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Introduction and objectives

One of today's biggest challenges is to achieve sustainability in all economic sectors
while using resources efficiently. The Circular Economy (CE) offers an approach
that reduces the use of natural resources and keeps them in a closed system.
Circularity has been successfully implemented in many industrial sectors and is now
being applied to the transformation of activities that previously would have been
unthinkable in any form. Municipal wastewater treatment has already become
partially circular thanks to sludge recycling and renewable energy use. Industrial
actors, such as poultry processing, are also looking for ways to optimise water use,
while the difficulty of recycling the waste produced is a challenge. However, their
effluents can be treated using efficient methods to the extent that they can be
recycled.

The implementation of the circular economy in water-intensive industries is a less
researched area, so I focused my research on the feasibility, measurement and
environmental impacts of the water cycle, using poultry processing and municipal
wastewater treatment as examples. Circular economy calculations, popular in the
literature, do not treat water as a feedstock, while linear water footprint calculations
ignore the pathways of the cycle. However, by integrating the water cycle into the
calculations, a more accurate picture of water-intensive industries can be obtained.
Life Cycle Assessment (LCA) highlights the environmental impacts of industrial
processes. In the case of purified water reuse, it points to the method that ensures
maximum recycling with the least impact. By applying the methods in parallel, it is
possible to select more sustainable water technology solutions.

Based on the above, I have identified the following research objectives:
1. Performing and modifying circular economy calculations
2. Perform and modify water footprint calculation
3. Carrying out life cycle analysis to support the cycle calculations
4. Conduct a life cycle analysis to demonstrate the impact of wastewater
treatment technologies on water reuse

Applied methods

On the way to achieving the circular goal, it is worth examining current assessment
methods and technological steps in all areas of the economy, including less flexible
areas, to gain information on the shortcomings and limitations of these methods. To
develop the water cycle, I have examined two case studies: a poultry processing plant
and a municipal wastewater treatment plant. Data was collected through personal
interviews, process documents and automated control systems. Missing data was
collected from Ecoinvent and Sphera databases and literature sources.

I analysed in detail the water and energy demand of the main steps of poultry
processing - slaughtering, boiling, cutting, packaging - and the generation of by-
products and waste in terms of water cycle and environmental impact, using data



from two years (2018 and 2019). The daily amount of product and waste generated
from the two broiler types (Ross-308 and Cobb-500) showed significant differences
in terms of water and material use. Depending on the type of product produced,
additives of varying composition are used, as well as packaging materials made of
plastic, wood and metal. The daily water demand of the plant, which is highest
during boiler house and boiling, varies depending on the number of cuts. The pre-
treatment of the wastewater generated is already started on site. The assessment of
the environmental impact of the use of chemicals (e.g. sodium aluminate,
polyelectrolytes) in the treatment of wastewater was also part of the assessment. The
system boundaries considered in the analysis of the scenarios are illustrated in Figure
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Figure 1. System boundaries in the Life Cycle Assessment of a poultry processing plant
[edited by the author]

In the case of the wastewater treatment plant, I looked at its continuous improvement
in line with industry standards. With a nominal capacity of 18 000 m?/day, the plant
receives municipal and industrial wastewater from several municipalities, so due to
its size, long time series and sufficiently detailed data were available. The analysis
was carried out for the period 2015 to 2022, divided into distinct periods according
to technological development, excluding overlapping technological changes.
Wastewater treatment consists of several steps: mechanical pretreatment, primary
and secondary sedimention, biological treatment (anaerobic, anoxic and oxic stages)
and sludge treatment. The biogas produced at the plant is recycled in the form of
electricity and heat, and the biogas surplus is incinerated. The energy demand for
aeration, the use of chemicals for sludge treatment, the quality and quantity of sludge
and treated water produced are all important factors in the environmental impact.
The system boundaries considered in the analysis and the scenarios considered are
illustrated in Figure 2.
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Figure 2. System boundaries in the Life Cycle Assessment of a municipal wastewater
treatment plant [edited by the author]

