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Abstract: Climate change and the subsequent change in agricultural conditions increase the
vulnerability of agricultural water use. Wastewater reuse is a common practice around the globe
and is considered as an alternative water resource in a changing agricultural environment. Due to
rapid urbanization, indirect wastewater reuse, which is the type of agricultural wastewater reuse that is
predominantly practiced, will increase, and this can cause issues of unplanned reuse. Therefore, water
quality standards are needed for the safe and sustainable practice of indirect wastewater reuse in
agriculture. In this study, irrigation water quality criteria for wastewater reuse were discussed, and the
standards and guidelines of various countries and organizations were reviewed to suggest preliminary
standards for indirect wastewater reuse in South Korea. The proposed standards adopted a probabilistic
consideration of practicality and classified the use of irrigation water into two categories: upland and
rice paddy. The standards suggest guidelines for E. coli, electric conductivity (EC), turbidity, suspended
solids (SS), biochemical oxygen demand (BOD), pH, odor, and trace elements. Through proposing the
standards, this study attempts to combine features of both the conservative and liberal approaches,
which in turn could suggest a new and sustainable practice of agricultural wastewater reuse.

Keywords: indirect wastewater reuse; irrigation water quality; paddy irrigation; wastewater reuse;
water quality standards

1. Introduction

The lack of freshwater resources due to population growth and the degradation of water quality
is becoming a big challenge for agricultural water [1,2]. Severe droughts due to climate change and
the increase in protected cultivation are making it difficult to provide a stable supply of agricultural
water [3,4]. As an alternative water resource, wastewater reuse for agriculture is gaining international
interest [5–7]. Treated wastewater, which in many ways is ideal for agricultural water [8–10], is already
being widely used throughout the world [11], and previous studies suggest that more than 10% of the
world’s population is consuming agricultural products cultivated by wastewater irrigation [12].

Agricultural wastewater reuse can be classified into direct and indirect wastewater reuses [13].
Direct wastewater reuse refers to the method whereby irrigation water is supplied directly from the
wastewater treatment plant (WWTP), while indirect wastewater reuse is a method where effluent
from the WWTP or untreated wastewater is collected downstream. In the case of direct wastewater
reuse, the irrigation water quality is determined by the quality of WWTP effluent. Therefore, the target
water quality can be easily achieved by controlling the quality of the effluent. In the case of indirect
wastewater reuse, however, controlling the irrigation water quality is difficult because it is dependent
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on various factors such as treated wastewater effluent quality and the hydrological conditions of
the stream which the effluent flows into [14]. The increase in the number of WWTPs due to rapid
urbanization is intensifying the effect of indirect wastewater reuse on irrigation water [14].

When using treated wastewater for irrigation, water quality must be strictly controlled considering
factors such as the possible accumulation of substances which are harmful for crop growth, the potential
damage to soil by the transformation of its physical and chemical characteristics [15,16], and microbe
infection [17,18]. Using diluted treated wastewater could somewhat mitigate the side effects but nonetheless
cannot prevent it from damaging the commercial value of crops. Therefore, without additional treatment,
it is suggested that diluted treated wastewater be used restrictively [19]. In addition, when using
treated wastewater for rice paddy irrigation, the water showed a significant level of salinity compared to
conventional irrigation water, and total coliform concentration surpassed the levels of the water quality
standards for direct wastewater reuse [20,21]. Previous studies suggest that the quality of irrigation
water from streams fails to meet the agricultural water quality standards due to the effects of WWTP
effluent [14,22]; thus, the water quality needs to be managed to ensure safe and sound crop production.

Angelakis et al. [23], Brissaud [24], Kalavrouziotis et al. [25], and Paranychianakis et al. [26]
researched the current status of wastewater reuse for agriculture, assessed its standards and guidelines
for water quality, and asserted the necessity for a common criterion based on scientific evidence.
Kretschmer et al. [27] examined the standardization of water quality for agricultural wastewater
reuse in terms of technology, economy, and human safety. Jimenez [28] studied practical criteria and
treatment technologies for safe wastewater reuse in Mexico, where a significant amount of wastewater
is used for agriculture. Organizations such as the Word Health Organization (WHO) [12,29] and
the United States Environmental Protection Agency (US EPA) [30–33], and many countries such as
Cyprus [34], France [26], Greece [35], Israel [36], Italy [34], Portugal [37], and Spain [38], have all
recently suggested and modified water quality guidelines or standards for safe wastewater reuse.
South Korea also laid out guidelines for irrigation water quality in 2005, and proclaimed irrigation
water quality standards for direct wastewater reuse in 2011.

Most of the currently suggested water quality standards are based on the direct wastewater reuse
rather than the indirect wastewater reuse, which is a predominant manner in agricultural wastewater
reuse [39]. They have also focused on the upland irrigation including vegetables and have not well
considered the characteristics of irrigation water in paddy fields: Irrigation water for paddy rice
production accounts for more than 70% of the total irrigation water in Asia [40], and paddy rice is the
largest consumer of freshwater resources in South and Southeast Asia [41,42]. This study, therefore,
examines existing water quality criteria for irrigation water and wastewater reuse, and analyzes the
water quality standards of other countries to set agricultural water quality standards for indirect
wastewater reuse considering both paddy and upland irrigation.

2. Considerations of Water Quality Standards for Indirect Wastewater Reuse

2.1. Irrigation Water Quality Criteria

In the case of indirect wastewater reuse, the irrigation water quality is affected by water with which
the treated wastewater is diluted such as stream water or lake water. Therefore, to examine the water
quality standards for indirect wastewater reuse, irrigation water quality criteria should be considered.

2.1.1. Salinity

Salinity has been deemed as the most important factor of agricultural water quality because high
salinity in soil can create a hostile environment for the crop to absorb nutrients and provoke specific
ion toxicity [12,43,44]. The Food and Agriculture Organization (FAO) has established guidelines for
agricultural water primarily based on salinity. These guidelines have been modified by Ayers and
Westcot in 1985 [45] and are being internationally accepted.

2.1.2. Nutrients

Nitrogen (N) and phosphorus (P) are the primary nutrients for crop growth but nonetheless
when applied excessively can give a negative effect. Especially for paddy rice, excessive N and P can
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cause the crop to over-grow which leads to lodging [46]. This is why Taiwan and Japan, which have
farming conditions similar to South Korea, limit the total nitrogen (T-N) content for paddy irrigation
water [47,48]. Excessive nutrients in water can also cause groundwater contamination as well as
eutrophication in coastal areas or lakes [49,50] and this is why, in South Korea, N and P contents are
included in agricultural water quality standards.

2.1.3. Organic Matters

Generally, biochemical oxygen demand (BOD) is used as an index for organic matter. In a
high BOD environment, oxygen in water is consumed for decomposing organic matters to create an
anaerobic state, and, during the process of decomposition, oxides in the soil such as Fe3+, Mn5+, and
SO4

2´ consume oxygen to lower the oxidation-reduction potential [51]. In the end, the generated iron,
manganese, and sulfide along with organic acids can disrupt the paddy rice to absorb nutrients [52].

2.1.4. Hydrogen Ion Concentration

Hydrogen ion concentration represented by pH is an index upon which irrigation water is quickly
assessed for its suitability. Normally, the pH of irrigation water ranges from 6.5 to 8.4. The pH outside
of the normal range might be suitable for irrigating, but has the potential to cause an imbalance of
nutrients or contain poisonous ions [45]. The biggest hazard related to an abnormal pH in water is
its effect on irrigation facilities. Exceptionally low pH in irrigation water can expedite the corrosion
process of facilities, and irrigation water containing high levels of alkalinity can lower the efficiency of
the trickle irrigation system [44].

2.1.5. Trace Elements

Trace elements are necessary for crop growth but when the amount of heavy metals in irrigation
water is excessive, it can cause harm. Copper (Cu) can cause leaf chlorosis as well as the suppression
of root growth [52]. Zinc (Zn) and arsenic (As) both have side effects of stem chlorosis and root growth
suppression [52]. Aluminum (Al), in acid soil, can decrease productivity [52]. Lead (Pb), cyan (CN),
and cadmium (Cd) are normally strictly restricted since, when dissolved in water or soil, they can
be accumulated in the crop and in turn harmful to the human body [53]. The FAO’s irrigation water
quality guidelines, therefore, has set limits on concentrations of trace elements in irrigation water [45].

2.2. Conditions of Water Quality for Wastewater Reuse

Wastewater irrigation should consider human health risk along with the conventional irrigation
water quality standards. The water quality standards for agricultural wastewater reuse can be classified
into the conservative standards of California and the liberal standards of the WHO. This classification
is well reflected in the microbe-related categories [24]. The WHO, in 1989 and 2006, suggested
health-based targets for safe agricultural wastewater reuse. The WHO limits the permitted wastewater
to domestic and/or urban wastewater and does not recommend using wastewater that contains
excessive amount of industrial wastewater. Using untreated wastewater for agriculture can cause
parasitosis or water-borne epidemics, and there have been numerous reports on the break of infectious
diseases due to inappropriate wastewater reuse [29].

