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Abstract

The depletion of water in aquifers, driven by exploitation for agricultural, energy, and urban
purposes to meet overall demand, is accelerating globally. This phenomenon is further exacerbated
by climate change, which has significantly affected the hydrological cycle in various parts of the
world, directly impacting aquifers that are an integral part to this cycle. To address this issue,
engineering systems such as Managed Aquifer Recharge (MAR) have been developed and
implemented in various parts of the world, particularly in arid regions and areas where water stress
is caused by excessive agricultural use. These systems are characterized based on their specific
structures and various configurations can be employed based on the needs, considering installation
and management costs as well as construction.

To understand the factors that are crucial for the implementation of these systems, numerical
models are widely used. These models allow for a simplified and concrete representation of reality
and provide valuable information for the development of these systems. This study presents the
results obtained from a sensitivity analysis performed using FEFLOW numerical model.
Specifically, the response of an unconfined aquifer to seasonal injection through an MAR system
was analysed in two configurations. The analysis focused on identifying which factors used in the
model implementation most significantly influence aquifer recharge, thereby contributing to an
increase in extraction rates during the irrigation season. The hydraulic conductivity turned out to
be the most influential factor on recharge, while the distance of the extracting well from the MAR
system had a minor influence. In contrast, the hydraulic gradient and the type of MAR system had

a negligible influence.



1 Introduction

Water, particularly freshwater, has been and continues to be managed to support the social and
economic growth of the population, sustaining the key sectors of development such as agricultural,
industrial and energetic sectors. However, rapid population growth coupled with the expansion of
the sectors mentioned above has led to extensive utilisation of this resource, compromising its
spatial and temporal availability thus, altering its quantity and quality. Along with these factors, the
role and impact of climate change must be considered, as it further alters the distribution and the
availability of the freshwater. For instance, in arid and semiarid areas, both surface freshwater and
groundwater are diminishing due to overexploitation and the climate change effect '. Clearly, the
management of water is of vital importance. Understanding the global distribution of this resource
is key to optimizing its management strategies. Freshwater constitutes about 2.5% of the total
water on the planet, with approximately 68.7% stored in glaciers, 30.1 % as groundwater and only
1.2% as surface water distributes across lakes, rivers, soil and other sources®. This distribution is
schematized in Figure 1.1.

Human societies usually manage surface water resources with a good understanding, whereas
groundwater resources remain a greater challenge in terms of conceptualization. These encompass
multiple stakeholders and decision-makers with conflicting objectives, operating within complex,
evolving systems. These systems involve interconnected social, economic, and ecological elements,
adding layers of uncertainty due to limited data, information, and knowledge’. Due to the
interconnectedness of various elements and the heavy reliance on groundwater usage as a water
resource, an integrated approach becomes imperative for its management. Furthermore,
optimizing its utilization to prevent wastage and promote reuse systems is essential, ensuring a
high degree of water quality and availability. With this aim, engineering techniques such as
Managed Aquifer Recharge (MAR) have been developed to ensure the long-term sustainability of
groundwater by recharging reserves using water from surface water bodies, rainwater, or propetly
treated wastewater before injection®, storing it for use during droughts, thereby optimizing water
management. This process not only mitigates the adverse effects of over-extraction and climate
variability but also supports groundwater level stabilization, prevents land subsidence, and
conserves natural ecosystems. Implementing MAR requires a thorough understanding of site-
specific hydrogeological conditions, potential contamination risks, and the necessity of long-term
monitoring to ensure its efficacy and sustainability. Naturally, this approach represents just one
among the numerous strategies essential for ensuring the sustainable utilization of this crucial

resource—watet.
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Figure 1.1 Water distribution. Source: Gleick, P. H. (1993). Water in crisis.

1.1 Groundwater Management

Before exploring the development and various applications of MAR technologies, a brief focus on
the management and utilization of groundwater is necessary, as they directly influence the
implementation of this technology. Groundwater constitutes the most substantial accessible
reservoir of freshwater, contributing to approximately one-third of global freshwater withdrawals®.
Usage of groundwater exceeds that of surface water in numerous regions worldwide, a trend
anticipated to rise further owing to increasing demand. However, knowledge about aquifer systems
remains relatively constrained compared to surface freshwater, primarily due to the inherent
complexity of these extensive systems®.The utilization of the groundwater resource exhibits
temporal and spatial variability based on its intended purposes. Seasonal consumption is observed
in agricultural irrigation, whereas its frequency rises significantly when employed for domestic use’.
For instance, within humid regions like Japan and Northern Europe, groundwater finds primary
application in industrial and domestic sectors. On the other hand, in countries which do not belong
to those zones such as India, Pakistan, Saudi Arabia, southwestern USA, China, Iran and Mexico,
groundwater is used predominantly for agricultural needs, particularly irrigation®. With the
introduction of efficient pumps and the expansion of rural electrification, global extraction of
groundwater increased from 312 km’/year in the 1960s to 743 km’/year by 2000°, with the 70%
of this extraction used for irrigation. In Figure 1.2 trends in water consumption and groundwater

abstraction by sector from the year 1900 to 2010 are reported.
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Fagure 1.2 Historical trends of global human water use and groundwater abstraction (1900-2010). Source: Wada, Y. (2016). Modelling groundwater
depletion at regional and global scales: Present state and future prospects.

In regions where the extraction rate exceeds the aquifer's recharge rate for a significant duration,
a resultant decline in the water table occurs leading to water depletion, influencing ecosystems
dependent on groundwater and subsequently altering the natural discharge. This, in turn, directly
impacts all users of this resource who compete for its utilization'. Additionally, particularly in
developing nations, groundwater monitoring is often neglected for the already mentioned reasons.
Consequently, this leads to a high rate of water usage and, frequently, contamination. This
contamination is linked to both the reduction in available water quantity, resulting in increased
contaminant concentrations into the aquifer due to inadequate management and lack of
monitoring. These situations can persist unnoticed even for centuries, impacting not only present
users but also future generations. Thus, it is evident that a holistic approach is necessary for
managing groundwater, considering all factors influencing these complex systems. This is why
Integrated Groundwater Management (IGM) has been developed and applied to coordinate the
management of aquifers, considering social, environmental, and economic aspects. A powerful
tool utilized in this approach is modelling, allowing the representation of the complexity of the
problem with suitable simplifications and boundary conditions. It relies on field-collected data and
available observations to provide an accurate representation of reality. This enables the
development of management strategies based on a certain level of understanding.
In the world, there are four main issues that influence the management of groundwater, namely:

e depletion of water,

e degradation of water quality,

® water-energy nexus,

e transboundary groundwater conflicts’.



Among the four mentioned, water depletion undoubtedly stands as the most significant challenge
in managing groundwater. Over the years, this term has taken on various meanings; in fact, the
concept was first associated with the term “safe yield” to define "the net annual supply which may
be developed by pumping and artesian flow without persistent lowering of the ground-water
plane”" .However, this definiion has undergone several modifications over the vyears,
encompassing the effects of potential reductions in groundwater availability on connected
ecosystems. This shift in definition tends towards the concept of sustainability, aligning with the
principles of IGM". Therefore, groundwater sustainability has been defined as a responsible
management of the groundwater resource which aims to prevent adverse environmental, social
and economic effects. Moreover, it necessitates the achievement of an equilibrium between
withdrawing and replenishing over time, aiming to ensure the ongoing availability of groundwater
which may cause harm to society or environment”. Different studies have been conducted to
assess the depletion rate in different parts of the world. Among these studies, the one conducted
by Wada et al. illustrates how the area’s most susceptible to groundwater depletion worldwide are
arid and semi-arid regions. This is linked to various factors such as high population density in these
areas and extreme variations in rainfall, which limit natural groundwater recharge. The results of
this study are presented in Figure 1.3., where total global groundwater depletion of the hot spot
areas reaches 283(+40) km’ per year'.

No Data - -20 | | 20-100

Figure 1.3 Groundwater depletion in the regions of USA, Europe; China and India and Middle East for the year 2000 (mmxa’!). Source: Wada,
Yoshibide, et al. “Global depletion of groundwater resonrces.”



Regarding the degradation of water quality, it can derive both from natural or anthropogenic
causes. An aquifer is considered contaminated if the concentration of one or more substances
exceeds a certain threshold, representing a risk to all the interconnected systems. These substances
primarily derived from industrial and agricultural activities, which release salts, chemicals and
microorganisms into the environment'’. Exceeding a certain concentration threshold of these
substances will cause contamination due to chemicals, microorganisms or aquifer salinization. In
the first case, agricultural activities, which disperse fertilizers and pesticides in fields that are carried
by irrigation water', alongside industrial activities that may release heavy metals and solvents, lead
to an increase in the concentration of these substances beyond the established limits in the subsoil
and, consequently, in the aquifer system through water percolation'®.

Contamination due to microorganisms derived from leakage of sewage from treatment plants, or
from seepage of leachate from landfills, that could reach the aquifer though vatious pathways'.
Salinization, on the other hand, refers to the increase in salt concentration in soil or aquifer beyond
a certain threshold. While this phenomenon in soils is associated with irrigation water used in
agricultural fields'’, in aquifers, it is linked to the seawater intrusion, which is particularly relevant
in coastal regions. Due to high groundwater extraction rates, hydraulic gradient forms, facilitating
the movement of seawater towards the freshwater in the aquifer when it is hydraulically connected
to the sea'®. This phenomenon has already affected coastal aquifers around the world, such as
Spain, Australia, Lebanon and many other countries. Moreover, it is expected to intensify due to
rising sea levels caused by climate change’. The effects of climate change on aquifers will be further
explored in the section 1.2.

With the aim of reducing greenhouse gas emissions to mitigate the climate change effects, several
alternative technologies to fossil fuels for energy production have been developed and utilized
over the years, with a continuous increase in renewable energy sources. Some of these sources
directly rely on groundwater systems; technologies such as Aquifer Thermal Energy Storage
(ATES), geothermal plants, or even biofuels are directly involved in the management of this
resource'’. This highlights the close relationship between water and energy. Furthermore, it is
crucial to consider that the use of unconventional gas, such as shale gas, involves extraction
techniques like hydraulic fracturing, which use large quantities of water, competing with other
users and potentially causing water contamination due to additives used during the operations™.
Moreover, another connection between these two elements arises from the groundwater
extraction: due to the potential decline in water table levels, more energy will be required in the

near future for pumping21.
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The last significant issue concerning aquifers systems is transboundary conflicts. These extensive
systems can span across multiple neighbouring states or regions, leading to competition over the
use of groundwater. Often, these aquifers are located in geopolitically unstable contexts, becoming
an additional problem among involved parties which could potentially escalate into a conflict™. A

representation of these transboundary aquifers is reported in Figure 1.4.
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Figure 1.4 Sonrce: Puri and Aureli 2009: Atlas of transboundary aquifers

1.2 Climate change impact

As mentioned in the section 1.1, there are several factors influencing the management of
groundwater, affecting its quality and quantity. Among the four main issues highlighted, there is a
common element which is exacerbating the impact on groundwater: climate change.

