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Abstract

Droughts, along with demand due to growth, effluent disposal issues, and ecological protection,
are the principal driving forces behind reuse. However high quality for the wastewater to be reused
in agriculture, required in many countries by too severe regulations, impose advanced treatments
and related high costs that are hardly sustainable for the small-to-medium wastewater treatment
plants (WWTPs) so significantly hampering a wider reuse diffusion.

Although the main function of reservoirs in agriculture is to allow the storage and temporal
shifting of large volumes of waters, further benefits emerge from their application in wastewater
reuse systems. As a result of the storage period significant improvement of the water quality for
irrigation can occurs, under proper management conditions, thanks to concurrent physical,
chemical and biological processes. Based on operational parameters optimization, criteria and
specific operational guidelines are here proposed which, within a sustainable and cost-effective
approach, integrate the main features of the reuse system and the proper management of the
wastewater reservoirs (WWRs). These criteria are specifically applicable in semiarid areas where
rotation-water distribution practice is implemented and many small farm reservoirs constitute the
tail of the distribution network. Including these small capacities as an active part of the whole
treatment process can allow further sanitary safeguards for both farmers and irrigated products
consumers. Besides, the appropriate use of algal ponds in combination with the different
wastewater reservoirs could allow to both avoid a specific phase for nutrient removal in the
wastewater treatment plant while utilizing the harvested algae for bio-fuel or bio-fertilizer
production.
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INTRODUCTION

Globally, many countries struggle to cope with water resources that are increasingly limited in both
quantity and quality. As a consequence, water utilities that manage potable water and wastewater
treatment have begun to incorporate planned water reuse strategies as part of sustainable water
resource management (Miller, 2006; Sun et al., 2016).

Whenever wastewater effluents are used, health protection measures must be carefully enforced. In
the past it was widely accepted that wastewater treatment with some restrictions on crop types
would provide enough health protection when using wastewater in agriculture (low risk). However
World Health Organization indicates that effective health protection can also be achieved by the
integration of various control mechanisms which include wastewater treatment, crop restrictions,
control of wastewater application and human exposure controls.

Some countries (e.g. Italy) have however preferred to follow a quite restrictive approach, totally
focused on the WWTP performance, by requiring quality standards for the reuse that, at least for
some parameters, are surprisingly close to those applied for drinking water (Lopez and Vurro,
2008). This approach has often led to insuperable difficulties in promoting wastewater reuse, as the
compliance with these very strict standards require advanced treatments and unaffordable costs to
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farmers, especially if compared with costs of waters from superficial water body of groundwater.
Also the overabundance of the required parameters (e.g. 54 parameters in the case of Italy) and their
related monitoring protocols (Cirelli et al., 2008) have their important consequences on the
economics of the reclamation and further hamper the chance of reusing wastewater as the final cost
(construction, operation and maintenance) requested for reclamation, in addition to the costs for
water distribution and reuse system monitoring, is hardly sustainable for the small-to-medium
wastewater reuse systems (Ruiz-Rosa et al., 2016).

A new holistic multidisciplinary and sustainable approach to wastewater reuse for irrigation is thus
needed, that must take place within an overall policy-making, engineering design, operation,
monitoring, surveillance, management, administration, legal and environmental framework. It
should involve a combined health, environmental and economical benefit to the urban communities
(who gets rid of the wastewater) and critical economic and livelihood benefit to the rural
community (who uses it) (Rice et al., 2016).

The choice of appropriate and sustainable wastewater reuse schemes should therefore derive from a
careful analysis of all these elements, considered in their potential role to guarantee both the global
financial soundness of the project, as well as the necessary environmental and sanitary
requirements.

THE "OTHER" ROLE OF STORAGE IN WASTEWATER REUSE SYSTEMS

Among the functional elements of a wastewater reuse system, storage has an important role in
allowing the continuously produced volumes of treated wastewaters to be utilised during the
narrowest period of the irrigation season.