In the United States (US), the EPA suggests the water quality guidelines for wastewater reuse and
each state government sets their own water quality standards based on these guidelines. Compared to
the WHO guidelines, the US applies strict standards, and each state’s microbe standard of irrigation
water and treatment requirement are shown in Table 1. Texas and Florida prohibit the direct contact
of irrigation water. Although California, which set the very first regulations for using wastewater
for irrigation in 1918 [54], does not list specific prohibition laws, the water quality for wastewater is
managed by strict standards similar to those for drinking water.
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Table 1. Water quality standards of bacterial indicators for food and non-food crop irrigation in United States (modified from US EPA [33]).

Classification California Florida 1 New Jersey North Carolina Texas 1 Virginia 2

Food (a)

Bacterial
indicators

(cfu/100 mL)

Total coliform:
´2.2 (7 days median)
´23 (not more than one

sample exceeds this
value in 30 days)
´240 (max)

Fecal coliform:
´75% of samples
below detection
´25 (max)

Fecal coliform:
´2.2 (weak median)

´14 (max)

Fecal coliform or E. coli:
´3 (monthly mean)
´25 (monthly mean)

Fecal coliform or E. coli:
´20 (30-day geom)

´75 (max)

Fecal coliform:
´14 (monthly geom),

CAT > 49E. coli:
´11 (monthly geom), CAT > 35

Treatment
requirements

Oxidized, coagulated,
filtered, disinfected

Secondary
treatment,
filtration,
high-level

disinfection

Filtration, high-level
disinfection

Filtration, dual
UV/chlorination (or

equivalent)
NS Secondary treatment, filtration,

high-level disinfection

Non-food (b)

Bacterial
indicators

(cfu/100 mL)
NS

Fecal coliform:
´200 (avg)
´800 (max)

Fecal coliform:
´200 (monthly geom)
´400 (weak geom)

Fecal coliform or E. coli:
´14 (monthly mean)
´25 (daily max)

Fecal coliform or E. coli:
´200 (30-day geom)

´800 (max)

Fecal coliform:
´200 (monthly geom),

CAT > 800E. coli:
´126 (monthly geom), CAT > 235

Treatment
requirements Oxidized

Secondary
treatment, basic

disinfection
Case-by-case Filtration (or equivalent) NS Secondary treatment, disinfection

NS = not specified by the state’s reuse regulation; NP = not permitted by the state; CAT = corrective action threshold; geom = geometric mean. 1 In Florida and Texas, spray
irrigation (i.e., direct contact) is not permitted on foods that may be consumed raw, and only irrigation types that avoid reclaimed water contact with edible portions of food crops.
2 The requirements presented for Virginia are for food crops eaten raw. (a) Food crops: The use of reclaimed water to irrigate food crops that are intended for human consumption.
(b) Non-food crops and processed food crops: The use of reclaimed water to irrigate crops that are either processed before human consumption or not consumed by humans.
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3. Guidelines and Standards for Agricultural Wastewater Reuse

Water quality of agricultural wastewater reuse is presented in criteria, guidelines, and standards.
Water quality criteria are the result of scientific examinations on the suitability of water to be used for
certain purposes. Kretschmer et al. [27] and Tsagarakis et al. [55] have suggested water quality criteria
for safe wastewater reuse. Water quality guidelines refer to a set of management targets based on the
water quality criteria, the following of which is recommended but nevertheless not restricted by law.
Organizations and countries (e.g., WHO [12], US EPA [33], and Australia [56]) have recommended
guidelines for safe reuse of wastewater as agricultural water. In terms of water quality standards,
which are the actual regulations restricted by law, Greece and the US set state-based standards,
respectively [33,35]. In South Korea, the Ministry of Environment (MOE) [57] has proclaimed water
quality standards for treated wastewater based on its specific purpose of use. In this study, the water
quality standards of countries (Cyprus, France, Greece, Israel, Italy, Portugal, Spain, and South Korea),
which have recently revised their standards and widely use treated wastewater for agriculture, as
well as the guidelines of WHO [12] and US EPA [33], two major influences on water reuse criteria
worldwide [23,24,26], are examined (Table 2).

3.1. WHO

The WHO first devised guidelines for wastewater reuse for irrigation in 1973, and this has become
the international standard [12,29]. Many European and South American countries have adopted the
WHO guidelines [29] and modified it to correspond to the geographical, epidemiological idiosyncrasies,
as well as the economic conditions, of each country. However, there have been controversies regarding
the fact that the WHO guidelines provide a low microbe standard for unrestricted irrigation since it
was based on epidemiological studies of developing countries where much of the population have
now acquired immunity towards enteric infection [34,39]. On this note, the WHO [12] has since
recommended new guidelines for wastewater irrigation which consider the human health risk through
epidemiological studies and quantitative microbial risk assessment (QMRA), a process for estimating
the risk of exposure to microorganisms (Table 3). The new recommended guidelines differ in microbe
limit, depending on the irrigation method and crop type. It also takes into account the risk mitigation
effect that comes from the entire process of agricultural production-from the irrigation system to the
pre-consumption cleansing-in determining the permitted microbe limits.

3.2. US EPA

The US EPA adopts strict standards where it totally eliminates the risk of infection [39]. These strict
standards require an excessive cost for the prevention of infectious diseases. Shuval et al. [58] estimated
that the guidelines of US EPA, compared to those of WHO, will cost an additional $3 to $30 million per
prevented enteric disease. In addition, there have been criticisms towards the strict US EPA guidelines
since it might be impossible for developing countries to adopt them due to the required cost and
technology [12].

3.3. Cyprus

Cyprus proclaimed water quality standards for wastewater reuse in 2005 [34] and is prohibiting
the irrigation of treated wastewater for vegetables that are consumed raw, crops for exporting,
and ornamental plants [24]. Water quality standards for vegetables that are consumed cooked and
other crops are stricter than the WHO guidelines, but relaxed compared to the US EPA guidelines.
Different water quality standards are recommended depending on the method of water treatment.
The maximum allowable value and the value of which 80% of samples should not exceed are
each presented.
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Table 2. Irrigation water quality guidelines and standards for wastewater reuse in agriculture.

Parameters South Korea 1 [57] WHO 2 [12] US EPA [33] Cyprus 3 [26] France [26] Greece [35] Israel 4

[36]
Italy [34] Portugal [37] Spain [38]

Coliform
(/100 mL)

Food
Crops ND TC Unrestricted

E. coli
(cfu) ď

1000

Food
crops

ND FC
(median)

Cooked
vegetables

FC
(MPN) ď

100
Unrestricted

E. coli
(cfu) ď

250
Unrestricted

E. coli (cfu)
ď 5 (80%)
ď 50 (95%)

FC (cfu)
ď 10

E. coli (cfu)
ď 100

(max) ď 10
(80%)

Vegetables
consumed

raw (a)

FC (cfu)
ď 100

Uncooked
vegetables

E. coli (cfu)
ď 100

Processed
food
crops

TC
(MPN) ď

200
Restricted

E. coli
(cfu) ď
10,000

Processed
food
crops

FC (cfu)
ď 200

(median)

Crops for
human

consumption

FC
(MPN) ď

1000

All crops
except those
consumed

raw

E. coli
(cfu) ď
10,000

Restricted
E. coli (cfu)
ď 200

(median)

Cooked
vegetables

FC (cfu)
ď 1000

Crops for
human

consumption

E. coli (cfu)
ď 1000

Turbidity
(NTU)

Food
crops ď2

–(b)

Food
crops

ď2
(average)

– –

Unrestricted ď2
(median)

–

–

–

Uncooked
vegetables ď10

Processed
food
crops

ď5
Processed

food
crops

– Restricted – –
Crops for

human
consumption

–

Suspended
solids

(mg/L)
– –

Food
crops – Cooked

vegetables ď15 Unrestricted <15 Unrestricted ď10 (80%)

TSS ď 10 TSS ď 10 TSS ď 60

Uncooked
vegetables ď20

Processed
food
crops

TSS ď 30
Crops for

human
consumption

ď45

All crops
except those
consumed

raw

Varies (c) Restricted ď35
Crops for

human
consumption

ď35

BOD
(mg/L) ď8 –

Food
crops ď10 Cooked

vegetables ď15

–

Unrestricted ď10 (80%)

ď10 ď20 –

– –

Processed
food
crops

ď30
Crops for

human
consumption

ď30 Restricted ď25 – –

COD
(mg/L)

– – – –

Unrestricted <60

– ď100 ď100 – –All crops
except those
consumed

raw

Varies

Odor Do not unpleasant – – – – – – – – –

T-N
(mg/L) – – – – – – ď25 ď15 – –

T-P (mg/L) – – – – – – ď5 ď2 – –

Intestinal
nematodes

(No./L)
– ď1 – ND – – – – ď1 ď1(/10 L)

pH 5.8–8.5 – 6.0–9.0 – – – 6.5–8.5 6.0–9.5 6.5–8.4 –

EC (µs/cm)

Food
crops ď700

– – – – – ď1400 ď3000 ď1000 –Processed
food
crops

ď2,000

ND = not detected; TC = total coliform; FC = fecal coliform; TSS = total suspended solids. 1 Standards for direct wastewater reuse. 2 The most stringent verification monitoring level,
which refers to what has previously been referred to as effluent guideline levels, for each irrigation type and arithmetic mean value. 3 For vegetables eaten raw is not allowed and
maximum value allowed. 4 Maximum monthly averages for unrestricted irrigation. (a) Vegetables whose edible parts are in close contact with the irrigated soil are not included and
drip irrigation can be only employed. (b) No recommendation. (c) In accordance with wastewater treatment standards.
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Table 3. Recommended minimum verification monitoring of microbial performance targets for
wastewater use in agriculture (modified from WHO [12]).

