to assess whether some fundamental components of
the polymer were separated as bond degradation
results. Thus, 1,4 butanediol, adipic acid, and
terephthalic acid were searched in the hydrolysate.
The only quantifiable compound in the pre-treated
hydrolysates was 1,4 butanediol. The percentage by
weight of the compound found in the hydrolysate
varied from a minimum of 0.265% to a maximum of
0.626%, depending on the pre-treatment performed.
The maximum found corresponds to a conversion of
about 30% w/w of the converted BP to 1,4 butanediol.

The NaOH addition in the bioreactor prevents
acidification of the medium, prolongs the acidogenic
for at least two weeks, and promotes hydrolysis of the
bioplastic (Garcia-Aguirre et al., 2019). Comparable
results were also achieved by Hobbs et al. (2019),
using a PLA-based starting BP. In the study, alkali
pretreatment at 21°C was critical to allow near-
complete solubilization of the polymer (about 97%)
after 15 days. In the present work, performing tests at
a temperature of 50°C probably allowed the treatment
time to be cut down, speeding up the breakdown of the
polymer's internal bonds and resulting in BPs that
were no longer visually detectable as early as 4 days.
Treatments with hydrochloric acid proved to be less
effective than those with caustic soda. The anaerobic
digestion test proved effective in that, although
already reduced to a powdery state in solution after
chemical pre-treatment, the plastics were no longer
visually detectable after anaerobic digestion.

3.2. Laboratory-scale enzymatic pre-treatment

Below are the trends of plastic weight decrease
detected during the tests conducted; the blank tests
were performed with the same reaction parameters but
without the enzyme.

About the experiments involving Bacillus
licheniformis (L1 and L2), it can be seen that the
increase of the enzyme in solution does not result in a
corresponding increase in the decrease in the weight
of the bioplastics; moreover, there is not much
difference between the decrease in the blank tests and
those with the enzyme. Tests Al and A2 (Bacillus
amyloliquefaciens) show a decrease in weight that
increases proportionately with the doubling of the
enzyme concentration. In 48 h, 16% of the total
bioplastic can be hydrolyzed. Tests with Bacillus
subtilis esterase for cleavage of ester bonds (Test 1 and
Test 2) do not denote direct efficacy in hydrolysing
plastics. The trend outlined follows that of the blank
tests. Tests 3 and 4 were carried out to assess whether
esterases have an ester bond-breaking effect for
improving the efficacy of amylases used in
combination; the enzyme used was B.
amyloliquefaciens since it was proved more efficient
than B. licheniformis.

The tests showed that switching enzymes does
not result in a different decrease in weight. The two
effects add up to achieve a weight decrease of slightly
less than 20%. The generated maltose concentration

was evaluated for the pre-treatment tests. The analysis
of maltose concentrations in the hydrolysates is
consistent with the findings for weight decreases.

3.3. Laboratory-scale anaerobic digestion tests

It can be shown that enzymatic pre-treatment
promotes higher degradation of bioplastic samples
during anaerobic digestion trials by methanogenic
bacteria: microbial enzymes, depolymerases or
esterase, break down polymers into fragments easily
assimilated for the microbial consortium in the
digestate (Abraham et al., 2021).

Plastics that were pre-treated and processed in
digestion with methanigens were all found to be
unsampled after fermentation, in contrast to plastics
that were not subjected to enzymatic pre-treatment,
which achieved a maximum percentage reduction in
weight of plastic samples of about 70%. However, this
value represents an excellent result when compared
with other data in the literature (Abraham et al., 2021).
The degradation trend could be influenced by several
factors attributable to different anaerobic digestion
plants, for example, specific microbial consortium or
the chemical characteristics of the digestate. In the
future, it is relevant to study the influence of these
factors to make it easier to reproduce the implemented
method on an industrial scale.

In addition, trials in which pre-treatment had
been done with esterases (in which the immediate
result of pre-treatment did not seem significant) led in
subsequent tests with methanogenic bacteria to a
stepwise effect on kinetics. After 49 days, timing not
too dissimilar to some industrial digestion processes
(Ruggero et al., 2020), the plastics were no longer
sampleable, an effect achieved with the other
enzymatic pre-treatments after 56 and 86 days.