A result of anthropogenic greenhouse gas emissions the Earth’s system is rapidly changing. Indeed,
as a direct consequence of this increase in greenhouse gas concentrations in the atmosphere, the
planet’s average temperature has risen significantly, resulting in an increase of 1.1 °C in the period
2011-2020 compared to the mean temperature value registered in the period 1850-19007. Over
the years, significant attention has been given to surface water bodies, particularly on their
management as a response to climate change’. However, climate change is affecting all the Earth’s
system components, including aquifer systems. Consequently, the recharge frequency and the
groundwater levels are and will increasingly be affected by these changes, leading to a variation in
the availability and quality of groundwater™. Moreover, the recharge of groundwater depends on
the frequency and distribution of precipitations, whether in the form of rain or snow; it depends

on the evapotranspiration, therefore, on the amount and type of vegetation which cover a certain
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area, and it depends on the land use. Climate change and climate variability also affect all these
interconnected elements. For instance, an increase in winter temperatures will lead to more melted
ice from glaciers, increasing recharge into the aquifer or the rivers streamflow. However, it will
also reduce the amount of snow accumulation during the winter season, leading to a decrease in
available water in summer needed to sustain the river low flow”. Consequently, this could further
stress aquifers due to excessive water extraction needed for irrigation. The response of an aquifer
to the pressure exerted by climate change also depends on the type of aquifer considered.
Unconfined aquifers, in general, tend to be more sensitive to changes in climatic conditions
compared to confined aquifers®. Furthermore, also the geology, hydrogeology, hydrology and
biology properties will play a role in affecting the groundwater recharge and quality in response to
these climate pressures’.

Changes in groundwater recharge consequently has direct effects on its quality. The main risk is
linked to the decrease in groundwater level due to the overexploitation and the rising sea levels
caused by global temperatures increases, which could lead to the intrusion of saltwater into the
aquifer along the costal regions'®. Furthermore, due to the increase in the extreme events such as
droughts and floods, an increase in groundwater pollution is expected due to contaminants carried
by rivers during a flood event or, on the other hand, due to the increase in concentrations of
wastewater or other toxic compounds in water owing to its decrease in volume during droughts®’.
However, due to the complexity of aquifer systems, it is challenging to state whether a change in
water availability is directly attributable to climate change or simply due to excessive usage, or
perhaps a combination of both factors.

Global hydrological models have been used in order to estimate the groundwater depletion rate.
The results demonstrate that this rate is exceeding 20 mm year ~' (2001-2010) in major aquifer
systems such as the High Plains and California Central Valley aquifers (USA), Arabian aquifer
(Middle East), North-Western Sahara Aquifer System (North Africa), Indo-Gangetic Basin (India),
and North China Plain (China) and is primarily induced by human activities. In contrast,
groundwater depletion at lower rates (<10 mm year ') is occurring in the Amazon Basin (Brazil)
and Mekong River Basin (South East Asia), primarily attributable to climate variability and
change®. An analysis on a global scale using Gravity Recovery and Climate Experiment (GRACE)
satellites measurements in the period 2002-2016 across 37 major aquifer systems reveals the
presence of 34 trends in the terrestrial water storage (TWS). The drivers are categorized as natural
interannual variability, unsustainable water consumption, or climate change. This study has
demonstrated how human usage and climate change are impacting the freshwater availability™.

The terrestrial water storage trends are reported in Figure 1.5.

12
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Fagure 1.5 Annotated map of terrestrial water storage trends. Source: Rodell et al. 2018 “Emerging trends in global groundwater distribution”

Global Climate Models (GCMs) are used to obtained projected climate change impacts on
groundwater. The depletion rate is projected to increase from 204(£30) km’ year” in 2000 to
427(+56) km’year” by 2099". Other studies indicate that in that northern Europe will expetience
increased winter rainfall, resulting in grater groundwater recharge within a shorter duration.
Conversely, summers are predicted to be drier, leading to prolonged periods of limited or no
groundwater recharge. In Southern Europe, the overall recharge rate will decrease, potentially
leading to water stress compatred to the current situation®. Worldwide withdrawals of total
groundwater are estimated to rise from 952 km’year” in 2010 to 1621 km’year™ by 2099, whereas,
the non-renewable groundwater withdrawals are estimated to rise from 304 km’ year™ in 2010 to
597 km’ year by 2099

As evident, urgent actions are needed to address the future challenges concerning groundwater
management. Among various developed techniques and systems, Managed Aquifer Recharge
(MAR) has progressively gained attention over the years. It stands as one of the strategies to

implement for supporting sustainable, long-term groundwater management.
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2 Managed Aquifer Recharge (MAR)

Managed Aquifer Recharge (MAR) is an intentional process aimed at recharging groundwater,
allowing for an increase in both quantity and quality. This ensures the availability of groundwater
for future use. This method helps to overcome the disadvantages which affect the most common
water storage systems in surface reservoirs, which include issues like water losses due to
evaporation, exposure to potential contamination, and the requirement for significant land space
needed for the reservoir construction’. The excess of surface water directed into an aquifer in these
systems may derive from various sources such as river water, storm water, desalinated water,
rainwater, treated effluent and water coming from another aquifer’’. The evolution of these
systems has undergone several stages, experiencing substantial modifications and changes due to
technological advancements and progressive theoretical discoveries. These advancements have to
a better understanding of aquifers and their responses to alterations in water flow, affecting their
initial state.

During the initial phase, which goes from 221 BC to 1850 AD, prototypes of MAR were primarily
employed to ensure groundwater availability for agricultural purposes, patticulatly irrigation™.
Subsequently, they found application in residential context as well. Examples of early MAR
prototypes include the "Amunas" utilized by the Wari civilization in Peru and "Careo" in Spain,
both representing eatly types of infiltration channel prototypes™.

The second phase dates back to the industrialization era in Europe, from 1850 to 1950. Due to
the increasing water demand driven by population growth and the necessity to avoid the potential
contamination of water resources, MAR systems found extensive application during this period.
Notably, significant theoretical advancements occurred during these years. The formulation of
Darcy's law in 1856, together with Dupuit's formula (1863), the theories of steady-state flow in
pumping wells and, subsequently, the transient-state flow theory in pumping wells introduced by
Theis in 1935, marked pivotal turning point in the evolution of these systems™.

Due to the extensive destruction left by World War II, from 1950 to 1990, MAR systems
represented one of the solutions employed to ensure greater availability and quality of water needed
for the recovery of industrial and agricultural activities and for domestic use. The third phase of
the development of these systems is attributed to this period. The significant progress during this
time was also due to advancements in theoretical filed. In fact, the transient theory for pumping
wells was formulated during this period, thanks to the contributions of important figures in the

field, such as Hantush and Jacob™.
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The fourth phase goes from 1990 to the present day. Various applications of MAR systems have
been implemented worldwide in recent years. Particularly, in more developed countries, these
systems use more precise utilization techniques compared to those in developing countries. This
difference arises from advanced technological and theoretical knowledge, which also involves the
use of modelling software and field data collection for aquifer characterization™.

Nowadays, these systems are increasing by 5% each year”, and they will increasingly be employed
due to the increasing water demand and the significant variability in the availability of this resource,
exacerbated by climate change.

The implementation and design of MAR systems depend on various factors that are both site-

specific and tailored to specific needs.

2.1 Managed aquifer recharge typologies

Depending on the chosen design, the methods of water infiltration into the aquifer and the
treatment processes may vary. Based on the method of aquifer recharge and storage technique,
MAR systems are classified into five main groups:

1. spreading methods,

2. induced bank infiltration,

3. well, shaft and borehole recharge,
which are techniques referring to water infiltrated, whereas

4. in-channel modification

5. runoff harvesting

which are techniques referring to intercepting water.
The choice of the suitable MAR type depend on the characteristics of the local hydrological and
hydrogeological conditions, aquifer type, topography, land use, ambient groundwater quality, and

the intended purpose of the recovered water”".

2.1.1 Spreading methods

Spreading methods allow for the infiltration of large water volumes at a relatively low cost through
straightforward management procedures. This method is employed when an unconfined aquifer
is situated close to the ground surface, enabling significant quantities of water to filter into it
through permeable sedimentary soil and rocks. Consequently, the water is extracted with the aid
of a pumping well when required. The specific MAR methods which belong to this group are soil
aquifer treatment (SAT), infiltration ponds, flooding, ditches and furrows and excess irrigation

methods. A schematic representation of this method is reported in Figure 2.1. The installation of
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these methods requires a large area of flat land or terrain without steep slopes, particularly in the
case of infiltration ponds and flooding methods. Moreover, water dispersed on the ground may
carry contaminants if not adequately treated or if filtration through the soil is insufficient to retain
these compounds. Consequently, these substances may reach the aquifer, and due to the required

time interval for soil filtration, water might incur significant mass losses through evaporation®.
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Figure 2.1 Schematic representation of spreading method (infiltration ponds). Source: DEEPWATER-CE

2.1.2 Induced bank infiltration

This method aims to improve both the quantity and quality of water. However, its installation is
more complex as it involves strategically placing pumping wells near surface water bodies with low
quality levels. Thus, the water is filtered through the ground by the capture zone created by the
well's pumping, as it is visible in Figure 2.2. Estimating the travel time accurately during the
system's design phase is crucial for retaining pollutants in the soil. It's estimated that to achieve a
high level of purification, a travel time exceeding a month is required”. Moreover, intensive
monitoring during operations is also necessary. Specific MAR method which belong to this

category are river or lake bank infiltration and dune filtration™.
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Figure 2.2 Schematic representation of induced bank infiltration (river/ lake bank infiltration). Source: DEEPWATER-CE
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2.1.3 Well, shaft and borehole recharge

With this method, it's possible to directly inject water into the aquifer using an injection well, in
areas where the soil permeability does not allow for the use of the methods mentioned above or
where a confined aquifer exists. Subsequently, the water can be recovered through the same well
or using another located at a certain distance from the injection well. In the first case, the specific
MAR method is named Aquifer Storage and Recovery (ASR), while in the latter case, it is named
as Aquifer Storage, Transfer, and Recovery (ASTR), reported in Figure 2.3. For this method as
well, the design and construction phases are complex, requiring continuous monitoring during

system operation. Moteover, water sources with high-quality levels are needed in the process™.