Type of Irrigation E. coli (cfu/100 mL)
(Arithmetic Mean)

Helminth Eggs (No./L)
(Arithmetic Mean)

Unrestricted 1

Root crops (a) ď103

ď1Leaf crops (b) ď104

Drip irrigation, low-growing crops ď103

Drip irrigation, high-growing crops (c) ď105 - (d)

Restricted 2

Labor-intensive, high-contact agriculture ď104 ď1
Highly mechanized agriculture ď105 ď1

Pathogen removal in a septic tank ď106 ď1
1 Use of treated wastewater to grow crops that are normally eaten raw. 2 Use of treated wastewater to grow
crops that are not eaten raw by human. (a) Crops that may be eaten uncooked. (b) Vegetables eaten uncooked
such as lettuce and cabbage. (c) Crops such as fruit trees and olives. (d) No recommendation.

3.4. France

In 1991, France issued wastewater reuse standards, which essentially follow the WHO
guidelines [29] but add restrictions for irrigation techniques and setback distances to mitigate health
risks [59]. Updated standards were devised in 2010, and they follow the principles of the revised
WHO’s guidelines [12] but include five other criteria for total suspended solids (TSS), chemical oxygen
demand (COD), Enterococci, F-specific RNA phages, and spores of anaerobic bacteria in addition to
limits for E. coli [26].

3.5. Greece

The water reuse standards of Greece took effect in 2011 and were advised to apply different
standards for restricted irrigation and unrestricted irrigation in relation to subjects such as crop type,
irrigation method, and accessibility of the public. Restricted irrigation refers to the method whereby
sprinklers are not permitted and the irrigation area is inaccessible. This type of irrigation is subjected
to crops that are either non-edible, consumed after being processed, or the yielding part is not in direct
contact with the soil [35]. Unrestricted irrigation is independent from the irrigation method, applied to
all types of crop, and also does not restrict public access to the irrigation area [35]. For certain water
quality factors which require a strict standard, a probabilistic consideration is adopted for all water
quality samples.

3.6. Israel

In 1952, Israel established legalized water quality standards for reusing wastewater for
agriculture [54]. After that, new irrigation water quality standards for wastewater reuse-which
require a more advanced wastewater treatment system than the existing-were devised in 2010 to
minimize the damage of the water environment as well as crop and soil [60]. The new standards,
to which factors such as the five-day BOD, TSS, COD, fecal coliform, residual chlorine, and sodium
adsorption ratio (SAR) are subjected, aim to use the entire amount of wastewater for unrestricted
irrigation [36]. A notable change compared to the 1999 standards is the consideration of nutrients such
as T-N, total phosphorus (T-P), residual chlorine, and trace elements such as boron (B).

3.7. Italy

Italy started to regulate the irrigation of treated wastewater by law in 1977, and new national
standards were enacted in 2006 [25,59]. Microbiological factors such as enteric nematodes, which
are normally considered important, were excluded in the new standards, whereas germs such as
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salmonella and trace elements were included. 20% of all the categories apply the same standard as
drinking water, and 37% are categories which do not exist for drinking water quality standards [59].
The strict water quality standards of Italy are not differentiated by crop types or irrigation methods
but can be a factor in limiting the broad use of wastewater reuse.

3.8. Portugal

The first standards on the use of treated wastewater for irrigation were published in Portugal in
2006 [37]. The standards distinguished into four classes according to the level of risk of microbiological
contamination generated by wastewater irrigation [37]. The standards also provide guidelines for the
selection of irrigation equipment and methods and for environmental protection and environmental
impact monitoring in areas irrigated with treated wastewater [37]. According to the Portuguese
standards, wastewater irrigation is not allowed in areas with high slopes (>20%) or very permeable
soil (e.g., karstic areas), while the groundwater table should be at depth greater than 1–4 m during
irrigation, depending on the type of irrigation method [37].

3.9. Spain

The water quality standards for wastewater reuse in Spain were established and proclaimed in
2007. Even before the establishment of nation-wide standards, the local governments of Catalonia,
Valencia, and the Balearic Islands have advised their own standards based on the WHO water quality
guidelines [38]. The recently established standards regulate the level of microbes and suspended solids:
The regulation of germs such as Legionella is an especially notable feature.

4. Water Quality Standards for Indirect Wastewater Reuse

4.1. Comparison and Importance of Each Water Quality Criteria

4.1.1. Coliform Bacteria

Based on the total number of E. coli, the standards of California recommend a 7-day median
value of 2.2 cfu/100 mL, and a maximum value of 240 cfu/100 mL. On the contrary, the WHO [12]
guidelines recommend 1000 cfu/100 mL, even for the strictest standards for unrestricted irrigation.
Since the number of E. coli is smaller than the number of total coliform, the relative strictness of the
standards of California compared to that of WHO could be even greater. The water quality standards
of most countries that are examined in this study adopt the concept of the standards of California,
except for France, whose standards are based on the revised WHO guidelines. Portugal and Spain are
also currently using standards that have been tightened compared to the WHO guidelines and can be
classified as an intermediate-level regulation [26].

The current coliform bacteria regulation for direct wastewater reuse by the MOE is much stricter
than that of the WHO. Compared to the US EPA, which only involves fecal coliform, the MOE, which
involves total coliform, applies stricter water quality standards. Out of the 44 WWTPs which directly
reuse the treated wastewater for agriculture in South Korea, 8 WWTPs exceed the coliform bacteria
standard for processed food crops of 200 MPN/100 mL. The average total coliform for all 44 WWTPs
was 139 MPN/100 mL [61]. Therefore, it is inappropriate to use treated wastewater to irrigate food
crops with the current level of treatment and water quality standards. Even for processed food crops,
additional treatment is needed. Especially, considering the current water quality standards that use
the maximum allowable value and the treated wastewater quality report of the MOE, which is based
on the annual average value, it can be said that most of the reused wastewater for agriculture exceeds
the coliform bacteria standard.

Through examining the water quality of sites that adopt indirect wastewater reuse for paddy
irrigation in South Korea, an average of 19,000 MPN/100 mL of total coliform was detected during the
irrigation period [20]. Even for sites irrigated by relatively clean water derived from a reservoir, an
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average of about 15,700 MPN/100 mL of total coliform was detected [20]. It was also found that the total
coliform of the irrigation water containing untreated wastewater was about 77,000 MPN/100 mL [21].
QMRA on paddy irrigation showed that the human health risk of irrigating treated wastewater is
nine times higher than that of irrigating groundwater [42], but even with the extremely high level
of total coliform, there have rarely been any reports of human harm from using treated or untreated
wastewater for rice paddy irrigation. This indicates that the subjected level of total coliform can
be easily found in nature and is inadequate as an indicator for microbes. The E. coli concentration
of irrigation water with high levels of total coliform concentration was measured to be 13, 46, and
107 MPN/100 mL for reservoir water, indirect wastewater reuse water, and irrigation water containing
untreated wastewater, respectively [20,21]. For fecal coliform, the concentrations for the subjects above
were 5000, 180, and 633 MPN/100 mL, respectively [20,21]. Considering the high measurement of fecal
coliform, even for conventional irrigation water derived from a reservoir, there needs to be a practical
regulation using E. coli, which can well reflect the pathogenic microorganism such as the regulations of
Spain, Greece, and Italy.

There have been numerous studies of human health risk regarding crops that are consumed raw,
but, as has been proven through many QMRAs, results can vary depending on the initial conditions
or the design of the experiment [62,63]. Therefore, there needs to be an attempt to lower the public
concern of wastewater reuse practices and to eliminate human health risk by looking at the problem
conservatively. To achieve such goals, it is recommended that reference countries adopt strict and
conservative wastewater reuse standards, especially for crops that are consumed raw.

