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Summary

Managed Aquifer Recharge (MAR) is a promising approach to replenish depleted
aquifers, thus improving the water supply's security and responding to the impacts of
climate change. Economic uncertainty, site-specific hydrogeological challenges, and land
use conflict hinder MAR implementation. Hence, this research aims to promote the
adoption of MAR by developing improved site and infiltration assessment techniques to

address water scarcity.

To contribute to this goal, MAR site feasibility was evaluated by integrating adaptive site
characterization to optimize infiltration rate estimation, leading to economically viable
surface spreading methods. This approach, applied to a MAR site, combines high-
resolution, cross-scale subsurface data. It enables a better understanding of the MAR
sites located in fluvial deposits compared to conventional site investigation methods and

offers alternative land use opportunities.

Furthermore, a novel MAR technique incorporating a subsurface irrigation system (SIS)
was developed and assessed using numerical simulations and laboratory experiments to
mitigate land use conflict. Nevertheless, the SIS implementation in line source
arrangement demonstrated limited feasibility compared to the surface spreading method.
Hence, SIS prototypes were designed to enhance the technology's competitiveness,
followed by numerical modeling and field experiments to determine their technical
efficiency. The results showed that SIS prototype infiltration was notably lower than trench
infiltration, indicating a higher levelized cost. However, the diverse land use applications
provided by SIS prototypes can compensate for the high levelized cost contributing to

environmental sustainability.

In conclusion, this research has made a significant step towards amplifying the MAR
uptake as a solution to water scarcity by integrating enhanced site characterization and
infiltration assessment approach and simultaneously expanding the scope for

multipurpose land utilization.

i|Page



Zusammenfassung

Die kunstliche Grundwasseranreicherung (Managed Aquifer Recharge - MAR) ist ein
vielversprechender Ansatz zur Ertlichtigung Gberbeanspruchter Grundwasserleiter, um
die Wasserversorgungssicherheit zu verbessern und auf die Herausforderungen des
Klimawandels zu reagieren. Okonomische Unsicherheiten, standortspezifische
hydrogeologische Herausforderungen und Landnutzungskonflikte limitieren jedoch die
Umsetzbarkeit von MAR. Das Ziel dieser Forschungsarbeit ist daher, die Verbreitung
von MAR durch die Entwicklung verbesserter Methoden zur Standort- und
Infiltrationsbewertung zu férdern und somit der voranschreitenden Wasserknappheit

entgegenzuwirken.

Unter dieser Zielsetzung wurde eine adaptive Standortcharakterisierung in die
Bewertung der Eignung von MAR-Standorten integriert, um prazise Abschéatzungen der
Infiltrationsrate und eine wirtschaftlich tragfahige Oberflacheninfiltration zu
ermdglichen. Dieser Ansatz, angewendet auf einen MAR-Standort, kombiniert
hochauflosende, skalenubergreifende Untergrunddaten. Dies ermaoglicht ein
verbessertes Verstandnis von MAR-Standorten in Bereichen fluviatiler Ablagerungen
gegentber herkdbmmlichen Standortuntersuchungsmethoden und gleichzeitig

alternative Landnutzungsmaglichkeiten.

Weiterhin  wurde, aufbauend auf einem unterirdischen Bewasserungssystem
(Subsurface Irrigation System-SIS), eine neue MAR-Methodik zur Vermeidung von
Landnutzungskonflikten entwickelt und mittels numerischer Simulationen und
Laborversuchen bewertet. Die Implementierung des SIS in einer Linienanordnung
erwies sich jedoch im Vergleich zur Oberflacheninfiltration als nur begrenzt praktikabel.
Daher wurden SIS-Prototypen entwickelt, um die Wettbewerbsfahigkeit zu verbessern.
Die technische Effizienz dieser Prototypen wurde durch numerische Modellierungen
und einen Feldversuch evaluiert. Die Ergebnisse zeigten eine deutlich geringere
Infiltrationsleistung der SIS-Prototypen im Vergleich zur Grabeninfiltration und somit
erhohte Kosten. Die vielfaltigen Landnutzungsmdoglichkeiten der SIS-Prototypen
kénnen jedoch die hoheren Kosten kompensieren und somit zur 0Okologischen

Nachhaltigkeit beitragen.
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Zusammenfassend stellt diese Forschungsarbeit einen Fortschritt fur die breite
Etablierung von MAR als Antwort auf die zunehmende Wasserknappheit dar, indem sie
verbesserte Standortcharakterisierung und Infiltrationsbewertungsmethoden integriert

und gleichzeitig den Raum fur eine vielseitige Landnutzung erweitert.
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1 Introduction

1.1 Water scarcity

Humanity faces many challenges today, including water scarcity, which is concerning
because water resources have been severely stressed in recent decades. Water scarcity
is the unavailability of sufficient amounts of water for both human and ecosystem
demands (Bond et al., 2018; White, 2014). Rapid population growth, intensive agricultural
and industrial activities, climate change, and high water demand are among the many
causes of water scarcity (DeNicola et al., 2015; Petronici et al., 2019). According to
Ritchie & Roser 2018, global freshwater consumption rose from 1.22 trillion cubic meters
(m?3) in 1950 to 4 trillion m3 in 2014 (Figure 1).
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Figure 1 Worldwide freshwater consumption for domestic, agricultural, and industrial use
(Modified from Ritchie and Roser, 2018).

Worldwide, residential, commercial, industrial, and agricultural water users are negatively
affected by the current water scarcity (Mishra et al., 2021; Vollmer & Harrison, 2021),
even though it is included in the UN 2030 Agenda for Sustainable Global Development
(UN, 2015). Currently, an estimated 3.6 billion people, which is almost 50% of the world's

population, live in areas where there is a risk of water scarcity for at least one month of
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the year, and this number is expected to increase to around 4.8 to 5.7 billion by 2050
(UN-Water, 2018).

Groundwater is the second largest freshwater resource on earth (Swain et al., 2022),
which plays a critical role in safeguarding human livelihoods and global food supplies by
providing drinking water and supporting irrigated agricultural production (Mukherjee et al.,
2021). Groundwater accounts for 49% of the water withdrawn globally for domestic use
and around 25% of the water used for irrigation, benefiting 38% of the world's irrigated
land (UN-Water, 2022). The annual per capita use of groundwater increased by 22.6
percent, from 124 m? in 1950 to 152 m® in 2021 (Loaiciga & Doh, 2023). Groundwater
withdrawal during 2017 in different parts of the world was reported in the United Nations
(UN) World Water Development Report 2022, shown in Figure 2.
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Figure 2 Groundwater abstraction in different continents in 2017 (UN-Water, 2022).

The total groundwater abstracted in 2017 was 959 cubic kilometers (km?), of which 68.5%
was withdrawn in Asia. North America ranked second with an extracted amount of 156
km3. Despite Africa's 1.7 billion population, it only accounts for 4.7% of global
groundwater withdrawals. Australia and Oceania also demonstrate minimal reliance on
groundwater resources (UN-Water, 2022). Population and economic development in
most Asian countries contribute to higher water abstraction and use, given that

groundwater is a non-renewable resource in most locations. By 2030, water consumption
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in Asian countries is anticipated to be double the amount currently in supply, which will
significantly impact their development (Shan et al., 2020). It is also projected that
worldwide groundwater abstraction will rise to 1530 km?3 by 2050, leading to a
groundwater decline of 887 km3. This prediction indicates that the undesirable effects of
abstracted groundwater are likely to worsen, further exacerbated by climatic changes
(Loaiciga & Doh, 2023).

The climate change effect will lead to rising temperatures, resulting in increased
evapotranspiration. Combined with decreased rainfall, this will reduce groundwater
recharge and increase water demand, negatively impacting sustainability (Mendieta-
Mendoza et al., 2021). Portmann et al., 2013 examined how climate change will impact
groundwater resources, mainly recharge. The study shows that by 2080, there will be a
more than 10% reduction in global groundwater recharge from the baseline volume of
13,404 km?3. Furthermore, it is predicted that arid to semi-arid areas will encounter a 30%
decrease in recharge in the forthcoming years. Also, the rise in temperature resulting from
climate change will augment the water requirements for farming during the cultivation
period (Peng et al., 2023). The Food and Agriculture Organization (FAO) has reported
that water withdrawals for agricultural purposes will be 6% higher in 2050 compared to
2007 (Alexandratos & Bruinsma, 2012).

Excessive exploitation of groundwater systems can threaten water availability in the future
if the groundwater pumping rate exceeds the aquifer recharge rate. One-third of the
primary aquifer systems in the world are in distress, and this is an issue of global concern
(Ingrao et al., 2023). According to economists, water shortage is a cost function, with
higher water depletion rates indicating a higher price of obtaining or living without it
(Zetland, 2021). The problems associated with groundwater are not confined to specific
sectors, provinces, or national territories; they are a matter of humanitarian concern.
Because of the complicated nature of aquifer systems and their growing significance as
a primary water source, it is widely recognized that efficient, sustainable, and holistic
groundwater management is crucial (Jakeman et al., 2016). Commonly, surface
reservoirs are utilized to store water to combat water scarcity. However, they are

susceptible to contamination, have high evaporation rates, require a large amount of land,
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and naturally accumulate sediment (Maliva et al., 2006; Minsley et al., 2011). When water
is abundant or low in demand, it can be stored in the subsurface for future consumption
during water shortages instead of surface reservoirs (Minsley et al., 2011), and Managed

Aquifer Recharge (MAR) is one such sustainable technology (Bouwer, 2002).

1.2 Managed Aquifer Recharge

MAR is an effective approach used in various conditions to replenish overexploited
groundwater resources in stressed aquifers. This technique involves intentionally
recharging aquifers from different sources, e.g., surface water, rainwater, storm runoff,
and treated effluent (Bouwer, 2002; Dillon et al., 2009; Gale et al., 2002). It is most
commonly used in conjunction with engineered treatment systems either as a pre-
treatment before recharge or post-treatment after recovery. It relies on natural subsurface
processes such as mechanical filtering, sorption, and biodegradation (Sprenger et al.,
2017). It has the potential to contribute to the security of the water supply, address some
of the consequences of climate change, and, in general, manage the groundwater

guantity and quality (Casanova et al., 2016).

1.2.1 Managed Aquifer Recharge history and advancement

The extensive history of MAR is documented in various peer-reviewed documents
explaining the MAR prototype and the experience gained from its implementation (Zhang
et al., 2020). In China, during the period of the Warring States (475 to 221 BC), canals
were constructed to allow surface water infiltration into the ground, thus improving the
quality of the groundwater and reducing the salinity of the soil (Wang et al., 2014).
Afterward, "Amunas,” an infiltration canal (Gammie & Bievre, 2015), was used from 500
to 1000 AD by the pre-Incan Wari civilization in Peru (Akter, 2022). Then, in the 11%
century, in Spain, “Careos”, a system of infiltration channels, was invented (Martin
Civantos, 2010). In the 19" century, Europe's increasing population posed a significant
challenge for water suppliers as industrialization progressed. The use of surface water as
a traditional water supply was adversely affected by increasing contamination from
emerging industries and insufficient sanitation. As a result, MAR became a viable solution
between 1850 and 1950 (Zhang et al., 2020). After the Second World War, post-war
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reconstruction and urbanization necessitated prioritizing water supply in quantity and
quality. The practice of MAR was prevalent between 1950 and 1990 to fulfill the post-war
requirement (Akter, 2022).

Since 1990, MAR has contributed to water conservation in both the developed and
developing world, considering climatic change, rising population, and environmental and
ecological demands. A 50-year study shows that MAR capacity grew from 1029 to 9945
Mm3/year between 1965 and 2015 (Figure 3). In 1965, 15 countries had reliable data, and
those 15 countries accounted for 34% of global groundwater use in 2010 (Dillon et al.,
2019).
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Figure 3 Average annual MAR volume in 15 countries from 1965 to 2015 (Modified from
Dillon et al., 2019).

India and the USA account for the majority of the reported world’s MAR capacity, with
31% and 26%, respectively. Germany is in third place with 9%, mainly using riverbank

filtration (RBF) for municipal water supplies, which has been in application before the
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1870s. Other European countries and Australia also make a modest contribution to the
global capacity of MAR. The highest reported volumes of MAR occur in Asia, Europe, and
North America, but MAR uptake within regions varies greatly. While India and the USA
have a high level of groundwater consumption, this also applies to China, Latin America,
and Southeast Asia, where the implementation of MAR is not yet well advanced,
indicating enormous potential for the adoption of MAR in such countries for sustainable
water resource management (Dillon et al., 2019). Developed countries in Europe,
America, and other regions emphasized on the compilation of technical specifications
from case studies. In contrast, developing countries such as India, South Africa, and
China prioritized the planning and formulating of macro-strategies (Zhang et al., 2020).
The evolution of MAR shows the emergence and expansion of the MAR initiative in
different countries and highlights the possibilities for MAR application in several regions
where it remains limited. Different types of MAR techniques applied in developing and
developed countries for sustainable groundwater management are described below.

1.2.2 Managed Aquifer Recharge types

A MAR scheme can be developed by involving various techniques, e.g., surface
spreading methods, in-channel modification, induced bank filtration (IBF), well, shaft, or
borehole recharge; and rainwater and runoff harvesting (Bouwer, 2002; Ringleb et al.,
2016; Russo et al., 2015).

The surface spreading method is considered the easiest and most commonly used
method for MAR (Sprenger et al., 2017). It involves recharging an aquifer by distributing
water over the land surface, usually on agricultural fields or infiltration basins where the
water infiltrates through a permeable vadose zone into the unconfined aquifer (Figure 4a).
Infiltration trenches, soil aquifer treatment (SAT), vegetated drained ditches, reservoir
pavements, and recharge pits are also included in this category. Through this technique,
water can be treated by the soil, which can remove pathogenic organisms and potentially
harmful organic and inorganic compounds (Casanova et al., 2016). It is also possible to
infiltrate large quantities of surface water at lower expenses. The disadvantage is that it
requires a large area of unconfined aquifer for infiltration, which may only be available in
some cases (IGRAC 2007).
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Figure 4 Managed Aquifer Recharge types: (a) Surface spreading method (b) Induced
bank filtration (c) Well, shaft or borehole recharge (d) In-channel modification (e)
Rainwater harvesting.
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Induced bank filtration (IBF) is a technique where water is pumped from wells located
near lakes, rivers, or catchments to infiltrate surface water (Figure 4b) (Hiscock &
Grischek, 2002; Rossetto et al., 2020). This method reduces the need for expensive water
treatment by treating surface water to remove turbidity, microbes, and chemicals. The
amount of contamination that is removed depends on several factors, including the
location of the wells, the source of the water, the pumping rate, etc. (Ray et al., 2011,
Rossetto et al., 2020). European communities have had safe drinking water provided by
these natural filtration systems for more than a century, while in the United States for

more than fifty years (Ray et al., 2011).

Well, shaft and borehole recharge techniques include recharging directly into the aquifer,
frequently overlain by low hydraulic conductivity strata (Figure 4c) (Sprenger et al., 2017).
This technigue allows deeper aquifers to retain recharge water by bypassing thick
impermeable layers that are injected into parts of the aquifer that are more permeable
(Murray & Tredoux, 1998). Several injection techniques exist, including Aquifer storage
and recovery (ASR) and Aquifer storage transfer and recovery (ASTR) (Sprenger et al.,
2017). Further information regarding different types of well injection techniques is
provided by National Research Council, 1994; Pyne, 2005 and Zhang et al., 2020.

In-channel modifications aim to improve the aquifer recharge by modifying the streams,
rivers, or canals to store water (Figure 4d). The goal is to improve groundwater recharge
by storing flood events and releasing them slowly to allow for better infiltration into the
subsurface. In-channel modifications are implemented primarily through the use of dams,
which include sand storage dams, subsurface dams, recharge dams, and channel
widening (Lasage et al., 2008; Mozzi et al., 2021; Standen et al., 2020).

When rainfall is adequate, groundwater supplies are inadequate, and surface water
resources are scarce or inadequate, rainwater harvesting (RWH) offers a solution
(Abdulla et al., 2021). Rainwater and runoff harvesting involve collecting rainwater and
reserving it in deep pits where it can percolate and later be reused or recharged into the
aquifer to replenish groundwater (Figure 4e). Natural filtration of rainwater to aquifers can
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be enhanced by this process (Zhang et al., 2020). Collecting and storing rainwater in
urban areas can reduce pressure on water supply systems (Parimalarenganayaki, 2021).

While there is a wide range of MAR techniques, surface infiltration has gained popularity
for several reasons. Injection wells are effective for aquifer recharge. However,
installation and maintenance costs are much higher (Mawer, 2014). Clogging is common
in both well and surface infiltration systems but is costlier to remove from the well. Bouwer,
2002 emphasized on the requirement for higher water quality for well injection compared
to surface infiltration, leading to complicated operation. The potential risk of dam failure
causing significant damage downstream and its potential to cause surface water-related
waterborne diseases raises concern about in-channel modification systems. While IBF
has many advantages, it can also have some limitations, such as complicated design,
construction, maintenance, and operation, high level of monitoring, and high risk of
clogging the wells (IGRAC 2007). Moreover, short flow paths, high levels of
heterogeneity, high hydraulic gradients, and associated high flow velocities can affect the

effectiveness of RBF in removing microbial pollutants (Schijven & Berger, 2003).