I have reviewed the circular economy indicators in the literature, with an eye to how
water as a raw material can be integrated into the calculations. I have used two
indicators to calculate the material circulation, with values between 0 (linear) and 1
(circular) indicating the degree of circulation. The CE Indicator Prototype (CEIP) is
a questionnaire-based method that assesses product performance in line with the
principles of the circular economy, taking into account all stages of the product life
cycle (design, production, trade, in-use, after-use). The Material Circularity
Indicator (MCI) is designed for industry, focusing on the origin of raw materials, the
fate of waste and the usefulness of the product. It focuses on the materials
incorporated into the product, but can also be complemented by material losses. Both
methods measure the cycling of material flows, so I have recalculated the cycling by
modifying CEIP and MCI to include water in the list of materials. I also approached
the calculation of the water cycle from the direction of a linear water indicator, the
Water Footprint (WF) calculation. This method takes into account the direct and
indirect water quantities incorporated throughout the life cycle of the product, which
can be categorised into blue, green and grey water footprints. The method allows for
comparisons between different technologies in terms of water use, but does not take
into account the amount of water recycled. Therefore, in the modification I integrated
water cycle paths into the calculation to get a more accurate picture of water use. To
verify the calculations and their modifications, I performed a "Cronbach alpha"
uncertainty analysis.

The water circularity calculations approached from both directions do not in
themselves show the really significant consequences of the water cycle, so I have



also supported the calculations with Life Cycle Assessment. The analysis was carried
out according to standard specifications (ISO 14040:2006, ISO 14044:2006) using
Sphera (GaBi) software. I used the ReCiPe method for the LCA to complement the
circular economy calculations and for the comparative analysis of the technological
improvements of the wastewater treatment plant. The positive or negative value of
the impacts defined by this method reflects different environmental impacts that are
a consequence of the activity or product under study. By understanding the
environmental impacts, it is possible to compare recycling methods, focusing on
quality as well as quantity. To assess the environmental impact of the wastewater
treatment plant, I also used the Effluent Quality Index (EQI), which shows the
direction of environmental impact in terms of the quality of the treated water
discharged.

The combined use of the three methods allowed me to assess the material and water
flows as a complex system, thus identifying intervention points that contribute to the
sustainable development of the water cycle. The strength of the methodological
approach is that the impacts of water cycle development can be measured across
different water-intensive industries, contributing to improved resource efficiency
and sustainable water use.



THESES

I. T have established that for technologies with high water consumption, the
circularity of water as a material flow cannot be determined without taking its
flow into account. Therefore, methodological adjustments are necessary. The
approach I propose enables the quantification of the water cycle and contributes
to more water- and material-efficient product design.
I.L1. T have demonstrated that the CEIP calculation method
underestimates the degree of circularity for consumer products. The
"Commercialisation", "In Use" and "End of Use" life cycle stages do not
receive any points, which lowers the value of circularity. However, the
indicator does consider areas that cannot be described purely through
material flows, such as product design and improvements in the raw
material-product—waste ratio.
[.2. T have integrated water, as a raw material, into the CEIP
calculation. By introducing questions regarding water flows, the linear
value increased from 0.171 (2018) to 0.212. Reducing water consumption,
reusing water, and using recycled packaging materials can increase the
circularity value up to 0.392.
[.3. T have demonstrated that the MCI method captures the transition
between linear and circular states in consumer products. The
methodology is suitable for analyzing the performance of consumer
products over time, while considering return loops and product lifespan
compared to competing industrial players.
1.4. T have integrated water, as a raw material, into the MCI calculation.
For the year 2018, considering water led to a decrease in the MCI value
from 0.493 to 0.485. When including losses, the value dropped from 0.567
to 0.171. By minimizing these losses, a circularity value of 0.848 can be
achieved.

Related publication: 3

II. T have demonstrated that with the modifications I propose, the traditionally
linear Water Footprint (WF) calculation becomes suitable for measuring the
water cycle. The modified calculation accounts for the water volumes embedded
during the life cycle of poultry processing products, as well as recycled water flows
resulting from reuse.
II.1. I confirmed the linear nature of poultry processing using the water
footprint calculation. Producing 1 kg of poultry product requires 3.99 m?
(2018) and 4.24 m?® (2019) of water, of which 99 % is attributed to broiler



rearing. The remaining 1 % includes raw materials, technological water use,
transportation, and energy consumption.

I1.2. I modified the indicator to measure the water cycle, applying two
reuse targets: technological and irrigation reuse. The savings are not
reflected in the total water footprint, since the water used during broiler
rearing is not recyclable, and its water demand cannot be reduced without
compromising product quality.

I1.3. T concluded that in the case of the modified water footprint
indicator, the focus should be on material flows that do not affect
product quality. Technological reuse resulted in a 29.28 % (2018) and
33 % (2019) reduction, while reuse for irrigation purposes achieved a
15.79 % and 17.8 % decrease, respectively.