Generally, the paddy rice has a low risk of pathogenic bacteria infection since it goes through
polishing processes and is consumed after being cooked. However, due to the nature of rice paddy
cultivation, the irrigated water is contained for a certain period in paddy fields; therefore, when using
treated wastewater for irrigation, issues of hygiene and safety of the farmer should be considered.
Through QMRA of the E. coli concentration of paddy rice irrigation water, it was examined that the
human health risk is very low when irrigating reclaimed wastewater. This means that additionally
treated effluent after the regular WWTP processes meets the requirement for irrigation water [17].
However, when irrigating with treated wastewater diluted with stream water, the E. coli concentration
exceeded the enteric disease risk value of 10´4, and this has been reported to cause infection to
farmers [17]. Yoon et al. [64] reported that the above risk can be drastically mitigated when farming
activities take place 24 h after irrigation. Therefore, an additional treatment process or safer farming
practices for indirect wastewater reuse is necessary.

4.1.2. Salinity

Treated wastewater contains high salt content which can immensely affect crop growth; thus,
there needs to be a standard for salinity [65]. Salinity is usually described in electric conductivity (EC).
The effect that salinity gives to crop growth differs by crop type. Generally, if the EC of irrigation
water is below 700 µs/cm, it does not affect crop growth; when above 3000 µs/cm, it can cause severe
damage [45]. Israel and Italy aim for unrestricted irrigation and have EC standards for wastewater
reuse of 1400 and 3000 µs/cm, respectively. Portugal has a fairly strict EC standard of 1000 µs/cm.
In South Korea, the MOE sets the EC standard for direct wastewater reuse differently for food crops
and processed food crops; the standards are 700 and 2000 µs/cm, respectively. When monitoring
the average EC values of irrigation waters, the reservoir irrigation water displayed 170 µs/cm,
indirect wastewater irrigation water 960 µs/cm, and irrigation water containing untreated wastewater
330 µs/cm [20,21]. The salinity level of indirect wastewater irrigation could exceed the directly
consumed crop’s tolerance level, and additional treatments are therefore needed. The allowed EC for
paddy rice was reported to be 2000 µs/cm [66,67]. The EC standard of direct wastewater reuse for
processed food crops can thus be applied to that of indirect reuse for rice paddy irrigation.
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4.1.3. Turbidity or Suspended Solids

Other than South Korea, countries that advise a standard for turbidity are the US EPA, Spain, and
Greece, where the standards are usually subjected to unrestricted irrigation. The US EPA and Greece
recommend a level lower than 2 NTU only for directly consumed crops and unrestricted irrigation,
and Spain recommends a level lower than 10 NTU for vegetables. The MOE sets the standards at
under 2 NTU for food crops, and under 5 NTU for processed food crops. Most countries that do not
have a standard for turbidity have a standard for suspended solids instead. Spain and Greece have
both standards for turbidity and suspended solids regarding irrigation water for vegetables.

A high level of turbidity can affect the performance of the irrigation facility, and can lower the
hydraulic conductivity of the soil and in turn pollute the soil surface through surface flow [68,69].
In addition, since various viruses and bacteria can be attached to and migrate along with the solid
particles, the elimination of suspended solids is related to the elimination of germs [33]. Therefore, the
standard for turbidity can be set up based on the turbidity’s influence on the irrigation facility
performance, or vegetables which are vulnerable to germ infection. In the case of indirect wastewater
reuse, a strict standard of 2 NTU can be applied for directly consumed crops, and, for indirectly
consumed crops, a specific standard that can prevent the adverse effects is needed. Many countries
apply the suspended solids standards for indirectly consumed crops, and South Korea can use the
15 mg/L standard, which is a standard for using lake water as agricultural irrigation. In the case of
paddy rice, where water is supplied through surface irrigation, adverse effects to irrigation facilities
do not exist, and the human health risk can be controlled through a microbe standard. Thus, it can be
said that an additional standard regarding suspended solids is not necessary.

4.1.4. Organic Matter

Organic matters not only negatively affect the odor and color of the water, but also act as nutrients
for microbes and bring various adverse effects during the disinfection process [33]. Israel and Italy,
which have the most strict water quality standards for wastewater reuse, have standards for BOD
and COD. However, there are cases such as the US EPA and France where they only have regulations
for BOD and COD, respectively, while there are no standards for organic matters at all in WHO,
Portugal, or Spain. Even when comparing with Israel’s 10 mg/L, South Korea has a very strict BOD
standard because of the emphasis on the regulation in terms of stream water quality management.
In examining water quality of the treated wastewater effluents from the 44 WWTPs of South Korea, the
average BOD measurement was 2.6 mg/L [61]. The BOD measurement of irrigation water as indirect
wastewater reuse was 2.0 mg/L [20]; even for irrigation water containing untreated wastewater, BOD
showed an extremely low level of 2.6 mg/L [21]. Therefore, it can be said that applying the current
strict standards of the MOE for direct wastewater reuse is adequate enough even considering the
regional idiosyncrasies.

4.1.5. Nutrients

Israel and Italy have set standards for nutrients regarding wastewater reuse. Israel sets standards
for T-N and T-P as 25 and 5 mg/L, respectively, and the same standards for Italy are 15 and 2 mg/L,
respectively. South Korea does not have standards for nutrients specifically for wastewater reuse, but
nevertheless have strict water quality standards for stream water quality management: The regulation
levels of T-N and T-P are 1 and 0.1 mg/L, respectively. When examining the reservoir irrigation water
in South Korea, results confirmed a T-N value of 1.1 mg/L and a T-P value of 0.05 mg/L, which are
relatively good [21]. In the case of indirect wastewater reuse, T-N and T-P were measured at 3.3 and
1.6 mg/L, respectively [20]. Irrigation water containing untreated wastewater confirmed T-N and T-P
values of 14.0 and 2.8 mg/L, respectively [21]. The above results, even when examined against the
relatively strict standards of Israel and Italy, are fairly descent.
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In South Korea, during the dry season of May to June, which is when most of the irrigation activity
occurs, irrigation water by indirect wastewater reuse contains a high level of T-N concentration due to
the decrease in streamflow volume [14]. This can lead to a decrease in production due to lodging [46,70].
In consideration of the above negative effects of nitrogen on paddy rice growth, Taiwan and Japan
have set standards for T-N to be under 3.0 [46] and 1.0 mg/L [70], respectively. Therefore, for better
quality of paddy rice, a stricter standard should be applied. Depending on circumstances, a lowering
of T-N concentration via additional treatment or via an application of appropriate fertilization practices
in paddy farming might also be needed [10]. Phosphate can stimulate the growth of bacteria or algae,
which can cause the clogging of irrigation facilities [71]; however, since the South Korean standard for
T-P of effluent discharge is strict (being 0.2–2.0 mg/L), and considering the fact that effluent discharge
from a WWTP in South Korea is usually used after being diluted with lake or stream water, there
seems to be no need for additional restrictions for phosphate.

4.1.6. pH

The US EPA recommends the appropriate pH range to be 6.0–9.0, Israel 6.5–9.5, Italy 6.0–9.5, and
Portugal 6.5–8.4. The MOE sets the pH standard for direct wastewater reuse as 5.8–8.5, the lower
limit being somewhat low compared to the standards of other countries. Low pH values affect the
mobility of heavy metals in the soil and can be absorbed by crops and contaminate water bodies [12].
Taking into account the existing agricultural water standards of pH 6.0–8.5 applied to stream, lake,
and groundwater in South Korea, and considering the effect of pH on irrigation facilities, raising the
lower limit of the current pH standard for the direct wastewater reuse seems appropriate for upland
crops, which requires additional irrigation facilities.

4.1.7. Trace Elements

While the South Korean standards for direct wastewater reuse regarding trace elements are stricter
than that of FAO [45] or US EPA [33] and similar to those of Cyprus, Greece, Israel, and Italy, it lacks
the standards for elements such as beryllium (Be), fluorine (F), iron (Fe), molybdenum (Mo), and
vanadium (V), for which many countries have standards (Table 4). Be, although having different effects
on crops depending on the crop type, can be consumed by humans as a carcinogen through root crop,
tuber crop, and forage crop [72]. F can damage the crops by accumulating in the leaf and fruit [73].
Fe, while not harmful for crops in aerated soil, can cause immense damage by decreasing the vital P
in irrigated paddy of acid soil [74,75]. In addition, the forage crops which grow in soil with a high
concentration of Mo can be poisonous to livestock [76], and V is known to be harmful to many crops
even in relatively low concentrations [33].