The cost of constructing permanent RWH storage facilities is high, and water storage
during long periods of drought is necessary due to the limited amount of rainwater
available (Abdulla et al., 2021). In addition, semi-arid regions in developing countries may
have a limited financial budget, which can be an obstacle to the implementation of MAR.
Due to funding limitations, developing countries rely on a cost-effective MAR system,
such as the surface spreading method, which requires minimal or no water treatment
(Fathi et al., 2021; Seidl et al., 2024). Therefore, this research focuses on the surface
spreading techniques for groundwater recharge. Despite the potential of MAR to alleviate
water scarcity, its uptake still needs to be accelerated. In the following section, challenges

associated with MAR implementation are discussed.
1.3 Managed Aquifer Recharge implementation challenges

Implementation of MAR sites may be hindered by a number of challenges, such as
clogging, water contamination risks, appropriate site selection, determination of suitable

MAR types based on hydrogeology, ensuring long-term finance, land acquisition,
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groundwater resource modeling, socioeconomic challenges, and public acceptance (Ajjur
& Baalousha, 2021; Alam et al., 2021; Zheng et al., 2023). The most relevant challenges

are discussed in the following.

1.3.1 Economics of Managed Aquifer Recharge

The expenses involved in MAR projects are capital, operation, and maintenance costs.
Capital costs are defined as fixed and one-time expenditures related to designing and
constructing the MAR facility. Capital costs include land purchase, feasibility studies,
testing expenses, consultancy fees for design, permitting and construction supervision,
construction costs, and regulatory testing necessities involved in the installation and
operational phases (Maliva, 2014). The operation and maintenance expenditures are the
cost of maintaining and operating a MAR system. These costs are expressed in euros as

a yearly and recurring cost (Maréchal et al., 2020).

As described in Ross & Hasnain, 2018, levelized cost estimates are typically employed
for estimating MAR scheme costs. Levelized costs for a water supply project are
calculated as a constant annual income required to cover all capital, operation, and
maintenance costs over a project's lifetime, divided by the annual volume of water
supplied. It offers an efficient way of comparing the cost of water from multiple projects
(Dillon et al., 2009). Many hydrogeological, socioeconomic, legislative, and institutional
factors influence the cost of MAR systems (Maréchal et al., 2020; Ross & Hasnain, 2018).
The geology of the aquifer and the properties of the soil, for example, influence the rate
of aquifer recharge and recovery. In contrast, socioeconomic circumstances influence
both the availability and the price of labor and finance, and the regulatory framework

determines the cost of establishing a project (Dillon et al., 2009; Ross & Hasnain, 2018).

Ross & Hasnain, 2018 investigated the factors affecting the cost of 21 MAR
infrastructures in Australia, the United States, New Zealand, the Netherlands, and India.
The presented data showed that surface spreading methods have lower costs for
recharging per m? of water than recharge wells. The average cost of recharging natural
water with an infiltration basin was 0.19 US$/m?3, compared to 1.46 US$/m? with recharge
wells. Vanderzalm et al., 2022 also reported the cost of 10 MAR sites in Northern
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Australia, which varied from 0.04 to 0.36 US$/m?3, and also highlighted the lower cost of
schemes involving surface spreading methods.

Ross, 2021 presented another study in which he analyzed cost data from 24 MAR
schemes in 18 countries, including capital and operation costs and levelized costs per
cubic meter of recharged and recovered water. Using recycled water has a levelized cost
of 0.75 US$/m3, much higher than using natural water, 0.16 US$/m? for infiltration basins
and wells, and 0.10 US$/m?3 for RBF. Tap water from selected large municipal water
systems in the US costs between 2.68 US$/m?3 and 6.07 US$/m?3 (Statistica, 2021). Based
on the cost data, it is evident that MAR can be a long-term solution for enhancing water
resources in regions where conventional water sources present difficulties. People will
use MAR water more often if they perceive that the costs involved in using it are affordable
(Hasan et al., 2019).

The lack of economic analysis of MAR projects is one of the challenges associated with
MAR implementation (Ajjur & Baalousha, 2021; Maliva, 2014; Palma Nava et al., 2022;
Ross & Hasnain, 2018), and there are several reasons. In developing countries, MAR has
potential that is both financially beneficial and would enhance people's quality of life, but
it needs more financial support. In many cases, water sector development projects face
competition for constrained budgets against other sectors, for example, health and
transport, which also offer significant social benefits. Finances are incredibly scarce in
impoverished regions of developing nations (Maliva, 2014). When assessing the viability
of MAR systems, the emphasis tends to be on technical issues such as water suitability,
infiltration rates, water mounding and movement, purification, and plant siting and
specification (Brand, 2022). In addition, economic analysis of MAR projects requires a
detailed assessment of costs and benefits, including the willingness to pay and
socioeconomic risks of implementation (Halytsia et al., 2022). MAR has not been widely
adopted because decision-makers, including water utility managers, officials of water
management agencies, and political leaders, have yet to be presented with economically
compelling and convincing arguments for investing in it (Maliva, 2014). In addition,
perceived costs were identified as a significant barrier to consuming water derived from

MAR compared to other sources (Hasan et al., 2019). It is essential to assess the
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economic potential of a MAR facility before any investment is made in its development. A
thorough economic assessment during the feasibility phase can contribute to the
identification of the most promising alternative and provide vital information on optimizing

the scheme size, phasing, and operation of the system (Brand, 2022).

1.3.2 Site suitability

A leading technical aspect that challenges MAR planning, execution, and operation is site
suitability (Ajjur & Baalousha, 2021, Crites et al., 2006). Many factors must be considered
to choose suitable sites for MAR that vary from area to area. Uncertainty in site
hydrogeology is one of the factors hampering the implementation and operation of MAR
in developing countries like Bangladesh (Ahmed et al., 2021). Unexpected
hydrogeological conditions and site selection drawbacks contributed to MAR sites' failure
or poor performance (Javadi et al., 2021; Maliva et al., 2006; Naik et al., 2017). In the Nile
River basin, RBF facilities still need to meet their anticipated water delivery targets after
being put into operation due to an insufficient understanding of hydrogeological properties
(Ghodeif et al., 2016). Therefore, a critical aspect of sustainable MAR design and
implementation is the proper knowledge of subsurface properties to optimize system
design and performance considering the local hydrogeological conditions (Maliva et al.,
2015).

Estimating infiltration rates and performance of MAR infrastructure is often done during
the conceptual project phase using numerical models (Ringleb et al., 2016). Predicting
the performance of the MAR system involves groundwater modeling, which relies on
accurate model conceptualization and information on the hydraulic and transport
characteristics of the aquifer (Maliva et al., 2015). MAR sites have been constructed
mainly at sites with river water accessibility for recharging purposes (Alam et al., 2021;
Standen et al., 2020). Hydraulic conductivity patterns are highly complex in alluvial or
fluvial deposits due to their history of erosion and deposition (Dara et al., 2019). Collecting
adequate hydrogeological data using conventional approaches to properly determine the
alluvial aquifer’s spatial distribution and hydraulic conditions is often challenging, time-
intensive, and costly (Vogelgesang et al., 2020). Thus, data for site characterization are

obtained at a few selected points in many cases, which may need to provide information
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regarding the variability of subsurface conditions representative of the entire investigated
site (Binley et al., 2015; Kalbus et al., 2006). Since inadequate data are available to
reliably represent subsurface heterogeneity (de Marsily et al., 2005; Koltermann &
Gorelick, 1996) on a larger scale, numerical models often have to simplify or upscale
heterogeneity (Maples et al., 2020), which makes it challenging to predict the
performance of MAR schemes accurately.

During the operation of a basin or trench, it is usual to estimate infiltration rates ex-post
based on water budgets or inflow measurements (Mastrocicco et al., 2016; Heilweil &
Watt, 2011). More relevant for MAR is that characterization at greater depths is usually
not practical with traditional techniques because a large volume of the vadose zone will
be disturbed (Maliva, 2014). Additionally, the hydrogeological setting of the MAR site
influences the MAR scheme cost (Ross & Hasnain, 2018; Vanderzalm et al., 2022).
Different studies have demonstrated spatial variations in infiltration rates due to
subsurface heterogeneity (Becker et al., 2013; Ganot et al., 2017; Medina et al., 2020;
Racz et al., 2012; Uhlemann et al., 2022), yet these investigations have not addressed
the contribution of site characterization to reduced MAR costs. Project managers have to
make strategic decisions about the optimal budget allocation. They must decide which
combination of tools and methods will produce the most relevant data within the available
budget. Therefore, detailed hydrogeological characterization is required before
constructing a full-scale MAR system (Maliva et al., 2016), which is fundamental for the
MAR project's success (Seidl et al., 2024). Nevertheless, acquiring the spatial variation
of data necessary for infiltration rate characterization continues to be a cost-intensive
initiative, underscoring the necessity for a comprehensive approach. In this research, an
advanced site characterization approach incorporating state-of-the-art techniques will
demonstrate the achievement of this trade-off, resulting in relevant data for optimized
MAR planning and design, thereby reducing costs.

1.3.3 Land use

MAR projects have been a source of conflict in terms of land use planning. MAR
operations indirectly affect the allocation of resources by potentially restricting other land-
use activities (Laukka et al., 2021). According to Ulibarri et al., 2021, California had 42
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projects using agricultural land, including six on abandoned or fallowed farms; 30 were
basin or injection wells that required land conversion. MAR infiltration basins are
constructed on land dedicated to a specific application (Levintal et al., 2023). Surface
infiltration requires more land than well recharge for recharge operations, and land
availability often drives site selection (Parker et al., 2022). The basin construction and
land costs incur a large part of the overall cost of the infiltration scheme. MAR
infrastructures with lower costs receive land free from the local government, but schemes
with higher costs incorporate the land expense (Ross & Hasnain, 2018). However, there

are challenges associated with obtaining suitable land for MAR (Crites et al., 2006).

Limiting land use to MAR purposes only can lead to resistance from stakeholders,
particularly farmers. Farmers may refuse to give up arable land for MAR initiatives
(Walters, 2019). Concerns about ensuring sufficient compensation for lost agricultural
potentials exacerbate this problem (Brunner et al., 2014). The difficulties of securing
suitable land and the costs associated with land acquisition pose significant obstacles to
adopting MAR approaches on a global scale, particularly in developing countries
(Sasidharan et al., 2021).

Conversely, MAR has the potential to generate income when integrated with other land
use options. One example is the Schiavon forest infiltration area (FIA) in the Veneto
region of Italy. This particular site is intentionally forested to facilitate natural surface water
infiltration. In addition to its primary purpose, this land can be used for many other
purposes, such as producing woody biomass for renewable energy generation. In
addition, planting trees as part of the system allows farmers to earn additional revenue
from their land. These additional economic benefits contribute to the project's viability and
sustainability (Filippi et al., 2016). Hence, optimization of MAR planning is essential to
provide opportunities for potential land use to reduce cost and ensure the uptake of MAR.
Developing innovative approaches to integrating MAR into existing land uses will be

crucial in meeting this challenge.
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1.4 Research objectives

The existing research indicates that reducing the MAR project costs is essential to ensure
widespread MAR adoption. Further, addressing the uncertainties surrounding site
conditions, which pose significant obstacles to planning, implementing, and operating
MAR initiatives, is imperative. These uncertainties can significantly affect the selection of
sites for MAR projects, which may result in poor performance and increase the associated
expenses. Lastly, large-scale MAR efforts must consider activities like agriculture before
the land is solely dedicated to MAR. Therefore, this research aims to promote MAR
uptake by developing improved site and infiltration evaluation techniques in the context
of the water scarcity challenge. To achieve this goal, three specific objectives have been

formulated, which are in the following:

1. To develop an innovative methodology for evaluating MAR site suitability by
incorporating adaptive site investigation technique enabling optimized infiltration
rate assessment and cost-effective implementation of surface spreading
techniques;

2. To develop and assess a novel MAR approach by employing a subsurface
irrigation system (SIS) for diversified land use purposes;

3. To evaluate the performance and effectiveness of the developed SIS approach on
a field scale for determining the competitiveness with the surface spreading

method.

In order to achieve the first objective, a solution was demonstrated to the problem of the
limited data availability in the early stages of MAR planning. The approach integrated
adaptive site characterization with cross-scale exploratory techniques at multiple scales
to identify the spatial variation of infiltration rates at a MAR site in Schiavon, Italy. This
method improved data accessibility, thus providing multiple land use opportunities and

reducing MAR planning uncertainty and costs.

The second objective was accomplished through a two-step process. Initially, numerical
simulation was conducted to understand how the innovative MAR system operates with

regard to water infiltration. The evaluation of the modeling results involved a comparison
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of predicted soil moisture content data with the results obtained from a soil tank
experiment. The aim of the laboratory experiment was to determine SIS's infiltration rate
and moisture content distribution. Additionally, water percolation velocity was determined
using an innovative tracing technique in this experiment. Finally, the effectiveness of the
SIS in line source arrangement was evaluated based on the findings of the evaluated
model.

The third objective involved designing the SIS prototypes for field application. The
infiltration rates and wetting pattern distribution of the SIS prototypes were simulated
using a numerical model, leading to the design of the field experiment. The goal of the
field experiment was to evaluate the feasibility of this innovative MAR technique from both
technical and economic perspectives in a study area in Guntersblum, Germany. Further,
the technical and economic performance of the SIS prototypes were assessed to
determine their competitiveness with the surface spreading method. This study will
systematically address the methodologies applied to fulfill the research objectives in
Section 2, followed by Sections 3, 4, and 5, presenting an overview of how these

objectives were approached and detailed results.

2 Methodology

This chapter describes the basic principles of the methods encompassing field
investigations, laboratory experiments, and numerical simulations applied throughout the
research to achieve the objectives. Various techniques were applied across different
scales, incorporating surface geophysics, direct push (DP) technigues, and soil sampling.
In addition, this study also comprised hydraulic conductivity determination, infiltration rate

estimation, and economic analysis.
2.1 Geophysical investigation

It has already been stated that the optimization of MAR site selection is constrained by
the limited number of available subsurface data and the high cost of obtaining additional
information through conventional direct techniques such as drilling. This issue is further

complicated by the variable data scales and investigation depth required based on
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specific MAR project features and subsurface properties. Surface spreading schemes,
e.g., infiltration basins or trenches, can have a large project area and may require

characterization of a larger site at greater depth (Parker et al., 2022).

Unlike boreholes, surface geophysics assesses the subsurface without generating
physical disturbances and provides volumetric measurements (Demanet et al., 2001).
This method allows large areas to be covered more rapidly than conventional drilling at a
lower cost (Behroozmand et al., 2019; Parker et al., 2022). Geophysical surveys are
helpful in the identification of locations to be strategically targeted for detailed
investigation, thus eliminating the need for relatively expensive 'trial and error' drilling
methods (Utom, 2019). Therefore, in this study, geophysical surveys were applied as a
strategic and economical approach to identify the spatial variation of the subsurface by
measuring the variations in the electrical conductivity (EC) of subsurface materials
(McDowell et al., 2002).

The application of geophysical methods as a cost-effective means of sediment type
characterization to implement MAR, including surface spreading technique, has gained
importance over the past decade. In this research, an electromagnetic induction (EMI)
survey was performed as the first step of an adaptive site investigation methodology to
accomplish the first research objective. It is a method of determining soil apparent
electrical conductivity (ECa), which measures the cumulative relative contribution of the
soil's bulk conductivity to a particular depth of distinct layers (Doolittle & Brevik, 2014).
Most electromagnetic instruments consist of two coils: the transmitter and receiver coils
(McNeill, 1980). The transmitter coil produces a primary electromagnetic field at a specific
frequency (Figure 5). It induces electrical currents known as eddy currents in conductive
materials in the subsurface. It results in the generation of a secondary magnetic field that
the receiver coil detects. The receiver coil detects the induced secondary and primary
fields (Nabighian & Macnae, 1991), which estimate ECa (Doolittle & Brevik, 2014). EMI
surveys are advantageous for measuring lateral variations in soil parameters at spatial

scales because of their non-invasive and rapid operation (Saey et al., 2009).
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Figure 5 Electromagnetic Induction Survey Principle.

The measurement indicates the weighted integral of conductivity across a given depth as
its sensitivity decreases with depth. The soil ECa is determined by several parameters,
including porosity, moisture content, soil temperature, dissolved electrolyte concentration,
and colloid content (McNeill, 1980). Moisture and clay content are the primary drivers of
soil conductivity in nonsaline soils (Kitchen et al., 1999). Different soil compositions have
varying EC values. Soils with high salinity or clay content tend to have high ECa values
(Heil & Schmidhalter, 2012). Sand and gravel, on the other hand, have a low ECa value.
Although surface geophysics enables intermediate-scale characterization, providing the
opportunity to resolve missing information between points (Briggs et al., 2016), the
vertical resolution reduces with increasing depth (Dietrich & Leven, 2006). Since ECa
determined by the EMI surveys is a weighted average of the EC across the entire
investigation depth (McNeill, 1980), obtaining high-resolution information on the vertical

variation of subsurface characteristics is essential.
2.2 Direct push technologies

Direct push technique (DPT) is an essential tool for carrying out field investigations to
obtain detailed information about the vertical composition of the subsurface and to
overcome the constraints associated with surface geophysics (Dietrich & Leven, 2006).

The primary objective was identifying clay layers at MAR sites that could impede water
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infiltration. In recent years, DPT has become increasingly popular for subsurface
exploration, providing centimeter-scale resolution information on subsurface conditions in
the vertical direction (Figure 6). This method provides various advantages over
conventional techniques, including faster advancement into the subsurface, cheaper
costs, real-time inquiry, and minimum subsurface disturbance (Butler, 2002; Morgan,
1996). As a minimally invasive technique, this method provides depth-accurate in-situ
information (Schmidt et al., 2019) in contrast to drilling techniques by avoiding soil
compaction (Hausmann et al., 2018). However, DPT does not provide direct information
on the abundance of clay. Instead, it indicates the presence of clay-rich material based
on EC measurement. An increase in soil EC often correlates with the increased

abundance of clay minerals (Vitharana et al., 2006).