Several researches (Juanico and Shelef, 1991; Juanico and Shelef, 1994; Friedler et al., 2003;
Mancini et al., 2007; Mannina et al., 2008) have however established that, under proper operations
and conditions, storage inside a Wastewater reservoir (WWR), by itself, can lead to a significant
improvement of the water quality for irrigation as a consequence of a complex system of physical-
chemical and biological processes taking place in it, that is typical of hypertrophic water bodies
with slow water turnover.

In particular, during the long detention periods of the non-irrigation season, processes of bio-
antagonism yield to a progressive reduction in the number of indicator microorganisms and
pathogens (Cirelli et al., 2008). Removal effectiveness are generally improved by a stable
stratification determining a barrier between the upper aerobic layer (from which the effluent is
usually withdrawn) and the lower anaerobic one in contact with the sediments (Llorens et al., 1992).
The presence of a stable stratification can however causes hydraulic short circuits and the
consequent reduction of ‘active’ volume and mean retention time (MRT) (Kellner and Pires, 2002).
Curtis et al., (1992) identified the production of oxygen associated with high pH values as main
parameters in the die-off of pathogens in stabilization ponds. Even in WWRs the polishing
performance depends on establishing a positive balance between algal photosynthesis and oxygen
demands exerted by bacteria during organic matter decomposition (Abeliovich and Vonshak, 1993).
However the simple sedimentation process plays a key role in the reduction of suspended solids and
attached microorganisms (included helminth eggs) that significantly improve the chemico-physical
and microbiological quality of the stored wastewater.

Dor and Raber (1990), by stressing the non steady state characteristics of the stabilisation
reservoirs, indicated PFEnN (e.g., the percentage of effluent with a detention time of n days or less)
as the main parameters linked to the removal of total coliforms and organic content. The role and
importance of operational parameters such as the mean residence time (MRT) and the percentage of
fresh effluents (PFEn), in governing wastewater quality within the reservoir is well established
(Juanico and Shelef, 1991; 1994; Barbagallo et al., 2001; 2003; Mancini et al., 2007). When a
reservoir operates as a cumulative batch reactor, during the non irrigation season, both MRT and



PFEnN continuously vary during the year. MRT increases during the non irrigation period reaching
the maximum towards the middle of the irrigation season. PFEn, with high value of n (=30 days),
decreases during the non irrigation season, because of the growing volume inside the reservoir, but
greatly increases during the irrigation season due to the continuous reduction of stored volume (and
limited dilution of the incoming treated wastewater). When the reservoir operates in a batch way
(i.e., the case of small reservoirs), the volume is filled all at once, therefore decreasing the
significance of the operational parameter PFEn and increasing that of MRT.

ISSUES TO SOLVE IN THE MANAGEMENT OF WWRs
Some important issues have to be faced in order to optimize the reuse system through the finishing
role of the different storage capacities.

Excessive algal production and clogging issues

The planktonic community dynamics of wastewater reservoirs is of extremely importance in view
of the destiny of stored water (i.e., irrigation). The input of fresh wastewaters in the reservoir, and
related nutrients load can cause drastic changes in planktonic community with the substitution of
many small-size organisms (chlorophyta-diatoms) with a lower number of larger size organisms
(Cyanophyta-Euglenophyta) and a consequent sensible increase in VSS, chlorophyll and pH
(Teltsch et al., 1992). The consequent development of large populations of cladocerans and
copepods in reservoirs can dramatically increases the possibility of sprinkler clogging when drip
irrigation is used. Milstein and Feldlite (2015) by studying relationships between clogging and
particle size distribution in a range of secondarily treated wastewater reservoirs identified a strong
correlation, during the irrigation season, between thermal stratification and the development of a
planktonic community with a complex web of feeding interactions in which the organisms capable
of clogging filters were mainly copepods. In spring and fall the organism capable of clogging filters
were mainly cladocerans involved in a shorter food chain. Also organic loading, mostly related to
the entrance of fresh wastewater into the reservoirs during the irrigation season, was found to have a
negative effect on nitrification promoting blue green algae development and copepod reproduction
(Milstein and Feldlite, 2014).