Treated wastewater after secondary treatment is adequate for reuse since the level of heavy metals
in the effluent is similar to that in nature [45]. In monitoring the water quality of three types of
irrigation water in regards to categories of Al, Cu, Ni, Zn, As, Cd, Cr, Co, Pb, Li, Mn, Hg, Se, and
CN, reservoir water did not exceed any of the direct wastewater reuse standards, indirectly reused
wastewater exceeded levels of Al and Mn, and irrigation water containing untreated wastewater
exceeded the levels of Al, Cu, Zn, and Mn [20,21]. Considering the average concentration during the
irrigation period and the standards of other countries, the detected high levels of Cu and Zn were
negligible, whereas the results for Al and Mn were concerning. Additional treatment for Al and Mn
is needed since they can be poisonous to crops or decrease crop yields [52]. South Korea should
set standards for elements such as Be, F, Fe, Mo, and V considering the specific conditions of the
country; since there are no preceding studies on the subject, it seems practical to adopt the standards
of other countries.

4.1.8. Odor

There are normally no specific standards for odor in agricultural wastewater reuse, but the
South Korean standards state that the odor “should not be unpleasant”, and this could have a
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positive effect of reducing the animosity towards the idea of wastewater reuse. The perception
of farmers towards wastewater reuse can be an important criterion in establishing water quality
standards [77], and physical characteristics such as odor have a strong influence on farmers’ perceptions.
Therefore, including a factor of odor for water quality standards could be a good approach in
considering stakeholders.

Table 4. Comparison of recommended maximum concentrations of trace elements in irrigation water.

Parameters Korea
[56]

FAO
[45]

US EPA
[33]

Cyprus
[25]

Greece
[25]

Israel
[36]

Italy
[34]

Aluminum, Al 5.0 5.0 5.0 5.0 5.0 5.0 1.0
Arsenic, As 0.05 0.1 0.1 0.1 0.1 0.1 0.02

Beryllium, Be - (a) 0.1 0.1 0.1 0.1 0.1 -
Boron, B 0.75 0.7 0.75 0.75 2.0 0.4 1.0

Cadmium, Cd 0.01 0.01 0.01 0.01 0.01 0.01 0.005
Chromium, Cr 0.05 0.1 0.1 0.1 0.1 0.1 0.1

Cobalt, Co 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Copper, Cu 0.2 0.2 0.2 0.2 0.2 0.2 1.0

Cyanide, CN ND (b) – – – – 0.1 0.05
Fluoride, F – 1.0 1.0 – 1.0 2.0 1.5

Iron, Fe – 5.0 5.0 5.0 3.0 2.0 2.0
Lead, Pb 0.1 5.0 5.0 5.0 0.1 0.1 0.1

Lithium, Li 2.5 2.5 2.5 2.5 2.5 2.5 –
Manganese, Mn 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mercury, Hg 0.001 – – – 0.002 0.002 0.001
Molybdenum, Mo – 0.01 0.01 0.01 0.01 0.01 –

Nickel, Ni 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Selenium, Se 0.02 0.02 0.02 0.02 0.02 0.02 0.01

Tin, Sn – – – – – – 3.0
Thallium, Tl – – – – – – 0.001
Vanadium, V – 0.1 0.2 2.0 0.1 0.1 0.1

Zinc, Zn 2.0 2.0 2.0 0.005 2.0 2.0 0.5
(a) No recommendation; (b) Not detected.

4.1.9. Level of Treatment

The US EPA [33] sets the water quality guidelines so that wastewater is disinfected to a certain
level regardless of the purpose of use. This is to prevent side effects to the human body that might
occur from accidental contact with the treated wastewater. However, a water treatment technology to
fulfill the given water quality standards is inevitable, albeit the absence of specific treatment guidelines
for wastewater reuse. Israel and Italy require advanced and expensive treatment systems to meet its
water quality standards [34,36], and Portugal also has treatment requirements as per its standards [37].
South Korea also requires more than secondary treatment for direct wastewater reuse, and, depending
on the occasion, RO (Reverse Osmosis) and advanced treatment are applied as well.

4.2. Draft Water Quality Standards for Indirect Wastewater Reuse in South Korea

4.2.1. Differentiation by Crop Type

Generally, the water quality standards for wastewater irrigation are established depending
on the type of subjected crop. The WHO’s differentiation of unrestricted irrigation and restricted
irrigation is based on whether the subjected crop is consumed raw or not, and the US EPA [33] also
classifies crops into either food crops or non-food/processed food crops. Cyprus sets different water
quality standards for processed food vegetables, human consumed crops, forage crops, and industrial
crops. Portugal only has different standards of a microbiological parameter (FC) according to a crop’s
intended use. Spain has separate standards for raw consumed vegetables, human consumed crops, and
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industrial crops. Israel and Italy, due to their goal of unrestricted irrigation, do not differentiate water
quality standards based on crop type. France sets different standards for four effluent qualities based
on its potential use for crops and the accessibility of the public. Greece applies different standards of
restricted irrigation and unrestricted irrigation based on not only crop type, but also the irrigation
method and the accessibility of the public. The MOE sets different standards for direct wastewater
reuse based on whether the subjected crop can be consumed raw or not.

Indirect wastewater reuse is usually practiced haphazardly, and this indicates that the water
quality cannot be manually controlled unless the treated wastewater is additionally treated.
Therefore, introducing an economical treatment system seems implausible in the case of rice paddy,
where a large quantity of irrigation water is required. Still, in the case of upland crops, including
vegetables raised through protected cultivation, the irrigation water quality standards need to consider
the way the crop is consumed and the irrigation method. In addition, considering the change in
the farming environment and the economic feasibility of using agricultural water, specific standards
should be established for fodder crops and industrial crops as well.

4.2.2. Probabilistic Consideration

Like France, Portugal, and Spain, the water quality standards for direct wastewater reuse
of South Korea use the maximum allowable value, yet are much stricter than those countries.
The WHO [12] uses arithmetic mean as criteria for the water quality guidelines, and Israel uses
the monthly average. The water quality guidelines of the US EPA use the median or average value
depending on the subjected category. The state standards of the US are based on either geometric
mean or exceeded number per sample, and, in the case of fecal coliform, apply additional factors of
median value or a greatly mitigated maximum allowable value. Greece and Italy apply probabilistic
considerations to their water quality standards. Each monitored value of the water quality categories
are greatly influenced by the hydrological changes of the environment at which the samples are
collected; therefore, using a strict maximum allowable value does not well reflect reality. Thus, as most
countries do, applying the average value or the exceedance probability to the water quality standards
is recommended.

4.2.3. Draft Water Quality Standards

From the above examination, a draft proposal for the water quality standards of indirect
wastewater reuse was suggested, as seen in Table 5. The proposed water quality standards, while
referencing the existing standards of direct wastewater reuse as well as reflecting the farming
environment of South Korea, classified the use of irrigation water into rice paddy and upland.
The standards also considered the categories of E. coli, EC, turbidity, SS, BOD, pH, and odor.
Additionally, for trace elements, categories of the FAO standards such as Be, F, Fe, Mo, and V were
added to the existing direct wastewater reuse standards. Wastewater treatment system or reuse system
is needed to satisfy the water quality standards if irrigation water quality exceeds the standards.

The conservative Californian approach was adopted for the irrigation water of upland crops
which can be consumed raw. For rice paddy irrigation water, the liberal approach of the WHO was
adopted to prepare for the changes in water resources-such as water shortage and climate change-by
vitalizing wastewater reuse for rice paddy irrigation, which takes up most of the freshwater resource
demand. This kind of approach corresponds to the endeavor of Angelakis et al. [23], who asserted a
third way which hybridizes a conservative approach and a liberal approach.
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Table 5. A draft proposal for the water quality standards of indirect wastewater reuse in South Korea.

Parameters
Upland Irrigation Rice Paddy

Irrigation (a)
Food Crops Processed Food Crops

E. coli (MPN/100 mL) ď10 (b) ď10 (monthly mean) ď 200 (max) ď1000 (max)
EC (µs/cm) ď700 (max) ď2000 (max) ď2000 (max)

Turbidity (NTU) ď2 (monthly mean) – (c) –
Suspended solids (mg/L) – ď15 (monthly mean) –

BOD (mg/L) ď8 (monthly mean)
pH 6.0–8.5

Odor Do not unpleasant
Al, As, B, Cd, Cr, Co, Cu, CN, Pb,

Li, Mn, Hg, Ni, Se, Zn Korean standards for direct wastewater reuse standards (d)

Be, F, Fe, Mo, V FAO standards (e)

(a) Agricultural activities should be carried out 24 h later after wastewater irrigation and 20% to 50% reduced
fertilizer rate compared to the standard fertilizer rate is recommended. (b) 80% of samples below detection.
(c) No recommendation. (d) The Korean standards for direct wastewater reuse standards were presented in
Table 4. (e) The FAO standards were presented in Table 4.