Figure 6 Application of DPT in Guntersblum, Germany.

In this approach, steel rods are driven, shoved, or vibrated into the subsoil (EPA, 1997).
Various probes attached to the rod string end can capture real-time hydrogeological,
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hydrological, geophysical, chemical, and geotechnical data (Dietrich & Leven, 2006).
DPT can also be used to install small-diameter groundwater monitoring wells. There are
limitations and challenges involved with DP-based data acquired along one-dimensional
vertical profiles. Lateral information is missing between two DP profiles, like conventional
drilling. Combining geophysical surveys with DP techniques is thus beneficial for
delineating complex subsurface features. Such a combination of methodologies offers
significant potential for investigating scale-related problems in the heterogeneous
subsurface (Utom, 2019), which is critical for MAR site planning. In addition to the usual
field application of DPT, it was used in a laboratory experiment to determine water
percolation velocity. The following sections detail various DP tools used in this research
to determine high-resolution vertical profiles of subsurface conditions and water

percolation velocity.
2.2.1 Direct push electrical conductivity logging

Direct push electrical conductivity (DP EC) logging is one of the most common DP
applications to investigate sediment stratigraphy variation based on the EC (Schulmeister
et al., 2003). We performed DP EC profiling using Geoprobe SC 500 probes configured
in Wenner mode. The EC probe has a diameter of 3.8 cm. The DP EC probe has four-
point electrodes with a spacing of 2 cm (Figure 7), generating high-resolution depth-

relevant EC value (Schulmeister et al., 2003).
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Figure 7 Schematic representation of DP EC probe.

This research employed DP EC to delineate the presence of thin confining layers that
may impede water percolation through the vadose zone and, hence, groundwater
recharge in the context of the MAR site investigation. Further information on DP EC

profiling is provided by Beck et al., 2000 and Sellwood et al., 2005.
2.2.2 Optical image profiler

An optical image profiler (OIP) is utilized to detect non-aqueous phase liquid (NAPL)
hydrocarbon fuels, oils, and tars in the subsurface (Geoprobe, 2019). It is hydraulically
driven into the subsurface at 0.5 cm/sec speed (Verhegge & Delvoie, 2021). An OIP probe
(model OP6560, Geoprobe Systems) has dimensions of approximately 52.71 cm long
and about 5.08 cm in diameter. Its configuration incorporates a tapered square body
design, which optimizes contact between the probe and the geological formation. It has
an EC dipole array situated near the probe bottom, which measures the bulk EC of the
soil, providing information regarding formation lithology (McCall et al., 2018), and an OIP
unit located at the center of the probe (Figure 8).
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Figure 8 Schematic image of DP OIP probe.

The device involves two light sources for generating light —a UV light emitting diode (LED)
that emits light with the wavelength required for inducing fluorescence and a secondary
LED that emits visible or infrared light. Light illuminates the adjacent soil and liquids
through a 0.2 cm thick sapphire window measuring 1.27 cm in diameter (Reischer et al.,
2020). An internal camera captures the fluorescence generated by the UV light source.
The images captured at every 1.5 cm interval are 0.9 cm x 0.75 cm. The area of
fluorescence is then determined by analyzing the captured image. The percentage area
of fluorescence (%AF) within the fluorescence image indicates the presence of NAPL
hydrocarbon fuel, oil, or tar (Geoprobe, 2019). OIP is not only effective for the in-situ
determination of hydrocarbon contamination in the solil, it has proved to be effective in
detecting the presence of fluorescent tracers in soil (Reischer et al., 2020). This research
utilizes the unique feature of OIP for accurately determining water percolation velocity by
detecting uranine tracer in the unsaturated zone rather than the traditional use of OIP in
the field.

22|Page



2.2.3 Hydraulic profiling tool

The DP hydraulic profiling tool (HPT) is developed to investigate in situ variations in
vertical hydraulic conductivity at a resolution of 1.5 cm in unconsolidated sediments (Zhao
et al., 2023). The HPT probe has a maximum diameter of 4.45 cm and measures 54.61
cm long. With a diameter of about 0.77 cm, the HPT injection port is covered in stainless
steel mesh (Figure 9). Water is injected into the formation at a regulated flow rate through
the port during the advancement of the probe (McCall, 2011). The probe's design keeps
the formation in good contact with the screen face, reducing the chance of clogging. The
screened port can be replaced in the field. It is 40.64 cm above the probe's tip and
prevents clogging (McCall & Christy, 2020). An HPT probe is driven into the ground at 2
cm/s speed, and a downhole transducer measures the pressure needed to inject water
into the subsurface. In contrast, a flow controller placed at the surface measures the
injection flow (McCall, 2011).

I——- Pressure Transducer

_'_. Screened Port

— EC Array

v

Figure 9 Schematic diagram of DP HPT.
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Formation permeability can be assessed using this injection pressure log. HPT flow and
pressure ratio changes indicate soil permeability and sediment variations, while low-
pressure response indicates large grain sizes and high water transmission ability (McCall
et al., 2014; McCall & Christy, 2020). An EC array is also included in the HPT probe for
simultaneous measurements of EC in bulk formations (Figure 9). EC logs can provide
valuable information about lithology in freshwater environments (Schulmeister et al.,
2003). An increased EC often implies a decrease in permeability and an increase in clay

content under nonsaline conditions.

While the log runs, the HPT pressure response, flow rate, and EC of the surrounding
material are measured with depth and displayed on the computer screen (McCall et al.,
2009). The combination of these three parameters can be a good indicator of
hydrogeological properties. A single HPT-EC log can guide sampling, groundwater well
installation location, or contaminant remediation activities based on the information
regarding sediment type and permeability over depth. In general, a combination of HPT
profiles in a transect or a grid can provide high-resolution hydrostratigraphy detail faster
and at a lower cost than previously possible (McCall & Christy, 2020). HPT was used in
this work to determine the feasibility of a potential MAR site by acquiring high-resolution
K information, which subsequently assisted with the field installation of the innovative SIS

approach in addressing the third research objective.

2.2.4 Soil sample collection

DP sampling instruments are designed to acquire soil samples from distinct depths
without removing the topsoil. Samplers with varying diameters and lengths allow for
volume sampling. In this technique, the probe is driven into the subsurface by the weight
of the mobile platform to collect soil samples (Dietrich & Leven, 2006). DP soil samplers
are classified as single-tube or dual-tube systems. Dual tube soil sampling devices are
favored for soil sampling because the outer casing shields the borehole during operations.
It is possible to conduct rapid continuous sampling above and below the water table using
dual tube systems (ASTM, 2015). Soil samples are obtained using the DP technique for
determining the saturated hydraulic conductivity (K,) of soil, leading to the estimation of

infiltration rates.
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2.3 Saturated hydraulic conductivity measurement

Constant head permeameter tests were performed to determine the K; of soil samples
(Figure 10). K, of the soil samples was determined using a KSAT device (METER Group
AG, 2016). The measurement range of this device varies from 1.16x10°° m/sec to
5.79x10% m/sec.

Water «—

Water Column Height

Water Discharge

Pressure Sensor USB Connection to Laptop

Figure 10 Schematic set-up of the experiment for K, measurement (Modified from
METER Group AG, 2016).

Each soil sample was homogenized and filled in the 250 cm?® sample ring. Then, it was
compacted and saturated with water. After saturating the soil sample, the assembly was
mounted on the measurement device and fixed with a screwed cap. Once the burette
cock was opened, water started flowing from it vertically upward through the sample. The
burette’s water level was higher than the water level of the outlet. Based on the pressure
head change data recorded by the permeameter, the percolation velocity of water is
automatically calculated based on this data. K, was estimated using Darcy’s law (Darcy,
1856).
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Ah

V
== K5 (1)

_9Q
1= 7
Where Q = flow through the soil sample, A = cross-sectional area of the soil sample, V=

water volume, t = time, K= the saturated hydraulic conductivity (m/s), Az = soil sample

length, and Ah = difference of hydraulic head.

2.4 Laboratory analysis of sampling material and infiltration rate estimation

Following the constant head permeameter tests to determine the K, the infiltration rate
was estimated using the following equation for a canal with a deep groundwater table in

an isotropic homogeneous porous medium (Swamee et al., 2000).
q; = KF (2)

Where g; = the infiltration rate per unit length of the trench (m?/s), and F; is the seepage
function dependent on the geometry of the trench (dimensionless). For a trapezoidal

channel, the seepage function can be expressed as:

0.77+0.462m bw 1+0.6m 1.3+0.6m
F, = [{(4m — n2)1'3 + (2m)1'3} 13+0.6m + (y—)1.3+0.6m] 1+0.6m (3)

w

Where m = the side slope of the trench, b,, = the trench bottom width, and y,, = water

level in the trench (m).

2.5 Numerical simulation for infiltration rates and wetting front distribution

determination

MAR processes and operational plans can be assessed using modeling, such as scenario
analysis and future prediction. Due to their flexibility, model-based preliminary
assessments are frequently recommended prior to on-site pilot investigations (Ringleb et
al., 2016). HYDRUS-2D/3D is an advanced modeling tool that offers both two-
dimensional (2D) and three-dimensional (3D) simulation capabilities for analyzing the flow
of water, heat, and solutes in porous media (Kandelous & Sim(inek, 2010; Sim(inek et al.,

2016). It is widely used to determine the amount of recharge and discharge to and from
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groundwater (Eltarabily et al., 2021), to evaluate infiltration rate and wetting pattern
distribution of irrigation systems (Cai et al., 2019; Gupta et al., 2009; Kanda et al., 2020),
to estimate recharge from cultivated croplands (Ganot & Dahlke, 2021; Post et al., 2022;
Wang et al., 2021). Various soil types have been studied using this software to simulate
hydrologic processes in the unsaturated zone, nutrient leaching, salinization, and plant
growth (Bali et al., 2023). Thus, HYDRUS-2D/3D software was utilized in this study to
simulate the infiltration rate and wetting pattern distribution of a novel MAR technique by
using SIS in an unsaturated zone. The simulation results were utilized to determine the
placement depth of SIS and location of the observation points for monitoring wetting
pattern distribution in order to perform a soil tank experiment. It was also used for planning
a field experiment that provided insights into the distribution of the wetting front of an
advanced SIS prototype, thereby guiding the decision-making in determining the optimum

excavation depth and interval between the prototypes.

In a porous medium, uniformly and variably saturated movement of water can be
described by the Richards Equation (RE) (Richards, 2004), which is solved by HYDRUS-
2D/3D numerically.

0 10 oh\ 0 oh\  0k(h)
5= oy (K3 )+ (k) + = (4)

0z

Where 6 represents volumetric water content (cm3/cm?); t is the time (hr); r is the radial
axis and z is the vertical axis, K (h) is the unsaturated hydraulic conductivity (cm/hr); h is

the soil water potential (cm).

The van Genuchten-Mualem constitutive relationships can be used to estimate the soil
water retention curve as well as the unsaturated hydraulic conductivity function (Mualem,
1976; Van Genuchten, 1980).

o, 4 — 25O h<0

O(h)={"" " (14 |ah|H)™ (5)
0, h=0

K(h) = KeSh[1 = (1= S7H™)? (6)
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Where 6, = residual soil water content (cm3cm?3), 8, = saturated soil water content

(cm3/cm?); Se = effective saturation; a, m, n, and [ = empirical coefficients which influence
the hydraulic functions shape parameters, and K; = saturated hydraulic conductivity of

soil (cm/hr).
2.6 Economic analysis

Financial cost data, including capital, operation, and maintenance (O & M) costs, were
obtained for MAR sites in local currency units (LCUs). The capital and operating costs of
the MAR system correspond to different periods. Therefore, to standardize the MAR
project's declared capital and operation costs, they were multiplied by a gross domestic
product (GDP) deflator, which tracks price fluctuations for all produced goods and
services domestically, to express costs in LCUs valued at the year 2022. Afterward,
capital and operation costs in LCU were converted to US dollars (US$) for
standardization. MAR scheme operation life (n) of 30 years and a discount rate (r) of 3%
was assumed for estimating the capital recovery factor (CRF). In addition, the cost
estimate was based on the assumption that all infiltrated water contributes to recharging
the aquifer. MAR scheme operation period depends on several factors, such as the site
condition, scheme types, drought conditions, and maintenance constraints. Hence, a 200-
day operation period was assumed for estimating the MAR expense, considering these
factors. The cost estimate can be adjusted according to the site-specific MAR operating
period. The focus of this study was on the comparison of levelized costs. The levelized
cost was estimated using the following equations (Ross & Hasnain, 2018):

r(1+n)"
(1+r)h-1

CRF =

(8)

. (capital costxCRF)+annual O & M cost+recharge & recovery cost
Levelized cost = —= - ! 9)

average annual water recharged or recovered in m3

Due to data limitations, the exact levelized costs for the MAR schemes investigated in

this research could not be determined; however, an approximate levelized cost could be
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derived for each system. More details regarding the levelized cost estimation of the MAR
scheme are provided by Ross, 2022; Ross & Hasnain, 2018 and Vanderzalm et al., 2022.

3 Evaluation of MAR site suitability by incorporating adaptive site
investigation technique enabling optimized infiltration rate assessment

and cost-effective implementation of surface spreading techniques

This section describes how to overcome data scarcity during the conceptual MAR
planning phase. This involves employing an adaptive site characterization method to
optimize the infiltration rates estimation, leading to economically viable surface spreading
method implementation. As part of this research, a specific MAR site located in the
Schiavon municipality of Vicenza, Veneto, Italy, near an agricultural region, was studied.
The alluvial aquifer in this area was an important site to investigate due to the

heterogeneous nature of its subsurface properties.

3.1 Study area

The MAR site is close to an agricultural area in Schiavon municipality in the Province of
Vicenza, Veneto, Italy (Figure 11) (Filippi et al., 2016). One of the vital water supply
systems in the Eastern Alps hydrographic zone is the Vicenza upper plain aquifer, a
relatively undifferentiated aquifer located in the pre-Alpine foothills, which is why this land
is strategically important to all the residents living in this area. As in recent years, over-
exploitation of groundwater, climate change, and land use have caused the reduction of
water levels in this aquifer of Brenta megafan (Baruffi et al., 2012; Pasini et al., 2012). In
the Veneto region, the progressive groundwater level depletion has shortened the water
availability for agricultural, industrial, and collective use (Sottani et al., 2014), and MAR
schemes could have great potential to address the issue of groundwater depletion
(Passadore et al., 2012).
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Figure 11 The location of Schiavon FIA.

The Schiavon MAR site, an FIA, covers an area of 1.1-hectare, applying furrow irrigation
to recharge the unconfined aquifer (Figure 12). A canal feeds the trenches with a
connection to the irrigation network of the area, which is diverted from the Brenta River
(Mastrocicco et al., 2015). It comprises nine infiltration trenches with a distance of 7.5 m.
Each trench has a trapezoidal cross-section (0.7-0.8 m top width and 0.3-0.4 m bottom
width) with a length of 163 m, which is a total length of 1467 m (Figure 13). The trenches
are 0.7-0.8 m deep (Filippi et al., 2016), and the surface water is distributed among the
infiltration channels by a level control system (Sottani et al., 2014) to recharge the

groundwater at about 19 m below ground surface (Mastrocicco et al., 2015).
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Figure 12 Schematic diagram of the infiltration trenches at Schiavon FIA (Picture not to

scale).

At this infiltration site, trees and shrubs (1400 plants/ha) are grown between the ditches
(Figure 13) in a short-rotation forestry scheme for five years to limit water evaporation
and provide additional biomass to compensate for land costs and eventually reduce the

cost of recharged water.

Figure 13 Infiltration trenches at Schiavon FIA.
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Mastrocicco et al., 2015 provided an overview of the site stratigraphy based on
conventional hydrogeological site characterization. Excavation of two trenches was
conducted within the site up to a depth of 2.5 m below ground level (bgl). Three horizons
were identified in the excavated trenches. The topsoil, horizon 1 extending from 0 to 0.35
m bgl, shows the influence of tillage and plant root growth and has a sandy, loamy
structure with 20% gravel content. Two soil profiles (0.35-0.45 m bgl and 0.45-0.75 m bgl)
in the middle horizon reveal sandy clay loam and sandy loam texture within a coarse-
grained gravel (55%) skeleton. The horizon 3 (0.75-1.2 m bgl) is inconsistent and has a
sandy texture with a 60% coarse gravel skeleton. The K, at these horizons was
determined by a Guelph Permeameter and varied over several orders of magnitude
between 6.6x10% m/sec and 1.7x10°? m/sec. This broad range shows the relevance of
proper knowledge of subsurface conditions within the heterogeneous deposits of the

Brenta River megafan to reduce uncertainty regarding site conditions.

Furthermore, in many cases, land cost contributes significantly to the overall expenditure
of the MAR schemes (Hutchinson et al., 2017; Itani et al., 2022; Sasidharan et al., 2021),
which poses challenges to MAR uptake. This highlights the importance of developing an
innovative approach for strategic planning in the application of MAR schemes enabling
optimized land use. Hence, in this research, the MAR site suitability was evaluated by
integrating adaptive site investigation techniques, leading to cost-effective MAR planning

and design.