Compliance with stringent standards required for unlimited irrigation

Besides to the increase in algal production, the addition of fresh wastewaters during the filling of
WWRs also cause a severe worsening of the stored water quality with respect to microbiological
parameters (Juanico and Dor, 1999; Mancini and Vagliasindi, 2006). Other researchers (Liran et al.,
1994; Cirelli et al., 2008; Mannina et al., 2008) confirmed as, in spite of the WWR efficiency in
removal of several physical-chemical pollutants and microbiological ones (Salmonella and
Helminth eggs), the effluent in the continuous operational regime rarely match the more restrictive
standards (e.g. Italian ones) for Escherichia Coli. By reviewing and evaluating for statistical data 60
WSRs in Israel, a country where the storage of treated wastewater is widespread from the early
1970s, Kfir et al., (2012) found that most WSTRs met the BOD and TSS requirements for unlimited
irrigation (65% and 80%, respectively) according to the standards in place at the time of the study
but most of them fail to meet several of the new quality parameters requirements set by the new,
more stringent “Inbar” regulations, such as E.C., TSS and BOD, and, to a lesser extent, FC, chloride
and sodium. However it should be observed that most of the studied WSTRs operate under a
continuous flow regime with 49 out of the 60 based on seasonal storage-single WSTR concept,
while only 11 are based on a multi-seasonal, multiple WSTRs concept (i.e.relying on two WSTRs
working in tandem).



Costs (and benefits) of WWRs within the wastewater reuse framework

European Union, through the Water Framework Directive (Directive 2000/60/ EC), stipulates that
the price of water should include all the costs of the service (including environmental costs). Sipala
et al. (2003) obtained the unit cost of treated water from several different treatment processes and
regeneration options; Lazarova et al. (2006), indicated a range 0.4-1.2 €/m? as treatment cost for the
reuse of wastewaters in irrigation without restriction (coagulation/filtration/disinfection). Similar
value (0.36 $/m>) were reported by Fine et al. (2006) while lower costs (0.2 €/m®) were indicated by
Gomez et al. (2007) for a larger scale plant. These costs can be however still far from the
groundwater costs (0.1 €/m%or even less) No detailed information were found from the scientific
literature on the cost of wastewater storage in reservoirs although this phase, conceived as a part of
the treatment, appears to be the a cost-effective option for both construction and O&M, because of
the low energy and maintenance requirements. On the other hand these systems require the
availability of large areas so they represent a sustainable alternative to more intensive treatments
mainly in rural areas, where sufficient land at low cost is generally available.

The main advantage of storage in stabilization reservoirs remains the chance to recover high
volumes of wastewaters produced during the non-irrigation seasons, avoiding direct discharge to
water bodies or to coastal waters. Especially in the islands and coastal areas (e.g. in Sicily) the
compliance with bathing standards would be more easily achieved and maintained by transferring
large volumes of treated water from coastal areas (most populated) to inland ones allowing the
resources to be available where more needed and at the same time shifting storage to areas with
lower land price. However construction and O&M costs (e.g. pumping) of transferring might be
largely variable and even unsustainable depending of the morphological features of the coast-inland
areas and distance from the irrigated one (Cirelli et al., 2008). In order to distribute the economic
burden of reclamation and reuse, it could be established that construction, operation and
maintenance costs of reclamation must be added to WWTP’s treatment costs, while monitoring and
distribution costs can be charged to final users (farmers, golf courses, etc).

SUGGESTED LAYOUT AND MANAGEMENT CRITERIA

Within the holistic approach necessary to identify appropriate and sustainable wastewater reuse
schemes, treated wastewater storage, through all the available capacities, can play an important role.
Monitoring of phenomena involving wastewater stored in a small farm reservoir, subjected to
variable operating conditions, (Mancini et al., 2007) have confirmed what was observed in many
larger wastewater stabilisation reservoirs (Juanico and Shelef, 1994) in terms of water quality
changes and improvements. High removal efficiencies were observed (up to five log units with a
31-day mean retention time) during the batch operating condition, thus highligting the further
sanitary barrier role that farm reservoirs can play.

