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SUMMARY

Paper’s objective was to provide a critical overview of the current state of wastewater
generation in different processes around the world and their use in irrigation. As a
follow-up, a brief overview of the classification of wastewater and its potential for end
use is presented. Furthermore, a specific overview of irrigation using wastewater is
presented, together with the relevant scientific papers in which the research on waste-
water irrigation impacts on the plants, soil, humans, and the environment are studied.
Finally, a special reference was given to the guidelines and policies proposed by the
EU stakeholders regarding the integration of wastewater reuse into water planning and
management in the context of circular economy, with special emphasis put on novel

technologies.
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INTRODUTION

On a global scale, the usage of wastewater is
increasing, and it is estimated that the reuse of waste-
water will reach 1.66% of the total amount of used water,
or 26 km®/year by the year 2030. Globally, agricultural irri-
gation makes up the largest percentage (32%) of reused
water, followed by landscape irrigation (20%), industrial
wastewater use (19%), and groundwater recharge (only
2%; EC, 2016). Wastewater is an important source of
water for many countries, particularly for those in which
water is scarce (Jiménez, 2006; Table 1). Not only are
the arid and semi-arid countries the areas that gain
advantages while using wastewater: advantages are
gained, too, in rural areas, in which agricultural produc-
tion is not only a predominant and essential economic
activity but also a means of survival (Serrao et al., 2020;
Christou et al., 2014). An increase in wastewater usage
was recorded in Australia (41%), Europe, China, and the
USA (10-29%). Up to 400 trillion m3 of wastewater is
discharged into the environment annually, contaminating
5,500 trillion m® of water.

Daily, 15 million m? of wastewater is used for irri-
gation in approximately 44 countries, whereas approxi-
mately 10% of the world's population is estimated

to consume food produced by wastewater irrigation
(Khalid et al., 2018). Developing countries—that is, the
countries with a lower income in the agricultural sec-
tor—often lack the clearly defined legal frameworks,
regulations, and awareness about environmental and
economic consequences of an improper wastewater
management.

Because of those reasons, wastewater irrigation
carries significant risks in the aforementioned countries.
China is a leading country concerning the quantities of
generated wastewater, with 68.5 trillion tons, or 108.16
trillion m® to 34.3 trillion m®from household sources and
78.83 trillion m? from industrial sources, while 260 mil-
lion m® of untreated wastewater is used for irrigation in
India. In Mexico, the treated wastewater was used on
70,000 hectares, whereas the untreated wastewater
was used on 230,000 hectares (Khalid et al., 2018).

(1) Anamarija Dellavia, B. Sc. — HEP Thermal Powerplants Department,
Ulica grada Vukovara 37, 10000 Zagreb, (2) Assoc. Prof. Monika Markovic,
Assist. Prof. Burdica Kovaci¢ (djkovacic@fazos.hr), Ante Bubalo, B.
Sc., Prof. Dr. Brigita Popovi¢ — Josip Juraj Strossmayer University of
Osijek, Faculty of Agrobiotechnical Sciences Osijek, Vladimira Preloga 1,
31000 Osijek, Croatia, (3) Prof. Dr. Mirna Habuda-Stani¢ — Josip Juraj
Strossmayer University of Osijek, Faculty of Food Technology Osijek, Ulica
Franje Kuhaca 18, 31000, Osijek, Croatia.

POLJOPRIVREDA 29:2023 (2) 43-52



44

A. Dellavia et al.: WASTEWATER-BASED CROP IRRIGATION: AN ISSUE OR A SOLUTION?

Table 1. Treated and untreated water from urban sources by countries (Valipour and Singh, 2016).
Tablica 1. Tretirana i netretirana voda iz urbanih izvora po drZzavama (Valipour i Singh, 2016.).

Country / DrZava Untreated wastewater (%) / Tretirana voda Treated wastewater (%) / Netretirana voda
Netherlands 71 23
Bosnia and Herzegovina 4 96
Mexico 38 62
Croatia 61 39
Mongolia 60 40
Egypt 57 43
Cyprus 100 0
Greece 99.6 0.4
Italy 99 1
Germany 98 2
France 90 10