3.2 Schiavon forested infiltration area site investigation

The aim of the site investigation was to characterize the infiltration site's subsurface
properties and map variability in alluvial sediment properties. This was done with a
particular focus on the hydrogeological properties at shallow depths relevant to the
infiltration using an adaptive site investigation concept. This approach was established
several years ago for the characterization of large contaminated sites due to its advantage
in terms of data reliability, ability to obtain data across different scales, and rapid data
acquisition (Schuetze et al., 2012; Utom et al., 2019). While years ago, e.g., during the
planning of the investigated MAR site, the chosen site investigation approach was beyond

state of the art, it is an important and established approach in complex hydrogeological
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site investigation today. Hence, we obtained high-resolution subsurface data that is
unrivaled by traditional site investigation approaches, which often provide limited
information when used for complex subsurface characterization. The methodological
approach applied in this study incorporated an EMI survey, direct push (DP) electrical

profiling, DP-based soil sampling, and laboratory analysis of collected samples.

As a first step in the site investigation, the potential spatial variation of soil properties in
the shallow subsurface was investigated using rapid and non-invasive EMI
measurements. The EMI focuses on characterizing the spatial variability of soil ECa since
an increase in soil EC under nonsaline conditions commonly corresponds to an increase
in clay mineral abundance (Vitharana et al., 2006). The higher proportion of fines can
inhibit infiltration, locally reducing infiltration rates. Following the identification of areas of
interest, representative points were chosen to conduct minimally invasive DP logging and
soil sampling to gain high-resolution vertical profiles of the relevant subsurface features
with depth. Ultimately, K; were determined on selected samples to calculate infiltration

rates. The applied methods of the site characterization are explained in the following.

3.2.1 Electromagnetic induction measurements

EMI surveys were conducted between the infiltration trenches, which aimed to rapidly
characterize the shallow unsaturated zone in terms of sedimentary areal zonation using
the EM38DD electromagnetic induction sensor (Geonics Ltd., ON, Canada). The
EM38DD comprises two EM38 sensors, which are positioned perpendicular to each
other. Both of the sensors have a transmitter and a receiver coil with a fixed spacing of 1
m. Simultaneous measurement of ECa is performed in two orientations with different
depth response profiles. The horizontally oriented sensors receive the response from the
uppermost top 0.75 m of soil and are mainly influenced by the characteristics of the topsoil
(Callegary et al., 2012; McNeill, 1980). The focus was on the vertical dipole mode with a
depth of investigation up to 1.5 m bgl.

Ten parallel profiles between the infiltration trenches were measured with a sampling
interval of 0.2 sec (Figure 14) to obtain dense information regarding ECa. A differential

GPS (smart antenna A100, Hemisphere GNSS) was used for positioning. The spatial

33|Page



mapping obtained by EM38DD, with a 1.5 m penetration depth, exhibits a zonation of the

soil ECa across the test site.

EM38DD- vertical dipole
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Figure 14 Results of the electromagnetic survey, EM38DD, with 1.5 m penetration depth
and location of six direct push investigation points are represented by closed blue circles
at the MAR site.
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The ECa measured at the site varies from 2.4 to 24 mS/m, as presented in Figure 14.
There are three zones identified:

1. ECavalues are low in an isolated area north of the test site.
2. ECavalues are low to moderate in an isolated area southeast of the site.

3. ECavalues are higher in the rest of the area.

As previously stated, an increase in ECa is anticipated to be correlated with an increase
in the mineral content of clay, which will cause a decrease in hydraulic conductivity and
a consequent decrease in recharge rates. The results mentioned above depict that an
EMI survey can effectively obtain the delineation of the lateral variation in soil properties.
However, the ECa measured by the EMI is an average weighted conductivity
measurement of a vertical soil column up to a certain depth (McNeill, 1980), which in this
case is 1.5 m. As a result, DP EC logging and soil sampling were performed at the
identified zones to acquire in situ high-resolution data on the vertical variation of EC and
sediment properties.

3.2.2 Direct push electrical conductivity logging and soil sampling

Six DP EC probing points were chosen based on the EMI survey results (Figure 14) to
identify possible confining layers that might impede water infiltration (Figure 15).
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Figure 15 DP EC logging at Schiavon FIA.

Figure 16 presents the high-resolution vertical DP logging profiles from the six locations
(EC 01 to EC 06). These points were positioned to reflect the various EMI zonation and
to provide a good representation of the entire site. The DP profiling supports the main
finding of the EMI survey, as generally low EC values in the upper 1.5 m bgl are
encountered at probing locations EC 01 and EC 03 positioned in the isolated low zones
of low soil ECa. The most important individual features that are observed in the logging

profiles are described below.

Profile EC 01 exhibits the most substantial deviations from all other logging profiles,
although the EC values for EC 01 ranged from 0.01 to 42.5 mS/m. The profile is
characterized by low EC values except for two horizons with increased EC values at 0.4
to 0.6 m bgl and starting at 8.20 m bgl. EC load tests were performed before and after
each DP EC profile, which confirms that the used equipment worked properly. The most
likely reason is that the sensors were not coupled to the surrounding soil material because

of the presence of dry sand and gravel.
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Figure 16 Vertical variation in EC at six DP EC logging profiles up to 9 m depth bgl.

Please note the individual scaling of x-axes.

There is a prominent layer of increased EC up to 1.25 m at EC 02. Importantly, this distinct
area of elevated EC, indicative of higher clay mineral content, is located below the bottom
of the trenches. EC 03 does not have a near-surface zone of high EC values. On the
other hand, at a depth of 5-6 m, an isolated interval of high EC values up to 100 mS/m is
present, indicating the strong presence of clay minerals. The values recorded at EC 04
and EC 05 again show higher EC values in the top 1.8 m of soil. An interesting observation
is that the logging profile measured at EC 06 shows only a slight variation in the
distribution of EC values in the vertical direction, in contrast to the substantial EC variation
observed at EC 01 to EC 05 logs.

The compilation of the DP EC logging results revealed a significant variation in measured
EC values, underlining the high degree of subsurface variability at the site. A significant
vertical variation in EC values was observed at positions EC 01 to EC 05, with EC 06
being an exception. Additionally, a pronounced lateral variation between the logs can be
detected, as reflected in the discontinuous nature of most of the isolated features,
indicating clayey lenses rather than continuous confining layers, particularly at greater
depths. The lenses of increased EC are discontinuous and, therefore, are not expected
to affect the overall infiltration rate at the site. However, this is different for the high EC
zones near the surface. The trenches are located on low hydraulic conductivity material,

which immediately impedes infiltration in these zones.
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Further information was needed to quantify the effects of surface-near variation in EC
values on the infiltration rates. Accordingly, soil samples were collected to compare the
grain size distribution with the EC values and, as a third step, to measure K; to determine
the infiltration rates at the selected sampling points. In total, 15 soil samples were
collected at four locations: EC 01, EC 02, EC 03, and EC 05. The sampling locations and
depths were selected based on differences in the DP EC logging data.

3.2.3 Laboratory analyses of soil samples

After collecting the soil samples, grain size analyses were performed to determine to
which degree the increase in EC translates into an increase in the abundance of clay
content. As previously stated, the soil analysis was focused on samples obtained in the
upper 2 m bgl. Figure 17 illustrates the results of the grain size analysis.
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Figure 17 Combined representation of EC profiles and sand and gravel, silt, and clay

percentages at four probing points up to 2 m bgl.
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The results at EC 01 and EC 02 support the hypothesis that fine materials, specifically
clay range particles, increase with increasing EC. This is mainly observed by comparing
grain size fraction with EC distribution at EC 02.

EC 02 probing location shows higher percentages of clay (14%) and silt (57%) at 0.2-1.15
m depth, which is also evidenced by high EC values in logs. Sand and gravel are present
in 58.8% and 72.6% abundances at the EC 03 location at 0-0.15 m bgl depth and 0.15-
0.6 m bgl depth, respectively. At these depths, clay material accounts for 10.7% and
7.2%, respectively, while clay amount was lower at 1-1.45 m bgl and 1.45-1.75 m bgl.
The EC values at EC 05 are approximately 15 mS/m with slight variations between 0.4
and 1.8 m bgl. There is an increase in clay content in sediment samples, ranging between
23% and 28% of the material sampled at the same depth interval. It is essential to mention
that the amount of clay found at EC 05 results in a measured EC of 15 mS/m, while EC
02 has a much higher EC of around 30 mS/m due to half as much clay content (14%),
which occurs over a depth interval of 0.2-1.15 m bgl.

Individual discrepancies between the DP measured EC and the grain size analysis results
are also apparent. At EC 01, the difference between the grain size composition change
and variation in EC values over two consecutive depth intervals (0.15-0.25 m and 0.4-
0.55 m) is noticeable. The probable reason for this mismatch may be the insufficient
electrical coupling of the DP EC probe in shallow depths or the remaining uncertainty
regarding the exact soil sampling depth and sample disturbance. As a result, at this
particular site, it is not possible to deduce a general relationship between EC and clay
content in the samples, and further investigation is required. Furthermore, other
parameters besides fine grain content also impact hydraulic conductivity and, ultimately,
infiltration capability. These include packing density, porosity, and tortuosity. Further
information on these factors is provided by Cherif Taiba et al., 2019 Ghanbarian et al.,
2013 and Vienken & Dietrich, 2011. Hence, K, were directly determined on selected
samples. Seven out of the fifteen soil samples were selected to determine K. Three
measurements were obtained for each soil sample, and the arithmetic average of the

results was calculated to determine the K, of each soil sample (Table 1).
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Table 1 K, of soil samples at different depths

K, (m/sec)
Sample Depth 1st 2nd .
Location | (m bgl) measured measured | > me;asured Mean value
value value vaiue
EC 01 1-1.8 2.58x1004 2.70x1004 2.91x1004 2.73x1004

EC 02 0.2-1.15 4.65x10°7 4.65x10°7 3.49%x10°07 4.26x10°7
EC02 | 1.15-1.45 | 1.31x10° 1.44x1004 1.21x1004 1.32x1004
EC 03 0.15-0.6 2.40x10% 1.89x10% 1.88x10% 2.06x10%
EC 03 1-1.45 3.80x1004 3.55x1004 3.65x1004 3.67x10%4
EC 05 0.3-0.95 1.05x1006 9.30%x107°7 6.98x10°07 8.93x10°07
ECO05 | 1.15-1.55 | 1.86x10706 1.63x10706 1.51x1006 1.67x10706
ECO05 | 1.55-1.85 | 7.21x10706 9.07x10° 1.12x10%° 9.16x10°6

Figure 18 indicates the sampling intervals and compares the vertical variation of EC and
K, at four DP EC locations.
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Figure 18 DP EC logs and depth-dependent K at four EC logging points up to 2 m below

the land surface. It shows that the high EC translates into low K and vice versa.
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The measured K, values vary over three orders of magnitude between 4.26x10%" m/sec
and 3.67x10° m/sec. At EC 01, the K, at 1-1.8 m bgl depth revealed by the constant
head permeameter test was high with 2.73 x 10% m/sec, which indicated sand and gravel
dominated deposit. It can also be seen that the low hydraulic conductivity of 4.26x1007
m/sec at EC 02 was reflected in the grain size composition and high EC values at EC 02
point. When the lithology transformed from silt and clay to sand and gravel, observed in
the EC value at a depth of 1.45 m bgl, the K, increased to 1.32x10%* m/sec. The constant
head permeameter tests conducted on the samples obtained at the EC 05 location
revealed a moderate variation of measured K at different depths. K; of the soil materials
present at 0.3-0.95 m bgl were determined to be 8.93x10°” m/s and 9.16x10°¢ m/s
between 1.55 and 1.85 m bgl. In contrast to the differences in measured K, no significant

variation in EC was measured at the respective depths.

A particular limitation in this study was encountered in the determination of K;. The
constant head permeameter was operated using a small sample of 250 cm?® under
controlled conditions using one-dimensional flow. The value of data obtained from
laboratory measurement, hence, always depends on the sample's representativeness
and avoidance of sample disturbance, especially under non-isotropic soil conditions.
Disturbance of the sample was, however, unavoidable in this case. In-situ measurements
of K, with a larger sample volume would be preferable. However, they could not be
realized in the field as the work was performed in the unsaturated zone above the
groundwater table, leaving only laboratory analyses. The collection of mixed soil samples
did not reflect the clogging properties of soil; hence, in situ determination of soil hydraulic
properties is recommended for future studies.

Grain size analysis and measured K, results demonstrate that the subsurface properties
vary at different points and over depth. Results further showcase how high-resolution DP
EC logging can be utilized to identify confining layers and assess their lateral continuity.
However, in this case, using EMI measurements, representative locations for DP
investigations must be determined beforehand. Additionally, DP EC logging enabled the
depth-specific identification of lithological changes and, hence, depth-oriented soil

sampling for further laboratory analyses.
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The eventual step in this research was to distinguish zones with different infiltration
behavior and determine specific infiltration rates. The goal was to identify and locate
zones of expected high infiltration rates, i.e., zones composed of coarse-dominated
sedimentary deposits. Based on the results, the infiltration site was categorized into three

zones (Figure 19) primarily based on the ECa distribution obtained from the EMI survey.
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Figure 19 Three zones with different infiltration characteristics distinguished using EMI

and DP techniques.
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This approach is feasible as the DP probing and the soil analyses agree with the EMI
results, i.e., that areas of increased electrical conductivity are characterized by reduced
infiltration rates. An exception is found at probing location EC 06, where the EMI survey
indicated comparably high ECa values, while EC values obtained from DP profiling were
comparably low. During the EMI measurement, surface water was present in that part of
the test site, and it was assumed that it influenced the results by producing high ECa
values. However, because of the water remaining in the trenches, we consider the
infiltration capacity of this area to be low. Hence, we attributed EC 06 to be part of the low
conductive and low infiltration zone despite low DP EC values. Soil samples were

unavailable, so no further investigation of the material was possible.

Infiltration rates were calculated for three zones using equation (2) based on the K. The
average water height in the trenches was not available. Hence, the infiltration rate in the
0.7-0.8 m deep trenches was estimated by assuming an average water level of 0.4 m.
Table 2 shows the estimated infiltration rates of the total length of the infiltration trenches
within the three separate zones.

Table 2 Estimated infiltration rates of three zones identified from the EMI survey

Zones Surface area of trenches Calculated maximum
(m?) infiltration rates (I/sec)
Zone 1l 148.26 124.58
Zone 2 887.98 1.02
Zone 3 103.90 65.01
Total 1140.14 190.61

According to the estimation, the infiltration rate at Schiavon FIA is 190.61 I/sec when the
trenches are continuously filled to a height of 0.4 m from the trench bottom. However,
there are noticeable discrepancies in the computed infiltration rates when comparing the
individual infiltration rates at each zone. The maximum infiltration rate among all the
zones is 124.58 |/sec, found in Zone 1. Zone 2 has the largest infiltration area and the
lowest infiltration rate of 1.02 I/sec. The second highest rate of surface water infiltration is
observed in Zone 3, at 65.01 I/sec.
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Mastrocicco et al., 2015 monitored the hydrological performance of Schiavon FIA from
May 2011 to May 2014. In their study, the amount of surface water infiltration was 25.4
I/'sec. This case study's calculated infiltration rate is higher than the measured value at
Schiavon FIA. However, several factors possibly explain the differences in potential
maximum and actual monitored infiltration rates during operation. At the Schiavon FIA,
the inflow canal section had limited capacity to convey water. The equation for calculating
the infiltration rate depends on the trench geometry, water level depth in the trench, and
saturated hydraulic conductivity. Due to limited information, the trenches' water level was
considered 0.4 m for our calculations. Further analysis shows that linear variation in water
level (0.1 m to 0.6 m) increases the infiltration rates linearly from 86.1 I/sec to 256.61
I/'sec. Additionally, varying inflow rates, evaporation from the trenches, and temporal
variation of water level in the trenches during actual operation were not considered in our

calculations of the infiltration capacity.

The study's most significant finding is that, according to the survey, 99.5% of the surface
water diverted from the Brenta River is anticipated to be infiltrated through zones 1 and
3. Zone 2 has the largest surface area; however, it is estimated that just 0.5% of surface
water infiltration occurs here. Conversely, this suggests that the size of the MAR site can
be reduced by 77% and used for other purposes, such as agriculture, if the infiltration site

is reduced to zones 1 and 3 and a loss of infiltration capability of 0.5% is acceptable.

