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Abstract 

In most regions of the world, safeguarding groundwater resources is a serious issue, particularly in coastal 
areas where groundwater is the main water source for drinking, irrigation and industry. Water availability 
depends on climate, topography and geology. 
The aim of this paper is to evaluate aquifer recharge as a possible strategy to relieve water resource scarcity. 
Natural aquifer recharge is defined as the downward flow of water reaching the water table, increasing the 
groundwater reservoir. Hydro-meteorological factors (rainfall, evapotranspiration and runoff) may alter 
natural recharge processes. Artificial aquifer recharge is a process by which surface water is introduced 
with artificial systems underground to fill an aquifer. 
As a consequence of global warming that has increased the frequency and severity of natural disasters like 
the drought, the impacts of climate change and seasonality, the artificial recharge has been considered as a 
viable option. Different direct and indirect techniques can be used, and the choice depends on the hydrologic 
characteristics of a specific area.
In Italy, Legislative Decree no. 152/06 plans artificial aquifer recharge as an additional measure in water 
management, and Decree no. 100/2016 establishes quantitative and qualitative conditions for recharge. Many 
projects examine aquifer recharge, such us WADIS-MAR in the southern Mediterranean region, WARBO 
in Italy and municipal wastewater treatment project in Apulia, a southern Italian region. However, aside 
from groundwater recharge, the community must foster a spirit of cooperation to manage groundwater as 
a sustainable resource.

1. Introduction

Water scarcity is usually defined as a 
condition in which water availability in a 
country or region is < 1000 m3 per person 
per year. Nevertheless, several regions have 

< 500 m3 per person per year, which could 
be considered severe water scarcity (1).

The approach to water availability, based 
on indicators driven by renewable water 
resources divided by the total population, 
should be considered with great care. In 
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fact, this simple method may not be very 
meaningful in situations where countries 
make substantial use of desalination, non-
renewable groundwater resources, and 
wastewater reuse to compensate for the 
scarcity of renewable water. 

In most regions of the world, safeguarding 
groundwater resources is a serious 
issue, particularly in coastal areas where 
groundwater is the main water source for 
drinking, irrigation, and industry (2) and the 
proximity to the sea may put such resource 
at risk. For example, in a coastal area, such 
as the Apulia Region (in Italy), the problem 
represents an important environmental 
criticality (3).

Actually, in Italy, 85% of water used 
by the population is of underground origin 
(4).

The water availability of a region depends 
primarily on its climate and secondarily on 
its topography and geology. Its sufficiency 
depends on the demand placed upon it. 

Global climate change, mainly involving 
inadequate rain and an altered annual rainfall 
distribution, is causing substantial reductions 
in the flow of water for aquifer recharge 
and irrigation (5-7). Other climatic factors, 
dependent on the location of a region such 
us humidity, temperature and wind, affect the 
rate of evaporation and plant transpiration. 

Topography is important because it 
controls the way rainfall is distributed, in 
terms of both quantity and rate, as well as 
the development of lakes, marshlands and 
opportunity for surface water to infiltrate 
and recharge aquifers.

Geology affects the topography and 
controls the availability of suitable underlying 
rocks that form aquifers into which water 
can infiltrate and become available for 
exploitation (1).

During the last 10 years, many goals have 
been reached concerning water resource 
management and quality in Europe. In 
particular, groundwater is widely recognized 
as a precious public resource, above all in 

the arid and semiarid parts of the continent. 
However, overexploitation, salinization, 
and direct and non-direct pollution, make 
it increasingly unavailable, not only for 
drinking but also for uses such as agriculture 
and industry (8).

The overexploitation of groundwater, 
especially for irrigation, may affect the 
quality of groundwater, especially in 
areas of high evapotranspiration, owing 
to the accumulation of salts at the surface 
and their subsequent leaching into the 
aquifer. Fertilizers and pesticides used in 
agriculture also affect local groundwater 
quality when proper crop management 
and effective agricultural practices are not 
used. Similarly, pollutants from industrial 
and urban areas, including heavy metals 
and organic substances, can produce point-
source contamination of aquifers when raw 
wastewater percolates into groundwater 
(1). 

The primary goals of groundwater 
management are to manage aquifer 
development according to a designated 
plan that treats aquifers as either renewable 
(“safe-yield” management) or exhaustible 
(planned-depletion management) resources 
and to protect groundwater property rights 
of. 

The aim of this paper is to evaluate 
acquifers recharging as a possible strategy 
to relieve water resource scarcity also by 
demonstrating the technical feasibility, the 
economic advantage and the environmental 
sustainability of municipal wastewater 
technology treatment suitable to supply a 
managed recharge of the aquifer.