Related publication: 3

III. T have established that life cycle assessment, when supplemented with
modified literature-based indicators and applied in parallel, can provide a
comprehensive view of the extent of water circularity and its environmental
impacts. Through their combined application, I demonstrated that the proposed
water reuse methods in a poultry processing plant increase environmental
burdens and, overall, do not support the improvement of circularity values.
II.1. T demonstrated that declining quality increases environmental
impacts while circularity decreases. The human health impact of the
default flotation scenario rose from 98.17 DALY (2018) to 105.66 DALY
(2019), while the MCI value decreased from 0.485 to 0.476 when water was
considered.
II1.2. T demonstrated that the use of an in-house wastewater treatment
facility reduces environmental impacts, resulting in a 30.66 % saving in
metal depletion. As a result of this transition, the human health impact
decreased from 98.17 DALY to 97.85 DALY in 2018.
III.3. I demonstrated that energy consumption and the effects of
biological processes are significant factors that circular economy
indicators tend to neglect. Energy determines endpoint impacts: 19.36 %
for human health, 8.96 % for natural environment, and 98.25 % for resource
scarcity. The biological dimension is also relevant when the type of material
flow is marked as “material entering nature”.

Related publications: 2, 3

IV. T have established that technological developments in municipal wastewater
treatment contribute to sustainable water protection in the long term, even
though the transformations I examined may increase environmental burdens in



the short term. The results of the analysed developments can support the

environmentally friendly modernization of wastewater treatment technologies

applied in industrial settings.
IV.1. T demonstrated that optimizing biogas utilization can bring the
plant closer to achieving energy neutrality, as the yield was increased
from 1.35 kWh/m® to 1.98 kWh/m?, which can be further improved by
optimizing the homogeneous sludge fed into the digester. However, the
implementation of flaring hinders achieving this goal, as it affected seven
impact categories (FD, FC, FEc, HTPc, IR, LU, TA), even when
significantly reduced.
IV.2. I demonstrated that reducing chemical use effectively contributes
to lowering environmental impacts. Following changes in aeration
demand, energy-related impacts (CC, FPMF, PhOFe, PhOFhh, OD, TEc)
initially increased by 23 %, then decreased by 12.91 %. Additionally,
chemical use in the sludge line was reduced by 26.20 %.
IV.3. 1 demonstrated that increasing the use of solar panels does not
guarantee the achievement of energy neutrality for the wastewater
treatment plant. The energy produced per 1 m? treated water was only 0.06
kWh from solar panels, significantly less than the 0.42 kWh from biogas.
Due to seasonal fluctuations in solar energy production, additional energy
input is needed, while the solar park increased land use by a factor of 2.6.
Purchased electricity was 5.17 times the capacity of the existing solar
system, meaning complete replacement with solar energy is not feasible due
to land limitations.
IV.4. 1 demonstrated that optimized wastewater regulation increases
treatment efficiency, but it comes with environmental costs. Thanks to
the ideal nutrient ratio (100:10.07:1.08), 96.33 % phosphorus removal was
achieved. However, due to increased sludge production, the chemical
demand rose, which was reflected in metal depletion, increasing from
6.54:10' kg Cu eq. to 8.10-107! kg Cu eq.

Related publication: 1

V. 1 have determined that the implementation of quaternary treatment —
especially in the case of energy-intensive technologies — further increases
environmental burdens, which does not support the reuse of treated water.
However, I have also demonstrated that with appropriate technology selection,
such as sequential H20: treatment, these impacts can be significantly mitigated,
making reuse feasible. This aligns with policy and regulatory directions that define
wastewater treatment plants as key actors in urban and industrial water cycles.



V.1. I demonstrated that the increased energy consumption associated
with ozonation-based quaternary treatment negatively affected
environmental impacts to varying degrees. It showed significant
influence across six impact categories (CC, FPMF, LU, PhOFe, PhOFhh,
and OD) and yielded the worst values in 11 impact categories among all
scenarios. The most significant drawback was the loss of freshwater
eutrophication benefits (0.48 kg P eq./FU) previously achieved through
earlier developments.

V.2. 1 demonstrated that sequential H-O: quaternary treatment is a
viable alternative for treated water reuse. Its more favourable
environmental impact is partly due to lower energy consumption, as the
technology relies directly on renewable energy. When normalized between
0 and 1, the impact values outperform both intensive flaring (7.) and
ozonation (8.), highlighting the relative advantages of sequential H20-
treatment and supporting its suitability for treated water reuse.

Related publication: 1
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