3.2.4 Economic analysis of Schiavon FIA

The MAR site was established in 2009. Several cost metrics in local currency units (LCUS)
were obtained from De Carli, 2015. Land acquisition cost for the year 2012 was obtained
from Eurostat, 2017, as the information for 2009 was not available. Finally, the adaptive
site investigation cost was obtained based on expert consultation at the Helmholtz Centre
for Environmental Research-UFZ Leipzig. All the expenses in LCUs were then multiplied
by a gross domestic product (GDP) deflator and an exchange rate of 1.07 to get the
standardized cost in US dollars (US$) for 2022. GDP deflator values for 2009 and 2022
were 1.15 and 1.12, respectively. The capital, operating, and management costs and
levelized costs of Schiavon FIA are demonstrated in Figure 20.
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Figure 20 (a) Site investigation, land acquisition, civil & hydraulic works, forest
arrangement, capital and operation cost (b) Capital and levelized cost per m? of recharged

water for initial and optimized site layout of Schiavon FIA scheme

The initial expenses related to constructing an FIA of one hectare totaled 109,704.76
US$. According to Figure 20a, Schiavon FIA's initial annual operation and management
cost was 4,149 US$, which equals 3.78% of the initial capital cost. During the economic
analysis, we assumed that the FIA was built on agricultural land. In the Veneto region,
the price of arable land in 2022 was 72,393 US$, which equals almost 65.9% of the
declared investment cost. This demonstrates that the cost of land acquisition is a crucial
factor for evaluating the costs of MAR projects when it is not provided for free. Detailed
information regarding the cost analysis based on the initial and optimized layout of

Schiavon FIA is provided in Table 3.
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Table 3 Initial and recalculated cost of the Schiavon FIA scheme (*De Carli, 2015,
2Eurostat, 2017)

Initial Layout Optimized Layout
Costin LCU | Indexed cost _ Indexed cost
Cost Items Costin LCU
(Euros) for 2022 for 2022
(Euros)
(US$) (US$)
Site Investigation* 3,500 4,303 30,000 36,881
Land Acquisition? 57,954 72,393 13,329.42 15,888
Civil & Hydraulic
17,250 21,207 3,967.5 4,878
Works?!
Forest
9,600 11,802 2,208 2,714
Arrangement?!
Total Capital Cost 88,304 109,704.76 49,504.9 60,362
Annual Operation
3,375 4,149 776.25 954
Cost!
Total estimated
water recharged 3.37x108 3.35x10°
(m)
Capital Cost/ m® 0.026 0.033 0.015 0.018
Levelized cost/
5 0.0023 0.0029 0.001 0.0012
m

It was also assumed that the MAR scheme would be operated for 200 days in a year, and
that all the surface water infiltrated through the trenches would contribute to groundwater
recharge. The annual estimated recharge volume for the initial and optimized site layout
is 3.37x10° m3and 3.35x108 m? respectively (Table 3). Based on the estimated recharge
value, the initial FIA arrangement will infiltrate surface water at a capital cost of 0.033 US$
per m3 and a levelized cost of 0.0029 US$ (Figure 20b, Table 3). As 0.23 hectares of area
is favorable for infiltration, the land cost will be reduced to 15,888 US$ if the land use is
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optimized for aquifer recharge. Although the adaptive site investigation cost is 8.5 times
higher than the traditional investigation approach, it results in an overall levelized cost

reduction of 58.4% of the estimated recharged water.

4 Development and assessment of a novel MAR concept by
employing a subsurface irrigation system for land use

diversification

The cost of land acquisition is one of the main determinants of the surface spreading
scheme cost, influencing the adoption of MAR. Tailored site characterization can reduce
the footprint of MAR systems, allowing for other land-use applications, especially
agriculture. However, there could be circumstances when land use and cost reduction
may not be possible by enhanced site characterization; therefore, exploring alternative
solutions is essential. In this study, the focus is on the optimization of land use through
the development of a novel MAR technique using a subsurface irrigation system (SIS),

thereby generating an additional source of revenue.

In the first stage of fulfilling this aim, a numerical simulation was conducted to determine
the SIS's infiltration rate and wetting pattern distribution. A soil tank experiment was then
performed to evaluate the model's performance and determine percolation velocity with
different techniques. Finally, the model was used to investigate the optimal installation
depth and the cumulative infiltration rate of the SIS for a hypothetical scenario, resulting

in an evaluation of the suitability of the SIS in a line-source configuration.

4.1 Subsurface irrigation system

A SIS involves installing perforated or open-jointed pipes or drip under the soil surface
to provide plant water, reducing water loss and evaporation (Figure 21). Historically,
common sub-surface irrigation was implemented by burying pots, pitchers, and porous

pipes (Ashrafi et al., 2002; Kanda et al., 2018; Siyal et al., 2013). Porous pipes made of
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clay, rubber, and polyethylene are the main types of porous irrigation systems (Gupta et
al., 2009; Liang et al., 2009; Siyal et al., 2009).

Figure 21 Schematic diagram of a perforated pipe installed underground for irrigation.

Micro-irrigation using porous pipes manufactured from recycled rubber tires and
polyethylene particles is one of the most effective irrigation methods for dry climates
(Liang et al., 2009). Depending on how large the emission pores are, they can be
classified as microporous pipes or nanoporous pipes (Kanda et al., 2018). Water is
released throughout the length of the porous pipe under pressure (Patel et al., 2011).

This pipe serves as a conveyance and an emission water system for cultivation.

The SIS used in this study has been developed for the agricultural industry (Figure 22).
According to the manufacturer, the novelty of this system is that it is the first permeable
subterranean irrigation system with uniform water distribution up to 100 m

(www.ecotube.eu).
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Figure 22 SIS used for aquifer recharge (Source: Ecotube).

It has a microporous fabric made of recycled tire granulation mixed with polyethylene.
The optimum pressure of the system is 0.6 bar. At this pressure, it distributes 1.3 L/h/m
of water in the air. The pipe has a 17.5 mm outer diameter and a 12.5 mm inner diameter.
With increasing operating pressure, the discharge of SIS also increases. When the
pressure is higher, the flow rate at the beginning of the pipe will be higher. The flow rate
tends to decrease with increasing pressure at the end of the pipe, resulting in a non-
uniform flow rate. Therefore, optimum pressure application becomes more important to
maintain uniform discharge when the SIS length increases. Also, the manufacturers
stated that the discharge of the pipe at the beginning of the irrigation process is high due

to the fabric properties of the pipe, which gradually becomes constant over time.

SIS for cultivation is mainly used for delivering sufficient water to the crops at a specific
time. Water is mainly provided at the plant root zone for their growth and development.
There have been several numerical models developed to understand the soil water
dynamics of dripper or line-source irrigation systems to optimize their design and
management for agriculture and prevent water percolation into groundwater (Cai et al.,
2018; Kanda et al., 2020; Siyal et al., 2009). In contrast to agricultural applications, it is

essential to ensure infiltration to the groundwater and minimize water loss to the surface

49 |Page



for SIS applications intended for aquifer recharge. It is also vital to determine the
infiltration rate through this system, the optimum installation depth, and the lateral
spacing between the SIS. As a first step in understanding the performance of SIS, a
numerical simulation was performed to determine the performance of SIS in sandy soil

as a MAR technique.

4.2 Numerical simulation to determine subsurface irrigation system’s

infiltration behavior

The HYDRUS-2D/3D software was used to predict the SIS infiltration rate and wetting
pattern dimensions in sandy soil. The simulated result also provided information to
determine the placement depth of SIS and the position of observation points for
volumetric water content (VWC) measurement, leading to the design of a soil tank
experiment. One of the objectives of the soil tank experiment was the evaluation of the
model’s prediction performance, which will be explained in section 4.3. The evaluated
model was then used to obtain knowledge regarding the installation depth and spacing of
SIS for feasibility assessment, considering a continuous operating period of 200 days in
a year. The geometry and boundary conditions (BCs) for simulating the infiltration
characteristics of SIS using HYDRUS-2D/3D software are described below.

4.2.1 Model domain and soil hydraulic parameters

The model domain was 45 cm by 100 cm, with the SIS system located 20 cm below the
soil surface (Figure 23). The placement depth of SIS for the modeling purpose was
chosen based on the studies performed with line source irrigation systems (Fan et al.,
2018b; Kanda et al., 2020). The symmetric condition was considered in this study to
reduce computational time. That is why one side was simulated to determine the SIS's
infiltration rate and wetting pattern distribution. The model was discretized into 1602
nodes. The sandy soil was considered as a common MAR soil type and assumed to be

homogeneous and isotropic.
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Figure 23 Schematic diagram to represent the SIS location, the transport domain, and
BCs.

The HYDRUS-2D/3D model requires soil hydraulic parameters values such as residual
water content (6, ), saturated water content (6,), empirical co-efficient |, a, and n, along
with the initial condition of the soil and BCs for simulating the infiltration characteristics
of the SIS. The hydraulic characteristics of several soils have been incorporated into a
soil catalog (Carsel & Parrish, 1988), which was helpful for obtaining these parameters
for sandy soil. The model was further parameterized by incorporating the K value of the
sandy soil, which was used in the soil tank experiment. The K, value was determined by
a constant head permeameter test and average value of 4.95x10%* m/sec was obtained
and was incorporated in the model to accurately represent the K, value of sandy soil.
For the simulation of water flow, an initial soil condition must be defined for the entire

model domain before the simulation is initiated. The sandy soil's initial moisture content
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was measured prior to the beginning of the soil tank experiment and an average value

of 0.049 cm®/cm? was integrated into the model.

4.2.2 Boundary conditions

Three BCs were used to simulate the infiltration characteristics of the SIS system. The
primary objective of this modeling was to gain a comprehensive understanding of
infiltration rate and wetting pattern distribution. This study did not include surface
processes such as evaporation and precipitation. Simplifying the model by excluding
these parameters allowed for an accurate and controlled investigation of the wetting front
distribution, facilitating the identification of the SIS placement depth. That is why no flux
BC was defined at the top boundary. No flux BC was also defined at the sides of the

model domain. A free drainage boundary was applied at the lower boundary.

A special flux boundary named drip characteristics function was used to define variable
flux boundary on the SIS. It is a system-dependent BC that incorporates the porous pipe
properties, the inlet pressure, and the soil hydraulic properties while determining the
source discharge (Lazarovitch et al., 2005). The equation for this special BC is expressed
in Equation 10 (Simunek et al., 2012).

Q = Qo(hs — hin)c (10)

Where Q [L3 T1] ([L? T] in 2D) is the source discharge for the pressure hg, Q, [L3 T1]
([L?2 T] in 2D) is the optimal flux or discharge of the source, h [L] is the pressure head
at the source-soil interface (back pressure), h;, [L] is the inlet pressure and the back
pressure is zero, and c [-] is the empirical constant for the emitter which represents the

emitter flow characteristics.

For defining this special flux BC in the model, the respective parameter values were
determined from the pressure-discharge relationship of the SIS. The experiment for
determining the discharge characteristics of the SIS and the results are described in
section 4.2.3.
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4.2.3 Discharge characteristics of subsurface irrigation system

There are no existing guidelines or established standards for the ideal length to be used
in determining the discharge characteristics of porous pipe (Kanda et al., 2018). For this
experiment, a 50-meter-long SIS was divided into multiple 1-meter-long segments.
Different 1-meter sections were used to obtain information about the discharge behavior
with different pressures. The main reason for choosing a shorter length was to minimize
the influence of friction losses on the accuracy of the discharge measurements. The range
of pressure varied from 0.6 bar (6 m pressure head) to 1.5 bar (15 m pressure head), and
the pressure variation was measured with a pressure gauge. The discharge was
determined by measuring the water volume emitted in the air from the SIS at 15-minute
intervals using a 1 L graduated cylinder. The discharge can be expressed as a function

of pressure in the form of a power function shown in Equation 11.
Q = Kh; (11)

Where Q = Discharge (L/h/m), K = Emitter Constant, h;,, = Operating pressure (m), and

¢ = exponent of discharge.

Typically, emitter discharge exponents range from O to 1. A value of O represents a fully
pressure-compensated emitter, 0.5 represents turbulent flow, and a value of 1 represents
laminar flow (Amin et al., 1997). The determined parameters from the pressure-discharge
relationship were used to define the special BC in HYDRUS-2D/3D for simulating the

SIS’s infiltration rate in sandy soil.

Figure 24 demonstrates the effect of pressure on the discharge rate of the SIS, shown on
a linear scale. It shows maximum, minimum, and stabilized discharge rates and explains

how pressure influences SIS flow characteristics.
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Figure 24 Effect of different pressures on the discharge of SIS.

The discharge from the SIS under varying pressure can be represented by a power
function (R? = 0.956), as illustrated in Figure 24. The stabilized flow rate varies from 1.4
L/h/m at 6 m to 10.5 L/h/m at 15 m pressure head. The relationship is expressed in
equation 12.

q = 0.0162x23654 (12)

The emitter constant (k) and exponent (x) values determined from the power function are
0.0162 and 2.3654, respectively. In this study, the exponent of the porous pipe is greater
than 1, meaning that the emission rate will significantly increase with the increase of
operating pressure, which is like hon-compensating emitters. The pipe allowed a faster
flow through the pores, expanding their diameters and creating more efficient emission
pores (Liang et al., 2009). These parameters were used in the HYDRUS-2D/3D software
to define the special flux boundary, enabling the infiltration rate and wetting pattern
distribution prediction. In the following section, the results of the model will be discussed

in detail.
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4.2.4 Numerical simulation result

The model was run for 13 hours to reflect the soil tank experiment duration. Figure 25
shows the simulated cumulative infiltration rate of the SIS. The figure shows that 15.26

L of water was infiltrated through the SIS in sandy soil for 13 hours.
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Figure 25 Cumulative infiltration rate of SIS in sandy soill.

The wetting pattern distribution of SIS in sandy soil is shown in Figure 26. The wetting
dimension increased with time and discharge. Sandy soils are characterized by relatively
large particles compared to silt and clay. These larger particles leave a greater amount
of space between them, resulting in larger pores. As a result, there is a smaller surface

area for water to adhere to, resulting in lower water retention capacity.
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Figure 26 Wetting pattern distribution of SIS in sandy soil after 13 hours. The dimensions

of the model domain is in cm.

During infiltration, water movement in the soil is also affected by both the matrix and
gravitational potentials. Matrix potential has less effect on sandy soils than gravitational
potential (Cai et al., 2019). As a result, the aspect ratio gradually increases, and the
wetting front develops an ellipsoidal shape. The wetting front's downward vertical and
lateral distances were 44.94 cm and 25.28 cm, respectively. In addition, it was observed
from the modeling results that a depth of 20 cm was sufficient for 13 hours of water

infiltration in sandy soil. The following section focuses on a soil tank experiment designed
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to assess the infiltration characteristics of SIS, leading to an evaluation of model

performance.

4.3 Soil tank experiment for HYDRUS-2D/3D model performance assessment

and percolation velocity determination

A soil tank experiment was conducted to obtain a reference data set for assessing the
numerical simulation outcome. The model performance was assessed by comparing the
simulated and experimental VWC and determining the coefficient of determination (R?)
and root mean square error (RMSE). Additionally, different tracing methods, such as soil
moisture sensor and direct push (DP) optical image profiler (OIP), were used to measure
the percolation velocity in soil, as it is an important parameter that indicates the efficiency
of recharging an aquifer (O’Geen et al., 2015). The following sections provide a detailed
explanation of the performed experiment and associated results.

4.3.1 Soil tank experiment

The experimental setup comprised a soil tank, sandy soil, a garden pump, SIS, moisture
sensors, DP OIP, uranine tracer, and a water barrel (Figure 27). The soil tank was 110
cm long, 90 cm wide, and 90 cm high, with a volume of 0.9 m3. The sandy soil had
particles ranging from 0.002 to 2 mm (2% clay, 4% silt, and 93% sand) and a 2.62
gm/cm? particle density. It was filled in the soil tank at 5 cm intervals and compacted with
a rubber pad and hammer. Each layer was scraped after compaction in order to avoid
stratification.
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Figure 27 Setup of the soil tank experiment.

Commonly, time domain reflectometry (TDR) and capacitance sensors are used to
continuously monitor the soil water content. The TDR technigue measures the
propagation rate of a high-frequency signal through waveguides in the sub-surface
(Kirkham, 2014). TDRs have demonstrated high accuracy operating at the 1 GHz
frequency, but high cost limits their application to more extensive networks (Kanso et al.,
2020; Topp et al., 1980). The EC-5 uses capacitance/frequency domain technology to
measure the dielectric constant of the medium. The sensors are designed to operate
from -40 degrees to +50 degrees (Decagon Devices, Inc., 2014). Data can be sampled
and recorded from the Decagon EC-5 sensors using several commercial data loggers
with sampling times of 10 ms. With an accuracy of 3%, the EC-5 sensor measures VWC
between 0% and 100%. A standard EC-5 sensor measures 9.9 cm in length, 1.8 cm in
width, and 0.7 cm in height and has a measurement volume of 0.24 cm?® (Jackisch et al.,

2020). The sensors can be easily installed in soil (Parsons & Bandaranayake, 2009) and
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connected to a close network that enables detailed spatial determination of the soil's
VWC distribution. Hence, in this experiment, EC-5 sensors were used to measure VWC
and were installed at varying depths (Figure 28a, 28b) for VWC measurements. The
sensors were placed 10 cm apart to avoid magnetic interference between their fields
(Figure 28a). The SIS with 100 cm length was placed 20 cm below the subsurface
(Figure 28c).
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Figure 28 (a) Schematic diagram of the cross-section of the experiment representing the
location of moisture sensors, SIS, and OIP (Picture not to scale) (b) Placement of soil

moisture sensors (c) Placement of SIS in sandy soil at 20 cm depth from the surface.
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Soil moisture sensors are also used to determine percolation velocity in soil (Hardie et
al., 2013). However, the average moisture content is determined within a given soil
volume around the sensor (Jackisch et al., 2020), leading to earlier detection of water or
tracer arrival even though it has not reached the sensor’s exact location. On the contrary,
OIP estimates the percentage area of fluorescence (%AF) in the soil adjacent to the
camera (Reischer et al., 2020). In this experiment, OIP was used to detect the presence
of a fluorescent tracer instead of its standard use in the field. A uranine tracer was mixed
in the water to determine percolation velocity by OIP as a reference measurement for
identifying the integral volume influence of moisture sensors. In contrast to the usual
deployment of the OIP system in the field (refer to Section 2.2.3), the probe was placed
within a soil tank at a defined position (Figure 28a). The optical opening of the OIP probe
was positioned 40 cm below the soil surface and at a horizontal distance of 5 cm from the
SIS. After installing the OIP, the sand was refilled in the soil tank at every 5 cm interval.
We avoided manually advancing the probe with hammer strikes as it would disrupt the

soil compaction and influence the water flow path.

A Variolux V-GP 900 pump with a maximum conveying amount of 3600 I/h was used to
supply water to the SIS. As the pump's capacity was high, the total flow rate of the pump
was divided into three subflows using two bypasses. Two of the subflows were directed
toward the water storage tank, ensuring the pump's flow rate was not significantly
reduced. Finally, the third subflow flow was diverted to the SIS pipe to supply water at 0.6
bar for infiltration. The uranine tracer was mixed with water at a concentration of 20 mg/I

to detect fluorescence by DP OIP.