2. Aquifer recharge

2.1 Natural aquifer recharge
Aquifer recharge is generally defined as 

the downward flow of water reaching the 
water table, so increasing the groundwater 
reservoir (9).
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Quantifying groundwater recharge is 
important to determine sustainable yields 
when groundwater is extracted for public, 
industrial or agricultural purposes (10, 
11). Hydro-meteorological factors such as 
climate change, rainfall, evapotranspiration 
and runoff, as well as changes in land and 
water use such as agriculture and drainage, 
may alter the natural groundwater recharge 
processes (12-15). 

The groundwater storage and exploitation 
potential of an aquifer depends on its 
hydrogeological features and stratigraphic 
distribution of permeable layers, its vertical 
or lateral extent, and the effective porosity. 

Groundwater recharge may occur slowly 
via the soil matrix or preferential flow 
through macropores (16). Soil macropores, 
similar to fractures, may rapidly transmit 
nearly unaltered precipitation to the water 
table, but are very difficult to characterize 
because of strong spatial heterogeneity and 
a three-dimensional structure (17).

The exploitation of aquifers must be 
planned on the basis of their safe yield or 
“perennial yield”. Safe yield is a widely 
used concept in groundwater management. 
It refers to an average rate of groundwater 
extraction that is calculated over a period 
climatically representative of the region 
encompassing the groundwater basin. The 
safe yield also serves as a baseline for 
assessing whether a basin has been subjected 
to long-term groundwater extraction that 
exceeds aquifer recharge, thereby causing 
basin “overdraft” (i.e., protracted decline of 
groundwater levels) (18).

Rainwater plays a key role in the 
hydrologic cycle and represents the major 
source for aquifers to be recharged through 
the soil. The method of infiltration also has 
benefits such as groundwater recharge and 
consequent increase of the minimum flow 
capacity of rivers. Moreover, the percolation 
of water into the soil may remove pollutants. 
Particulate substances are trapped by the 
ground, where microorganisms contribute 

to the removal of organic substances. The 
practice of infiltration, however, has some 
disadvantages. It is not usable if rainwater 
originates in commercial or industrial areas, 
which may be filled with pollutants such as 
microbiological substances, heavy metals, 
or organic compounds. Moreover, this 
practice cannot be used in soils with low 
permeability.

There are several technical possibilities 
to develop infil tration systems for 
rainwater, among which two systems can 
be distinguished, surface and groundwater 
(19). 

Surface infiltration occurs by entry of 
rainwater into flat surfaces, in ditches or 
ponds. In these cases, infiltration occurs 
as a rule through a revived surface layer of 
organic soil that ensures effective purification 
of rainwater. 

In underground infiltration systems, 
rainwater is introduced into infiltration 
trenches or losers wells. Despite the advantage 
of having less need for filtering surface area, 
however, almost the purifying effect of these 
systems is lost because the rainwater do 
not cross the superficial soil layer. For this 
reason, these systems should be used only for 
slightly polluted rainwaters; otherwise, they 
should be pre-treated. Combined infiltration 
systems can be made by linking surface and 
underground systems.

2.2 Artificial aquifer recharge
Artificial recharge of aquifers has been 

used worldwide since the 1960s and 1970s, 
in which surface water was introduced 
underground to fill the aquifer. This involves 
the movement of water by artificial systems 
from the surface to underground aquifers, 
where it can be stored and used in the future. 
The vital purpose of an artificial aquifer is to 
preserve superfluous water to meet human 
needs through a wide range of direct and 
indirect methods of recharging groundwater. 
The choice among different techniques 
depends on the hydrologic character of 
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a specific area (20). The application of 
these methods has been recently indicated 
by the acronym MAR (Managed Aquifer 
Recharge). The power source for recharging 
groundwater is surplus water from the 
earth surface (21), which is the excess 
quantity with respect to volumes (or flow 
rates) that form on the surface as part of 
the natural hydrologic cycle. For example, 
surplus water from full rivers, runoff from 
rainwater on artificial soils (with reduced 
permeability), or downstream discharge 
from anthropogenic uses (heat exchange, 
civil use, condensation) can be considered 
water resources. Also, as long as it can be 
demonstrated that its use for recharging 
does not have unsustainable impacts, surface 
water in dry weather (deterioration of the 
ecological status of a surface water body) 
can be considered a water resource. 