Infiltration * Extraction
IVI Land surface I I
| | Aquitard I I
11
11 Groundwater 11
11 11
11 11
11
infiltrotio > > >
fiitration : : § Exoction
weli mpermeable layer well
11 WMpE eabie iaye L1

Figure 2.3 Schematic representation of well, shaft and borebole recharge (aquifer storage transfer and recovery). Source: DEEPWATER-CE

2.1.4 In-channel modification

The in-channel modification typologies belong to the category of MAR systems that facilitate
aquifer recharge by diverting rivers, channels, and intermitted water flows through the
construction of various dams like sand storage dams or subsurface dams. These dams are designed
to modify the flow, retaining a certain amount of water that will recharge the underlying aquifer
through infiltration. In this case, since no injection wells are utilized, the aquifer beneath the water
flow must be unconfined and the soil above which the system is installed must be permeable,

allowing the water to reach the aquifer”. The schematic representation is reported in Figure 2.4.
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Figure 2.4 Schematic representation of in-channel modification (recharge dams). Sounrce: DEEPWATER-CE
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2.1.5 Runoff harvesting

In these MAR systems, water is directed into specific storage tanks and subsequently allowed to
infiltrate through permeable soil to reach the unconfined aquifer. It is a system that can be
employed at various scales, from a single house, whose schematic representation is visible in Figure
2.5, to a residential context. Usually, these types of systems do not have high costs and are
characterized from simple constructions. Moreover, they allow for the restoration of the

hydrological cycle in urban settings*.
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Figure 2.5 S chematic representation of runoff harvesting (rooftop rainwater harvesting). Source: DEEPWATER-CE

2.2 Implementation criteria of MAR

As reported in the previous paragraph, there are various MAR schemes and strategies that can be
implemented to manage water resources, improving their availability and quality according to
specific needs. However, the development and the choice of these MAR strategies is heavily
influenced by various elements which are site-specific. This necessitates following criteria based
on specific site characteristics such as hydrology, climatic variability, water resource availability and
type, geology, regulations, and many others. This paragraph will analyse all these criteria that
influence the implementation of MAR systems and therefore, which of these systems are best
suited based on these characteristics.
The MAR selection criteria can be summarised in four main categories:

1. hydrogeological characteristics,

2. water source availability,

3. water source type and climate,

4

water quality *.
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2.2.1 Hydrogeological characteristics

Soil and subsurface characterization play a pivotal role in determining which MAR system to
employ in a particular location. Understanding the type of aquifer in the area, its water storage
capacity, and the infiltration process are the key objectives in this phase of system design. Particular
attention is needed for the characterization of the vertical hydraulic conductivity which usually
must be higher with respect the horizontal one, since directly affect the vertical infiltration.
Moreover, other important information is needed, such as the boundary conditions of the site, in
order to understand if there are inflow or outflow of water, and the aquifer parameters. All this
information will be used to model the zone in which the MAR system should be installed, in order
to simulate the response of the system to potential modifications in the quantity and method of
water recharged into the aquifer. A critical distinction is needed between soil and subsurface
characteristics as they can vary significantly, influencing water infiltration differently and thereby
affecting the selection of the appropriate MAR system to be installed. Some criteria guide the
choice of MAR systems based on the soil type where installation is required. Soils can be classified
into four Hydrologic soil groups (HSG): sandy loam or HSG-A (>90% of sand), silt loam or HSG-
B (50-90% sand and 10-20% clay), sandy clay loam or HSG-C (<50% sand and 20-40% clay) and
clay loam or HSG-D (<50% sand and >40% clay). Studies demonstrated that in sandy loam and
silt loam HSGs the high infiltration rate makes the installation of MAR systems unnecessary
generally, since the soil allow the water to infiltrates naturally. Whereas, in places where sandy clay
loam is present, it has been demonstrated that also an high number of MAR systems are installed
due to the lower infiltration rate which characterize the soil. A schematic representation of the

MAR types distribution as a function of the soil type is reported in Figure 2.6.

Sand Dams
Trenches

Channel spreading
Surface flooding Oceurrence(%)
Check dam

ASR

Subsurface Dam
Storage using wells

Bank filtration

Infiltration basin

<0000 000

oo

Hydrologic Scil Group

0 MAR locations

Figure 2.6 Schematic representation of Hydrologic soil groups on the left and MAR type distribution depending on the HSG on the right. S ource:
S Alam et al. “Managed aquifer recharge implementation criteria to achieve water sustainability”
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However, the permeability of the deeper part of the soil considered can vary significantly compared
to the upper layer, affecting the choice of the MAR scheme that needs to be installed.
Consequently, a subsurface characterization must be included in the analysis. Data are obtained

through pumping test, water availability and water balance.

2.2.2 Water availability

The availability of water in a specific location can be determined directly by the difference between
long-term precipitation and evapotranspiration in a particular basin. However, other parameters
directly influence the water availability such as the terrain characteristics (elevation, slope),
vegetation, land use, and flow availability. Thus, MAR systems can be implemented to improve
water quality, which occurs in areas with high water availability, or to increase water quantity in
areas with low water availability. Obviously, the implementation of MAR systems strongly depends

on the climate of the area, which influences the water balance.

2.2.3 Water source type and climate

The implementation of MAR systems also depends on the type of water source available in the
area. The origin of this water can vary and is generally classified into four main groups: surface
water (lakes, rivers), rainwater, wastewater, and groundwater. Moreover, considering the climate
of the area is crucial in determining the type of MAR scheme to install. Generally, climates are
categorized into five main classes: hyper-arid, arid, semi-atid, dry-sub-humid, and humid*.
Considering the climatic zone and the water resource helps determine the most suitable MAR
system to implement. According to a study conducted by S. Alam et al.*, which analysed 1127
MAR sites worldwide to understand how these systems varied based on climatic regions and water
resources, it was evident that surface water is the most commonly used water resource for MAR
implementation across all climatic regions, followed by rainwater. Additionally, it was observed
that contaminated groundwater is primarily used in semi-arid, dry-sub-humid, and humid areas,
while wastewater is mainly utilized in hyper-arid zones. A schematization of the results obtained is

reported in Figure 2.7.
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2.2.4 Water quality

The last criterion to consider for implementing MAR systems is water quality. To assess water
quality, several parameters need analysis, including salinity, the presence of particulates, organic
and inorganic compounds, nutrients, and pathogens. The removal capacity of potential pollutants
and the consequent improvement in water quality vary based on the MAR system used. For
instance, Soil Aquifer Treatment (SAT) is effective in removing organic carbon, unlike Aquifer
Storage and Recovery (ASR) systems. This is because geochemical and microbiological processes
in the unsaturated zone purify water filtered through the soil, eliminating compounds present in
the water source. Therefore, appropriately evaluating the residence time during the MAR system's
design phase to enable contaminant removal is crucial.

However, the presence of compounds and sediments in the water can cause physical and biological

clogging of subsurface pores, reducing water infiltration*. Parameters to consider for assessing the
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purification capacity of the unsaturated zone include reduction potential, pH, organic matter
content, and mineralogy. Furthermore, besides the capacity to remove potential contaminants
from water filtered into the aquifer, MAR systems can be used to dilute contaminated groundwater
by injecting appropriately treated or uncontaminated water from other sources®. This strategy
helps reduce the concentration of pollutants like nitrogen, pathogens, or organic contaminants*.
Finally, implementing MAR systems requires tailoring the approach based on the type of
contaminant and its potential risk since certain compounds might not be adequately removed by
the subsurface, requiring pre-treatment before injection. This approach ensures an effective
strategy for managing specific contaminants and mitigating potential risks associated with them

within the aquifer system®.

2.3 The role of groundwater modelling for MAR

The deployment of a Managed Aquifer Recharge (MAR) project is affected by a multitude of
factors outlined in preceding sections. To ensure the successful execution of the project, it is
imperative to adopt an approach based on the implementation criteria, adopting a methodology
which is enriched by prior successful MAR projects. Although each project exhibits unique site-
specific characteristics, gaining information and experience from past implementations fosters
strategic decision-making and increase the likelihood of success of the current project. The
implementation options are always integrated within the Integrated Groundwater Management
(IGM) and are divided into six phases according to the Standard Guidelines for Artificial
Recharge®:
I.  Preliminary activities

II.  Field investigation

III.  Design

IV.  Construction and start-up

V.  Operation and maintenance

VI Closure

The initial steps typically involve collecting and assessing data, as well as conducting a preliminary
study that utilizes models to generate a conceptual assessment of the proposed MAR project.
Moreover, modelling can be used for scenario analysis and future predictions, representing a

valuable tool to assess the feasibility of a MAR project in a specific location.
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The assessment of a MAR project necessitates the utilization of different models, depending on
the specific evaluation objectives. These models serve to simulate various hydrological processes,
such as groundwater flow, unsaturated flow, solute transport, reactive transport, and watershed
dynamics. Fach model is designed to provide insight into specific aspects of the MAR system,
assisting in decision-making and optimizing project outcomes. As example, groundwater flow
models represent primarily the saturated soil zone and are typically based on the Darcy’s law,
describing the water movement through the porous media. In contrast, unsaturated flow models
focus on the areas where the porous media is not fully saturated and utilize the Richards’ equation
to simulate the water movement through the unsaturated soil™.

Therefore, modelling can help to evaluate the advantages and disadvantages of a specific MAR
scheme, helping in evaluating its feasibility and the optimal design®. Moreover, the use of model
allow to quantify the recovery efficiency, determining the amount of water with specific quality
standards that can be retrieved, evaluating the residence time of the infiltrated water’’. The
movement of injected water and its interaction with natural groundwater are computed to measure
the resulting groundwater level changes and the affected area when MAR is developed.

Finally, a sensitivity assessment can help to understand which are the main hydrological and
operational factors which impact the effectiveness of a MAR project, simulating the best and the
worst-case scenario. Nonetheless, modelling offers a unique opportunity to integrate future climate
change scenarios, water usage patterns, and management strategies into the feasibility assessment.
Among the model typology reported above, groundwater flow models are most used for MAR
assessment followed by the unsaturated flow models™.

Typically, models specifically designed for MAR implementation are not developed. Among the
available options, prevalent choices for groundwater and saturated flow modelling include
MODFLOW®, FEFLOW®Y, and SEAWAT>. Meanwhile, MIKE-SHE®, MARTHEY, and
HYDRUS™ are commonly employed for unsaturated flow modelling purposes.

It is important to note that models provide a simplified representation of the complexity which

characterizes the natural systems, thus uncertainty and errors affect the final results.
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3 Methodology

The primary aim of this study was to perform a sensitivity analysis of the parameters that mostly
affect the performance of Managed Aquifer Recharge (MAR) systems through numerical flow
modelling. In particular, the MAR system simulated is aimed at replenishing the aquifer during the
non-irrigation season using water from agricultural canals that are not used out of the irrigation
season. This investigation is crucial for determining water availability during the subsequent
irrigation season.

The sensitivity analysis was conducted on a simplified model, which did not use an actual
stratigraphic configuration but instead an assumed one. Representative parameters available in the
literature were used to approximate reality. The parameters selected for the sensitivity analysis
were: the MAR typology considered, the distance of the extracting well from the MAR system, the
hydraulic gradient, and the hydraulic conductivity. These were hypothesized to be the major factors
affecting aquifer recharge. The software selected to perform the study is FEFLOW. This approach
ensures that the study serves as a foundation for future research that will integrate site-specific

data, starting from the insights gained from this sensitivity analysis.

3.1 Sensitivity analysis in groundwater modelling

Sensitivity analysis (SA) serves as a valuable supplementary tool in groundwater flow modelling,
helping to evaluate the significance of different governing flow parameters in determining the
behaviour of a patticular flow scenario™. It is the study of how the outputs of a system are related
to (and are influenced by) its inputs™. In numerous applications, the utilized models can be
classified into two main categories: statistical models and process-based models. Statistical models

function by mapping inputs to outputs®”’

, while process-based models solve a set of differential
or other mathematical equations that govern the spatiotemporal behaviours of the underlying
processes™”’. These models serve as powerful tools for understanding and simulating complex
systems, offering insights into how various factors interact and influence outcomes™. The inputs
of intetest, often known as 'factors' in sensitivity analysis, encompass a broad range of elements
within the model framework. These factors may consist of model parameters, forcing variables,
boundary and initial conditions, selections of model structural configurations, as well as
assumptions and constraints. On the other hand, outputs can take various forms, including
functions of model responses that may exhibit spatiotemporal variability. Objective functions,
such as error functions in model calibration, are also considered among the outputs of interest™.