The experiment was run for 13 hours at a constant 0.6 bar pressure. The fluorescence
was detected in real-time with the DI acquisition software. In the following, the captured
images and the %AF were used to assess the tracer breakthrough curve and to compare
it with the moisture data recorded by EC 5 sensors. The %AF in a given image is
computed based on the number of pixels in the image that detects fluorescence (Reischer

et al., 2020). In this case, %AF indicates the presence of uranine tracer within the images.
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4.3.2 Comparison of soil moisture sensor and direct push optical image profiler

The EC-5 moisture sensor and the OIP probe were placed at the same depth of 20 cm
and 5 cm horizontally from the subsurface irrigation pipe (Figure 28a). Figure 29 reveals

the variation of UV-induced fluorescence at different times during the experiment.

%AF =6%

122 minutes 157 minutes

%AF =23.5% %AF =50.9%

227 minutes 392 minutes

%AF =54.5% %AF =58.1%

452 minutes 542 minutes

Figure 29 Variation of % AF at different time steps.

Additionally, Figure 30 represents the distribution of %AF determined by OIP and
moisture content obtained by EC-5 sensor for 13 hours in sandy soil.
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Figure 30 Detection of tracer arrival by OIP and EC-5 sensor.

It is visible from the figure that the presence of fluorescence was detected 122 minutes
after the experiment began. As the VWC increased from 5.2%, it remained relatively
constant after 210 minutes, varying between 12.1% and 12.4%. The %AF analyzed by
the OIP increased up to 575 minutes and then stabilized at 56-57% after 600 minutes.
The percolation velocity from SIS to the observation point was calculated to be 9.84 cm/h.
After 130 minutes, the EC-5 moisture sensor measured a variation in VWC at observation
point 4. The OIP probe detected the fluorescence, providing real-time information on
tracer presence. The EC-5, on the other hand, measured the VWC at 5-minute intervals,
though it had a frequency measurement of 10 ms. The interval values were chosen based
on different studies conducted for VWC measurement (Dirwai et al., 2021; Sales et al.,
2015; Thompson et al., 2007). Due to the selected time interval, the level of detail and the
immediate nature of the information obtained were influenced, which made it difficult to
compare the breakthrough curve. However, it is noticeable that the difference in the time
for detecting the tracer's arrival was small, indicating the feasibility of using EC-5 sensors

to determine the percolation velocity. Also, the measurement volume of the EC-5 sensor
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is 240 cm?® (Kanso et al., 2020), which is smaller compared to other soil moisture sensors,
e.g., TDR, 5TM, 10HS, Trime Pico 64, etc. Further information regarding the
measurement volume of these soil moisture sensors can be found in Jackisch et al., 2020.
Moisture content changes within large integral volumes may influence the percolation
velocity evaluation. In contrast, OIP provides more localized measurement by determining

the percolation velocity when the tracer moves along the camera screen.

Additionally, soil moisture sensor installation at greater depths in the field can be
complicated. The sensors can be installed in two ways: (i) by excavation of a trench or
hole and horizontal installation of the sensors at various depths towards the crop root
zone, or (i) by using an auger or soil sampling probe to excavate a hole and vertical
installation of the sensors down to the bottom of the hole. Special tools to secure sensors
at greater depths during installation are required for the latter method (Sharma, 2018).
Soil disturbance and the potential for soil compaction can occur when inserting soil
moisture sensors into the subsurface (Fares & Polyakov, 2006). Also, soil-specific
calibration of moisture sensors is necessary because sensors respond differently to
changes in soil moisture depending on soil texture (Mochizuki & Sakaguchi, 2023; Silva
et al., 2021). Moreover, it is time-consuming and labor-intensive to install wired sensors
in the soil profile (Liao et al., 2021). Another advantage of the OIP is its ability to measure
percolation velocity at greater depths without excavation. These advantages provided by

OIP make it an effective tool for determining water percolation velocity in soil.

4.3.3 HYDRUS-2D/3D model’s performance assessment

The results of VWC distribution with time in sandy soil at six observation nodes are
presented in Figure 31. The observed upward and downward wetting front velocity was
consistent with the simulated percolation velocity except at observation points 4 and 7.
At observation 4, the model predicted the arrival of water 45 minutes later than the
observed value. Based on the numerical simulation, water reached observation point 7

after 6.5 hours, whereas based on measurements, it reached after eight hours.
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Figure 31 Observed and simulated VWC at seven observation points in sandy soil.

A difference between observed and predicted wetting front arrival at observation points
4 and 7 in the flow domain might be described by the influence of preferential water flow
pathways and soil compaction at the observation nodes. In some observation nodes,
VWC was different from simulated VWC. In our simulation, the hysteresis of the soil
water characteristic curve was not incorporated, which may lead to the deviation

between observed and predicted VWC.

The performance of the HYDRUS-2D/3D simulation was evaluated by the coefficient of
determination (R?) and root mean square error (RMSE). These parameters are

expressed in the following equations.

RMSE = [2EIL,(Y, - 1, (13)

Rz — nY (Yo Ys)—(UYo) (X Ys) (14)
[P ER-E I T Y- )
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Where, Y, is the observed parameter value, Y; is the simulated parameter value, n is the

total number of measured data, and i= numbers 1, 2, 3.... n.

A general estimation of the extent to which the observed data differs from numerical
simulation predictions is provided by R2. The numerical value zero indicates that the
proposed numerical model does not improve the prediction. In contrast, the numerical
value 1 shows that the model makes a perfect prediction compared to the average
model. Based on RMSE, the goodness-of-fit between simulated and observed values
can also be quantitatively compared. A lower RMSE value means a better fit to the

model.

In this study, the RMSE value varied from 0.004 to 0.026, indicating a minimal spread in
data between observed and predicted values. Moreover, the model is well fitted as the
R? ranged between 0.63 and 0.99, which indicates that HYDRUS-2D/3D accurately
predicts the infiltration behavior of SIS in sandy soil. Therefore, numerical simulations
with HYDRUS-2D/3D will be carried out to determine the optimum installation depth of
SIS.

4.4 Assessment of the feasibility of subsurface irrigation system

The evaluated model was upscaled and simulated with different installation depths of SIS
to determine the optimum installation depth for a hypothetical case. The hypothetical
scenario allowed, without the limitations of practical implementation, to investigate the
system's behavior at different installation depths. The dimension of the model was 2 m x
2 m. Four cases were simulated with installation depths of 20, 30, 40, and 50 cm. The
simulation was conducted to evaluate the distribution of the wetting front depending on

the installation depth.

For agriculture, greater vertical distribution may not be preferred since water movement
under the root zone can lead to water wastage, loss of nutrients, and groundwater
contamination. Overlapping the wetted area under the irrigation system maximizes the
amount of horizontal movement compared to vertical movement for a particular irrigation

application (Skaggs et al., 2010). In groundwater recharge, avoiding overlap will foster a
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more widespread distribution of recharge in the soil, with the potential to reach deeper
depths for more efficient groundwater replenishment. Therefore, the maximum dimension
of the wetting front in the horizontal direction is obtained from the model results, which
allowed the determination of the distance between the SIS so that the overlapping of the
wetting front is avoided. The model was simulated over an assumed MAR operation
period of 200 days. The next step was to estimate the cumulative infiltration rate based
on the appropriate number of SIS line sources. The SIS infiltration rate was compared
with the observed rates in surface spreading methods to assess its competitiveness. The
variation of wetting pattern dimension simulated for different installation depths after 200
days of operation is represented in Figure 32.

The wetting zone decreased with decreasing placement depth. The initial movement of
the wetting front was faster. It gradually slowed down as the infiltration time increased. At
constant depth, the horizontal wetting front was smaller than the vertical wetting front due
to gravity. The SIS that was installed 20 cm deep took 24 hours for the wetting front to
reach the soil surface. The SIS installed at a depth of 30 cm had the wetting front almost
reaching the surface. After 200 days, the wetting front did not reach the soil surface for
the SIS installed at 40 and 50 cm depths. As both of these installation depths prevent the
wetting front from reaching the surface and consequently reduce evaporation loss, opting
for the 40 cm depth may reduce the excavation costs compared to the 50 cm installation
depth. The maximum distribution of the wetting front in the horizontal direction for the SIS
installed at 40 cm is approximately 135 cm, indicating that at least 2.7 m distance should
be maintained between the SIS.

66| Page



0.048 0.060 0.072 0.084 0.096 0.108 0.120 0.132 0.144 0.156 0.168 0.178

I .

Water Content - th[-], Min=0.048, Max=0.178

Figure 32 Wetting pattern distribution of SIS in sandy soil after 200 days with installation
depths at (a) 20 cm, (b) 30 cm, (c) 40 cm, and (d) 50 cm

The approach we used in this study was a decision-making tool to assess the depth and
the spacing of SIS in various operational scenarios, among which we considered 200
days operation of the system. By simulating scenarios and modes of operation, the model
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assists in analyzing how the depth and spacing of installations can change over time. This
considers instances of operational schemes and potential interruptions of the system.

According to Bouwer, 1999, typical infiltration rates of surface infiltration systems range
from 0.3 to 3 m/day for river waters that are relatively clean and low in turbidity.
Furthermore, other studies have calculated infiltration rates of infiltration basins, which
range from 0.1 to 3 m/day (Beganskas et al., 2017; Hellauer et al., 2018; Mawer et al.,
2016; Racz et al., 2012). If an infiltration pond has a surface area of 1.1-hectare and a
maximum infiltration rate of 3 m per day, it will recharge 3.2x10’ L/day of water through
the vadose zone. Additionally, with a lower infiltration rate of 0.1 m/day, the total amount
of water that will be infiltrated is 1x108 L/day. If SIS is used to infiltrate as a line source in
a 1.1-hectare area (Length = 162 m, width = 66 m) composed of sandy soil, then 60-line
sources with 66 m length can be installed with 2.7 m spacing. The total amount of
infiltration through SIS will be 1.12x10° L/day. The SIS installation as a line source
exhibits limited competitiveness compared to the infiltration basin. Therefore, it is
important to explore several options for enhancing its functionality. One aspect of this
could be the modification of the SIS in terms of design and installation, aiming to improve

its performance.

5 Evaluation of the performance and effectiveness of the
developed subsurface irrigation system approach for
determining its competitiveness with the surface spreading

method

This section describes the design and field assessment of modified SIS installation for
groundwater recharge to determine its technical and economic competitiveness with
traditional surface spreading techniques. Following the model and laboratory experiments
of line source SIS, SIS prototypes were designed, and their infiltration characteristics
were simulated using the HYDRUS-2D/3D software for planning a field recharge
experiment. The field experiment was conducted in Guntersblum, Germany, to determine

the infiltration rates of the prototypes. Furthermore, to assess the competitiveness of the
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modified SIS design in comparison to surface spreading, an infiltration trench was
simulated to investigate its technical potential. Finally, the technical potential and

levelized costs were compared with the infiltration trench under a given area.

5.1 Design of subsurface irrigation system prototypes

The SIS faces challenges competing with other surface infiltration methods in its current
form or configuration as a line source. This suggests that the approach needs to be more
efficient at achieving increased infiltration rates. It is expected to install SIS straight in a
line to supply water to plants. In order to optimize infiltration rates for a unit area,
innovative designs have been implemented for recharging the aquifer with SIS. These
designs are similar to structures known as geothermal energy baskets (Boughanmi et al.,
2017). The conical configuration, with its increased surface area (Figure 33), can offer the

possibility of accommodating longer lengths of SIS with efficient utilization of the space

available.
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Figure 33 Designed prototypes for Field Experiment (Picture not to scale).

Two conical prototypes were designed with different dimensions to ensure the SIS would
not require large installation areas. Prototype 1 had a top diameter of 1.6 m and a bottom

diameter of 0.8 m, comprising a total length of 40 m. Prototype 2 measured 21 m in length,
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with a 0.8 m top diameter and 0.4 m bottom diameter. Each prototype was 1 m in height
(Figure 33).

5.2 Study area

The infiltration behavior of two prototypes was investigated at a site, which is a water
pumping station located in Guntersblum, Germany (Figure 34). The site is owned by
Wasserversorgung Rheinhessen-Pfalz GmbH (WVR), the second-largest drinking water
supplier in Rhineland-Palatinate.
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Figure 34 Location of Guntersblum in Germany.

Climate change is already impacting water resources in typically water-abundant regions
such as Germany, where average water scarcity is minimal. However, prolonged and
exceptional droughts have occurred in recent years due to hot and dry summers (Wriedt,
2019), causing groundwater declination. Due to a decrease in the recharge of
groundwater and an increase in water demand during summer, regional water suppliers
are being pushed to their capacity to meet the demands during dry periods. In the future,
regions in Germany could face heightened conflicts over water distribution among
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domestic, agricultural, and industrial uses (Philipp & Kraljevic, 2015). Furthermore, the
recent drought and low precipitation rate have reduced water levels in the Rhine River
(Brito & Kuhlicke, 2020; Gobert & Rudolf, 2023).

The test site's location near the Rhine River implies that variations in the river's water
level may have consequences on groundwater levels and groundwater resources in the
area. The study area exhibits a range of groundwater levels, from 4.5 to 6 m bgl. The
height of the prototype was limited to 1 m to avoid costly excavation and potential
installation close to the groundwater level due to the shallow water table in the study area.
During periods of high demand, groundwater pumping can result in a reduction of
groundwater level, which has implications for the reliability of water supplies. Therefore,
a sustainable solution for recharging aquifers in the study area to meet future water
demands was explored in collaboration with  WVR. The company provided site

stratigraphy information. Several boreholes are located in the area (Figure 35).
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Figure 35 Locations of boreholes, HPT profiling, and monitoring wells in Guntersblum.
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The stratigraphy of borehole 1 reveals that the soil up to 1 m bgl contains silt material.
There is sand and gravel between 1 m and 48 m bgl indicates that the site is suitable for
installing prototypes and has the potential to be one of the sites for MAR. At borehole 2,
clayey sand is present up to 1.30 m bgl. Later, up to 13 m, the formation is a mixture of
fine, medium gravels, medium to coarse sand, and fine sand. The stratigraphic data

shows the variation in the depth of fine material in the study area.

Therefore, a site characterization was important to test the suitability of the prototype’s
installation points (P1 and P2). It was fundamental in identifying the required depths to be
excavated at these specific locations, which depended on the characteristics of the soil
encountered. While on-site investigations were essential to support on-site decision-
making, understanding the minimal installation depth was also required to prevent
evaporation losses and reduce excavation costs. In addition, for installing the prototypes
in the field, the knowledge about the optimal distance between the SIS prototypes was
vital for preventing any interference between them. Hence, numerical simulation was

undertaken to determine these parameters for field experiment planning.

5.3 Numerical simulation for field experiment planning

Two separate models were set up using HYDRUS-2D/3D software for assessing the
infiltration rates and the wetting pattern distribution of the SIS prototypes (Figure 36 &
Figure 37). The models were set up in the axisymmetric domain to represent the conical
shape of the prototypes. The models were conceptualized before the site characterization
of the study area, and it was parameterized based on the information provided by WVR
for designing the field experiment. The model domains consisted of 10 m by 14.5 m, with
the SIS prototypes base located at 1.5 m below the soil surface. The model’s dimension
in the horizontal direction were selected in a way so that the right-side boundary does not
have any impact on the model results. Each model was discretized into 24868 nodes with

0.1 m mesh size.
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Figure 36 Schematic diagram of the conceptualization of the field model for Prototype 1.

The circles represent the cross-section of the SIS prototypes.
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Figure 37 Schematic diagram of the conceptualization of the field model for Prototype 2.

The circles represent the cross-section of the SIS prototypes.

As detailed soil profile information was unavailable at these locations, it was assumed
that the unsaturated zone was composed of predominately sandy soil based on the
overall information provided by the WVR. For the installation of the prototypes, the soil
needs to be excavated, and the excavated area was considered trapezoidal in shape to
provide soil stability during the installation of the prototypes. In the model for Prototype 1,
the excavated area had a top width of 2 m, a bottom width of 1.2 m, and a height of 1.5
m. The excavation area for Prototype 2 model was 1.2 m in width at the top, 0.8 m in
width at the bottom, and 1.5 m in height. Only half of the excavated area and prototype’s
diameter were defined in axisymmetrical domain since it represented radially symmetric

condition.

For the backfilling of the excavation area, sandy soil was chosen to maintain consistency

with the surrounding material. The soil materials were assumed to be homogeneous and
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isotropic. Soil hydraulic properties were defined in a similar way according to the
HYDRUS-2D/3D model of SIS in line source arrangement (Section 4.2.1). The K, of the
backfilled and surrounding sandy soils were determined by constant head permeameter
test after collecting the soil samples from Guntersblum. Later, the model was refined with
obtained values of 2.4x109 m/sec and 1.6x10°4 m/sec for backfilled and surrounding
sandy soils respectively. Here, a saturated thickness of 10 m was considered, while an
unsaturated zone was considered 4.5 m above. The pressure at the base of the saturated
thickness was 10 m. It was linearly decreasing until it reached the WT, where the head
was 0 m. For the vadose zone, a pressure head of -1 m was defined at the top, which
then increased in a linear manner to 0 m towards the water table. The operating pressure
of SIS prototypes was 0.8 bar in these two models. The models were simulated based on

the planned experimental duration of 92 days.