The artificial recharge of aquifers is often 
used because of the following advantages:

- it improves the performance of an 
aquifer and increases the availability of 
water throughout the year, especially during 
periods of shortage

-  i t  reduces water  loss  through 
evapotranspiration and surface runoff in 
arid and semiarid regions or under water 
scarcity conditions

- it improves the chemical characteristics 
of seeped water through natural processes 
occurring during infiltration and percolation. 
Aquifer characteristics can also be improved 
using high-quality water for recharging

- it balances previous, current or future 
groundwater sagging (caused by natural or 
anthropogenic activities.

Charging methods are ecologically 
interesting, particularly in arid regions, and 
easy to use and manage. The appropriate 
technology is easy to understand for technicians 
and the public. The need for special tools is 
very limited. In some regions, the control 
of surface water flow reduces problems of 
erosion and sedimentation. Artificial recharge 
is also possible through the reuse of treated 

sewage, although direct recharge with such 
sewage requires constant vigilance. Reclaimed 
water contains pollutants such as nitrate, 
heavy metals, and new-type contaminants. 
Thus, there is a definite environmental 
risk in reclaimed water recharge. Surface 
recharge increases salt and nitrate contents 
in groundwater but reduces heavy metal risk. 
Well recharge can induce arsenic release 
from sedimentary aquifers. On the contrary, 
pathogen microorganisms pose less pollution 
risk to groundwater, although there some virus 
risk remains (22). However, most pathogenic 
bacteria can tolerate anaerobic conditions for 
a limited period. Other bacteria, such as those 
in the genus Clostridium, require anaerobic 
environments for growth. In contrast, many 
viruses are very resistant to environmental 
stress and will remain viable in both aerobic 
and anaerobic conditions. Therefore, the need 
for high-quality effluent for use in groundwater 
recharge must be stressed. Although the reuse 
of wastewater should be encouraged and 
groundwater recharge is a sound method for 
doing so, careful consideration should be given 
to the siting of recharge schemes, and viral and 
bacterial contents of groundwater should be 
regularly monitored (23).

An understanding of risks posed by 
microbial pathogens is essential for the 
ongoing management of MAR schemes, 
particularly those that use lower-quality 
water such as treated wastewater or urban 
stormwater. Assessment of potential survival 
times of enteric pathogens in groundwater 
should influence the design of MAR 
schemes, including determination of the 
need for additional treatment steps, either 
prior to groundwater recharge or at the time 
of extraction of recharged water (24, 25).

3. Legislation

The Water Framework Directive (WFD) 
(26) establishes a framework for community 
action in water management. It provides that 
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“Member States shall protect, enhance and 
restore all groundwater bodies and ensure a 
balance between abstraction and recharge 
of groundwater in order to achieve good 
groundwater status [...] within 15 years after 
entry into force of this Directive” (art. 4, 
paragraph 1, lett. b ii), subject to exceptions 
and extensions specifically provided by the 
same act.

To achieve these objectives for each 
river basin district, each member state shall 
prepare a program of measures that counts 
as a minimum requirement, i.e., so-called 
“basic measures”. These also specify that 
“…the water used can be any surface water 
or groundwater, provided that the use of the 
source does not compromise the achievement 
of the environmental objectives established 
for the source or to the groundwater body 
subject to recharge or growth,” and that “such 
control measures are regularly reviewed and 
updated when necessary”. Finally, in a non-
exhaustive list of supplementary measures 
that member states may decide to take within 
each river basin district under the program 
of measures (Annex. VI, Part B), there is 
“artificial recharge of aquifers” (Annex. VI, 
Part B, letter. xiv) (26). 

Through the WFD, the European 
Union (EU) advances new principles and 
guidelines in water resource policies. This 
document points to ‘‘the need to establish 
procedures for the regulation of abstraction 
of freshwater and for the monitoring of 
freshwater quality and quantity”. The WFD 
established a framework for the protection of 
groundwater, which promotes ‘‘sustainable 
water use based on a long-term protection 
of available water resources”.

The European Groundwater Directive (27), 
which was recognized only by Italy in early 
2009 (28), requires that such resources be 
characterized under a qualitative standpoint, 
and the risk of pollution by individual or 
groups of pollutants be evaluated. 

The Italian legislation, in line with the WFD 
provisions, plans artificial recharge of aquifers 

as an additional measure to be considered in 
water management for the achievement of 
quality targets set by the guidelines (29). The 
latter legislative decree, which established 
rules for classifying the environmental status 
of national water, was also approved at the 
regional level to regulate the discharge of 
wastewater by the industries.