4.3. Implication of the Proposed Standards

There can be many kinds of agricultural wastewater reuse, depending on the different agricultural
environments and types of agricultural practices. Due to the lack of information on wastewater
reuse environments, especially in developing countries, it is hard to devise an appropriate policy
which can promote the practice of sustainable wastewater reuse. Indirect wastewater reuse-which is
practiced more commonly in water-rich environments-and rice paddy-oriented agriculture are the
key characteristics of wastewater reuse in South and East Asia. These regions, unfortunately, face
serious water quality issues, which in turn cause freshwater scarcity, ill-health, and even fatalities [78].
Agricultural water is gradually deteriorating mainly due to polluted domestic and industrial effluents.
Many of the rivers in South and East Asia contain up to three times the world average of fecal bacteria
measure [79]. Asian countries are making concerted efforts to address these problems [78], and it was
subsequently addressed by a variety of measures, including statutory regulation of water pollution
control and other legislations [80]. Technologies and guidelines for indirect wastewater reuse could be
appropriate measures for the safe and sustainable practices regarding water resources. In addition,
international political pledges have been made at the national and local levels [80]. Therefore, the
proposed draft standards would contribute to overcoming water problems by providing suitable
criteria for practicing sustainable wastewater reuse in Asia.

5. Conclusions

Indirect wastewater reuse has been increasing due to urbanization and the increase of WWTPs,
which in turn influences the irrigation water of the treated wastewater. For safe and sustainable
practices of wastewater reuse, there needs to be appropriate water quality standards for indirect
wastewater reuse. In this study, draft standards were proposed referencing the standards of the
countries which already have, or have modified, water quality standards for agricultural wastewater
reuse. In doing so, the water quality requirements for irrigation water and wastewater reuse were
examined, and the standards of other countries on wastewater reuse were compared and analyzed.
The proposed standards for indirect wastewater reuse classified the use of irrigation water into rice
paddy and upland, and adopt probabilistic considerations for their practicality of use. Categories of
E. coli, EC, turbidity, SS, BOD, pH, and odor were also considered, and trace elements such as Be, F,
Fe, Mo, and V, which did not exist in the current standards for direct wastewater reuse, were added.
The conservative Californian approach was adopted for the irrigation water of upland crops, and the
liberal approach of the WHO was adopted for paddy irrigation water: Thus, a hybridization of the
two was attempted. The proposed standards of this study are expected to vitalize wastewater reuse
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for rice paddy irrigation, which constitutes most of the freshwater resource demand, and to provide
suitable criteria for practicing sustainable wastewater reuse.

Acknowledgments: This work was supported by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture, Forestry and Fisheries (IPET) through Agri-Bio industry Technology Development Program,
funded by Ministry of Agriculture, Food, and Rural Affairs (MAFRA) (grant number 114060-3).

Author Contributions: Hanseok Jeong and Hakkwan Kim developed the conceptual framework for this
manuscript, collected and analyzed the data for the standards and guidelines of various countries and
organizations, suggested the appropriate water quality standards, produced the tables, and wrote the paper.
Taeil Jang helped to choose a proper method for data display, suggested the appropriate water quality standards,
and produced the final tables. Hanseok Jeong, Hakkwan Kim, and Taeil Jang all read and made improvements to
the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Winpenny, J.; Heinz, I.; Koo-Oshima, S. The Wealth of Waste: The Economics of Wastewater Use in Agriculture;
Water Reports; Food and Agriculture Organization: Rome, Italy, 2010.

2. Hoekstra, A.Y.; Mekonnen, M.M. The water footprint of humanity. Proc. Natl. Acad. Sci. USA 2012, 109,
3232–3237. [CrossRef] [PubMed]

3. Hong, E.M.; Choi, J.Y.; Nam, W.H.; Kang, M.S.; Jang, J.R. Monitoring nutrient accumulation and leaching in
plastic greenhouse cultivation. Agric. Water Manag. 2014, 146, 11–23. [CrossRef]

4. Nam, W.H.; Choi, J.Y.; Hong, E.M. Irrigation vulnerability assessment on agricultural water supply risk for
adaptive management of climate change in South Korea. Agric. Water Manag. 2015, 152, 173–187. [CrossRef]

5. Bixio, D.; Thoeye, C.; De Koning, J.; Joksimovic, D.; Savic, D.; Wintgens, T.; Melin, T. Wastewater reuse in
Europe. Desalination 2006, 187, 89–101. [CrossRef]

6. Huertas, E.; Salgot, M.; Hollender, J.; Weber, S.; Dott, W.; Khan, S.; Schafer, A.; Messalem, R.; Bis, B.;
Aharoni, A.; Chikurel, H. Key objectives for water reuse concepts. Desalination 2008, 218, 120–131. [CrossRef]

7. Pedrero, F.; Kalavrouziotis, I.; Alarcon, J.J.; Koukoulakis, P.; Asano, T. Use of treated municipal wastewater in
irrigated agriculture-review of some practices in Spain and Greece. Agric. Water Manag. 2010, 97, 1233–1241.
[CrossRef]

8. Chavez, A.; Rodas, K.; Prado, B.; Thompson, R.; Jimenez, B. An evaluation of the effects of changing
wastewater irrigation regime for the production of alfalfa (Medicago sativa). Agric. Water Manag. 2012, 113,
76–84. [CrossRef]

9. Jang, T.I.; Kim, H.K.; Seong, C.H.; Lee, E.J.; Park, S.W. Assessing nutrient losses of reclaimed wastewater
irrigation in paddy fields for sustainable agriculture. Agric. Water Manag. 2012, 104, 235–243. [CrossRef]

10. Jeong, H.S.; Jang, T.I.; Seong, C.H.; Park, S.W. Assessing nitrogen fertilizer rates and split applications using
the DSSAT model for rice irrigated with urban wastewater. Agric. Water Manag. 2014, 141, 1–9. [CrossRef]

11. Hamilton, A.J.; Stagnitti, F.; Xiong, X.; Kreidil, S.L.; Benke, K.K.; Maher, P. Wastewater irrigation: The state of
play. Vadose Zone J. 2007, 6, 823–840. [CrossRef]

12. Guidelines for the Safe Use of Wastewater, Excreta and Greywater; World Health Organization: Geneva,
Switzerland, 2006.

13. Rutkowski, T.; Raschid-Sally, L.; Buechler, S. Wastewater irrigation in the developing world-Two case studies
from the Kathmandu Valley in Nepal. Agric. Water Manag. 2007, 88, 83–91. [CrossRef]

14. Jeong, H.; Kim, H.; Jang, T.; Park, S. Assessing the effects of indirect wastewater reuse on paddy irrigation
in the Osan River watershed in Korea using the SWAT model. Agric. Water Manag. 2016, 163, 393–402.
[CrossRef]

15. Mohammad, M.J.; Mazahreh, N. Changes in soil fertility parameters in response to irrigation of forage crops
with secondary treated wastewater. Commun. Soil Sci. Plant Anal. 2003, 34, 1281–1294. [CrossRef]

16. Xu, J.; Wu, L.; Chang, A.C.; Zhang, Y. Impact of long term reclaimed wastewater irrigation on agricultural
soils: A preliminary assessment. J. Hazard. Mater. 2010, 183, 780–786. [CrossRef] [PubMed]

17. Rhee, H.P.; Yoon, C.G.; Jung, K.W.; Son, J.W. Microbial risk assessment using E. coli in UV disinfected
wastewater irrigation on paddy. Environ. Eng. Res. 2009, 14, 120–125. [CrossRef]

http://dx.doi.org/10.1073/pnas.1109936109
http://www.ncbi.nlm.nih.gov/pubmed/22331890
http://dx.doi.org/10.1016/j.agwat.2014.07.016
http://dx.doi.org/10.1016/j.agwat.2015.01.012
http://dx.doi.org/10.1016/j.desal.2005.04.070
http://dx.doi.org/10.1016/j.desal.2006.09.032
http://dx.doi.org/10.1016/j.agwat.2010.03.003
http://dx.doi.org/10.1016/j.agwat.2012.06.021
http://dx.doi.org/10.1016/j.agwat.2011.12.022
http://dx.doi.org/10.1016/j.agwat.2014.04.009
http://dx.doi.org/10.2136/vzj2007.0026
http://dx.doi.org/10.1016/j.agwat.2006.08.012
http://dx.doi.org/10.1016/j.agwat.2015.08.018
http://dx.doi.org/10.1081/CSS-120020444
http://dx.doi.org/10.1016/j.jhazmat.2010.07.094
http://www.ncbi.nlm.nih.gov/pubmed/20719431
http://dx.doi.org/10.4491/eer.2009.14.2.120