3.4. Pilot-scale enzymatic pre-treatments and
anaerobic digestion tests

From the data shown in Table 6, it can be
established that enzymatic pre-treatments caused a
27% reduction in the weight of bioplastics, a result in
line with what was obtained during laboratory-scale
tests. Furthermore, from these results, it could be
assumed that an enzymatic pre-treatment equal to that
carried out would present its process optimization
after 24h. After ten days of the test, the digestate had
a much more liquid consistency, while the bioplastics
had a flakes appearance, evidence that the hydrolysis
phase had been triggered. Another study achieved
similar results after 30 days of anaerobic batch
digestion (Kosheleva et al., 2023).

Infrared spectrometry analysis showed that the
microparticles present were all PBAT microplastics.
The results of the tests are shown in Table 7. As can
be seen after 30 days, the concentration of PBAT was
reduced by 70%, from 7000 mg/L to 2106 mg/L,
degrading into its three monomers, mainly into adipic
acid.
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Table 6. Weight variation during bioplastic enzymatic treatments

Dry weight () Weight loss (%)
18 h 0.2049 2.4
24 h 0.1595 24.0
36 h 0.1553 26.0
48 h 0.1530 27.1

Table 7. Bioplastics degradation rate and concentration of adipic acid, terephthalic acid, and 1,4-butanediol

After 30 days After 55 days
Degradation (%) 70 97
Adipic acid (mg/L) 130 167
Terephthalic acid (mg/L) 13.6 21.3
1,4-butanediol (mg/L) 33.8 76.6

In light of the results achieved and comparing
the chemical and enzymatic pretreatment results, it is
found that enzymes are more effective in breaking the
polymer's internal bonds, allowing all three building
blocks to be released, albeit in different ways, thus
promoting the digestion of PBAT by methanigenic
bacteria.

4. Conclusion

Anaerobic digestion seems to be a great way to
dispose of BP-based waste. In addition, the efficiency
of the process increases when chemical or enzymatic
pretreatment is used. Both technologies have
limitations, so the choice falls to the most efficient
method. For the results achieved, it seems to be the
enzymatic one.

The results show degradation efficiencies of up
to 30 % with 96 hours of alkaline treatment and about
20 % with 72 hours of biological treatment. The results
of the pilot tests confirmed the degrading ability of the
enzymes and supported the hypothesis of possible
industrial use: the effects can already be seen after
only 24 hours of treatment by adding the enzymes all
at once. Afterward, an anaerobic digestion test was
performed with a degradation efficiency of 70 % after
30 days of digestion. Studies on the same polymer
have obtained fewer exciting results, with
degradations of up to 15% after 55 days at 50°C. These
results are very positive and suggest that the retention
time of industrial anaerobic digestion plants could be
compatible with a high degradation rate of bio-plastics
digested together with the OFMSW, provided that
enzymatic pre-treatment is carried out beforehand.

Complete degradation of bioplastics should be
allowed by enzymatic pre-treatment at the head of an
anaerobic digestion process followed by aerobic
digestion. They lead the way for further tests to
confirm and refine the conclusions obtained and
described in this paper and to develop complete and
efficient industrial supply chains dedicated to the
valorization of bio-plastics.
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Abstract

The construction sector in Europe consumes about 50% of the total available raw materials, using enormous quantities of natural
resources and soil from which these raw materials are extracted. At the same time, construction and demolition waste (CDW)
accounts for about 35% of all waste produced both at the European and national levels, with approximately 60 million tonnes
produced annually in Italy alone. The aim of this study, using the Life Cycle Assessment (LCA) methodology, was to analyse the
environmental performance of the production process of recycled aggregates (RA) from CDW compared to natural aggregates (NA)
for concrete production. In terms of overall environmental impact, the LCA highlighted that the production of recycled aggregates
from construction and demolition waste has a significantly lower impact compared to the extraction of natural aggregates from
quarries. The results of the LCA confirmed the importance and environmental advantages of using recycled aggregates in the
construction sector, as they contribute to reducing the extraction of natural resources and the overall environmental impact of the
production process. However, it is important to note that the actual assessment of environmental impact also depends on various
specific factors of the case study, such as the technologies employed, transportation distances, and the management of CDW.
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1. Introduction