In groundwater modelling, sensitivity analysis serves as a valuable tool for calibrating simulation

models. It allows for the determination of tolerances on parameters such as transmissivity and
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storativity, based on acceptable levels of error in hydraulic head. Additionally, sensitivity analysis
aids in estimating the variance and confidence intervals for hydraulic heads, providing valuable
insights into model performance and reliability®.

Sensitivity analysis involves various approaches, which can generally be classified into two main
categories: local SA and global SA. Local sensitivity analysis involves examining how a model's
response changes when one parameter is varied while all others are held constant. This is typically
done through methods like differential sensitivity analysis (DSA). In contrast, global sensitivity
analysis looks at how the model's response changes when all parameters are varied simultaneously.
The generalized sensitivity analysis (GSA) method is a type of global sensitivity analysis that
addresses the limitations of local sensitivity analysis approaches®".

The study of sensitivity serves various purposes depending on the specific application, that can be
summarized as follows:

e Establishing a response surface, which describe how model responses change with variations

in input parameters.

e Identifying the most significant uncertain parameters based on their impact on model response
variability, known as factor prioritization®.

e Examining parameter interactions to understand process dynamics and potential influences

between variables®.
e Ensuring consistency between the model and the physical system®.

e Streamlining the model by identifying and eliminating non-influential parameters, reducing
computation time and errors caused by over-parameterization®®.

For instance, sensitivity analysis in flow modelling and groundwater management, enables the
assessment of optimal well locations and pumping rates, considering various constraints such as
local drawdown limitations, hydraulic gradients, and water production targets. By systematically
analysing the sensitivity of these factors, decision-makers can make informed choices to enhance
groundwater management practices and ensure sustainable resource utilization®.

In this study, FEFLOW software was selected to perform sensitivity analysis. The aim was to
determine the key parameters influencing groundwater recharge when utilizing a Managed Aquifer
Recharge (MAR) system. Together with the introduction of the case study, a comprehensive

introduction to FEFLOW is provided in the next chapter. This introduction aims to describe

briefly the software capabilities and features pertinent to the subsequent analysis conducted.
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3.2 The FEFLOW software

The analysis was performed with the finite-element code FEFLOW (Finite Element subsurface
FLOW system), one of the most sophisticated numerical models available for simulating flow and
transport processes in porous media, under both saturated and unsaturated conditions. The
modelling platform features an advanced graphical environment allow for simulating underground
flow dynamics in complex situations, contaminant transport in the aquifer, and heat transport.
The use of a finite element approach, as opposed to the finite difference method used by classical
numerical groundwater flow models such as MODFLOW, ensures extreme flexibility in spatial
discretization of the domain and provides a better representation of natural elements and
anisotropic conditions. FEFLLOW also allows for the representation of discrete features such as
single or multiple fractures. In addition to its superior domain representation compared to other
common simulation codes, FEFLOW offers further significant advantages and capabilities in
representing local dynamics. These include the ability to completely desaturate calculation layers,
which is strategically important in cases of high gradients.

The applications span various fields, with some examples including: flow transport in fractured
media, intrusion of salt water, design of remediation interventions, contamination transport,
management and allocation of groundwater, groundwater/surface water interaction, and
geothermal energy and heat transport™.

To perform sensitivity analysis through FEFLOW, several steps are required, but the first step,
regardless of the complexity of the analysis to be performed, is to generate a conceptual model or
base model. The conceptual model serves as an ideal representation of hydrogeology within the
groundwater flow system. It represents the optimal approach to describe the functioning of the
aquifer. Furthermore, it provides a visual representation of the complex natural aquifer system
before constructing the numerical model. To build a robust conceptual model, the following
elements are essential:

v Groundwater flow directions

v" Hydrologic boundaries (including recharge areas, rivers, lakes, wetlands, etc.)

v" Geologic formations

v" Hydrologic parameters (e.g., soil conductivity, storage, porosity)

v Well conditions (including extraction or injection details such as location, screen, depth, and

rates)

<

Observations of groundwater head and groundwater quality®.
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The construction of a model in FEFLOW involves a series of essential steps. These steps are

fundamental in ensuring the accuracy and reliability of the simulation results. They provide a

structured approach to setting up the model and analyzing the behaviour of the system under

consideration. In this thesis, the process of model construction in FEFLLOW is delineated into the

following key stages:

1. Prepare input data, including importing shapes, wells, surfaces, XYZ points, cross-sections

of the ground layer, and digitizing new GIS layers.

2. Define the super element mesh and 2D mesh.

3. Identity slice elevations.

4. Assign property zones.

5. Define flow boundaties.

6. Run the simulation and analyze the results, checking the visualization outcomes.

The conceptual model serves as the foundation of the FEFLOW code, offering several advantages:

Independence of Boundary and Model Input: the conceptual model is not dependent
on the numerical grid or mesh, allowing for the design of multiple conceptualizations of
the site without constraints. This independence facilitates easy modifications even after
construction.

Flexibility in Design: multiple grids or meshes with different sizes can be selected based
on project requirements. This flexibility enables the adaptation of the conceptual model to
varying needs and scenarios.

Conversion to Numerical Model: the conceptual model can be converted into a
numerical model with a numerical grid. This conversion process facilitates the transition
from conceptualization to detailed numerical simulation.

Adaptability to Project Needs: the simulator can be adjusted or customized to
accommodate specific project requirements. If the existing numerical model is unsuitable,
a new one can be developed with a different grid or configuration.

Ease of Modification: the conceptual model allows for easy and efficient modifications,
ensuring that the model can be updated or refined as needed throughout the project

lifecycle.

Opverall, the conceptual model provides a versatile and adaptable framework for developing and

refining numerical simulations within the FEFLOW code®.
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3.3 Base model settings

As mentioned earlier, FEFLOW employs the finite element method to solve the partial differential
equations, in two or three variables, that characterize the mathematical model. To solve the
problem, FEFLOW subdivides the larger system into simpler and smaller parts called finite
elements through a process of discretization, which leads to the generation of the so-called mesh
of the considered geometric space. In order to generate the finite element mesh for constructing
the model, the initial step involves constructing the supermesh. This reference structure contains
all the essential geometric information required by the algorithm for mesh generation. FEFLOW
provides the option to generate either a 2D or a 3D supermesh, depending on the analysis
requirements and the available data. For the purpose of this study, the 2D supermesh option has
been selected. This involves the use of polygons, lines, and points to define the reference geometric
entities. In the study, the reference supermesh was defined using a regular polygon with a side
length of 5000 m. Considering the analysis objective, six extraction wells were incorporated into
the domain, represented as points in the Supermesh. These wells were positioned at distances of
1700 m, 1900 m, 2100 m, 2300 m, 2500m, and 2700 m respectively, from the lower boundary of
the polygon, and at a distance of 2500 m from the lateral edges.
The final geometrical entity to be considered before mesh generation is the MAR system, through
which the aquifer is recharged. Specifically, two different configurations were analysed based on
the MAR system considered:

e The first configuration in which the MAR system is a trench, represented in the supermesh

by a rectangle with a base of 1000 m and a height of 1 m.
e The second configuration in which the trench is replaced with a series of eleven injecting
wells, each spaced 100 m apart for a total distance of 1000 m.

The vertical distance among the represented MAR systems from the first pumping well is 200 m.

The comparison between the two reference scenarios are reported in Figure 3.1 and Figure 3.2.
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Figure 3.2 Supermesh with a series of injecting wells




To ensure an optimal discretization around the wells, crucial for accurately solving the flow
equations in the vicinity of these points, each well is represented by seven points. Six of these
points are positioned at the vertices of a hexagon, while the seventh point is located at the centre
of the well as reported in Figure 3.3. In the image, 13, represents the borehole radius, while A
denotes the distance at which each of the six measurement points is positioned from the centre.
This A value must approximate the virtual radius 73,¢1,4;- The node distance A is calculated using

the following formula:

Eq. 1
Where n represents the number of nodes, in this case equal to 6.

This configuration allows for a more refined meshing strategy, enhancing the model's ability to

capture the dynamics of flow behaviour around the wells.
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Figure 3.3 Well points representation in the supermesh

After that the 2D domain has been defined with all the internal elements, the finite-element mesh
generation was carried out. The finite-element mesh generation can be performed with different
algorithms which area available on FEFLOW. Considering the geometrical characteristics of the
domain and the purpose of this study, the mesh generation has been carried out with the Triangle
algorithm. The process has been performed for both the supermesh domain and the results are

reported in Figure 3.4 and in Figure 3.5.
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Figure 3.4 2D Finite-element mesh with trench as a MAR system

Figure 3.5 2D Finite-element with wells as a MLAR system
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From the figures shown above, it can be observed that the finite element discretization of the
domain becomes denser around the geometric elements representing the extraction wells and
injection trench in the first configuration, and the extraction and injection wells in the second one.
It is important to have a higher density of finite elements around those points because they
represent areas of significant interest and activity in the numerical model. A greater density of finite
elements allows for better spatial resolution and a more accurate representation of phenomena
occurring near extraction and injection points, such as flow distribution, for example. This is
crucial for a correct assessment of hydrogeological behaviour and, consequently, for a more
accurate sensitivity analysis of the system and the precision of predictions provided by the model.

In Figure 3.6 it is possible to observe these details.

Figure 3.6 Zoon: on well and trench

Once the domain discretization process was completed, it was possible to switch from the 2D
model to the 3D model. In both cases, the 3D model consists of three layers with different
thicknesses. Starting from the upper layer towards the lower one, the thickness of these layers is
30m, 20m, and 10m respectively. The upper layer represents the vadose zone, whereas, the middle
layer represents the unconfined aquifer. The lowest layer is an impermeable stratum, acting as a
barrier that prevents further downward movement of water.

Additionally, each slice in the model has an inclination, which is inferred by the model using the
elevation of the vertices of the domain. The representation of the domain is reported in Figure

3.7.
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Figure 3.7 Cross-section of the model along the y-axis

The summary of all the geometric settings is reported in the Table 1.

Table 1 Problem Geometry

Width [m] 5000

Height [m] 5000
Number of layers 3
Number of slices 4
Depth layer 1 [m] 30
Depth layer 2 [m] 20
Depth layer 3 [m] 10

Element type Triangular prism
Element per layer 13357
Nodes per Slice 6717

After finalizing the 3D configuration, the next step involved improving the characterization of the
conceptual model by incorporating essential information required for conducting sensitivity

analysis. This implied defining boundary conditions and specifying material properties pertinent

to the model.
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3.4 Boundary conditions assignment

In FEFLOW, the default boundary condition is characterized by a state of "no flow," indicating
that there is no water movement permitted across the boundary. However, if there is a necessity
to enforce specific conditions within the model, it becomes imperative to explicitly define a
boundary condition at the respective node. By setting boundary conditions at designated nodes,
the model can accurately simulate and reflect the desired hydraulic behaviour and interactions
within the system. FEFLOW provides the capability to set boundary conditions for fluid flow,
mass transport, and heat transport. In this case, only the Fluid-Flow boundary conditions have
been specified. Boundary conditions can be established both at the outer boundaries and within
the internal framework of the FEFLOW model. These conditions are specified at the nodal level,
although certain types, such as Fluid-flux BC and Fluid-transfer BC, require application across
multiple nodes.

FEFLOW offers four categories of boundary conditions, all of which can function either in steady-
state condition or transient conditions in conjunction with time series. The implementation of
these boundary conditions may be subject to additional physical constraints. The different

boundary conditions categories are reported in Table 2.