The frequency of wastewater discharge is sig-
nificantly lesser in the developed countries. In the
undeveloped or developing countries, 92% of untreat-
ed wastewater is discharged into the environment,
whereas the developed countries discharge 30% of
untreated wastewater into the environment. Such sig-
nificant differences can be explained by the adequate
legal regulations, with a more developed sense of
awareness, and with better wastewater-treatment
plants. Eighty percent of wastewater treatment plants
are located in the countries like Japan, the USA, and
EU Member States. For instance, France has 17,000
wastewater treatment plants (Khalid et al., 2018). The
farmers could cede their freshwater rights to the cit-
ies and/or communities, and they would get a source
of wastewater enriched with plant nutrients in return,
which is a win-win situation. There are numerous
regions and cities that would benefit from this kind of
trade, like Mexico City, because the farmers could alle-
viate the growing problem of water scarcity and could
reciprocally benefit from enriched wastewater that
could cut down the costs of agricultural production. In

2010, there were over 3,300 water reclamation facili-
ties with varying applications, for instance, agriculture,
landscaping, industrial cooling, and the like and the
varying degrees of treatment. It is estimated that, by
the year 2060, 40% of world's population will live in the
countries that face water scarcity or water stress. For
example, Tunisia is a country that has a high sanitation
coverage and has a policy in place that subsidizes the
pre-treatment processes, whereby 75% of wastewater
is treated to various degrees (Winpenny et al., 2010).

The treated wastewater has been used continu-
ously in the EU for many years. In 2006, 964 million m?
of treated wastewater was utilized, while it was esti-
mated that 1,100 million m® of wastewater was used in
2016 (EC, 2016). Some of the crops that are produced in
Europe thanks to the use of untreated and treated waste-
water are eucalyptus, poplar, apples, lemons, peaches,
artichokes, sugar beets, potatoes, cotton, wheat, broc-
coli, sunflowers, barley, clover, and the like (Asano, et
al., 2007; Jiménez and Asano, 2008; Winpenny et al.,
2010).

Table 2. Usage of treated wastewater in the EU in 2006 (EC, 2016).
Tablica 2. Upotreba prociscenih otpadnih voda u EU u 2006. godini (EC, 2016.).

Member state, EU / DrZava ¢lanica, EU Wastewater used (mil. /m%/year) / Koristena otpadna voda
EU 964
Spain 347
Italy 233
Germany 42
Greece 23

Although the EU is not in danger of water shorta-
ge, there are still significant differences in the supply
of safe water sources between the Member States.
The Mediterranean Member States have limited water
sources and a lower rainfall, while some Member States
located in Central or Northern Europe have faced extreme
drought (EC, 2015).

According to Table 2, Spain and Italy used more
than 60% of the total amount of treated wastewater in
the EU, which supports the statement that the Southern
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European Member States (except Greece) use larger
quantities of water from this source because of their
climate and smaller water sources.

A competition for water between different manufa-
cturing branches, industries, and agriculture and extreme
climate conditions result in the increasing risks to the
safety of water sources across Europe (Fig. 1). There are
many advantages and opportunities when using secon-
dary water sources between various sectors, and these
kinds of exchange models were developed in the world




A. Dellavia et al.: WASTEWATER-BASED CROP IRRIGATION: AN ISSUE OR A SOLUTION? 45

regions with limited water sources like Israel, Australia,
Tunisia, and California (EC, 2016). The usage of water in
the European industry is decreasing because of innovati-
ons and the reuse of water, which can alleviate the strain
on the environment (Geres, 2001).

Textile
industry

‘Wastewater
treatment Food

plants industry

Agricultural
production

Figure 1. The exchange of secondary water sources
between different branches of industry.

Slika 1. Razmjena sekundarnih izvora vode izmedu
razlicitih grana industrije.

This paper’s purpose was to present the state of
affairs concerning wastewater utilization globally and, in
the EU, the EU legislation related to wastewater, and to
emphasize some novel treatment methods applied to its
reuse worldwide.

WASTEWATER COMPOSITION AND TREATMENT
METHODS

The composition of industrial wastewater changes
drastically with regard to the predominantly organic
compounds such as the human excreta, and thus may
contain toxic compounds like heavy metals. The quality
of wastewater, as well as the effect it will have, depends
on various factors, like the quantity of wastewater used,
the source of wastewater, the level of treatment, and
the wastewater composition (Hussain et al., 2001).
Since wastewater can be utilized in different applica-
tions, seven microbial water qualities were proposed
by a regulation recommended by Spain, in cooperation
with the Organization for Economic Cooperation and
Development (OECD) and the European Commission (EC)
(OECD, 2023), whereas four chemical water qualities
were proposed with different uses for each category
(Salgot et al., 2006; Table 3).