As is now well known, one of the global
themes of the new millennium is undoubtedly the fight
against climate change. In this sense, Europe has been
implementing sustainable policies for some time now
aimed at safeguarding our planet, which is rapidly
heading towards irreversible climate change. These
policies, in addition to being aimed at all production
sectors, also aim to raise awareness among the
population about a more conscious use of resources.
The adoption of a circular economy plays a key role in
this challenge, as it counters the linear model of
production and consumption by aiming to maximize
the reuse, recycling and restoration of existing
resources. Through the circular economy, resource use

can be optimized, reducing pressure on natural sources
and helping to ensure access to valuable mineral
resources for future generations (Agrawal, 2023).
According to Eurostat studies, in 2020, the total
amount of waste produced in the 27 member states of
the European Union from all economic activities
amounted to 2.151 million tonnes, and in particular,
the amount of waste produced by construction and
demolition activities is the highest and represents
about 37% of all waste produced (including municipal
solid waste) (Eurostat, 2022). Italy, with a production
of about 66 million tonnes of CDW, is the fourth
European country in terms of construction and
demolition waste production, after France, Germany,
and the Netherlands. Regarding the recovery of these
wastes, depending on the individual country, recovery
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rates range from 70 to 95%, according to Eurostat
(Eurostat, 2022).

According to official data from ISPRA, Italy
fully reflects the European situation; in fact, the
recovery rate of CDW (excluding excavated soil and
rocks) is over 78%, which is above the 70% target set
by Directive 2008/98/EC for 2020 (ISPRA, 2022). At
the same time, the construction industry, in addition to
being the largest producer of waste contributes
significantly to the environmental crisis as it is one of
the sectors most responsible for land use, energy and
resource consumption, with an incidence of around
30% on total energy consumption and 40% on
material consumption (IEA, 2022).

To identify and measure the energy and
materials utilized throughout the entire life cycle of a
product, including the emissions that are released into
the environment such as greenhouse gases, toxic
substances, and waste, Life Cycle Assessment (LCA)
methodology is gaining increasing prominence and
importance. As seen, the use of recycled aggregates
can widely replace natural aggregates, and the goal is
to improve their quality to increase their possibilities
of use (Piccinali et al., 2022). However, most studies
focus on the utilization of RA as a substitute for NA
and the impacts associated with their use in concrete
production (Hossain et al, 2016; Jian et al., 2021; Turk
et al., 2015) or on different methods of C&D waste
management, without emphasizing their production
process (Kucukvar et al., 2014, Liu et al. 2020).

For this reason, this work aims to analyze the
entire life cycle of the production of RA and extraction
of NA only, identifying and evaluating opportunities
for environmental improvement, in the specific case of
a treatment plant located in the province of Brescia.
The evaluation also focused on the environmental
impacts generated by the transport of C&D waste from
the construction site to the plant, which is the most
critical factor (Colangelo et al., 2018; Mah et al., 2018;
O’Brien et al., 2009).

2. Material and methods

The study was conducted applying the LCA
methodology according to the UNI EN ISO
14040:2021 and UNI EN ISO 14044:2021 (Ente
italiano di normazione, 2021a, 2021b) standards
respectively titled "Environmental management - Life
cycle assessment - Principles and framework" and
"Environmental management - Life cycle assessment
- Requirements and guidelines"”, and implemented
using the PCR (product category rules) in accordance
with UNI EN ISO 15804:2021 "Sustainability of
construction works - Environmental product
declarations - Product category rules for construction
products" (Ente italiano di normazione, 2021c).