Water 2016, 8, 169 16 of 18

18. Forslund, A.; Ensink, J.H.J.; Battilani, A.; Kljujev, I.; Gola, S.; Raicevic, V.; Jovanovic, Z.; Stikic, R.; Sandei, L.;
Fletcher, T.; et al. Faecal contamination and hygiene aspect associated with the use of treated wastewater and
canal water for irrigation of potatoes. Agric. Water Manag. 2010, 98, 440–450. [CrossRef]

19. Banon, S.; Miralles, J.; Ochoa, J.; Franco, J.A.; Sanchez-Blanco, M.J. Effects of diluted and undiluted treated
wastewater on the growth, physiological aspects and visual quality of potted lantana and polygala plants.
Sci. Hortic. 2011, 129, 869–876. [CrossRef]

20. Jeong, H.S.; Park, J.H.; Seong, C.H.; Jang, T.I.; Kang, M.S.; Park, S.W. Effects of indirect wastewater reuse on
water quality and soil environment in paddy fields. J. Korean Soc. Agric. Eng. 2013, 55, 91–104. (In Korean)
[CrossRef]

21. Song, J.H.; Jeong, H.S.; Park, J.H.; Song, I.H.; Kang, M.S.; Park, S.W. Analysis of water quality and soil
environment in paddy fields partially irrigated with untreated wastewater. J. Korean Soc. Agric. Eng. 2014,
56, 19–29. (In Korean) [CrossRef]

22. Kim, J.H.; Jeong, H.S.; Kang, M.S.; Song, I.H.; Park, S.W. Simulation of 10-day irrigation water quality using
SWAT-QUALKO2 linkage model. J. Korean Soc. Agric. Eng. 2012, 54, 53–63. (In Korean) [CrossRef]

23. Angelakis, A.N.; Marecos do Monte, M.H.F.; Bontoux, L.; Asano, T. The status of wastewater reuse practice
in the Mediterranean basin: Need for guidelines. Water Res. 1999, 33, 2201–2217. [CrossRef]

24. Brissaud, F. Criteria for water recycling and reuse in the Mediterranean countries. Desalination 2008, 218,
24–33. [CrossRef]

25. Kalavrouziotis, I.K.; Kokkinos, P.; Oron, G.; Fatone, F.; Bolzonella, D.; Vatyliotou, M.; Fatta-Kassinos, D.;
Koukoulakis, P.H.; Varnavas, S.P. Current status in wastewater treatment, reuse and research in some
mediterranean countries. Desalin. Water Treat. 2015, 53, 2015–2030. [CrossRef]

26. Paranychianakis, N.V.; Salgot, M.; Snyder, S.A.; Angelakis, A.N. Water reuse in EU states: Necessity for
uniform criteria to mitigate human and environmental risks. Crit. Rev. Environ. Sci. Technol. 2015, 45,
1409–1468. [CrossRef]

27. Kretschmer, N.; Ribbe, L.; Gaese, H. Wastewater Reuse for Agriculture. Technol. Resour. Manag. Dev. Sci.
Contrib. Sustain. Dev. 2002, 2, 37–64.

28. Jimenez, B. Treatment technology and standards for agricultural wastewater reuse: A case study in Mexico.
Irrig. Drain. 2005, 54, S22–S33. [CrossRef]

29. Guidelines for the Safe Use of Waste Water and Excreta in Agriculture and Aquaculture: Measures for Public Health
Protection; World Health Organization: Geneva, Switzerland, 1989.

30. Protocol Development: Criteria and Standards for Potable Reuse and Feasible Alternatives; Environmental Protection
Agency: Washington, DC, USA, 1980.

31. Guidelines for Water Reuse 625/R92004; Environmental Protection Agency: Washington, DC, USA, 1992.
32. Guidelines for Water Reuse 625/R-04/108; Environmental Protection Agency: Washington, DC, USA, 2004.
33. Guidelines for Water Reuse 600/R-12/618; Environmental Protection Agency: Washington, DC, USA, 2012.
34. Angelakis, A.N.; Durham, B.; Marecos Do Monte, M.H.F.; Salgot, M.; Witgens, T.; Thoeye, C. Wastewater

recycling and reuse in Eureau countries: Trends and challenges. Desalination 2008, 218, 3–12. [CrossRef]
35. Agrafioti, E.; Diamadopoulos, E. A strategic plan for reuse of treated municipal wastewater for crop irrigation

on the Island of Crete. Agric. Water Manag. 2012, 105, 57–64. [CrossRef]
36. Sustainable Water Integrated Management-Support Mechanism (SWIM-SM); 4th Progress Report; LDK

Consulatants Engineers and Planners SA: Athens, Greece, October 2013.
37. Marecos do Monte, M.H.F. Guidelines for good practice of water reuse for irrigation: Portuguese standard

NP 4434. In Wastewater Reuse-Risk Assessment, Decision-Making and Environmental Security; Zaidi, M., Ed.;
Springer: Dordrecht, The Netherlands, 2007; pp. 253–265.

38. Ortega, E.; Iglesias, R. Reuse of treated municipal wastewater effluents in Spain: Regulations and most
common technologies, including extensive treatments. Desalin. Water Treat. 2009, 4, 148–160. [CrossRef]

39. Blumenthal, U.J.; Peasy, A.; Ruiz-Palacios, G.; Mara, D.D. Guidelines for Wastewater Reuse in Agriculture and
Aquaculture: Recommended Revisions Based on New Research Evidence; Well Resource Centre: London, UK, 2000.

40. Khepar, S.D.; Yadav, A.K.; Sondhi, S.K.; Siag, M. Water balance model for paddy fields under intermittent
irrigation practices. Irrig. Sci. 2000, 19, 199–208. [CrossRef]

41. Barker, R.; Dawe, D.; Tuong, T.P.; Bhuiyan, S.I.; Guerra, L.C. The outlook for water resources in the year 2020:
Challenges for research on water management in rice production. Southeast Asia 1999, 1, 1–5.

http://dx.doi.org/10.1016/j.agwat.2010.10.007
http://dx.doi.org/10.1016/j.scienta.2011.05.027
http://dx.doi.org/10.5389/KSAE.2013.55.3.091
http://dx.doi.org/10.5389/KSAE.2014.56.6.019
http://dx.doi.org/10.5389/KSAE.2012.54.6.053
http://dx.doi.org/10.1016/S0043-1354(98)00465-5
http://dx.doi.org/10.1016/j.desal.2006.07.016
http://dx.doi.org/10.1080/19443994.2013.860632
http://dx.doi.org/10.1080/10643389.2014.955629
http://dx.doi.org/10.1002/ird.183
http://dx.doi.org/10.1016/j.desal.2006.07.015
http://dx.doi.org/10.1016/j.agwat.2012.01.002
http://dx.doi.org/10.5004/dwt.2009.370
http://dx.doi.org/10.1007/PL00006713


Water 2016, 8, 169 17 of 18

42. Jang, T.; Lee, S.B.; Sung, C.H.; Lee, H.P.; Park, S.W. Safe application of reclaimed water reuse for agriculture
in Kora. Paddy Water Environ. 2010, 8, 227–233. [CrossRef]

43. Beltran, J.M. Irrigation with saline water: Benefits and environmental impact. Agric. Water Manag. 1999, 40,
183–194. [CrossRef]

44. Bauder, T.A.; Waskom, R.M.; Sutherland, P.L.; Davis, J.G. Irrigation Water Quality Criteria; Colorado State
University Extension: Fort Collins, CO, USA, 2011.

45. Ayers, R.S.; Westcot, D.W. Water Quality for Agriculture; Food and Agriculture Organization of the United
Nations: Rome, Italy, 1985.

46. Setter, T.L.; Laureles, E.V.; Mazaredo, A.M. Lodging reduces yield of rice by self-shading and reductions in
canopy photosynthesis. Field Crop. Res. 1997, 49, 95–106. [CrossRef]

47. Chiou, R.J. Risk assessment and loading capacity of reclaimed waste-water to be reused for agricultural
irrigation. Environ. Monit. Assess. 2008, 142, 255–262. [CrossRef] [PubMed]

48. Kaneki, R. Reduction of effluent nitrogen and phosphorus from paddy fields. Paddy Water Environ. 2003, 1,
133–138. [CrossRef]

49. Smith, V.H.; Tilman, G.D.; Nekola, J.C. Eutrophication: Impacts of excess nutrient inputs on freshwater,
marine, and terrestrial ecosystems. Environ. Pollut. 1999, 100, 179–196. [CrossRef]

50. Ju, X.T.; Kou, C.L.; Zhang, F.S.; Christie, P. Nitrogen balance and groundwater nitrate contamination:
Comparison among three intensive cropping systems on the North China Plain. Environ. Pollut. 2006, 143,
117–125. [CrossRef] [PubMed]

51. An, Y.J.; Lee, W.M.; Yoon, C.G. Evaluation of Korean water quality standards and suggestion of additional
water parameters. Korean J. Limnol. 2006, 39, 285–295. (In Korean)

52. Asano, T.; Burton, F.L.; Leverenz, H.L.; Tsuchihashi, R.; Tchobanoglous, G. Water Reuse: Issues, Technologies
and Applications; McGraw-Hill: New York, NY, USA, 2007.