Table 3. Water quality categories and their different final uses (Salgot et al., 2006).
Tablica 3. Kategorije kakvoce vode te razli¢ite vrste upotrebe (Salgot i sur., 2006.).

Microbial category / | Chemical category /
kategorija mikroba kemijska kategorija

Specific final use / Specificna krajnja primjena

1 Different residential uses like gardening, car washing, toilet flushing, etc.

Recharge of the aquifer by direct injection

Bathing water

1
] 1
1l 1

Street cleaning, landscape irrigation, ornamental fountain water, irrigation of raw-consumed food crops.

Irrigation of pastures (milk and meat production), industrial crops (for canning), crops that are not
v consumed raw, fruit trees (not by sprinkling), etc.

Bodies of water where human contact with water is permitted but not bathing

Forestry irrigation

Impoundments and water bodies where human contact with water is permitted but not bathing

Recharge of the aquifer by localized percolation through the soil

Vi

Water bodies where human contact with water is not permitted

BN WIN =N

Vi

Industrial cooling but not for the food industry

In a broader sense, wastewater can be divided into
domestic (sanitary) wastewater, also known as sewage,
industrial (trade) wastewaters, and municipal wastewa-
ter, which is a mixture of the two (Gray, 2017). Domestic
wastewater can additionally be classified as (i) blackwa-
ter, (ii) greywater, and (iii) yellow water. Blackwater is
characterized by a high amount of feces and fecal bacte-
ria, urine, toilet paper, and small particles of food waste
since they are mostly produced in toilets and kitchens,
while greywater is a wastewater produced by domestic
washing machines or by industrial processes. Yellow
water is the urine collected by a special toilet system
(Beler-Baykal, 2015; Crini and Lichtfouse, 2019; Pabbati
et al., 2021).

Wastewater composition is a function of appli-
cations to which the water was subjected, and they
may vary with climate, social, economic situation, and
population habits (von Sperling, 2007). Also, to describe
the pollution level of wastewater and propose a suit-
able treatment process, the Wastewater Quality Index
(WWaQl) classification has been developed (Hsien et al.,
2019). Wastewater treatment processes can be defined
as physical, chemical, and/or biological ones, conducted
to remove the dissolved and suspended solids, organic
matter, and nutrients from wastewater and produce an
effluent with the physical, chemical, and/or biological
parameters lower than the maximum concentration lev-
els stipulated by regulations (Sonune and Ghate, 2004;
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Seow et al., 2016; Crini and Lichtfouse, 2018). Based on
the applied method and the effluent quality, wastewater
treatments are qualified as preliminary, primary, second-
ary, tertiary, and advanced and as a land application
(Pabbati et al., 2021; Yeoh et al., 2022).

*sieves
* screeners
* strainers

PRELIMINARY ~  LAND APPLICATION

* precipitation
* floating

PRIMARY * microfiltration

Wastewater
treatment
methods

* biological processes
* physical-chemical processes

* membrane separation processes
* adsorption

* jon exchange

* disinfection

* advanced oxidative processes

* electrocoagulation

*etc.

Figure 2. Classification of wastewater treatment
methods.

Slika 2. Klasifikacija metoda obrade otpadnih voda.

The water-demand estimations quote that the global
population consumes around 4 trillion m® of freshwater
per year, while an increase in population directly causes
an augmentation of that number too. Between 75 and
90% of global yearly consumption is related to agricultural
activities (World Counts, 2023).

Water scarcity is one of the worst results of water
cycle disturbance caused by climate change, especially
affecting current and future agriculture strategies, parti-
cularly in the manner of irrigation (DeNicola et al., 2015;
Vorosmarty and Sahagian, 2000; Haddeland et al., 2014).
One of the possible solutions and a way of wastewater
disposal is the land application method, which implies a
direct application of municipal wastewater to agricultural
lands. This method enables simultaneous irrigation and
fertilization, because domestic wastewater is rich in N
and P compounds. Prior to this usage, wastewater should
be treated by a preliminary treatment, and it is necessary
to conduct the chemical and microbiological wastewater
analyses to avoid a possible heavy metal occurrence/
accumulation in carcasses and to comply with the required
waiting period regarding a possible occurrence of parasitic
nematodes, unsegmented roundworms, bacteria, and
viruses that originate from the fecal matter (Banach and
Van Der Fels-Klerx, 2020; Singh, 2021; Yeoh et al., 2022).
An efficient and improved version of the land application
method is the application of yellow water, which repre-
sents 1% of conventional domestic wastewater, with the
high nitrogen (80%), phosphorus, and potassium contents
(around 50% each; Beler-Baykal, 2015).