2.1. LCA methodology
The criterion for evaluating the environmental

impact of the production of both types of aggregates is
based on the LCA methodology. The two UNI EN ISO
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standards that regulate the application of LCA provide
for four different iterative phases, including 1) Goal
and scope definition, 2) life cycle inventory (LCI)
analysis, 3) life cycle impact assessment (LCIA)
calculation and 4) results interpretation (Fig. 1).

The first phase of LCA study sets the goals and
scope, including the functional unit (FU), system
boundary, and data requirements for the life cycle
inventory (LCI). Selecting these parameters is crucial,
as the FU provides a basis for comparing results. The
second one, the LCI phase involves collecting
necessary data for the elementary flow from processes
involved in the product linked to the FU, while the
third phase, the LCIA converts this information to
environmental impact scores. The LCIA methodology
must be determined before LCI data collection, in line
with the defined study goal and scope. The final phase
is results interpretation, which includes identifying
significant  issues,  evaluating  completeness,
sensitivity, and consistency, drawing conclusions,
stating limitations, and making recommendations.
Impact categories refer to the categories expressed by
the 15804:2021 methodology.

Goal and Scope -—
definition .
¥
Ll !
Life cycle imventory L )
analysis Interpretation
g
ry
L]
Life cycle impact -—
assessment -

Fig. 1. Phases of an LCA (adapted from UNI EN ISO
14040:2021)

2.1.1. Goal and scope definition and functional unit

This work aims to identify the environmental
impacts during the life cycle related to the production
of natural aggregate and recycled aggregate from
construction and demolition waste for concrete
production. Both types of aggregates, recycled and
natural, were analyzed so that once produced, they had
the same function and were both certified according to
the UNI EN 12620:2019 standard "Aggregates for
concrete" so that they could be compared with each
other.

The functional unit used for the study is 1 ton
of aggregate produced and ready to be used in a
concrete production plant.

2.1.2. System boundaries and case study

The system boundaries for both analyses
conducted are defined as "from cradle to gate",
according to what is expressed in UNI EN ISO
15804:2021. These boundaries encompass the A1-A3



Life cycle assessment of the production of natural and recycled aggregates for concrete

product phases, which include the extraction of raw
materials (only applicable in the case of natural
aggregates), transportation of raw materials, and
product manufacturing. While some studies include
option A4, which considers the transportation impact
of construction products from the manufacturer to the
construction site during the construction process stage,
it was not taken into account in this study as the focus
was solely on A1-A3.

The case study, from which primary data for
analysis was collected, is a treatment plant located in
the province of Brescia. This site is particularly unique
because a quarry for extracting virgin material is also
present in the same area.

As regards the RA production, once
demolished mainly from small demolitions, the CDW
is transported to the plant. Upon arrival at the plant,
after verifying the necessary documentation and
checking for non-hazardousness, the CDW is
unloaded in a designated area and sorted according to
its EWC code. Before being crushed, the waste
undergoes a preliminary process of removing iron and
reducing its volume through the use of a mechanical
clamp. Finally, there is a manual removal phase for
other materials such as plastics or wood present in the
CDW, which are collected separately. In this case, no
specific mechanical removal processes such as
flotation or air injection are required. However, the
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quantity of such materials is very low as there is
already a preliminary manual removal phase at the
construction site. Once the preliminary processes are
completed, the material is moved from the deposit area
to the crusher's mouth by a wheel loader. The mobile
crusher is a machine that allows the granulometric
reduction of CDW through a crushing process, while
at the same time separating the metallic materials still
present within the waste. The crushed CDW, not yet
RA, is stored in designated lots awaiting a leaching
test to confirm the cessation of its waste qualification.

As regards the NA, the extraction is carried out
using a dredger that excavates inside a water basin.
This dredger operates on electric current. Once
extracted, the natural aggregate is transported via
conveyor belts to a sieve that is responsible for
separating it into different sizes (gravel and sand of
different dimensions). During this process, there is no
need to wash the aggregates as they are extracted
directly from a water basin. As a result, there are
several piles of different sizes at the output of the
sieve, which are then moved to storage yards using
dumpers. Fig. 2 graphically represents the system
boundaries under analysis. Regarding the production
of recycled aggregates, the environmental impact
analysis process begins immediately after demolition,
when construction and demolition waste is transported
to the plant.
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Fig. 2. (a) System boundary of the natural aggregate extraction process (b) System boundary
of the recycled aggregate production process
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2.2. Data collection and inventory analysis

The inventory of the production phase of both
types of aggregate is based on primary data collected
directly from the production plant of these two
aggregates. When data collection was not possible due
to a lack of information, the Ecoinvent v3.6 database
(allocation, cut-off by classification) was used.