Table 2 Boundary Conditions categories; Sonrce: FEFLOW 8.0 Documentation

Boundary
Symbol Short Description Examples
Condition
e Well-known groundwater
Hydraulic-  Fixed hydraulic head (1* kind/Dirichlet level at boundary

14

head BC boundary condition). commesiad o fhe aapi:

Fixed flux (Darcy flux) across a model

e Lateral inflow into the aquifer

Fluid-flux BC | boundary (2" kind/Neumann boundary from a slope
condition).
Fixed reference water level with additional

Fluid-transfer e River/lake with clogging layer
transfer rate (3" kind/Cauchy boundary e Partly clogged drain

BC
condition)
Well BC Fixed abstraction/infiltration at a single e Pumping/infiltration well

node or along a well screen.
Multi-layer  Fixed abstraction/infiltration along a well o Pumping/infiltration well
wells screen.
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https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/hydraulic_head_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/hydraulic_head_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/fluid_flux_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/fluid_transfer_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/fluid_transfer_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/well_bc.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/multilayer_well.html
https://download.feflow.com/html/help80/feflow/09_Parameters/Boundary_Conditions/Flow/multilayer_well.html

In the conceptual model developed for this study, the initial implementation focused on Hydraulic-
head boundary conditions. Specifically, a hydraulic head of 20 m and 10 m was imposed in the
southern and northern boundary of the model, respectively, to achieve a hydraulic gradient of
0.002. Consequently, constraints were applied to the nodes representing the pumping wells utilized
during the irrigation season. This was accomplished using the Multi-layer wells boundary
condition, which offers the capability to specify a fixed or time-varying pumping rate along a well
screen. The depth of the wells was assumed to coincide with the sum of the thickness of the first
two layers. This parameterization was carried out using the Multi-layer wells editor, which
facilitates the definition of various well characteristics, including pumping rate, well depth, and

well radius. The corresponding menu is illustrated Figure 3.8.

Multilayer Well Editor n
Well properties Location in selection
Capadty: | .44 0 [/s] ~ | Radius: |04 [m] Pasition 1of 1
[ Minimum hydraulic-head constraint Well coordinates:
1 Maximum hydraulic-head constraint X: 2500 [m]
¥: 1701 [m]
Extent in z-direction Location preview
From Selected Edges w

— ] —
Assign top/bottom from edge selection

Incorporate existing wells

Mame: | |

Material properties:

Medify Parameter Value
Specific storage (compressibility) 0.0007 [1/

« Validate « Assign Close

Figure 3.8 Multi-layer well editor

The radius of the wells was set equal to 0.4 m. Regarding the wells capacity or pumping rate, it was
imposed that during the irrigation season, spanning 120 days, the capacity must be maintained at
251/s for each well, whereas during the non-irrigation season, the capacity was set to 0 1/s. The

last requirement to be addressed concerns the Managed Aquifer Recharge system situated within
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the model domain. As outlined in section 3.3, the analysis is divided into two separate
configurations: one featuring the MAR system represented by a trench, and the other by a series
of eleven wells. These configurations demand distinct characterization, given the differing
methods through which water infiltrates the aquifer via these systems. In the initial configuration,
the trench has been represented within the model as a Fluid-flux boundary. A flux boundary
condition implies the application of a predetermined flux, specifically the Darcy flux, to nodes
encompassing the faces of elements in a 3D model. Flux boundary conditions are employed in
situations where the gradient or inflow/outflow velocity is known. In this specific case, given the
known injection rate of the MAR system, set at 250 1/s, it was possible to calculate the Darcy flux
applied to each node contained into the trench. In contrast, within the second scenario, the eleven
wells representing the MAR system have been assigned a multilayer boundary condition. Each
well was characterized with a radius of 0.4 m, a screen depth equivalent to the cumulative thickness
of the initial two layers, and a capacity (injection rate) of 23 1/s, thereby ensuring a total injection
rate of 250 1/s, similarly to the conditions established in the first configuration. In both cases,
groundwater recharge is implemented during the non-irrigation season, lasting a total of 245 days.
The Table 3 presents a summary of all the boundary conditions applied to the conceptual model

in both configurations prior to the sensitivity analysis to be conducted.
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Table 3 Boundary conditions settings

Boundary Configuration I Configuration II
Condition Mesh Element Value Mesh Element Value
Southern Southern
Bounda Bounda
v 20 [m] v 20 [m]
(node (node
Hydraulic-
elements) elements)
head BC
Northen Northen
O
Bounda Bounda
v 10 [m] Y 10 [m]
(node (node
elements) elements)
Trench
Fluid-flux BC
(node 21.95 [m/d] / /
a elements)
. ; Screen . ; Screen
apacity | Radius apacity | Radius
pacity depth pacity depth
[1/s] [m] [1/s] [m]
_ [m] [m]
Multi-layer
Extraction
wells BC
P Extraction Well 25 0.4 50
Well 25 0.4 50 (vertical edge)
(vertical edge) Injection Well
23 0.4 50
(vertical edge)

3.5 Material Properties assignment

Material properties describe important characteristics of the porous medium to be simulated at an

elemental level. FEFLOW allows assigning material properties to the finite-element mesh using

different methods, including those that account for changes over time. Several parameters can be

imposed directly as material properties, while others are inferred or derived from the values

inserted into the model or from the default values provided by the software. For example, the

default value for Drain/Fillable porosity in the software was set equal to 0.2. In this study, this

value was maintained, following the default settings. The only parameter that was modified was

the conductivity. The principal direction of conductivity coincided with the Cartesian coordinates
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in both cases. Therefore, the conductivity imposed was along the x direction (K), the y direction
(Ky), and the z direction (K,). The values imposed on the model were based on the fact that the
first layers had to exhibit the same behaviour in terms of conductivity. These layers were
considered permeable since they represented both the saturated and unsaturated zones, while the

third layer was assumed to be impermeable. The assigned values are reported in Table 4.

Table 4 Material properties settings

Configuration I Configuration II
Material Properties
Layer1 | Layer2 | Layer3 | Layer 1 | Layer2 | Layer3
Compressibility [1/m]
10" 10" 10" 10* 10* 10*
[default]
Drain/Fillable porosity
0.2 0.2 0.2 0.2 0.2 0.2
[default]
K 5x10* 5x10* 1x10” 5x10™ 5x10* 1x10”
Conductivity
) Ky 5x10™* 5x10* 1x10” 5x10™ 5x10* 1x10”
[m/s]
K, 5x10* 5x10* 1x10” 5x10* 5x10* 1x10”
Transmissivity [m/s] 0.01 0.01 2x10°* 0.01 0.01 2x10°*

Once the conductivity values have been inserted into the model, the software is capable of

computing the transmissivity 1" as:

Eq. 2
Where K represents the hydraulic conductivity and 4 the saturated water thickness, which was set

to be equal to 20 m when the boundary conditions of the model domain were imposed.

Transmissivity is a measure of how much water can be transmitted horizontally.

3.6 Problem settings assignment

The problem settings assignment represents the most crucial aspect in achieving the desired
conceptualization of the model. The initial requirement posed by the problem settings editor is
whether the model will simulate flow via:

e The saturated groundwater flow equation; or

e Unsaturated or variably saturated media.
In this study, the saturated flow option was selected to simplify the model calculations. This choice

implies that groundwater flow will be described by Darcy's law. Another crucial decision involves
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selecting whether the simulation should be conducted under steady-state or transient conditions.
Steady-state conditions are appropriate for systems with fixed boundary conditions and material
properties, providing a representation of the system in equilibrium. In contrast, transient
conditions are suitable for simulations covering a specific time period with varying characteristics.
Given the objective of this study—to observe the aquifer response to seasonal recharge and
extraction—transient conditions were selected for the simulation. Consequently, FEFLOW allows
the selection of whether the aquifer to be modelled is fully confined or unconfined, the unconfined
option has been selected. Additionally, there is the possibility to define the slices that constitute
the model. Four options are available to assign to each slice: Free, Phreatic, Confined, and Dependent.
In the model under analysis, the Phreatic option was chosen for the first slice, while the Dependent
option was selected for the other two slices.

In Phreatic mode, the model stratigraphy is fixed, meaning elements can become dry or partially
saturated. Unlike the unsaturated mode, the calculation of the unsaturated zone is much simpler,
and typically only one phreatic surface is possible. For each partially saturated element, the partial
saturation is determined by dividing the saturated thickness of the element by its total thickness.
The conductivity values in all directions are then reduced proportionally to the partial saturation
of the element. The Dependent option, on the other hand, means that the selected slice will be
dependent on the nearest non-dependent slice above it. Another option that has been modified is
the Residual Water Depth, which has been set to 0.005 meters.

In the Problem Settings menu, it is possible to define the simulation time. The menu requires to
specify an initial simulation time, the type of time-step control (constant, varying, or automatic),
the initial time-step length, and the final simulation time. All these settings are summarized in the

Table 5, which have been used in both configurations.
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Table 5 Problem Settings

Aquifer Unconfined
Type Saturated
Projection 3D phreatic aquifer (fixed mesh)

Residual water depth for unconfined aquifer

0.005
[m]
Time Class Transient flow
Time Stepping Adams-Bashforth/Trapezoid rule (AB/TR)
predictor-corrector (Automatic)

Initial simulation time [d] 0

Initial time-step length [d] 0.001

Final simulation time [d] 365

3.7 Sensitivity analysis-investigated parameters

As mentioned in the section 3.1, sensitivity analysis is an optimal tool in evaluating which
parameters have the strongest influence on the groundwater flow domain. To understand which
parameters mostly affect the aquifer response to groundwater recharge, various scenarios have
been investigated. The sensitivity analysis was conducted on the following factors:

e The type of groundwater injection, comparing trench versus wells.

e The distance of the activated extraction well from the trench or wells.

e Changing the hydraulic conductivity value compared to the initial condition.

e Changing the hydraulic gradient value compared to the initial condition.

e Changing the injected flow rate through MAR system
Each iteration was repeated to identify which combinations of selected factors provided the
optimal increase in pumping rate compared to conditions without recharge. This process involved
systematically varying the factors to evaluate their impact on the efficiency of the MAR system.
The goal was to determine the most effective configurations for maximizing groundwater
replenishment and enhancing pumping capacity. The results of these iterations provide critical
insights into the design and operational parameters that can improve MAR performance.
From now on, all investigated scenarios will be reported, with results presented through graphs
that describe the evolution of the hydraulic head in time at the monitored wells for each possible

combination. These visual representations will illustrate how different factors influence the
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hydraulic response of the aquifer under various configurations. The analysis has been divided
based on the type of MAR system investigated. The first configuration to be examined involves
using a trench as the MAR system. This section will explore all possible combinations of factors,
including variations in the distance from the trench/wells of the activated well, hydraulic

conductivity, and hydraulic gradient.
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4 Results and discussion

In the following paragraph, the results obtained through the sensitivity analysis are presented. The
presentation is divided into two parts based on the MAR system configuration considered.
Configuration I refers to the model where the MAR system is represented by a trench, while
configuration II refers to the model where the MAR system is represented by a series of eleven
wells.