Among the greywater, efficient irrigation results can
be obtained by the usage of cooling water. Soliman and
associates (2022) reported that efficient resurge cooling
water for irrigation purposes can be obtained if this type
of wastewater is treated by a membrane separation
process prior to its application, electrocoagulation, or the
so-called ballasted sand flocculation process.
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THE PROS AND CONS OF WASTEWATER USAGE
FOR IRRIGATION

Since the EU is already experiencing water scarcity
conditions, there is an increasing need to use alterna-
tive water resources such as wastewater. The United
Nations Program for Water Assessment distinguishes
the three main types of treated wastewater reuse: a) a
direct potable reuse, b) an indirect potable reuse, and c)
a reuse for non-drinking purposes, including irrigation.
The treated wastewater that has undergone treatment in
a wastewater treatment plant can be used to irrigate the
food crops, processed food crops, and non-food crops
(Deviller et al., 2020). However, wastewater treatment
processes are not fully effective in removing all con-
taminants, particularly pharmaceuticals, personal care
products, and antibiotic residues, as well as the antimi-
crobial resistant bacteria and antimicrobial resistance
genes (Slobodiuk et al., 2021). Nonetheless, in practice,
untreated wastewater is currently used in many parts of
the world to irrigate the food crops, and it does not seem
to cause significant sociocultural disapproval, being
driven solely by an economic demand (Ungureanu et al.,
2018). According to an extensive study conducted by
Thebo (2016), approximately 35.9 million ha worldwide
are affected by wastewater flaws to a large degree. Of
this total area, 29.3 million ha are in the countries with
a very limited use of wastewater treatment, presenting
serious health risks to 885 million consumers, as well as
to the farmers and traders. The world population is esti-
mated to consume at least 10% of food irrigated by the
wastewater, and over 20 million ha (10% of all irrigated
land) of irrigated land are irrigated with the untreated,
partially treated/diluted, or treated wastewater. Even
though wastewater is treated in the developed countries,
the rate of reuse is low and mainly based on biomass
and the development of biogas production (Ungureanu et
al., 2018; Toczytowska-Maminska and Maminski, 2022).

The effects of irrigation by wastewater are not uni-
form for every plant. Its usage can have different benefits
or drawbacks for plants, humans, and the environment
(Gupta et al., 2010). Both the soil and the water com-
partments can be exposed to the treated wastewater
releases according to the type of crops and farming prac-
tices applied. The water compartments are the water
bodies near agricultural landscapes that could receive
the water releases during irrigation—that is, surface
waters, coastal zones, and groundwater. Consequently,
the organisms to be protected are those living in these
ecosystems and being directly exposed to the reused
wastewater, as well as the organisms that consume
water or food from these ecosystems and can be indi-
rectly exposed through the accumulation of chemical
contaminants in a food chain (secondary poisoning;
Deviller et al., 2020).

In a study by Mkhinini and associates (2018),
wastewater had significant and diverse effects on the
Vicia faba, where 50% diluted, and 100% wastewater
had positive effects on the root weight of the plant if
compared to the control batch. The diluted wastewater
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had a more pronounced impact on the root weight of the
Vicia faba than 100% of wastewater. In contrast to the
effects of wastewater on the roots, the weight of shoots
was larger in the control batch than in the one subjected
to wastewater irrigation, and its length progressively
decreased with the usage of wastewater.

In the study by Singh and Agrawal (2012), in which
they investigated the changes in physical and biochemi-
cal characteristics of soil and metal partitioning in the
Beta vulgaris L. grown in farmer’s fields irrigated with
wastewater in India, wastewater significantly affected
organic carbon (C), available phosphorus (P), and total
nitrogen (N). It was concluded that the sites on which
irrigation was carried out with wastewater had a signifi-
cantly higher content of the mentioned elements than the
sites on which the irrigation was carried out with clean
water. The soil enzyme activities were affected by the
choice of water, so the dehydrogenase and urease activ-
ity in the soil was significantly higher on the sites where
wastewater was used when compared to the sites on
which the clean water was used. The choice of water did
not only affect the aforementioned characteristics, but it
did affect the microbial biomass (C, N, and P), whereby
the sites irrigated with wastewater had significantly
higher concentrations.