Technical visits and site inspections were
carried out at the plant under analysis to collect the
inventory data necessary to quantify the flows of
materials, energy, and environmental emissions
associated with the production process. Specifically,
to better represent the studied reality in this LCA
analysis, all processes related to the extraction and
processing phases of natural inert materials and the
treatment of C&D waste for RA production were
adequately reconstructed based on the collected
operational data. Regarding the process of extraction
and processing of NA, the electrically powered
extraction dredge and the fixed processing plant, also
powered by electricity, were considered. On the other
hand, for the process of C&D waste treatment, the
mobile plant (MOBY 1001 jaw crusher) powered by
diesel fuel was considered. Quantifications of the total
amount of material treated per day are listed in Table
2, to facilitate then the possible reconstruction of
environmental impacts obtained in data processing.

After evaluating the daily quantities processed
by the treatment plants, information was collected on
the energy consumption of the single stages, as well as
The consumption of internal transport in the treatment
plant. Especially, Information collected was about the
consumption of electricity (extraction dredge and
fixed plant), diesel fuel (mobile plant and handling
equipment), and water (washing natural aggregates
and for dust suppression that may arise during the
handling and discharge of materials from conveyor
belts). Information about the specific consumptions
are listed in Table 3. It should be noted that, since the
C&D waste treatment process is a dry process, no
water consumption is expected during its operation.

Furthermore, after evaluating the consumption
and quantities processed, the required processing
times have also been taken into consideration. Taken
directly at the plant, they refer to the time required to
crush one ton of C&D waste, the extraction of one ton
of AN, and the time required to transport the processed
materials from one point of the plant to another. As for
the loader, the times also refer to the time required to
load the mobile crushing plant. These are listed in
Table 4.

The data for which it was necessary to use the
Ecoinvent database mainly refer to energy sources
whose origin could not be reconstructed in order to
better calculate the environmental impact of the
processes in the boundaries of the study.

2.3. Life cycle impact assessment

The impact categories chosen in accordance
with the UNI 15804:2021 standard and all the impact
categories provided by this standard have been used
and analyzed. SimaPro 9.1 was used to build the
LCIA model and impact analysis. The following
impact categories have been evaluated: climate
change; ozone depletion; ionizing radiation;
photochemical ozone formation; particulate matter;
human toxicity, non-cancer; human toxicity, cancer;
acidification; eutrophication, freshwater;
eutrophication, marine; eutrophication, terrestrial;
ecotoxicity, freshwater; land use; water use; resource
use, fossils; resource use, minerals, and metals. For all
the impact categories, individual emission factors
were identified so that the amounts of emissions
associated with specific categories per unit of output
could be calculated. Then, total emissions were
calculated by multiplying the activity data by the
relevant emission factors.

After that, to represent and compare the
individual impact categories with each other, it was
necessary to apply the different normalization factors
related to each of them. The characterization factors
are listed in Table 5.

Table 2. Quantity of excavated NA and processed CDW daily

Treatment NA RA
t/day t/day
Natural aggregates extraction dredge 2500 -
Natural aggregates fixed processing plant 2000 ---
Mobile plant for CDW treatment - 155

Table 3. Processes energy and water consumption

. Diesel Electric Energy Water
Treatment Machinery Lt (kWhi) m
Natural aggregates extraction
--- 1.6 ---
dredge
Natural agg'regates fixed N 175 125
processing plant
Mobile plant for CDW treatment 0.14 - ---
Loader 0.07 - -

1770



Life cycle assessment of the production of natural and recycled aggregates for concrete