The results are detailed for each of the six extracting wells located downstream of the MAR system
at different distances, under both conditions of activated recharge and no recharge. This
comparison helps to determine the effect of the injected water on the drawdown at the considered
wells. Finally, the parameters investigated for each well are the hydraulic conductivity and the

hydraulic gradient.

4.1 Configuration I

In the following sections, the results obtained for all extraction wells located at various distances
from the recharging trench are presented. The behaviour of the hydraulic head curve is consistent
across each iteration. The primary variation observed is a general reduction in the hydraulic head
as the distance between the well and the trench increases. This trend is attributed to the positioning
of the wells closer to the northern boundary of the system, downstream from the trench, along
the direction of the hydraulic gradient. The graphs reported in the following figures describe this
behaviour, reporting the evolution of the hydraulic had over a simulation period of 365 days. The

red curves represent this evolution for a hydraulic conductivity value of K, =K, =

5% 10~*m/s ,which is the value that was initially set in material properties (section 3.5) as
reference parameter, whereas the black curves correspond to a hydraulic conductivity value of
Ky=K,=1X 1073m/s .The dotted lines indicate the "no recharge" condition, meaning the
MAR system was inactive during the simulation. In contrast, the continuous lines represent the
scenario with the trench activated, injecting water at the established rate. It is evident that the
primary difference between the red and black curves lies in the aquifer response to water extraction
or injection. The variations in the black curves are less steep compared to the red ones, indicating
a faster response of the aquifer to perturbations due to the higher hydraulic conductivity. The
quicker response of the aquifer also results in a less pronounced decrease or increase in hydraulic
head at the well, thus defining a narrower range of variation compared to the case with lower
hydraulic conductivity. By knowing the hydraulic head value on day 210, which is the day at which

the trench is switched off, it was possible to calculate the difference between the drawdown values
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of the curves with and without trench activation, thereby determining the gain in terms of reduced
drawdown. The tables reported at the end of each section, representing the various iteration
performed, show the difference in hydraulic head (Ah) at the selected Extraction-Well on day 210

between the active trench condition and the non-active trench condition.

411 Trench-Well 1

Well 1

20.00

19.00 Kx=Ky=5x10"“*m/s
.g Kx=Ky=1x103m/s
-g 18.00
2 /| 0 e Ll Trench off
< 17.00
T% Trench on
S 1600 - STEe==S—e=c] . eeee Trench off'
>
I 1

15.00 Trench on

14.00

0 50 100 150 200 250 300 350

Simulation Time [d]

Figure 4.1 Evolution of the Hydranlic head in time at the Well 1 (distance from the trench d=200 m). The red curve represents the bydraulic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydraniic conductivity valne of Kx = Ky = 1x7107
m/ s. The hydranlic gradient for this iteration is i = 0.002.
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Well 1

33.00
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Figure 4.2 Evolution of the Hydranlic head in time at the Well 1 (distance from the trench d=200 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydrantic conductivity value of Kx = Ky = 1x707
m/ 5. The hydrandic gradient for this iteration is i = 0.006.
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Table 6 Difference in hydranlic head (Ah) at Well 1 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.32 0.96 0.36 1.32 0.94 0.38
Kx=Ky=1x10" 0.68 0.53 0.15 0.69 0.53 0.16

4.1.2 Trench-Well 2

Well 2
20.00
Kx=Ky=5x10*m/s

19.00
= Kx=Ky=1x10-3m/s
© 18.00
@ | A ] —— eee-- Trench off
< 17.00
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51600 T N T T eeeee Trench off'
>
T
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Figure 4.3 Evolution of the Hydranlic head in time at the Well 2 (distance from the trench d=400 m). The red curve represents the hydraulic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydraniic conductivity valne of Kx = Ky = 1x7107
m/ s. The hydranlic gradient for this iteration is i = 0.002.
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Figure 4.4 Evolution of the Hydranlic head in time at the Well 2 (distance from the trench d=400 m). The red curve represents the bhydraulic head for
a hydranlic conductivity value of Kxc = Ky = 5 x104m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x107
m/'s. The hydraulic gradient for this iteration is i = 0.006.

Table 7 Difference in hydranlic head (Ah) at Well 2 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.30 0.93 0.37 1.31 0.93 0.38
Kx=Ky=1x10" 0.66 0.50 0.16 0.68 0.51 0.17

46




4.1.3
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Figure 4.5 Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m). The red curve represents the hydraulic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x7107
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m/ s. The hydranlic gradient for this iteration is i = 0.002.
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Figure 4.6 Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m). The red curve represents the hydrantic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydraniic conductivity valne of Kx = Ky = 1x7107

m/ 5. The hydraniic gradient for this iteration is i = 0.006.
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Table 8 Difference in hydranlic head (Ah) at Well 3 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.31 0.95 0.36 1.31 0.93 0.38
Kx=Ky=1x10" 0.69 0.52 0.17 0.68 0.51 0.17
414 Trench-Well 4
Well 4
17.50
17.00 Kx=Ky=5x10"*m/s
E 16.50 Kx=Ky=1x103m/s
T 16.00
. | e~ KL | eee=. Trench off
T 1550
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® 15.00 .
q:% uso o fVPTtSTEemesoeeas) - L F oTUe Trench off
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Figure 4.7 Evolution of the Hydranlic head in time at the Well 4 (distance from the trench d=800 m). The red curve represents the hydrantic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x707
m/ 5. The hydrandic gradient for this iteration is i = 0.002.
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Figure 4.8 Evolution of the Hydranlic head in time at the Well 4 (distance from the trench d=800 m). The red curve represents the hydrantic head for
a hydranlic conductivity value of Kxc = Ky = 5 x104m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x107
m/'s. The hydraulic gradient for this iteration is i = 0.006.

Table 9 Difference in hydranlic head (Ah) at Well 4 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.31 0.96 0.35 1.31 0.37
Kx=Ky=1x10" 0.69 0.52 0.17 0.51 0.17
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4.1.5
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Figure 4.9 Evolution of the Hydranlic head in time at the Well 5 (distance from the trench d=1000 m). The red curve represents the hydraunlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x7107
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Figure 4.10 Evolution of the Hydranlic head in time at the Well 5 (distance from the trench d=1000 m). The red curve represents the hydrautic head
Jor a hydraniic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydrantic conductivity valne of Kx = Ky =

50

1107 m/ s. The hydranlic gradient for this iteration is i = 0.006.



Table 10 Difference in hydranlic head (Ah) at Well 5 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trenchoff | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.28 0.93 0.35 1.31 0.95 0.36
Kx=Ky=1x10" 0.64 0.47 0.17 0.68 0.51 0.17
41.6 Trench-Well 6
Well 6
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Figure 4.11 Evolution of the Hydranlic head in time at the Well 6 (distance from the trench d=1200 m). The red curve represents the hydraulic head
Jor a hydranlic conductivity value of Kxx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky =

1x107 m/s. The hydranlic gradient for this iteration is i = 0.002.

51




Well 6

25.00

24.50 Kx=Ky=5x10*m/s
.§. Kx=Ky=1x103m/s
- 24.00
42
o T IN e AR T eeea Trench off'
S 2350
T:u’ Trench on
52300 ¢ e S e Trench off
>
T

22.50 Trench on

22.00

0 50 100 150 200 250 300 350

Simulation Time [d]

Figure 4.12 Evolution of the Hydranlic head in time at the Well 6 (distance from the trench d=1200 m). The red curve represents the hydranlic head
Jor a hydranlic conductivity value of Kxc = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky =
1x107 m/ s. The hydranlic gradient for this iteration is i = 0.006.

Table 11 Difference in hydranlic head (Ah) at Well 6 on day 210 between the condition with active trench and inactive trench.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.31 0.99 0.32 1.31 0.97 0.34
Kx=Ky=1x10" 0.69 0.52 0.17 0.68 0.52 0.16

4.2 Configuration II

In the following sections, the results of the iterations conducted with configuration II are
presented. In this configuration, the MAR system is characterized from series of 11 wells injecting
at a rate of 250 1/s for a petiod of 245 days, similar to the previous configuration. As before, the
values of the hydraulic head difference in the wells are reported, comparing the levels measured
with the MAR system activated to those measured with the system deactivated for all possible
combinations. From the graphs and results obtained, a behaviour similar to the previously reported

configuration can be observed.
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Figure 4.13 Evolution of the Hydranlic head in time at the Well 1 (distance from the wells d=200 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x7107
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Figure 4.14 Evolution of the Hydranlic head in time at the Well 1 (distance from the wells d=200 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x7107

m/ s. The hydranlic gradient for this iteration is i = 0.006.
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Table 12 Difference in hydraulic head (Ah) at Well 1 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.30 0.94 0.36 1.32 0.94 0.38
Kx=Ky=1x10" 0.66 0.51 0.15 0.68 0.53 0.15

4.2.2 Wells-Well 2

Well 2
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Figure 4.15 Evolution of the Hydranlic head in time at the Well 2 (distance from the wells d=400 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x707
m/ 5. The hydrandic gradient for this iteration is i = 0.002.
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Figure 4.16 Evolution of the Hydranlic head in time at the Well 2 (distance from the wells d=400 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kxc = Ky = 5 x104m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x107
m/s. The hydraulic gradient for this iteration is i = 0.006.

Table 13 Difference in hydranlic head (Ah) at Well 2 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.31 0.95 0.36 1.28 0.91 0.37
Kx=Ky=1x10" 0.68 0.52 0.16 0.68 0.51 0.17
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4.2.3 Wells-Well 3
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Figure 4.17 Evolution of the Hydranlic head in time at the Well 3 (distance from the wells d=600 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydrantic conductivity value of Kx = Ky = 1x7107
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Figure 4.18 Evolution of the Hydranlic head in time at the Well 3 (distance from the wells d=600 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x7107

m/ 5. The hydrandic gradient for this iteration is i = 0.006.

56



Table 14 Difference in hydraulic head (Ah) at Well 3 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Well on Wells off Wells on
Kx=Ky=5x10"* 1.31 0.95 0.36 1.28 0.91 0.37
Kx=Ky=1x10" 0.69 0.52 0.17 0.68 0.51 0.17

424 Wells-Well 4

Well 4

17.50

17.00 Kx=Ky=5x10*m/s
E 16.50 Kx=Ky=1x103m/s
] 16.00 .
v g T T eeee. Wells o
T
5 15.50
= Wells on
o 15.00
'§ ----- Wells off'
2 14.50

Wells on'
14.00
13.50

0 50 100 150 200 250 300 350

Simulation Time [d]

Figure 4.19 Evolution of the Hydranlic head in time at the Well 4 (distance from the wells d=800 m). The red curve represents the hydranlic head for

a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydraniic conductivity valne of Kx = Ky = 1x7107
m/ s. The hydranlic gradient for this iteration is i = 0.002.
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Figure 4.20 Evolution of the Hydranlic head in time at the Well 4 (distance from the wells d=800 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x707
m/ 5. The hydraniic gradient for this iteration is i = 0.006.
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Table 15 Difference in hydranlic head (Ah) at Well 4 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.33 0.99 0.34 1.28 0.91 0.37
Kx=Ky=1x10" 0.72 0.55 0.17 0.68 0.51 0.17
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Figure 4.21 Evolution of the Hydranlic head in time at the Well 5 (distance from the wells d=1000 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x7107
m/ 5. The hydrandic gradient for this iteration is i = 0.002.
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Figure 4.22 Evolution of the Hydranlic head in time at the Well 5 (distance from the wells d=1000 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kxc = Ky = 5 x104m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x107
m/'s. The hydraulic gradient for this iteration is i = 0.006.