5.3.1 Numerical simulation result of field-scale model

The simulated cumulative infiltration rate for both of the prototypes is shown in Figure 38.
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Figure 38 Cumulative infiltration rate of Prototype 1 and Prototype 2.
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The simulated result demonstrated that Prototype 1 and Prototype 2 would infiltrate
2.01x10° L (5x10° L/m) and 1.1x10° L (5.2x10° L/m) of water in 92 days. Figure 39 shows

the water content variation of Prototype 1 and Prototype 2 with time.
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Figure 39 Wetting pattern distribution of Prototype 1 and Prototype 2 after 92 days.

The width and depth of the wetting front of both prototypes increased with time. After 92
days, the migration of the horizontal wetting pattern from the axis for both prototypes was
2.25 m and 2.1 m, respectively. As the radius of the prototypes was 0.8 m and 0.4 m
respectively, the area of influence for each prototype was considered approximately 1.5
m. Hence, to avoid any interference, a minimum of 3 m distance should be maintained
between the prototypes. Additionally, it was observed that the excavation depth of SIS
prototypes at 1.5 m was sufficient to prevent evaporation loss and the discharge of water
emerging on the surface. However, the excavation depth was dependent on the presence
of high hydraulic conductivity material beyond this depth. Thus, a site investigation was

carried out to assess the suitability of the prototype’s installation points, providing
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knowledge to make informed decisions regarding the excavation depth for the prototype
installation. The details and outcome of the site investigation of the study area are

elaborated in the next section.

5.4 Site characterization

Hydraulic profiling tool (HPT), a DP technique, was used to characterize the subsurface.
In contrast to borehole information, HPT allows the identification of local small-scale
confining layers with the combination of EC and pressure. In our study, HPT was used to
ensure that there were no small-scale confining units beneath the prototypes that could
potentially bias the infiltration experiment results. Also, the excavation depth for installing
the prototypes was carefully selected using the information gained from this

characterization.

Two HPT tests were conducted at P1 and P2 locations (Figure 35) up to a depth of 6 m.
Tests and calibrations of HPT systems were performed with a pressure sensor. Deviation
in pressure was found to be less than 10% which is acceptable for the proper functioning
of HPT (McCall, 2011). Both HPT soundings directly assessed bulk formation EC,
pressure response, and injection flow rate. The corrected HPT pressure (Pc) was obtained
by subtracting hydrostatic and atmospheric pressures from the total HPT pressure. The
Geoprobe® Direct Acquisition software was used to process and analyze HPT data.
Figure 40 displays the EC variation, corrected pressure, and relative K in HPT soundings
P1 and P2.
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Figure 40 The variation in EC, corrected pressure, and relative K at P1 and P2 locations.

Figure 40 shows that at the P1 location, there was an increase in EC and pressure value
from 0.3 m-0.6 m bgl, which indicated the presence of fine material. Additionally, from the
field observation and core sample, it was visible that the soil material was compacted at
around 0.5 m bgl and composed of sand and fine material. At 0.6-3.7 m bgl, the EC value
varied from 0.01-0.78 mS/m, and the low EC value was due to the absence of electrical
coupling between the EC sensors and surrounding material. The soil samples taken at
this depth interval demonstrated that dry sand was present. Hence, there was no
electrical coupling between the EC sensors and dry sand. At 3.73 m bgl, there was
electrical coupling along with low EC values, indicating sand and gravel dominated
formation. It was observed that, after 0.8 m, there was no fine material at this location.
Hence, the excavation depth for installing prototype 1 was decided to be 1.5 m bgl. The

groundwater table (GWT) at this location was measured at 4.52 m bgl.
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Contrasting variations in EC could be seen by comparing the HPT logs at P2 with P1.
Intermittent low conductivity layers, indicated by pressure variations, were observed
between 0-3 m bgl. Soil sampling within this interval revealed a heterogeneous mix of
sand, gravel, brick fragments, and fine materials. On-site observation suggested an
artificial fill at this depth. It was difficult to identify the exact depth of the atrtificial fill due to
the soil compaction in the core. This challenge in determining the depth of artificial fill
highlights the importance of using HPT for field investigations. From 3 to 3.7 m bgl, the
low EC value indicated the presence of dry sand. However, at around 3.7 m bgl, there is
an increase in pressure and reduction in relative K, indicating the presence of a fine layer.
Hence, a 4 m bgl excavation depth was chosen to reach the high hydraulic conductivity
zone. The GWT measured at this location was 4.28 m bgl. HPT provided high-resolution
data, allowing a detailed understanding of subsurface conditions, particularly where
compacted or complex materials are present. HPT overcame the limitations of traditional
core sampling, facilitating on-site decision-making to install two prototypes at these

locations.

5.5 Technical potential evaluation of subsurface irrigation system

prototypes

In this section, the field experiment to evaluate the technical potential of the prototypes
and the findings are discussed. Additionally, the comparison between the simulated and

observed cumulative infiltration rates is demonstrated.

5.5.1 Field experiment

Figure 41 shows the final installation layout of the SIS prototypes. A 0.9 m3 water tank
was used to supply water to the prototypes (Figure 41a). A pressure of 0.8 bar was
maintained using two submersible pumps (Figure 41b) submerged in the water tank. This
pressure, which is slightly higher than the initial optimum pressure, was selected for this
experiment after corresponding with the manufacturer. Infiltration rates were measured
using two Atrato flow meters (Figure 41c). Commonly, water flow meters are designed for

higher flow rate measurements. Atrato flow meters measure lower flow rates ranging from
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0.6 L/h to 102 L/h and have data logging features, making them ideal for the field

experiment, where low flow rate measurement was important.

(a) Water Tank
Pressure
Gauge

Pressure

Flow Meter Gauge -\ Meter

Ground Level

0.8m

Prototype 1

04m
Prototype 2

Figure 41 (a) Final installation layout of SIS prototypes (b) Submersible pumps (c)
ATRATO flow meters.

Based on the site characterization result, excavation was conducted (Figure 42a) at P1
and P2 locations. At the P1 location, excavation was performed till 1.5 m bgl for Prototype
1 installation (Figure 42b). It was then filled with sand to reflect the aquifer's composition,

with a hydraulic conductivity of 2.4x10%* m/sec.
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Figure 42 (a) Excavation of soil for prototypes installation (b) Installation of Prototype 1

at 1.5 m bgl.

At the P2 location, excavation was performed till 4 m bgl. Later, the excavated area was

backfilled to a depth of 2 m to accommodate installing Prototype 2. This adjustment was
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required because the width of the excavated trench decreased with depth and to avoid

interference with the surrounding materials. It was then installed at 2 m bgl (Figure 43).

Figure 43 Installation of Prototype 2 at 2 m bgl.

Two monitoring wells (well 1 and 2) were installed 1 meter from the prototype to assess
their influence on the groundwater level. In addition, a separate observation well (well 3)
was installed at a distance of 7 meters from Prototype 1 to measure the baseline water
level, which was not influenced by the infiltration of the prototypes. Groundwater levels
can vary due to pumping activities, rainfall, or other environmental factors. These
background variations can be distinguished from the variations caused by the prototypes

by measuring the baseline water level.

5.5.2 Technical performance of prototypes

Infiltration rates of the Prototype 1 and Prototype 2 during the recharge test are shown in
Figure 44 and Figure 45. The experiment was planned for 92 days for both prototypes.
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Due to the defect in the pump, the experiment for Prototype 1 and Prototype 2 was run

for 80 days and 90.25 days, respectively.

The submersible pump had a maximum capacity of 0.8 bar. At the end of the experiment,
it was observed that the pressure dropped to approximately 0.65 bar for both prototypes.
The reduction in the pressure could be attributed to friction loss along the water supply
system (Provenzano et al., 2016) and pumping capacity reduction. The pressure change
was not measured during the experiment. Consequently, identification of the actual time

at which the pressure change occurred was difficult.
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Figure 44 Infiltration rate of Prototype 1.

For Prototype 1 (Figure 44), a decreasing trend of the infiltration rate was observed.
During this period, the maximum flow rate was 82.4 L/h, which was reduced to 55.4 L/h
at the end of the experiment. The total amount of water infiltrated using Prototype 1 was
1.35x10° L in 80 days.
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Figure 45 Infiltration rate of Prototype 2.

Prototype 2 infiltration rate also demonstrated a decreasing trend (Figure 45). The
maximum flow rate of Prototype 2 was 51.39 L/h. It was reduced to 30.6 L/h at the end of
the experiment. The total infiltrated water using Prototype 2 in 90.25 days was 8.1x10% L.

The average infiltration rate of both prototypes was approximately 1.8 L/h/m. The reduced
infiltration rate in both prototypes can be explained by reduced pressure and clogging.
The pressure-discharge characteristics of the SIS indicated that discharge is highly
dependent on changes in pressure (Section 4.2.3). Reduction in pressure will decrease
the infiltration rate of the prototypes. Studies conducted by Kanda et al., 2018; Makavana,
2018; Qi et al., 2021; and Silva et al. 2021 have also demonstrated the effect of pressure
on the discharge characteristics of porous pipes. Wang et al., 2023 further demonstrated
in their investigation that the porous pipe infiltration rate was in linear correlation with the
pressure head. Soil particles can clog the pore spaces of the porous pipes, influencing
the infiltration rate (Hallam & Lahlali, 2021; Kanda et al., 2018). During the experiment,
algae formation was also noticed in the water tank, which might be transported by the

supplied water to the SIS prototypes, causing the clogging of the SIS pores.
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The changes in the groundwater level in three wells were monitored during the
experimental period to assess the impact of the prototypes. Figure 46 represents the
absolute change in groundwater levels in the wells. The absolute changes are
represented here concerning well 3, which was monitored as a reference groundwater
level. The figure shows that the infiltration of Prototype 1 does not influence the
groundwater level in well 1. There is a maximum increase in groundwater levels of about

2.5 cm at well 2 which is not significant.
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Figure 46 Relative change in groundwater levels in the monitoring wells.

It was also apparent that there was a sudden increase in water level in three wells in early
October. It might be because of the termination of pumping activity near the area at the
end of September. Further information on groundwater level was unavailable as the

logging devices stopped recording data.
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5.5.3 Comparison of the observed and simulated technical performance of the

prototypes

The simulated cumulative infiltration rate and observed infiltration rate of prototype 1 and

prototype 2 at constant 0.8 bar pressure are shown in Figure 47.
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Figure 47 Observed and simulated cumulative infiltration rate of Prototype 1 and

Prototype 2 (Constant pressure).

The models overestimated the cumulative infiltration rates of the prototypes. During the
model simulation, the operating pressure value was 0.8 bar for the whole duration of the
experiment. However, the pressure of the prototypes was not constant for the entire
period of the field experiment. Since the operating pressure of the prototypes reduced
with time, it could be one of the reasons that there was a difference between simulated
and observed infiltration rates. Hence, the model was simulated again to investigate the

effect of pressure on the infiltration rate, considering linear pressure change from 0.8 bar
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to 0.65 bar. The model dimensions and associated parameters were consistent. The
simulated cumulative infiltration rate with linear pressure change compared to the

observed cumulative infiltration rate is presented in Figure 48.
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Figure 48 Comparison of simulated and observed cumulative infiltration rate (linear

pressure change).

The result showed that the prediction of the model improved with the linear change in
pressure, indicating that the main deviation between the observed and simulated result
could be explained by the pressure loss. The possible factors contributing to the
remaining deviation might be clogging, overburden pressure of soil and soil compaction
(Hallam & Lahlali, 2021; Wang et al., 2023). The overburden pressure might have caused
a deformation of the SIS from a circular shape towards an ellipsoidal pattern, causing a

negative effect on the infiltration (Hills, 1989).
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The main objective of these models was to predict the prototypes' overall cumulative
infiltration rate and determine the installation depth and the maximum wetting pattern
dimension. These parameters were vital for the field experiment design. Both model
setups were kept simple to provide a general representation of the field site conditions. It
is worth emphasizing that the main aim of this study was not to calibrate these models

but to use them as a tool for designing the field recharge experiment.

5.6 Technical potential evaluation of a hypothetical infiltration trench

After assessing the technical performance of the prototypes, the next step was to
compare their performance with a surface spreading technique, i.e., infiltration trench. For
this purpose, the technical performance of a hypothetical infiltration trench was simulated
using the HYDRUS-2D/3D model. The infiltration rate and wetting pattern distribution
were predicted based on the geometric properties of infiltration trenches at Schiavon FIA.
The trench was represented in a 2D cross-section. Figure 49 illustrates the conceptual

representation of the model.

The model domain dimension in this scenario was 10 m x 14.5 m. The trench had a depth
of 0.8 m, a top width of 0.8 m, and a bottom width of 0.4 m based on the values mentioned
for Schiavon FIA. In the numerical model, one side of the trench was considered the
center line, representing a symmetric axis, reducing the time required to perform the
simulation. In order to compare the performance of the infiltration trench with SIS, the K
value of the study area in Guntersblum, 1.6x10% m/sec, was considered. The model's

initial condition and BC were defined similarly to the prototype models.
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Figure 49 Schematic diagram of the trench symmetric model.

In addition to that, the vertical upper right boundary was set as the seepage face to allow
the passage of excess flow. The infiltration from the trench was represented using a
constant pressure head of 0.4 m. It should be noted that the BCs used for the trench are
simplified representations of the real case scenario. Despite this, the numerical study

aimed to demonstrate the behavior of the infiltration trench in its surrounding soil.

Figure 50 shows the simulated cumulative infiltration of one infiltration rate with a length
of 162 m. In 92 days, the trench would infiltrate 1.9x108 L of water into the soil. The

average infiltration rate of one trench was 2.1x10° L/day.
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Figure 50 Cumulative infiltration of an infiltration trench.

Figure 51 illustrates the advancement of the wetting front in sand with 0.4 m of water in
the trench. The moisture content value of 0.43 represented that saturated flow conditions
existed within the wetting front. These figures show how the wetting front moved vertically
and laterally away from the edge of the trench. At 2.4 hours, the infiltrated water reached
GWT. The water content variation with time demonstrated that water infiltrated through

the trench reached GWT faster than infiltrated water through the prototypes.
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Figure 51 Evolution of water content for infiltration trench after 92 days.

At 3.4 days, the recharge rate stabilized, and the stabilized recharge rate was at 2.11x10°

L/day. After the system reached a steady-state condition, the effect of water mounding at
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the right boundary was 1 cm, which was almost negligible. Therefore, the distance
between the trenches was considered to be 10 m, which would prevent the trenches from

interfering with one another.

5.7 Performance of subsurface irrigation system prototypes and infiltration

trench under aerial constraints

SIS and trenches were assessed for their infiltration potential based on a limited infiltration
area. Figure 52 shows the optimum distributions of the maximum number of prototypes
and trenches that can fit within an area of approximately 1.1-hectares. The prototypes
and trenches in the hypothetical distribution are distributed in a way to prevent overlap
between them, allowing for the computation of cumulative infiltration. The lateral distance

between each prototype and infiltration trench is 3 m and 10 m, respectively.
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Figure 52 Distribution of the (a) Prototype 1 (b) Prototype 2 (c) Infiltration trench in a
hypothetical 1.1-hectare area.
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525 Prototype 1 and 774 Prototype 2 can be distributed inside the 1.1-hectare infiltration
area. The corresponding daily cumulative recharge for Prototype 1 and 2 is 885 m?® and
690 m3, respectively. With a 10 m spacing interval, 7 infiltration trenches can be
constructed in a 1.1-hectare area. The combined length of trenches deployed within the
area is 1134 m, and the total daily recharge is 1.45x10* m3. The SIS prototype recharge
is around 4.81% to 6.13% of the trench recharge. The result indicates that trenches can

yield the highest daily cumulative infiltration compared to both prototypes.

5.8 Economic potential of subsurface irrigation system prototypes and

infiltration trenches

Table 4 illustrates the computation of construction costs for prototypes to determine
whether the proposed approach would be cost-effective at the study site.

Table 4 Typical construction costs in Euro (€ in 2022) and levelized cost in US$ for SIS
Prototypes and infiltration trenches. Excavation cost data per m? soil volume is provided

by Wasserversorgung Rheinhessen-Pfalz GmbH (WVR)

Recharge Tot.al Levelized
Techniques Investment Items Value (€) Capital Cost
Cost (€) (USS$)
Excavation cost 140,313.6
Removal of soil 49,089.6
Backfilling 48,913.2 285,729.77 0.11
Prototype 1 SIS material (21000 m) 21,000
Land cost 26,413.37
Excavation cost 77,573.4
Removal of soil 27,139.5
Backfilling 27,042.01
SIS material (16254 m) 16,254 174,422.30 0.099
Prototype 2
Land cost 26,413.37
Excavation cost 30,307.7
Infiltration Removal of Material 10,603.4 67,324.46 0.003
Trenches Land cost 26,413.37
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The infiltration trenches and prototypes are assumed to have similar operating and
maintenance costs. It is necessary to install a central water distribution system to transfer
water from available sources to the proposed SIS prototypes and infiltration trenches. It
is assumed that the construction costs of the water distribution system for the infiltration
trenches and SIS prototypes are similar. Annual operation cost is assumed to be 4,000
euros, and operation life is considered 30 years. Land prices in Germany in 2016 were
22,300 euros per hectare (Silvis & Voskuilen, 2018). The cost was standardized for 2022
by multiplying with a GDP deflator of 1.08 and upscaled for a 1.1-hectare area. The
indexed cost of 1.1 hectare of land in 2022 was 26,413.37 euros. Land acquisition cost
was considered the same for the prototypes and infiltration trenches implementation. For
estimating the levelized cost, 200 days of operation for both the prototypes and infiltration
trenches were considered. The annual recharge volume for Prototype 1 is estimated to
be 1.8x10° m3, while for Prototype 2 it is expected to be 1.39x10° m3. The infiltration
trench is projected to have a recharge volume of 2.89x10% m3. Based on the annual
recharge volume, infiltration trenches will cost less than both SIS prototypes. The higher
cost of the prototypes is due to the soil excavation, removal and backfilling required to
install the prototypes. Despite the higher cost, SIS prototypes will provide multiple land
use opportunities, offering additional income and environmental sustainability, which will

be discussed in section 6.3.
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6 Discussion & conclusion

The results are discussed in the context of the research objectives and the overall goal
of promoting the adoption of MAR by developing improved site and infiltration assessment

techniques in water scarcity mitigation.