Table 4. Processes duration

Treatment machinery Time (min)
Natural aggregates extraction dredge 0.27
Natural aggregates fixed processing plant 0.27
Mobile plant for CDW treatment 0.4
Loader 0.4

Table 5. Normalization factor for each impact category

Impact category

Normalization factor

Climate change 0.0001235
Ozone depletion 18.64
lonizing radiation 0.000237
Photochemical ozone formation 0.02463
Particulate matter 1680
Human toxicity, non-cancer 4354
Human toxicity, cancer 59173
Acidification 0.018
Eutrophication, freshwater 0.6223
Eutrophication, marine 0.05116
Eutrophication, terrestrial 0.005658
Ecotoxicity, freshwater 0.00002343
Land use 0.00000122
Water use 0.00008719
Resource use, fossils 0.00001538
Resource use, minerals and metals. 15.71

2.4. Life cycle interpretation

For both studies conducted (RA, NA), the
environmental impacts of each main compartment are
assessed in the Climate change category to determine
which is the hot spot of the treatment solution, in order
to define the best solution to reduce the environmental
impact generated by the production of recycled
aggregate.

3. Results and discussion

Before assessing the individual impact
categories as explicitly required by UNI EN
15804:2021, an assessment of the overall impacts in
terms of CO»eq was carried out. This assessment is
very important because it shows the Global Warming
Potential (GWP) of individual products to be
compared. Subsequent diversification into impact
categories is seen as necessary to specify the
individual environmental effects of individual
production steps. Figure 3 represents the total
environmental impacts related to the production of AN
and RA. As regards the total environmental impacts,
2.47 kgCOseq for AN and 4.7 kgCO»eq for AR are
released into the atmosphere during the production
process. In this case, regarding the transport of the
recycled aggregate from the production site to the
treatment plant alone produces 3.43 kgCOseq
accounting for about 70% of the total. The outcome
demonstrates that RA production has a higher harm
compared to NA extraction.

After the first assessment conducted on the
total impacts, analyses have been also developed on
all other impact categories as depicted in Fig. 4.

Regarding the results obtained from this analysis, with
the exception of Eutrophication freshwater, Land use
and Water use, all other categories have impacts for
natural aggregate ranging from 80% to 30% less for
natural aggregate in comparison with recycled
aggregate.

T

kg COeq

AN AR

Fig. 3. Global warming potential related to NA and RA

Specifically, the impact categories that
obtained a higher difference are photochemical ozone
formation, particulate matter, and eutrophication
marine, for all three the difference is about 80 percent
between the two types of aggregate, directly referring
to the use of diesel.

In fact, the combustion of fossil fuels, such as
the diesel used by trucks, generates high amounts of
NOx, which contributes to the eutrophication and
acidification of the environment (Ferronato et al.,
2022) and increases air pollution due to the increase in
particulate matter (Borghi et al., 2018).
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In contrast, for the impact category referring to
climate change, expressed in kgCO» eq, the difference
in environmental impact is about 50 percent. On the
other hand, the impact categories of eutrophication
freshwater, land use, and water use, which have less
impact for RA compared to NA, are due to the direct
extraction of material from the water and the greater
consumption of soil caused by the area affected by the
extraction plant (Luo et al., 2022). As for the water use
category, the high difference is due to the processing
plant of natural aggregates (NA) that uses water for
washing the aggregates, unlike the recycled
aggregates (RA) that use a dry production system
(Renzulli et al., 2016). According to Marinkovi¢ et al.
(2010), the outcome shows that the production of
natural aggregates has a lower impact compared to
recycled aggregates. However, due to the different
operations involved in the production of RA, a hotspot
analysis is needed to investigate the main impact
contributors.

3.1. Recycled aggregates production hotspot analysis

The impact of RA production on the environment is
illustrated in Fig. 5 for all impact categories. In this
case, the transportation of C&D waste from the
construction site to the treatment plant represents the
largest environmental burden in all categories of the
RA production process as confirmed by Blengini and

categories, the transportation of CDW is a major
contributor to the overall impact results (Butera et al.,
2015).