Therefore, it is here suggested, especially in islands and semiarid rural areas, where farm property is
particularly fragmentised, a rotation-water distribution practice is often adopted and, consequently,
many small reservoirs are already available, to conceptually and physically include these capacities
in the reuse system, as a part of the whole treatment process, so taking into account their potential
role to further guarantee sanitary safeguards for both farmers and irrigated products consumers.
However, in driving the choice of farm reservoirs, type, volume, shape and management criteria,
beside economical and boundary condition (climatic characteristics, existing distribution system
features), design efforts must be addressed to minimise the fresh effluent input to volume ratio
inside each of these small capacities (Mancini and Vagliasindi, 2006).



Wastewater reuse system layout

A set of design and management criteria was specifically conceived to limit the deterioration of the
stored water caused by the fresh effluents input into the reservoir. The proposed solution was
targeted to the case of Mediterranean regions and Islands (e.g. Sicily), where small reservoirs,
already present in several farms, are candidate for inclusion in the "traditional"reuse system layout.
The proposed reuse scheme involves the insertion of two "new" reservoirs in the reuse system
(Figure 1), and specifically:

v alarge wastewater stabilisation reservoir (WSR)
v abuffer reservoir (BR).

It is also proposed to shift the disinfection after an algal pond treatment to help reducing nutrients
and improve microbiological quality (Tarayre et al., 2016) and a filtration phase (to remove residual
organic matter and allow the harvesting of the algal biomass) relying on the following storage
phases as a further microbiological barrier (i.e., use as a stabilisation reservoir).
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Figure 1. Sketch of the wastewaters reuse system with the proposed modifications.

Buffer Reservoir (BR)

Management and operational criteria

The suggested operational management for the ‘modified’ reuse system include the following steps.
Step | January, February and March. As of January 1st the wastewater stabilisation reservoir
(WSR) is almost full and the buffer reservoir (BR) starts to store the wastewater coming from the
treatment plant. After fifteen days without ‘fresh’ inputs, wastewaters inside the waste stabilisation
reservoir, with a volume equal to 2.5 (0.5 October + November + December) months of mean flow,
are distributed to the farm reservoirs (FRs). By the end of January the waste stabilisation reservoir
is emptied and it starts to receive the wastewater previously stored in BR as well as the wastewaters
from the plant.

Step Il Early April. Starting April 1st, wastewaters from the treatment plant are stored inside the BR
(it will be full by the end of the month). WSR has been filled from January the 1st (including the
time-shifted BR contribution) with a volume of wastewater equal to three months (January +
February + March) of mean flow. Water in farm reservoirs can be used for irrigation.

Step 11l Late April. Starting April 15th, as soon as the farm reservoirs are emptied for irrigation they
start to be filled with wastewaters from WSR. Farmers are however warned to wait three days
before using the water for irrigation to reduce fast filling effects. By the end of the month all the
wastewaters of the WSR are transferred to the farm reservoirs.

Step IV May-June. Starting May 1st, the buffer reservoir (BR) is emptied transferring the stored
wastewater to WSR while the “fresh’ wastewaters are (again) directed to WSR. Meanwhile farmers
carry on the irrigation with water from FR.

Step V July. Starting July 1st, “fresh’ wastewaters are stored into the BR. Starting July 15th:



wastewaters from WSR with a volume of wastewater equal to three months (April + May + June) of
mean flow are used to fill up the empty farm reservoirs. Farmers are asked to wait three days before
irrigating. By July 31st BR is full and WSR is empty.

Step VI August-Early September. Starting August 1st the buffer reservoir (BR) is emptied by
transferring the stored wastewater to WSR while the ‘fresh” wastewaters are again diverted to WSR.
Wastewater stored in the farm reservoirs is used for irrigation.