Although there are numerous positive effects of
wastewater usage, there are significant risks too, like
soil contamination with zinc (Zn), chromium (Cr), cad-
mium (Cd), copper (Cu), nickel (Ni), lead (Fe), mercury
(Hg), and parasitic worms and a danger of soil hardening
and pollution of groundwater (Wang et al., 2013; Nazif
et al., 2006; Flores-Magdaleno et al., 2011; Hussain et
al., 2001). Jahan and associates (2019) presented the
results of a study conducted to investigate the effects
of wastewater irrigation on the soil's physicochemical
properties and yield and the yield-contributing charac-
teristics of tomatoes. Available sulfur (S) was detected

to be the highest in the treatments with the domestic
wastewater if compared to the municipal and industrial
wastewater, whereas the lowest concentrations were
in the cases of normal water irrigation. Wastewater
affected the height of tomato plants. The highest plants
were recorded in a municipal wastewater irrigation
treatment, while the lowest plants were recorded in the
domestic wastewater irrigation treatment. Leaf area
index was the highest in the industrial wastewater irriga-
tion treatment, whereas the lowest one was in a normal
water irrigation treatment. The yield was at the highest
in municipal wastewater irrigation and at the lowest in
a normal water irrigation treatment. The concentrations
of both NH,* -N and NO; -N were increased on the sites
on which the wastewater was used if compared to the
sites on which the clean water was used, which can
lead to the higher rates of nitrification. The exchange-
able potassium (K) and sodium (Na) concentrations were
about two times higher, and the concentration of calcium
(Ca) was four times higher on the sites irrigated with
wastewater than on the sites irrigated with clean water.
According to Singh and Agrawal (2012), heavy metal
phytoavailability values were higher on the sites irrigated
with wastewater, and the aforementioned concentra-
tions were too high in the roots and shoots of plants on
the sites irrigated with wastewater, as opposed to the
sites irrigated with clean water.

The usage of wastewater in agricultural production
has a potential to replenish the groundwater sources but
also the risk of contaminating it due to the percolation
of excess nutrients, pathogens, and salts. Inadequately
processed wastewater can cause eutrophication if it
gets to the groundwater sources and if it contains P in
the form of orthophosphate, which negatively affects the
biodiversity of aquatic systems (Hussain et al., 2001;
Jhansi and Mishra, 2013; Sun et al., 2020).

Table 4. The countries with an increase in certain toxic elements due to the use of wastewater in irrigation (Khalid

et al.,, 2018).

Tablica 4. Drzave u kojima je zabiljeZeno poveéanje odredenih toksicnih elemenata upotrebom otpadnih voda u

navodnjavanju (Khalid i sur,, 2018.).

Countries / DrZava Increase of levels of elements / Povecana razina elemenata
Mexico Fe, Cr, Co, Mn, Ni, Cu, Zn, Pb

China Cr, Pb, Ni, Zn

India Cu, Zn, Pb, Cr, Mn, Ni

Saudi Arabia Cd, Cr, Cu, Pb, Zn

Vietnam Cd, Ni, Cr, Zn, Cu, Pb

The accumulation of toxic elements (Table 4) is
particularly evident in the soils of both the developing
and the developed countries around the globe as a result
of wastewater application (Mireles et al., 2004; Lu et al.,
2015; Sharma et al., 2007; Balkhair and Ashraf, 2016;
Huong et al., 2010; Nguyen et al., 2014). The toxic ele-
ments can pose a threat to the human health because of
their mobility, but they do not cause phytotoxicity due to
the smaller quantities. It is established that a continuous

usage of wastewater in irrigation can cause larger accu-
mulation of Pb, Cu, Zn, Ni, Cd, and Cr in sugar beet, spin-
ach, and beans; Cr, Po, Ni, and Zn in corn; Cd, Cu, Cr, Ni,
Pb, and Zn in vegetables; Cu, Fe, Mn, Zn, Pb, Cd, and Ni
in red cabbage and cauliflower; and Cr, Pb, Ni, and Cd in
okra. The authors state that fungal diseases and derma-
titis have been diagnosed in the farmers who have been
exposed to the untreated wastewater in Hanoi, Vietnam.
The South African farmers who used the wastewater had
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a higher percentage of Helminth infection (42%) than the
residents of the control village (27.5%) who did not use
the wastewater (Dickin et al., 2016; Khan et al., 2013;
Mahmood and Malik, 2014).