53. Gupta, U.C.; Gupta, S.C. Trace element toxicity relationships to crop production and livestock and human
health: Implications for management. Commun. Soil Sci. Plant Anal. 1998, 29, 1491–1522. [CrossRef]

54. Salgot, M.; Angelakis, A.N. Guidelines and regulations on wastewater reuse. In Decentralized Sanitation and
Reuse: Concepts, Systems and Implementation; Lens, P., Zeeman, G., Lettinga, G., Eds.; IWA Publishing: London,
UK, 2001; pp. 446–466.

55. Tsagarakis, T.P.; Dialynas, G.E.; Angelakis, A.N. Water resources management in Crete (Greece) including
water recycling and reuse and proposed quality criteria. Agric. Water Manag. 2004, 66, 35–47. [CrossRef]

56. Nrmmc, E. National Guidelines for Water Recycling: Managing Health and Environmental Risks; the Environment
Protection and Heritage Council and Natural Resource Management Ministerial Council: Canberra,
Australia, 2006.

57. Water Quality Standards for Treated Wastewater Based on Its Specific Purpose of Use; Ministry of Environment:
Gyeonggi-do, QKorea, 2011.

58. Shuval, H.; Lampert, Y.; Fattal, B. Development of a risk assessment approach for evaluating wastewater
reuse standards for agriculture. Water Sci. Technol. 1997, 35, 15–20. [CrossRef]

59. Raso, J. Update of the Final Report on Wastewater Reuse in the European Union. Project: Service Contract for the
Support to the Follow-up of the Communication on Water Scarcity and Droughts; TYPSA Consulting Engineers
and Architects: Barcelona, Spain, 2013.

60. Inbar, Y. New standards for treated wastewater reuse in Israel. In Wastewater Reuse-Risk Assessment,
Decision-Making and Environmental Security; Zaidi, M., Ed.; Springer: Dordrecht, The Netherlands, 2007;
pp. 291–296.

61. Statistics of Sewerage; Ministry of Environment: Sejong, Korea, 2014.
62. Petterson, S.R.; Ashbolt, N.; Sharma, A. Microbial risks from wastewater irrigation of salad crops:

A screening-level risk assessment. Water Environ. Res. 2001, 72, 667–672. [CrossRef]
63. Hamilton, A.J.; Stagnitti, F.; Premier, R.; Boland, A.M.; Hale, G. Quantitative microbial risk assessment

models for consumption of raw vegetables irrigated with reclaimed water. Appl. Environ. Microbiol. 2006, 72,
3284–3290. [CrossRef] [PubMed]

64. Yoon, C.G.; Han, J.Y.; Jung, K.W.; Jang, J.H. Quantitative microbial risk assessment of wastewater reuse for
irrigation in paddy field. J. Korean Soc. Agric. Eng. 2006, 48, 77–87. (In Korean) [CrossRef]

http://dx.doi.org/10.1007/s10333-010-0203-9
http://dx.doi.org/10.1016/S0378-3774(98)00120-6
http://dx.doi.org/10.1016/S0378-4290(96)01058-1
http://dx.doi.org/10.1007/s10661-007-9922-9
http://www.ncbi.nlm.nih.gov/pubmed/17929185
http://dx.doi.org/10.1007/s10333-003-0020-5
http://dx.doi.org/10.1016/S0269-7491(99)00091-3
http://dx.doi.org/10.1016/j.envpol.2005.11.005
http://www.ncbi.nlm.nih.gov/pubmed/16364521
http://dx.doi.org/10.1080/00103629809370045
http://dx.doi.org/10.1016/j.agwat.2003.09.004
http://dx.doi.org/10.1016/S0273-1223(97)00228-X
http://dx.doi.org/10.2175/106143001X143402
http://dx.doi.org/10.1128/AEM.72.5.3284-3290.2006
http://www.ncbi.nlm.nih.gov/pubmed/16672468
http://dx.doi.org/10.5389/KSAE.2006.48.2.077


Water 2016, 8, 169 18 of 18

65. Kiziloglu, F.M.; Turan, M.; Sahin, U.; Kuslu, Y.; Dursun, A. Effects of untreated and treated wastewater
irrigation on some chemical properties of cauliflower (Brassica olerecea L. var. botrytis) and red cabbage
(Brassica olerecea L. var. rubra) grown on calcareous soil in Turkey. Agric. Water Manag. 2008, 95, 716–724.
[CrossRef]

66. Asch, F.; Wopereis, M.C.S. Responses of field-grown irrigated rice cultivars to varying levels of floodwater
salinity in a semi-arid environment. Field Crop. Res. 2001, 70, 121–137. [CrossRef]

67. Grattan, S.R.; Zeng, L.; Shannon, M.C.; Roberts, S.R. Rice is more sensitive to salinity than previously thought.
Calif. Agric. 2002, 56, 189–195. [CrossRef]

68. Vinten, A.J.A.; Minelgrin, U.; Yaron, B. The effect of suspended solids in wastewater on soil hydraulic
conductivity: II. Vertical distribution of suspended solids. Soil Sci. Soc. Am. J. 1983, 47, 408–412. [CrossRef]

69. Ragusa, S.R.; de Zoysa, D.S.; Rengasamy, P. The effect of microorganisms, salinity and turbidity on hydraulic
conductivity of irrigation channel soil. Irrig. Sci. 1994, 15, 159–166. [CrossRef]

70. Hidaka, S. Studies on effect of irrigation water quality upon the rice growth and soil, and its usable marginal
concentration. Bull. Saitama Agric. Exp. Station 1990, 44, 1–100. (In Japanese)

71. Shatanawi, M.; Fayyad, M. Effect of Khirbet As-Samra treated effluent on the quality of irrigation water in
the central Jordan Valley. Water Res. 1996, 30, 2915–2920. [CrossRef]

72. Vaessen, H.A.; Szteke, B. Beryllium in food and drinking water: A summary of available knowledge.
Food Addit. Contam. 2000, 17, 149–159. [CrossRef] [PubMed]

73. Bustingorii, C.; Lavado, R.S. Soybean as affected by high concentrations of arsenic and fluoride in irrigation
water in controlled conditions. Agric. Water Manag. 2014, 144, 134–139. [CrossRef]

74. Fageria, N.K.; Baligar, V.C.; Clark, R.B. Micronutrients in crop production. Adv. Agron. 2002, 77, 185–268.
75. Fageria, N.K.; Baligar, V.C.; Wright, R.J. Iron nutrition of plants: An overview on the chemistry and

physiology of its deficiency and toxicity. Pesq. Agropec. Bras. 1990, 25, 553–570.
76. Welch, R.M.; Allaway, W.H.; House, W.A.; Kubota, J. Geographic distribution of trace element problems.

In Micronutrients in Agriculture, 2nd ed.; Mortvedt, J.J., Cox, F.R., Shuman, L.M., Welch, R.M., Eds.; Soil Science
Society America: Madison, WI, USA, 1991; pp. 31–57.

77. Friedler, E.; Lahav, O.; Jizhaki, H.; Lahav, T. Study of urban population attitudes towards various wastewater
reuse options: Israel as a case study. J. Environ. Manag. 2006, 81, 360–370. [CrossRef] [PubMed]

78. Evans, A.E.V.; Hanjra, M.A.; Jiang, Y.; Qadir, M.; Drechsel, P. Water pollution in Asia: The urgent need for
prevention and monitoring. Water Qual. 2012, 9, 1–4.

79. State of the Environment in Asia and the Pacific; United Nations Economic and Social Commission for Asia and
the Pacific: Bangkok, Thailand, 2000.

80. Global Water Resources and Water for Agricultural Use in Japan. Available online: http://www.maff.go.jp/j/
nousin/keityo/mizu_sigen/pdf/mizusigen_e.pdf (accessed on 20 April 2016).

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.agwat.2008.01.008
http://dx.doi.org/10.1016/S0378-4290(01)00128-9
http://dx.doi.org/10.3733/ca.v056n06p189
http://dx.doi.org/10.2136/sssaj1983.03615995004700030003x
http://dx.doi.org/10.1007/BF00193683
http://dx.doi.org/10.1016/S0043-1354(96)00176-5
http://dx.doi.org/10.1080/026520300283504
http://www.ncbi.nlm.nih.gov/pubmed/10793846
http://dx.doi.org/10.1016/j.agwat.2014.06.004
http://dx.doi.org/10.1016/j.jenvman.2005.11.013
http://www.ncbi.nlm.nih.gov/pubmed/16574307
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	
	
	
	
	

	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
	
	
	

	

	