Step VII Late September. Starting September 15th, “fresh’ wastewaters are stored into BR. Irrigation
proceeds with high MRT waters from the farm reservoirs.

At the end of the month (September 30th), wastewaters from the WSR, with a volume equal to (July
+ August + 0.5 September) = 2.5 months of mean flow start to be transferred to the farm reservoirs.
Farmers are warned to wait three days before using the water for irrigation to reduce fast filling
effects.

Step VIII October—-December. By October 15th the buffer reservoir is full. ‘Fresh’ wastewater is
stored inside the WSR. Farmers continue to irrigate with water from farm reservoirs. At the
beginning of December wastewaters stored in BR are transferred to farm reservoirs therefore
restoring the initial BR empty-condition..

Suggested management procedures to avoid filter clogging are: 1) prefer pumping water out from
the upper hypolimnion layer near the oxic epilimnion in order to reduce the smell nuisance while
controlling the clogging impacts of anaerobic bacteria in the distribution network; 2) Using a
bottom—up action to reduce phyto-plankton by controlling the entrance of nutrients and/or reducing
light into the reservoir. Reducing light penetration is an option for which are available several
floating cover technologies originally developed to control evaporation in ponds and reservoirs
(Milstein et al., 2014). Their application would depend on cost/benefit considerations, taking into
account that most probably this bio-manipulation would be an effective tool against spring filter
clogging due to cladocerans but less efficient against clogging due to cyclopoid copepods occurring
through the whole irrigation season. The nutrient levels depend on the quality of wastewater sources
could be economically achieved by properly exploiting the removal efficiency of the algal pond
(and related algal separation through filtration/centrifugation).

Wastewater provides a conducive growth medium for microalgae because the CO, balances the
Redfield ratio (molecular ratio of carbon, nitrogen and phosphorus) of the wastewater allowing for
faster production rates, reduced nutrient levels in the treated wastewater, decreased harvesting costs
and increased lipid production. Microalgae, by removing nitrogen and carbon from water can
significantly reduce the eutrophication in the WSR aquatic environment and constitute a base for
bio-fuel or bio-fertilizer production (Suganya et al., 2016).

Simulation through the use of operational parameters

Figure 2 shows the dimensionless volume and inflow-outflow variations over the year inside the
WSR according to the proposed management criteria. Figure 3a shows the corresponding
simulation results in terms of MRT variation for wastewater stored in WSR and FRs, respectively.
Since MRT is a measure of the overall “aging’ of the stored wastewater, it was decided to compute,
in the analysis, the wastewaters detention time in the farm reservoirs. Under this assumption MRT
values of wastewater inside the farm reservoirs can be calculated starting from the wastewater
stabilisation reservoir ones (in the phase of transferring). MRT in wastewater stabilisation reservoir
(Figure 3a) shows a constant increase rate during the non-zero input phases followed by a sharper
increase as the flow is stopped. In the three phases of wastewaters transfer from the BR to the
empty WSR, the MRT shows immediately a positive value (>13 day) thanks to the ‘aging’ of the
wastewaters inside the buffer reservoir during the previous month. MRT of farm reservoirs starts to
be computed when the FRs are empty and new wastewaters come from the stabilisation reservoir.
However, as already mentioned, the initial values for this parameter depend on the previous storage



inside the WSR. Therefore, minimum (cumulative) MRT values in the farm reservoirs are always at
least equal to the maximum ones in wastewater stabilisation reservoir before the transfer starts.
Specifically, minimum MRT values obtained in the farm reservoirs are 55, 60, 60.5 and 54 days
respectively on January 16th (non irrigation period), April 15th, July 15th, and September the 30th.
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Figure 2. Dimensionless volume and inflow-outflow variation over the year inside the WSR.