In this specific case, for average transportation
distances of 20 km, the impact due to the
transportation of materials varies from 65% to 97% for
different impact categories. Despite all processes for
the production of recycled aggregates running on
diesel, the average transportation distance remains the
primary source of environmental impact in all
analyzed impact categories.

Specifically, it ranges from a maximum value
of 97% for mineral resource utilization and land use,
to a minimum value of 65% for the Human toxicity
cancer category. As for the other 14 categories,
impacts due to transport are about 70-75% of the total.
This result has been consistently found in various
literature studies focusing on this topic. In fact, the
feasibility of a waste scenario is highly dependent on
transportation distance and diesel use (Mah et al.,
2018; Papadaki et al., 2022).

Therefore, based on the results obtained from
natural aggregate extraction, it was decided to develop
additional scenarios that would reduce transportation
distances. It has been decided, in fact, to reduce the
transportation distance of the CDW to 0 km, as it is the
same distance traveled by the NA since it is produced
and processed in the same facility. As demonstrated in
Fig. 6, eliminating transportation distances leads to a

Garbarino (2010). In fact, in most non-toxic significant decrease in environmental impacts.
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For all impact categories except photochemical
ozone  formation, particulate  matter, and
eutrophication in marine environments, the
elimination of the transportation distances in the case
of the production of recycled aggregates, still have an
impact higher than the one for NA extraction, while all
other categories show a considerable reduction with
decreasing transportation distances (Butera et al.,
2015). The result for these impact categories is due not
only to the impact of transportation but also to the
numerous processing operations carried out on-site,
reducing the transportation of CDW alone would not
lead to excessive savings (Borghi et al., 2018; Butera
etal., 2015).

Specifically, when it comes to the freshwater
ecotoxicity category, it shows one of the biggest
disparities between the two types of aggregates,
second only to the resource use of minerals and metals.
This is primarily because of the water usage for
washing NA, and, by the modeling of the Italian
energy mix production, which, at the Italian level
incorporates 14% hydroelectric energy (Borghi et al.
2018). The analysis of the subsystems in the recycling
chain has confirmed the essential role of transportation
and emphasizes the need for a better understanding
and efficient management of the collection and
distribution network. If there are excessive distances
or the use of inefficient collection systems, it can
compromise the overall environmental performance.
(Blengini and Garbarino, 2010)

Considering zero transport distances, a
reduction of environmental impacts by over 70% is
achieved compared to the case study. However, this
scenario was proposed to enable a pure comparison
between the aggregate production stages. This is
useful since our case study represents an exceptional
case where CDW is delivered to the plant to produce
RA, while AN is extracted directly from the quarry.
The comparison between aggregate production
processes is extensively studied in the literature.

Numerous studies, including Hossain et al.
(2016) and Simion et al. (2013), have confirmed the
lower environmental impact of AR production
compared to AN without considering transportation
distances from the production sites to the treatment
plants.

4. Conclusions

In conclusion, this paper conducted a
comprehensive Life Cycle Assessment (LCA)
analysis to compare the environmental performance of
recycled aggregates (RA) derived from construction
and demolition waste (CDW) with natural aggregates
(NA). Considering the case study, the LCA analysis
determined that when accounting for waste
transportation to the treatment facility, the production
of RA has a significantly higher environmental impact
compared to the extraction of NA. This finding
highlights the importance of evaluating transportation
and the need for careful material delivery planning to
reduce environmental impacts.

However, when transportation is not
considered and only the production processes is
evaluated, a substantial reduction in environmental
impacts for the production of RA compared to NA has
been demonstrated.

Nevertheless, it is crucial to consider site-
specific factors, such as waste management practices,
transportation distances, and the energy mix used by
the treatment plant when assessing the environmental
impact of aggregate production. Local circumstances
and infrastructure play a significant role in
determining the overall environmental performance of
each option.

Further research and case studies are
encouraged to investigate specific contexts,
advancements in recycling technologies, and waste
management practices. This will enable improvements
in environmental performance and promote the
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widespread adoption of recycled aggregates in
construction projects.
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