Very recently, a decree of the Italian 
Ministry of the Environment has been 
issued, Decree no. 100/2016, establishing 
quantitative and qualitative conditions for 
recharge of groundwater bodies, including 
both recharging and receiving aquifers (30). 
In particular, actions of “artificial recharge 
or augmentation of groundwater bodies” are 
considered permissible, in accordance with 
the criteria established by the Ministry for 
the Environment, Land and Sea. The Decree 
no. 100/2016 has introduced an innovative 
approach that includes a risk analysis 
based on the evaluation of chemical and 
microbiological hazards associated with the 
use of the aquifer as drinking water. For this 
aim, an adequate monitoring system should 
also be planned, both for water quality and 
for the piezometric level in the aquifer.

4. Projects

Many current projects consider aquifer 
recharge.

Water harvesting and agricultural 
techniques in dry lands: an integrated and 
sustainable model in the Maghreb regions 
(WADIS-MAR) is a demonstration project 
funded by the European Commission 
through the Sustainable Water Integrated 
Management (SWIM) program.

SWIM aims to contribute to the effective 
implementation and extensive dissemination 
of sustainable water management policies 
and practices in the southern Mediterranean 
region.

WADIS-MAR actions deal with the 
realization of integrated water harvesting 
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into major rivers and its transfer underground. 
The three selected areas are 1) the Po Delta 
(in the province of Ferrara), 2) High Friuli 
Plain (province of Udine), and 3) springs 
of the Friuli-Venezia Giulia (province of 
Pordenone), where various artificial recharge 
methods have been applied. The project 
assessed the role that artificial recharge 
may have in reducing pollution by nitrates 
(Friuli Plain) and salinity intrusion (Po 
Valley). It was also verified that recharging 
integrates with flood management plans, 
defining phytoremediation and water 
treatment strategies focused on integration 
with guaranteed quality of water channels 
(34-36). 

WARBO analyzed how to connect flooded 
quarries with river networks, and thereby the 
reinforcement of the fluvial axis ecological 
corridor. Finally, the project introduced 
innovative methods for the characterization 
of sites, in order to facilitate essential 
knowledge for proper management plans. 
The problems faced are common to many 
climatically sensitive areas bordering the 
Mediterranean. Plant operators (Consortium 
of Leda and Tagliamento Copparo) have 
become involved in recharge activities 
through their operational plans, which will 
give continuity to the project.

The results of the afore mentioned 
activities have enabled the preparation 
of multidisciplinary analysis protocols 
in support of procedures and recharge 
methods. The WARBO project proposed 
these protocols based on the EU regulatory 
framework, via methods, experiences, and 
operational implementation and coordination 
between the instruments Floods Directive 
2007/60/EC (37) and the Water Framework 
Directive 2000/60 /EC (38).

In Southern Italy, particularly in Apulia 
region, the use of treated municipal 
wastewater represents a crucial point for the 
environmental sustainability of this region, 
because many areas are seriously affected 
by the increase of salinity, a problem due 

and aquifer recharge techniques in two 
watersheds of the Maghreb region, Oued 
Biskra in Algeria and Oum Zessar in Tunisia. 
These watersheds are characterized by water 
scarcity, overexploitation of groundwater 
resources, and strong vulnerability due to 
climatic change risk.

Arras et al. (31) reported on a project 
developed in the framework of WADIS-
MAR. The areas studied suffer from a dry 
climate, where erratic behavior of brief 
rainfall events often produces short and 
intense floods that converge on ephemeral 
streams. In this research, geo-electrical 
methods, integrating geologic field survey 
and boreholes information, were extensively 
used in hydrogeologic study (32), particularly 
to identify geologic bodies in which aquifers 
could be hosted.

Electrical resistivity tomography surveys 
were carried out at six selected sites in the 
Jeffara Plain (Tunisia) during April 2014. 
The aims were to recognize and characterize 
wadi alluvium thickness above the Lower 
Triassic formation to better design MAR 
systems.

Another important project is WARBO 
(WAter Re-BOrn) (33). Its aim is to simplify 
aquifer recharge regulation in Italy by testing 
its application to mitigate groundwater 
level in areas where unused surplus surface 
water, usually lost during winter–spring, 
can be used. A multidisciplinary approach, 
involving geophysical, hydrogeological and 
geochemical methods to characterize aquifer 
structure and surface/underground water, was 
necessary to improve numerical models and 
process understanding. WARBO considers 
artificial recharge the only effective method 
in the short and long term to attack water 
scarcity and drought. Another aim of the 
project is to reduce the gap between water 
demand and resources available for domestic 
use, agriculture, and other industrial and 
craft activities in need of freshwater. 

WARBO has been tested in three Italian 
areas to determine rates of rainfall that flows 
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to the excessive use of groundwater and to 
the higher level of the sea-water interface. 
However, the standards established for the 
reclaimed water may be considered overly 
restrictive for the water reuse application; in 
fact, the surface water supplies currently used 
would not be able to meet the standards. The 
artificial recharge of groundwater basins with 
treated wastewater should be recommended 
when the water is not used for agricultural 
purposes, particularly where the joint use of 
surface water and groundwater resources is 
considered in the context of integrated water 
resources management (39).