Figure 3b shows the results of the simulation in terms of PFEn values (5, 10, 20 and 30 days) for
wastewaters inWSR and FRs. To make the discussion straightforward it is useful to start observing
values from October the 15th (day 32), when the wastewater stabilisation reservoir, just emptied to
fill-up the FRs, starts again to receive ‘fresh’ wastewater. All PFEn parameters, at this date, show a
value of 100%, as the volume inside the stabilisation reservoir is totally composed by ‘fresh
wastewater’.

Later, (January the 1st) all the PFEN, starting from PFES5, start to decrease with a regular trend till
the filling of WSR is completed (and the “fresh’ wastewaters are diverted to BR) and PFEn start
decreasing in a faster way. When instead, the empty wastewater stabilisation reservoir also receives
the high flow coming from the buffer reservoir (transfer BR-WSR, early February, early May, early
August), initial PFEn values (with 5, 10 and 20 days) are significantly lower than 100% due to the
dilution effect of the wastewaters previously stored in the BR. Specifically, already during the
wastewater transfer from the buffer reservoir to the WSR, a sharp decrease of PFE5 and PFE10 is
observed that slows down when the ‘fresh’ wastewaters are the only input to the WSR.
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Figure 3. a) Comparison between WSR and FRs mean retention times over the year and b)
simulated variability, over the year, of PFEn values in WSR and FRs, calculated for different
numbers of days (n =5, 10, 20, 30).

Rapid decreases can be observed for all the PFEn values as a consequence of diverting the “fresh’
wastewater to the buffer reservoir (early January, early April, early July). During retention inside
WSR, PFE5 and PFE10 always reach the 0% value. Also PFE20 and PFE30 show quite low values
(5-6 % and 16-18% respectively) by the end of the detention periods in the wastewater stabilisation
reservoir, giving enough guarantees on the quality of the water for irrigation, even if the farmers,
contravening a suggested rule to delay irrigation for other few days, immediately would utilize the
wastewater coming from WSR.

PFEn patterns in FRs are obtained according to the previously discussed idea of cumulative ‘aging’
of wastewaters, that is to say, starting from the values corresponding to the previous storage inside
the wastewater stabilisation reservoir and calculating PFEnN as if the water would continue to be
stored inside the WSR with no input of ‘fresh” wastewaters.

As a matter of fact, WSR water is simply distributed to the farm reservoirs and no ‘fresh’
wastewater is added to the water stored in the FR, therefore not interfering with the ‘contamination’
process expressed in terms of PFEn values. As it can be observed by the simulation (Figure 3b,
values after each transfer), PFEn values, calculated for 5 and 10 days, are always zero while no
more than 5 and 15 days are necessary for PFE20 and PFE30, respectively, to reach 0% starting
from the 1st day of WSR-FRs transfer. After just five days from the transfer, very little fraction of
the water inside the farm reservoirs, generally less than 12%, has an age lower than 30 days. Based
on the experimental results previously described, as well as those, reported in (Juanico and Shelef,
1991, 1994; Azov et al., 1992; Barbagallo et al., 2003; Mancini et al., 2007; Kfir et al., 2012) is
estimated that farmers could rely on stored water of high quality for the irrigation.

CONCLUSION

A wastewater reuse layout including different storage volumes storage scheme was proposed and
simulated in the present work, based on PFE, and MRT optimisation. The storage phase is here
envisioned as a finishing treatment of secondary municipal effluents after a tertiary treatment
performed through an algal pond and a filtration phase. The proposed two-reservoirs-based
procedure specifically aims at reducing the effects of the input of fresh effluents on the stored water,
particularly critical during the irrigation period. The adopted solution is particularly well fitted in
areas (like Mediterranean regions and islands ) where lot of farms have their own reservoir that can
therefore be managed as a component of the reuse system.

High MRT and low PFEnN values were obtained in the conducted simulations as a consequence of
the adopted layout and management criteria. These results, along with the high microbiological
removal efficiency, observed (under a wide range of MRT and PFEn values), during a monitoring
activity, carried out in a full scale farm wastewaters reservoir, demonstrate the possibility to obtain
stored waters of high quality for irrigation at affordable costs for the users.
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