Next to the pH levels, the soil's organic matter con-
tent, which regulates the availability of nutrient mobility
therein, is the most important parameter of soil quality.
Wastewater irrigation can cause the accumulation of
organic matter, whereby such an occurrence is consid-
ered useful for agricultural production. The addition, or
the accumulation of organic matter, could improve the
soil structure, moisture content, and cation exchange
capacity, along with the retention and decrease of metal
availability. The increased amounts of organic matter
can have a negative effect on the soil porosity and can
create anaerobic conditions in the root zone or can cause
hypoxic conditions that affect the mortality in aquatic
ecosystems (Khalid et al., 2018) if they get into the
ground waters. A continuous usage of wastewater in
irrigation can cause salinization (i.e., the accumulated
cations and anions in the soil; Ofori et al., 2021), soll
overflooding, and a decrease in production capacity
and yields (Hussain et al., 2001). A perennial usage of
wastewater in irrigation usually results in a significant
increase in soil pH, but the pH value can still potentially
remain unchanged or may decrease. The changes in the
pH values are directly caused by the pH values of waste-
water used in the irrigation—that is, they depend on the
source of wastewater (Khalid et al., 2018).

Also, a knowledge about potential environmental
impacts of emerging contaminants in wastewater, such
as the pharmaceutically active compounds, endocrine
disruptors, as well as new and re-emerging patho-
genic microorganisms, microplastics, and the antibiotic-
resistant genes, is limited. Thus, the fate and transport
under the subsurface, and the risks associated with the
unintentional transfer of these chemicals and pathogens
to the humans and animals, are fairly obscure (Asano et
al., 2007; Li et al., 2021; Ofori et al., 2021). The humans
can be exposed to the wastewater directly through inha-
lation, wastewater consumption, or skin contact during
a household usage, work, floods, or recreation (swim-
ming). A discharge of wastewater in the surrounding
ecosystems affects 24,500 km? of marine ecosystems,
ponds, and food chains. An indirect exposure occurs
through the consumption of contaminated water, fish, or
crops, while the accumulation of toxic elements in the
human body can cause serious diseases affecting the
cardiovascular system, kidneys, and nervous system, as
well as the bone and circulatory system diseases (Khalid
et al., 2018).

WASTEWATER IRRIGATION IN THE CONCEPT OF
CIRCULAR ECONOMY

The concept of circular economy is a global strat-
egy that was initially introduced in China in 2002 as a
key strategy for the national development plan. In the EU,
a circular economy concept was adopted in 2014, in the
first communication entitled Toward a Circular Economy:
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A Zero-Waste Program for Europe. The EC defined the
circular economy as a system in which the value of
products, materials, and resources is maintained in the
economy for as long as possible, and the generation of
waste is minimized. Here, two important aspects play a
key role—a more reasonable use of resources and waste
management which, in this context, means a more
rational usage of water resources and more sustainable
wastewater-related practices (Smol et al., 2020).

Nowadays, wastewater is considered to be a
resource rather than waste because the water plays an
important role in the transport of other sources (e.g.,
nutrients, chemicals, minerals, and organics) and energy
(Mannina et al., 2022). Because of a high content of
organic and inorganic matter (particularly N and P) in the
wastewater, which, in a wastewater treatment process,
are deposited in the sewage sludge or are released in
the atmosphere, the wastewater sector is identified as
having a high potential for alternative fertilizer produc-
tion, which can replace mineral fertilizers. Due to the
limited P reserves and the location of main deposits
outside the EU Member States, the EC placed a special
accent on the P recovery. The most applied method for
P recovery is currently based on the production of sew-
age sludge ashes (in Germany, Austria, Belgium, and
Finland) or struvite precipitation (in the Netherlands),
while many other EU countries still have not introduced
the P recovery processes in the wastewater treatment
sector (Preisner et al., 2022).