Figure 1 illustrates the diagram flow of 
municipal wastewater treatment project (39) 
in Foggia, a northern province of Apulia 
region, with the representation of a full 
equipped mechanical-biological wastewater 
treatment plant (WWTP) that ensure an 
effluent quality suitable for the aquifer 
recharge.

5. Conclusions

This paper gives an overview of various 
techniques used in the world to address the 
issue of aquifer recharge. These can be used 
to improve the natural yield and capacity 
of aquifers, ensuring a consistent and 

continuous supply of safe and fresh water, 
even during dry periods.

Many techniques are easy, cost-effective 
and sustainable in the long term and can 
be used by individuals, rural and urban 
communities with locally available materials 
and manpower. These methods can reduce the 
lowering of piezometric level in groundwater, 
concentrate runoff underground, make 
groundwater available for various purposes 
(especially in summer), and improve 
groundwater quality. Microbiological 
contamination of groundwater has severe 
implications for public health, particularly 
in small communities and developing 
countries where groundwater is often 
the preferred source of drinking water. 
Although groundwater is usually of good 
quality, it can deteriorate quickly because 
of inadequate source protection and lack 
of water management. Contaminated 
groundwater can contribute to high morbidity 
and mortality rates from diarrheal diseases, 
and sometimes cause epidemics. 

It is suggested, in controlled procedures, 
the improvement of the artificial groundwater 
recharge because this is  becoming 
increasingly important in groundwater 
management and particularly where the 
joint use of surface water and groundwater 
resources is planned.

Figure 1 - Process flow diagram for the wastewater reclamation facility for production of water for unrestricted irri-
gation reuse and managed artificial aquifer recharge (Foggia province, Apulia region, Italy).



41Aquifer recharge: legislative and planning aspects

In conclusion, the development of 
artificial recharge model structures yields 
encouraging results. However, if these are 
treated as an open-access resource and 
extraction is continuous, over-extraction 
ultimately results. Although groundwater 
recharge schemes, either natural or artificial, 
may not be the final answer, the community 
must create a spirit of cooperation to 
effectively manage groundwater as a 
sustainable resource.

Riassunto

La ricarica artificiale delle falde idriche: una pano-
ramica degli aspetti legislativi e progettuali

Nella maggior parte delle regioni del mondo, la salva-
guardia delle risorse idriche sotterranee è un problema 
serio, soprattutto nelle zone costiere dove le acque sotter-
ranee costituiscono la fonte principale di acqua potabile, 
per l’irrigazione e l’industria. La disponibilità di acqua 
dipende dal clima, dalla topografia e dalla geologia. Lo 
scopo di questo lavoro è quello di considerare la ricarica 
degli acquiferi come una possibile strategia per alleviare 
la scarsità delle risorse idriche.

La ricarica naturale delle falde è definita come il 
flusso discendente dell’acqua che raggiunge la falda, 
aumentando il serbatoio delle acque sotterranee. Fattori 
idro-meteorologici (pioggia, evapotraspirazione e ruscel-
lamento) possono alterare i processi di ricarica naturale. 
La ricarica artificiale degli acquiferi è un processo attra-
verso il quale l’acqua di superficie viene introdotta con 
sistemi artificiali nel sottosuolo per riempire una falda 
acquifera. Come conseguenza del riscaldamento globale 
che ha aumentato la frequenza e la gravità dei disastri 
naturali come la siccità, gli impatti dei cambiamenti 
climatici e la stagionalità, la ricarica artificiale è stata 
considerata come una valida opzione.

Diverse tecniche dirette ed indirette possono essere 
utilizzate, e la scelta dipende dalle caratteristiche idro-
logiche di una determinata area.

In Italia, il decreto legislativo n. 152/06 indica la 
ricarica artificiale degli acquiferi come una misura 
aggiuntiva nella gestione delle acque, ed il decreto n. 
100/2016 stabilisce le condizioni quantitative e qualita-
tive per la ricarica.

Molti progetti studiano la ricarica degli acquiferi, come 
WADIS-MAR nella regione del Mediterraneo meridiona-
le, WARBO, in Italia e un progetto sul trattamento delle 
acque reflue in Puglia, regione italiana.

Nonostante i processi di ricarica degli acquiferi, la 
comunità deve promuovere sempre uno spirito di coo-

perazione per la gestione delle acque sotterranee come 
risorsa sostenibile.
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