Table 16 Difference in hydranlic head (Ah) at Well 5 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.28 0.92 0.36 1.28 0.93 0.35
Kx=Ky=1x10" 0.63 0.46 0.17 0.68 0.51 0.17
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4.2.6 Wells-Well 6
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Figure 4.23 Evolution of the Hydranlic head in time at the Well 6 (distance from the wells d=1200 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity valne of Kx = Ky = 1x7107
m/ s. The hydranlic gradient for this iteration is i = 0.002.
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Figure 4.24 Evolution of the Hydranlic head in time at the Well 6 (distance from the wells d=1200 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x107
m/ 5. The hydraniic gradient for this iteration is i = 0.006.

Table 17 Difference in hydraulic head (Ah) at Well 6 on day 210 between the condition with active wells and inactive wells.

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.30 0.98 0.32 1.28 0.95 0.33
Kx=Ky=1x10" 0.69 0.52 0.17 0.68 0.52 0.16
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4.3 Discussion

From the graphs and calculations presented in the previous sections, it is evident that the behaviour
and response of the aquifer to water injection via the MAR system are not significantly influenced
by the configuration used, whether it is wells or a trench. The Table 18 presents the difference in
hydraulic head measured under active MAR conditions, with groundwater injection, compared to
the hydraulic head under non-injection conditions on day 210, obtained from all iterations
performed. Analysing these values, it is evident that Well 3, located 600 meters from the injection
point, shows the greatest increase in hydraulic head following groundwater injection. This optimal
performance is observed when considering both the variation in hydraulic gradient, hydraulic
conductivity, and distance from the MAR system, making well three the most effective among the
wells analysed. However, same considerations can be made. From the graphs presented, it is
evident that the factor most influencing aquifer recharge is hydraulic conductivity. As for the
hydraulic gradient and the distance of the extraction well from the MAR system, at least for the
values set for this sensitivity analysis, it is difficult to determine which of the two had a
predominant role in aquifer recharge. Indeed, the calculations do not show a significant
discrepancy between the Ah calculated with varying hydraulic gradient and varying distance.
However, small differences are evident, and these differences have allowed to identify the optimal

well in terms of the gain of water available for extraction during the irrigation season.

Table 18 Difference in hydranlic head measured with the MAR system active and inactive on day 210 for all extraction wells, considering varions
combinations of hydranlic gradient and conductivity for the two confignrations.

Configuration I-Trench
Ah[m]
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6
i=0.00 i=0.00 i=0.00 [SEGIN i=0.00 SN i=0.00 FEHON i=0.00 S0
2 2 2 6 2 6 2 6 2 6
K=5x10-+
m/s 0.36 0.38 0.37 0.38 0.36 0.38 0.35 0.37 0.35 0.36 0.32 0.34
0.15 0.16 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16
Configuration IT -Wells
Ah[m]
Well 1 Well 2 Well 3 Well 4 Well 5 Well 6
i=0.00 i=0.00 i=0.00 XN i—=0.00 WEOUE i—0.00 XN i—0.00 X
2 2 2 6 2 6 2 6 2 6
K=5x10+
m/s 0.36 0.38 0.36 0.37 0.36 0.37 0.34 0.37 0.36 0.35 0.32 0.33
0.15 0.15 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.16
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4.4 Estimation of the possible increase of abstracted flow rate with MAR

Once the well with the best result was identified, a further analysis was conducted to determine
the increase in extracted flow rate during the irrigation season following water injection with the
MAR system. This was done to obtain a value of the process efficiency.

To achieve this, the initial attempt involved calculating the new value of extracted flow rate by
multiplying the initially set value of 25 1/s by the ratio of the hydraulic head measured at Well 3
following recharge with the MAR system to that measured in the absence of recharge on day 210.
This was done for both selected hydraulic conductivity values and for both configurations.

To verify the accuracy of the new selected flow rate, various iterations were conducted using
FEFLOW. The evolution of the hydraulic head over time at Well 3 with the MAR system active
was observed. Specifically, it was examined whether the hydraulic head value on day 210 matched
the hydraulic head value measured on day 210 under "no recharge" conditions. However, after this
initial iteration, the hydraulic head measured on day 210 following water injection prior to
extraction did not match the levels measured on the same day under "no recharge" conditions.
This indicated the potential to further increase the extraction flow rate of the well, thus invalidating
the initial parameterization attempt. Consequently, a trial-and-error process was undertaken to
determine the new extraction flow rate value. This trial-and-error procedure led to the
determination of the flow rate values reported in the Table 19, considering all possible

combinations of hydraulic gradient and hydraulic conductivity for Well 3.

Table 19 Flow rate values (Qnew) determined after the trial-and-error procedure for all possible combinations of hydranlic conductivity and hydranlic
gradient at well 3.

Qnew
MAR system i=0.002
considered Kx=Ky Kx=Ky=1x10" | Kx=Ky =5x10" | Kx=Ky=1x10"
=5x10*m/s *m/s *m/s *m/s
Trench 32 31 32 31
Wells 32 31 32 31

As can be seen from the reported data, the flow rate gain in the case of Ky = K, =5 X 10™*m/s
is 7 1/s, while in the case of K, = K, = 1 X 1073m/s, the gain is 6 [/s. These results clearly
indicate that the influence of hydraulic conductivity is predominant over the hydraulic gradient in
determining the aquifer response to recharge. The following graphs depict the evolution of the

hydraulic head at Well 3 under conditions of no recharge and active recharge with both
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configurations. Notably, the increase in extraction flow rate causes the hydraulic head value on day
210 under active recharge conditions to decrease to the hydraulic head value on day 210 under no
recharge conditions. This confirms the extraction flow rate value that can be achieved following

aquifer recharge via the MAR system, as determined through the trial-and-error procedure.

Well 3

18.00

17.50 Kx=Ky=5x10*m/s
£ 17.00 Kx=Ky=1x103m/s
T 16.50
:?:,, ----- Trench off
o 16.00
% P L L R Trench on
© 15.50 T
S e~ eee=. Trench off'
Z 15.00

Trench on'
14.50
14.00
0 100 200 300 400

Simulation Time [d]

Figure 4.25 Configuration 1-Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m) determined nsing a trial-and-
error approach. The red curve represents the hydraulic head for a hydranlic conductivity value of Kx = Ky = 5 x104m/ s, while the black curve
corvesponds to a hydranlic conductivity value of Kx = Ky = 1x107 m/s. The hydraulic gradient for this iteration is i = 0.002.
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Figure 4.26 Confignration I- Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m) determined nsing a trial-and-
error approach. The red curve represents the hydraulic head for a hydraulic conductivity value of Kx = Ky = 5 x104m/ s, while the black curve
corvesponds to a hydranlic conductivity value of Kx = Ky = 1x107 m/s. The hydraulic gradient for this iteration is i = 0.006.
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Figure 4.27 Confignration 11-Evolution of the Hydraulic head in time at the Well 3 (distance from the trench d=600 m) determined using a trial-and-
error approach. The red curve represents the hydraulic head for a hydranlic conductivity value of Kx = Ky = 5 x104m/ s, while the black curve
corresponds to a hydranlic conductivity value of Kxc = Ky = 1x107 m/s. The hydranlic gradient for this iteration is i = 0.002.
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Figure 4.28 Configuration 11-Evolution of the Hydraulic head in time at the Well 3 (distance from the trench d=600 m) determined using a trial-and-
ervor approach. The red curve represents the hydraulic head for a hydrantic conductivity value of Kx = Ky = 5 x10*m/ s, while the black curve
corresponds to a hydranlic conductivity value of Kxc = Ky = 1x107 m/ s. The hydranlic gradient for this iteration is i = 0.006.

4.4.1 Storage efficiency

After determining the gain in extracted flow rate at Well 3 from the analysis conducted, the storage
efficiency of the MAR system was calculated. As observed in the various sections, in this case,
storage efficiency does not appear to be dependent on the type of MAR system used, whether
trench or injection wells, but primarily depends on the hydraulic conductivity and the distance of

the extraction well from the injection point. However, it is important to note that the model used
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is a simplified representation of reality; therefore, it is not possible to definitively conclude whether
the type of MAR system employed does not influence aquifer recharge. Considering this, the
following table summarizes the amounts of water extracted with and without recharge, and the
amount of water injected into the aquifer via the MAR system, thus estimating a value for storage

efficiency for both determined extraction flow rate.

Table 20 Storage efficiency of the NLAR system with a recharge flow rate Q=250 1/ s

Kx=Ky =5x10"m/s IO SSISIIESWE
Value Unit Value Unit
250 1/s 250 1/s
Recharge flow rate 900 m’/h 900 m’/h
21600 m’/d 21600 m’/d
Recharge duration 245 d/y 245 d/y
Recharge volume 5292000 m’/y 5292000 m’/y
25 1/s 25 1/s
Q extracted without MAR 90 m’/h 90 m’/h
2160 m’/d 2160 m’/d
Extraction duration 120 d/y 120 d/y
Volume extracted without MAR 259200 m’/y 259200 m’/y
32 1/s 31 1/s
Q extracted with MAR 115.2 m’/h 111.6 m’/h
2764.8 m’/d 2678.4 m’/d
Extraction duration 120 d/y 120 d/y
Volume injected 331776 m’/y 321408 m’/y
Gain in volume extracted with MAR 72576 m’/y 62208 m’/y
Storage efficiency 1.37% / 1.18% /

From the calculations performed, it is evident that the efficiency obtained from the two flow rate
values is of the same order of magnitude in both cases, although for a flow rate of 321/s, the value
is slightly higher. However, it is challenging to derive definitive conclusions regarding the obtained
efficiency values, as it is not possible to compare them with literature data due to their absence.
This arises from the inherent complexity of estimating storage efficiency in aquifers, except
through modelling. In this context, the values are presented to highlight the predominant factors

in the sensitivity analysis conducted.
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4.5 Impact of the variation of the MAR injected flow rate

Following the obtained results, an additional test was conducted on Well 3 by varying the injection

rate of the MAR system to determine if it was possible to increase the storage efficiency. Therefore,

a flow rate of 100 1/s was selected for this analysis. As before, the response of the aquifer is not

influenced by the type of MAR used. The obtained results are presented in the following graphs

and in Table 21, where the required Ah was determined to establish the new extraction rate.
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Figure 4.29 Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m). The red curve represents the hydranlic head for

a hydraulic conductivity valne of Kx

=Ky = 5 x10%m/ s, while the black curve corresponds to a hydraulic conductivity value of Kx = Ky = 1x107

m/s. The hydraulic gradient for this iteration is i = 0.002. The injected flow rate is Q=100 I/ s

28.50

28.00

27.50

27.00

Hydraulic Head [m]

26.50

26.00

Well 3

100 200

Simulation Time [d]

300

Kx=Ky=5x10*m/s
Kx=Ky=1x103m/s

----- Trench off

Trench on
----- Trench off'

Trench on'