Furthermore, by applying different membrane tech-
nologies in wastewater treatment, the water for differ-
ent purposes can be produced. For instance, Czuba and
associates (2021) have reclaimed a secondary effluent
from the wastewater treatment plant in an integrated,
low-cost three-stage pilot-scale membrane process
technology (comprised of micro/ultrafiltration, nanofiltra-
tion, and reverse osmosis) and have produced water for
several types of applications (i.e., water as a cooling
medium in different industrial processes, for urban non-
potable purposes such as irrigation, potable water, and
groundwater for remediation). Bermidez and associates
(2022) have studied whether the treated wastewater
from a pilot plant with an ultrafiltration-membrane bio-
reactor technology can satisfy the quality standards
required for a reuse in agriculture and have assessed the
possibility of producing other resources during a waste-
water treatment, such as biogas and stabilized sludge.
The authors concluded that the results have provided
the promising data regarding the reuse of treated waste-
water for the sake of irrigation and stabilized sludge as
soil fertilizer or for the sake of a soil conditioner because
they have obtained the products complying with the
quality standards specified in European regulations. In
addition, during the various stages of wastewater treat-
ment, biogas can be produced. Bolognesi and associates
(2021) presented a possibility of utilization of sewage
sludge, which remained subsequent to the wastewater
treatment process, as a valuable resource for the produc-
tion of biochar. Microalgae were added to the sewage
sludge as a feedstock to determine which conditions
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are more favorable for an optimal recovery of valuable
by-products. The microalgae were previously used in a
wastewater treatment system to remove both the C and
the nutrients (particularly the N and P) from the waste-
water. The substrates (i.e., the sewage sludge and the
microalgae) were pyrolyzed in a thermostatic sand bath
under varying treatment parameters. Subsequent to the
completion of pyrolysis, the solid (biochar) and liquid
(bio-oil) product fractions were recovered. As biochar
originates from a renewable feedstock, it could substi-
tute the fossil fuels for the caloric equivalent and mitigate
the related greenhouse gas emissions. Furthermore,
biochar can be used in agriculture as a soil amend-
ment, where its use will effectively work as a long-term
carbon sequestration, or it can be implemented in the
wastewater or contaminated site remediation as a pol-
lutant adsorbent due to a high C and mineral content. It
consists of many micro- and macropores, whose pattern
and size depend on the composition of feedstock mate-
rial and the process temperature used during its forma-
tion (Oni et al., 2019).

CONCLUSIONS AND FUTURE PERSPECTIVES

In compliance with the EU’s ambition to become
climate-neutral by 2050, the EC presented the European
Green Deal in December 2019. Afterward, in April 2020,
the EU Parliament adopted a new legislation, setting out
a framework for sustainable investments, also known
as the EU Taxonomy Regulation 24, which entered into
force in July 2020. The legislation establishes six envi-
ronmental objectives (i.e., climate change mitigation,
climate change adaptation, sustainable use of water and
marine resources, circular economy, pollution preven-
tion, and healthy ecosystem) and allows an economic
activity to be classified as environmentally sustainable
if it significantly contributes to at least one of the objec-
tives and if it does not have any substantial adverse
effect on other objectives. A potential to contribute to all
six objectives can be achieved through the wastewater
reuse management activities, either directly or indirectly
(European Investment Bank, 2022).

Although there is sufficient progress in the area of
wastewater treatment research, our knowledge about
wastewater irrigation is scarce due to the limited data on
wastewater quality guidelines for the reuse and optimal
combinations of conventional and advanced wastewater
treatment processes. Therefore, it was of great concern
to carry out a thorough research related to the impact of
wastewater irrigation on the society, environment, and
human and animal health (Al-Hazmi et al., 2023). Thus,
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NAVODNJAVANJE USJEVA OTPADNOM VODOM: PROBLEM ILI RJESENJE?

SAZETAK

Cilj ovoga rada hio je dati kriticki pregled trenutac¢noga stanja nastanka otpadnih voda u razli¢itim procesima u svijetu
te njihovu upotrebu u navodnjavanju. Zatim je dan kratak pregled klasifikacije otpadnih voda i njihove moguénosti
krajnje uporabe. Nadalje, dan je konkretan pregled navodnjavanja otpadnim vodama, uz relevantne znanstvene
radove u kojima su proucavani utjecaji navodnjavanja otpadnim vodama na biljke, tlo, ljude i okolis. Naposljetku,
poseban osvrt dan je na smjernice i politike koje su predloZili dionici EU-a u vezi s integracijom ponovne upotrebe
otpadnih voda u planiranje i upravljanje vodama u kontekstu kruZznoga gospodarstva, s posebnim naglaskom na nove
tehnologije.

Vv s

Kljucne rijeci: otpadne vode, navodnjavanje, ponovna uporaba, metode procis¢avanja, kruzno gospodarstvo
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