Figure 4.30 Evolution of the Hydranlic head in time at the Well 3 (distance from the trench d=600 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydraniic conductivity valne of Kx = Ky = 1x10-
m/s. The hydraulic gradient for this iteration is i = 0.006. The injected flow rate is Q=100 I/ s
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Figure 4.31 Evolution of the Hydranlic head in time at the Well 3 (distance from the wells d=600 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x7107
m/s. The hydraulic gradient for this iteration is i = 0.002. The injected flow rate is Q=100 I/ s
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Figure 4.32 Evolution of the Hydranlic head in time at the Well 3 (distance from the wells d=600 m). The red curve represents the hydranlic head for
a hydranlic conductivity value of Kx = Ky = 5 x10%m/ s, while the black curve corresponds to a hydranlic conductivity value of Kx = Ky = 1x7107
m/s. The hydraulic gradient for this iteration is i = 0.006. The injected flow rate is Q=100 I/ s
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Table 21 Difference in hydranlic head (Ah) at Well 3 on day 210 between the condition with active wells and inactive wells with an injected flow rate
0=1001/s

Configuration I

Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m)] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Trench off | Trench on Trench off | Trench on
Kx=Ky=5x10"* 1.31 1.17 0.14 1.28 1.16 0.12
Kx=Ky=1x10" 0.69 0.62 0.07 0.68 0.61 0.07
Configuration II
Hydraulic Hydraulic gradient i=0.002 Hydraulic gradient i=0.006
conductivity | Drawdown day 210 [m] Drawdown day 210 [m]
Ah[m] Ah[m]
[m/s] Wells off | Wells on Wells off Wells on
Kx=Ky=5x10"* 1.31 1.17 0.14 1.28 1.16 0.12
Kx=Ky=1x10" 0.69 0.62 0.07 0.68 0.61 0.07

Subsequently, the trial-and-error procedure was repeated to establish the new flow rate following

aquifer recharge. At the end of the process, the values shown in the table below were obtained.

Table 22 Flow rate values (Qnew) determined after the trial-and-error procedure for all possible combinations of hydranlic conductivity and hydranlic
gradient at well 3.

Qnew
MAR system i=0.002
considered Kx=Ky Kx=Ky=1x10" | Kx=Ky =5x10" | Kx=Ky=1x10"
=5x10*m/s *m/s *m/s ‘m/s
Trench 29 28 29 28
Wells 29 28 29 28

4.5.1 Storage efficiency
In order to verify if there was an actual gain in terms of storage efficiency, the storage efficiency
for the scenario presented in the previous section was determined. The results obtained are shown

in the table.
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Table 23 Storage efficiency of the NLAR system with a recharge flow rate Q=100 1/ s

Kx=Ky =5x10*m/s

Kx=Ky=1x10"m/s

Value Unit Value Unit
100 1/s 100 1/s
Recharge flow rate 360 m’/h 360 m’/h
8640 m’/d 8640 m’/d
Recharge duration 245 d/y 245 d/y
Recharge volume 259200 m’/y 259200 m’/y
25 1/s 25 1/s
Q extracted without MAR 90 m’/h 90 m’/h
2160 m’/d 2160 m’/d
Extraction duration 120 d/y 120 d/y
Volume extracted without MAR 259200 m’/y 259200 m’/y
29 1/s 28 1/s
Q extracted with MAR 104.4 m’/h 100.8 m’/h
2505.6 m’/d 2419.2 m’/d
Extraction duration 120 d/y 120 d/y
Volume injected 300672 m’/y 290304 m’/y
Gain in volume extracted with MAR 41472 m’/y 31104 m’/y
Storage efficiency 1.96% / 1.47% /

With the reduction of the injection flow rate, there was an increase in storage efficiency, although

not significantly high, as the value remains of the same order of magnitude with a slight percentage

increase. However, as mentioned earlier, it is difficult to draw conclusions about the obtained

efficiency values due to the lack of comparable data.
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4.6 Possible future developments

As mentioned in the section 3.7 , in order understand which parameters mostly affect the aquifer

response to groundwater recharge the sensitivity analysis was conducted on:

e The type of groundwater injection, comparing trench versus wells:
From the various iterations performed, it was observed that the type of MAR selected did not
influence the increase in hydraulic head in the various extraction wells, yielding similar or entirely
coincident results in both cases analysed. However, it is important to consider that no tests were
conducted by varying the geometric configuration of the MAR system; the same arrangement was
adopted for both the trench and the series of injection wells. This factor could potentially influence
the recharge process either positively or negatively.

e The distance of the activated extraction well from the trench or wells.
Regarding the distance of the extraction well from the adopted recharge system, this appears to
have a certain influence on the hydraulic head measured at the well of interest following the
recharge. It was a factor that allowed for the determination of which well experienced a greater
increase in hydraulic head in all the combinations of factors considered. The analysis determined
that the optimal distance from the injection point is 600 meters, despite Well 2, situated 400 meters
from the MAR system, also exhibiting a significant increase in hydraulic head. Conversely, Wells
5 and 06, located 1000 meters and 1200 meters from the MAR system respectively, were the least
affected by recharge. These wells displayed flatter curves compared to the others, indicating
minimal impact from the recharge process.

e Changing the hydraulic conductivity value compared to the initial condition.
The variation in hydraulic conductivity emerged as the most significant factor influencing the
increase in hydraulic head levels in the extraction wells following the recharge. Specifically, under
conditions of low hydraulic conductivity—set as the initial condition—the increase in hydraulic
head was more pronounced, although it remained within the same order of magnitude as the
scenario with higher hydraulic conductivity. It is crucial to note that the simulations were
conducted using an isotropic model. This means that the hydraulic conductivity values were
uniform in all directions and layers of the model, with changes occurring based on the specific
scenario considered.

e Changing the hydraulic gradient value compared to the initial condition.
The variation in the hydraulic gradient impacting the hydraulic head levels post-recharge was

notably significant only in the case of low hydraulic conductivity. Analysis of the iterations revealed
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that with both a higher hydraulic gradient and a low hydraulic gradient, the hydraulic head at the
extraction wells increased marginally by approximately 0.02 meters.

e Changing the injected flow rate through MAR system
Once the well most significantly affected by recharge had been determined, the final parameter
analysed was the recharge rate. Specifically, the recharge rate was reduced to assess whether an
increase in storage efficiency could be achieved. Although there was an increase, it was not
substantial enough to be considered optimal, as it remained within the same order of magnitude.
However, as previously mentioned, this outcome is attributed to the nature of aquifers, which are
open systems highly influenced by boundary conditions.
It might be beneficial, for instance, to investigate whether a different configuration of the MAR
system and its parametrization could guide the “recharge wave” produced by injection more
effectively, avoiding dispersions, towards the downstream recharge wells. Certainly, the structure
of the aquifer and the specific characteristics of the considered area are crucial factors influencing
dispersion.
However, it is important to note that a simplified model was used for this study. Among the various
simplifications assumed, stable boundary conditions were set. These conditions significantly
influence the model's behaviour, and consequently the aquifer's behaviour, leading to results that
may differ considerably from a non-steady-state situation. One of the assumptions made was to
set a hydraulic head boundary condition stationary upstream and downstream of the model, which
determined the distribution of the hydraulic head across the entire domain. It is easy to imagine
how introducing non-steady-state boundary conditions could introduce variability in the hydraulic
head at the wells of interest. However, it is always worth considering how crucial this influence is
for the study's objectives. Given that the main goal was to observe the aquifet's response following
MAR injection, this aspect was disregarded.
Additionally, starting from this study, it is possible to conduct a more site-specific analysis by
incorporating the stratigraphy of the area of interest. In the case of a favourable configuration, this
could positively influence recharge. Hydraulic conductivity values obtained directly from the site
could be included in FEFFLOW, allowing for interpolation. It is also possible to consider inflow
ot outflow within the domain. However, it is important to note that each additional parameter
increases the model's complexity, so the number of inputs should be tailored to the study's
objectives.
For this reason, the model used in this study has these characteristics. Despite its simplicity, it
serves as a foundation for further analyses aimed at gaining more information on the introduction

of MAR systems in specific locations.
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5 Conclusions

The objective of this study was to perform a sensitivity analysis using FEFLOW software on an
unconfined aquifer system subjected to seasonal recharge through a Managed Aquifer Recharge
(MAR) system. Two configurations were examined: one featuring a trench representing the MAR
system, and the other comprising a series of eleven wells replacing the trench. A simplified 3D
model was adopted, consisting of three layers: the upper unsaturated layer, the intermediate
saturated layer, and the lower impermeable layer at the base of the domain.

The sensitivity analysis aimed to determine which factors most significantly affect the recharge,
thereby increasing the hydraulic head at the extraction well. To achieve this, various scenarios were
considered in which parameters such as hydraulic conductivity, hydraulic gradient, the distance
between the extraction well and the injection point, and the injected flow rate were varied. The
goal was to identify the optimal scenario that yields the highest increase in hydraulic head at the
extraction well, consequently enhancing the available extracted flow rate.

To determine which parameters have the greatest impact, the evolution of the hydraulic head over
time was observed. These hydraulic head curves were crucial in evaluating the performance of the
wells, particularly in terms of the increase in hydraulic head following recharge. Additionally, the
extraction flow rate was assessed by increasing the pumping rate until the hydraulic head curve
under recharge conditions matched the curve under no-recharge conditions on day 210 through a
trial-and-error process.

From the analysis conducted, it was determined that the optimal distance for the extraction well
from the injection point is 600 meters, within a range of 200 to 1200 meters. The impact of the
well distance from the recharge zone becomes evident, even if not significantly, when considering
the reduction of hydraulic head gains in the wells that precede and follow the well under
consideration. Specifically, hydraulic head gains of 37 cm were observed with a hydraulic
conductivity value of 5x10™* m/s, and gains of 17 cm were observed with a hydraulic conductivity
value of 1x10” m/s. However, assessing the true influence of the distance between the pumping
well and the injection point remains challenging due to the presence of other affecting parameters.
This configuration was evaluated to assess the potential increase in pumping rate following the
recharge. After establishing the new pumping rate under various conditions for each configuration,
the storage efficiency was calculated as the ratio between the additional volume extracted with the
increased flow rate and the amount of water previously injected into the aquifer. The results
indicated that storage efficiency was higher in scenarios with low hydraulic conductivity, regardless

of the hydraulic gradient and the MAR system considered.
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However, based on the storage efficiency values obtained, it is difficult to determine whether these
results are favourable for the technology used, as there are no comparable values available in the
scientific literature. In an economic analysis, however, one could consider the difference of costs
between a MAR infrastructure and a reservoir to achieve the same gain in water volumes available
for the irrigation season.

Aiming to improve storage efficiency, an additional scenario was considered in which the injection
rate was reduced. As expected, this adjustment results in lower hydraulic head gains, but it
effectively increased the efficiency value, particularly in the case of low hydraulic conductivity,
regardless of the hydraulic gradient and the MAR system considered.

Further studies are necessary to identify other parameters and configurations that could be crucial
in enhancing the controlled aquifer recharge process. For instance, it is important to investigate
how the configuration of the MAR system and its parameterization can affect recharge.
Introducing non-steady-state boundary conditions would introduce variability into the model,
making it more accurate. Additionally, incorporating the stratigraphy of the area of interest and
using more site-specific data, such as considering inflow or outflow, would provide a more detailed
understanding of the process.

The approach applied in this study can contribute to a comprehensive understanding of the factors
influencing recharge efficiency and provide insights into optimizing the MAR system for improved

groundwater management.
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