6.1 Evaluation of MAR site suitability by incorporating adaptive site
investigation technique enabling optimized infiltration rate assessment

and cost-effective implementation of surface spreading techniques

The first objective of this research was to evaluate the MAR site’s feasibility by
incorporating adaptive site investigation techniques data enabling optimized infiltration
rates assessment and cost-effective implementation of surface spreading techniques.
The objective was fulfilled by employing adaptive site investigation techniques, including
EMI survey, DP EC logging, and soil sampling. The step-by-step method to characterize
the MAR site provided an image of the lateral variation in subsurface conditions. It allowed
the delineation of different infiltration zones with a quantitative assessment of total
infiltration rates of 190.61 I/sec. The delineated individual zones were assumed to be
homogeneous in this investigation. This approach may be questioned considering the
highly heterogeneous deposits encountered in Schiavon FIA. However, EMI results
indicate no significant ECa variability within the individual zones, only between them — this
supports the chosen approach. Furthermore, a strong increase in the number of DP
investigations to characterize the low infiltration zone in higher detail would not be
financially reasonable as a) the EMI survey does not indicate any high hydraulic
conductivity zones and b) even small-scale variations and slight increases of hydraulic
conductivity have little effect as the infiltration rate of zone 2 is approximately 2 orders of

magnitude lower compared to zones 1 and 3.

The adaptive site investigation technique employed at Schiavon FIA resulted in a
theoretical reduction of 77% in the required land area, with a consequent reduction of the
uncertainty associated with planning a MAR site. However, our study did not consider the
potential requirement for an additional area of land for the conveyance of water. The

overall land use reduction could be compromised by the amount of land utilized for the
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water transportation facilities essential for operating MAR systems. Therefore, this study
should be considered as representing the best-case scenario.

Reducing required land for MAR purposes will increase the profit from cultivation activity,
which can be undertaken on the remaining land. Even though the cost of advanced site
characterization is 8.5 times greater than that of conventional methods, this approach is
expected to minimize the overall levelized cost of the system. The cost of Schiavon FIA
was reduced by 58.4% through the advanced site characterization. Ross, 2021; Ross &
Hasnain, 2018 and Vanderzalm et al., 2015 reported levelized costs of various MAR
projects. The MAR expenses ranged between 0.007 US$ and 2.67 US$, demonstrating
the wide variation of MAR costs, which depends on MAR site location, scheme scale,
land cost, and implementation strategies. After optimizing the layout, the MAR cost was
0.0012 US$, which deviates from this range. The lower levelized cost is due to the
estimated maximum infiltration rate. The infiltration rate was estimated by considering a
constant 0.4 m water level in the trenches. Additionally, evaporation loss and clogging
effects were not considered which might lead to a higher infiltration rate of Schiavon FIA.
Although the levelized cost of the Schiavon FIA project is comparatively lower than other
research, the objective of this research was not to compare these costs with other studies.
Instead, the main focus was to compare cost differences between the initial and optimized

Schiavon FIA layouts.

The approach developed in this research has potential applications in assessing the
feasibility of MAR sites, mainly located in complex fluvial deposits. As mentioned by
Vogelgesang et al., 2020, the collection of adequate hydrogeological data by traditional
approaches is insufficient to accurately characterize the spatial distribution and hydraulic
conditions of the alluvial aquifer. Consequently, this often results in inadequate data for
model parameterization and uncertainty in MAR planning. The approach developed and
applied in this research provides an essential tool for engineers, water planners,
scientists, and policymakers, enabling a detailed understanding of MAR sites located in
fluvial sediments, thus minimizing MAR planning uncertainty. It will also enhance multiple
land use opportunities and increase the cost-effectiveness of the MAR system, ultimately
promoting the uptake of MAR in water-scarce regions.
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Undoubtedly, the work presented in this work has provided many other directions for
future research. The adaptive site investigation can be applied to determine the temporal
variation of the subsurface. A feedback system for data collection, analysis, and decision-
making should be in place. This will ensure that any changes in hydrogeological
conditions can be identified, and MAR operations can be adapted accordingly. Numerical
modeling should be performed to simulate and predict the performance of the MAR
system under different scenarios using data obtained from the adaptive site investigation.
Economic assessment involving stakeholders and using socio-environmental indicators
and profitability indices such as net present value (NPV) needs to be discussed.
Moreover, the community’s willingness to pay the price of water obtained by MAR should

also be assessed in future studies.

6.2 Development and assessment of a novel managed aquifer recharge
concept by employing a subsurface irrigation system for land use

diversification

The second objective of the study was to develop and assess a novel MAR approach by
using SIS for diversified land use purposes. The relationship between pressure and
discharge was determined as a first step in fulfiling the objective. We conducted
laboratory experiments using a 1-meter SIS pipe. The decision to choose a shorter pipe
length was to reduce friction loss. Also, with higher pressure, flow irregularities over
longer SIS pipe length exist. Hence, operating the SIS pipes at the recommended

pressure was essential to ensure uniform flow and prevent irregularities.

Nevertheless, laboratory experiments are recommended to determine discharge
uniformity over longer SIS lengths at higher pressures. Kanda et al., 2019 determined a
line source emitter's coefficient of variation (CV) under varying pressure. They observed
that the average CV was 11.6%, within the acceptable threshold (20%) proposed by
Teeluck & Sutton, 1998. Their results showed that the line source emitter could also be
operated at pressures ranging from 0.5 to 1.0 bar, with CV values less than 10%. Such
experiments will help assess the degree of variation in discharge at different SIS sections

and determine the maximum practical length of SIS where higher pressure will have a
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significant effect. The evaluation of porous pipe uniformity is also discussed by Salisu et
al., 2021; Liang et al., 2009 and Makavana et al., 2018.

In our research, the HYDRUS-2D/3D model was used to predict how SIS infiltrates in
sandy soil. The model estimated an infiltration rate of 1.17 L/h/m, which was consistent
with the experimental result. The simulated VWC data were also compared with observed
VWC and showed good performance with average R? and RMSE values of 0.86 and
0.016 respectively. The model result was in accordance with the previous studies by Fan
et al., 2018a; Phogat et al., 2012 and Kandelous & Simlnek, 2010, who experimentally
and numerically investigated the VWC distribution of subsurface irrigation system with
HYDRUS-2D/3D model and reported that the RMSE value ranged between 0.01 and
0.049. Hence, the evaluated model was used to determine the installation depth and

spacing for line-source SIS in a hypothetical scenario.

Understanding the depth plays a role in planning the implementation of SIS, as the
installation depth significantly affects the costs involved. Deeper installations require more
excavation, leading to higher installation expenses. Determining the depth for SIS
installation using a numerical model is also vital in minimizing water loss through
evaporation. This comprehensive approach improves this system’s effectiveness.
Additionally, the model's ability to simulate different operating conditions allows for
assessing SIS performance over time, considering factors like intermittent use and
possible interruptions. The insights obtained from this research can serve as a reference
for users seeking to optimize their SIS setups regarding technical effectiveness and cost
efficiency. This model can further be used for optimizing the layout of SIS for agricultural
purposes. In summary, our results demonstrate that this particular SIS model can help
optimize MAR planning associated with SIS installation, showcasing its potential as a tool

for MAR planning.

The feasibility analysis of the hypothetical scenario indicated that the potential of SIS
installation in line configuration is limited to a surface spreading system. It pointed out the
relevance of upgrading the SIS's capabilities by altering the installation's concept as one

possible solution. Furthermore, in regions where line-source SIS is practiced for crop
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production, it may also be used for aquifer recharge during the growing and non-growing
seasons. Additional research should be conducted to develop and operate SIS in arable
fields to facilitate aquifer recharge in combination with irrigation. Experimental and
numerical modeling studies should be carried out to investigate the effect of SIS on
aquifer recharge during irrigation, including parameters such as different soil types, water
application schedules, and environmental conditions. In addition, the potential for
nutrients leaching into groundwater should be investigated in order to improve fertilizer

management and technology for minimizing environmental impact.

6.3 Evaluation of the performance and effectiveness of the developed
subsurface irrigation system approach for determining its competitiveness

with the surface spreading method

The third research objective was to evaluate the performance and effectiveness of the
developed SIS approach on a field scale for determining competitiveness with the surface
spreading method. In the first step, SIS prototypes were designed based on the
geothermal energy basket design to optimize the infiltration rate over a unit area.
Subsequently, the prototypes' infiltration rate and wetting pattern dimensions were
simulated for a study area in Guntersblum, Germany, to understand the infiltration

behavior of the systems, leading to the design of the field experiment.

The numerical simulation predicted the overall infiltration behavior of the SIS prototypes.
The model simulated that the average infiltration rate for Prototype 1 and 2 was 2.01x10°
L and 1.1x10° L, respectively, for 92 days. However, there was a significant difference
between the observed and simulated flow. When the field experiment started, the
operating pressure for the prototypes was 0.8 bar. The reduced submersible pump
performance led to a reduction in the working pressure for the SIS prototypes. As the time
variation of the pressure value was not measured in the field, it was difficult to determine
the accurate timing of pressure change. Therefore, the linear change in pressure value
was estimated, and the model was simulated again using the pressure change values.

Later, it was observed that the model simulation results improved compared to the
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observed value. The remaining deviation can be attributed to the overburdening soil
pressure, clogging and bending of the SIS.

Clogging of emitters is a common issue in micro-irrigation systems (Lavanholi et al.,
2018). A significant role in emitter clogging is attributed to the water's physical, chemical,
and bacteriological characteristics. Different water sources contain varying levels of
suspended and dissolved solids and biological contaminants like algae and bacteria,
contributing to emitter clogging (Kanda et al., 2019), leading to a reduced infiltration rate.
Additional investigation should be performed to assess the clogging characteristics of
SIS. Moreover, filters should be used during water supply to the SIS to minimize the

clogging effect.

From the field experiment outcomes, it was observed that the average infiltration rate of
Prototype 1 and Prototype 2 was 1.8 L/h/m, which was close to the optimum discharge
rates of SIS pipes, around 0.6-0.8 bar. It was also noticed that the flow rate of the
prototypes had a fluctuating pattern, showing increasing and decreasing infiltration rates
and vice versa. Bending may compress the SIS material on the inside of the curvature
and expand it on the outside, which can reduce or increase the porosity in various
sections of the prototypes. This change in porosity can produce fluctuations in flow rates.
Even with the flow irregularities associated with bending, the infiltration rate per unit area
could be increased for aquifer recharge. In future research, a more detailed analysis of
curvature's effect on SIS's discharge characteristics should be considered to minimize its

influence.

In the next step, a numerical simulation of an infiltration trench was performed to
determine its infiltration rates for the study area for assessing the competitiveness of the
SIS prototypes with infiltration trenches. Finally, the technical performance of these two
techniques was compared, which showed that the SIS prototype recharge was
approximately 4.81% to 6.13% of the trench recharge. The economic analysis showed
that the infiltration trench would have a lower levelized cost compared to the prototypes.
Vanderzalm et al., 2015 demonstrated that the levelized cost for MAR schemes varied

from 0.04 US$ to 0.36 US$ per m? with an annual recharge capacity of 0.6 to 5 Mm?3. The
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prototype levelized costs of 0.099 US$ and 0.11 US$ per m? are in the range, though the
annual recharge capacity varies from 0.14 Mm?3 to 0.18 Mm?3. The estimated levelized
cost of infiltration trenches, which is 0.003 US$ per m3, deviates from the range provided
by Vanderzalm et al., 2015. One of the reasons for the trenches low cost is the higher
amount of predicted recharge, estimated on the basis of a constant water level in the
trenches. Additionally, the clogging effect on the infiltration trench’s infiltration rate was
not considered in this study. In reality, more factors are involved in the construction cost
of an SIS prototype or a trench than the presented estimation in this study. For instance,
the excavation costs can vary mainly depending on the geological conditions and the
planned setup. The excavation cost of one prototype was upscaled to estimate the total
excavation cost in a 1l1.1-hectare area without considering any discount from the
excavation company. Furthermore, the prices employed in the analysis did not consider
electricity costs, transmission of data, and site investigation costs. However, the solution
derived from this study provides an initial evaluation of the prototypes and infiltration
trenches expenditure for comparing the two techniques. The findings show that the

levelized cost of SIS prototypes is higher compared to the trenches.

The infiltration capacity of the prototypes must be improved to reduce the levelized cost.
Reducing the distance between the SIS line sources distributed in the prototypes can
accommodate longer SIS in the basket configuration. It is essential to note that this
approach may result in smaller distances between the SIS in the prototypes, which could
lead to localized saturation. Experimental or numerical investigations should be carried
out in future studies to investigate the effect of the modified design on infiltration rates.
Alternatively, the discharge of the SIS at its optimum pressure can be increased. The
discharge at a specific pressure depends on the SIS's porosity, which needs to be
enhanced to obtain a higher infiltration rate. However, increasing porosity also increases
the risk of clogging. Therefore, along with optimized porosity, the diameter of the SIS
should also be modified. Such modifications depend on the manufacturing process. The
involvement of the manufacturing company is crucial to a better understanding of

implementing these changes while maintaining the system's overall efficiency.
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Even though the cost per m?® of recharged water through SIS prototypes is higher with
limited infiltration capacity, it has the potential to provide multiple land use opportunities.
Obtaining revenue information from multiple land uses can be challenging, which makes
it complex to evaluate the profitability of SIS prototypes. After the implementation of SIS
prototypes, the land can be rented to farmers for cultivating crops that require minimal or
no fertilization. The nominal land rent in western Germany in 2015 was 348 euros per
hectare (Plogmann et al., 2018) (Indexed cost for 2022 was 378.24 euros). Additional
profit can be earned from the rent. Moreover, farmers can generate revenues by
cultivating hay for animal grazing, thereby making additional income from grazed animal
products. According to Rebhann et al., 2016, extensive hay production yielded a dried
matter biomass of 5.8 t hal. year! in Germany, resulting in total energy production of
16,240 kilowatt-hours of thermal energy annually. The sales revenue from this energy
production was 730 € ha?. year!. Hence, bioenergy can also be produced by the
combustion of dried hay, which will provide sales revenue. Besides the traditional feeding
of cattle, hay can also be exported to feed horses and pets (Kruse et al., 2023). In
addition, grassland plays an essential role in groundwater protection because the run-off
of substances from fertilizer and pesticide use into groundwater is significantly reduced
on grassland compared to arable land. It also forms the basis of the landscape and
contributes significantly to the unique features and attractiveness and the living and
recreational quality of these areas (Rosch et al., 2009). There is a great biodiversity in
hay meadows, which can lead to an economic value. Hay can also be used in the tourism
sector, for example, as a sleeping space for tourists (Kruse et al., 2023). In addition to
direct financial returns from land rent and hay cultivation, SIS prototypes have ecological
and social benefits, which are challenging to quantify in terms of revenue. Nevertheless,
they contribute to environmental sustainability, which can be considered as a form of

economic return.

The feasibility of SIS as a tool to enhance MAR uptake depends on its multiple
advantages, which have varying applications in developed and developing nations,
according to SIS's technical and economic performance assessment. In developing
countries, water projects are often competing with other projects that provide social

benefits for limited funding (Maliva, 2014). They are usually focused on economically
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viable solutions to tackle water scarcity. While the multiple benefits of SIS are widely
applicable, the higher capital costs and limited technical potential can present significant
implementation barriers in water-scarce developing countries. SIS can be a viable option
in developed countries with a focus on sustainable land use practices and aquifer
recharge, including the environmental benefits. The income generated by potential land
use can offset the increased levelized cost of SIS. In both contexts, the pilot sites using
SIS may demonstrate its benefits regarding aquifer recharge and multifunctional land use,

encouraging the adoption of this technique.

6.4 Conclusion

MAR sites are becoming increasingly necessary worldwide as the need to balance
dwindling groundwater resources with escalating demand intensifies. Improving
hydrogeological understanding, economic feasibility, and land use optimization are
paramount for augmenting MAR implementation. This study advances the
hydrogeological understanding and establishes a new benchmark in optimizing the
financial and land use implications of MAR projects through innovative integration of
adaptive site investigation techniques. The benefit of the enhanced site investigation
approach is its potential to reduce the uncertainties inherent in the conventional
approaches applied for hydrogeological characterization of the prospective MAR sites in
fluvial deposits. This ensures improved planning, adequate resource allocations, and

favorable financial and environmental project outcomes, fostering MAR.

The development and evaluation of a novel MAR technique employing SIS is a significant
achievement of this research. Economically, the SIS prototypes are expensive to install
and have limited technical potential compared to infiltration trenches. Despite this, the
potential benefits of the technology are profound. In contrast to surface spreading
methods, SIS prototypes offer the advantage of being installed underground, enabling
land use for alternative needs, such as agriculture. In addition, these prototypes can be
installed at community sites such as parks or sports facilities, improving the aesthetics of
these areas and minimizing the impact of MAR on the surrounding landscape. This
approach should be recognized as one aspect of a range of MAR techniques, potentially
broadening the acceptance of MAR, notably in developed countries or agriculture-based
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regions where land availability is a concern. In conclusion, this research has taken a step
towards amplifying the MAR uptake as a solution to water scarcity by integrating
enhanced site characterization and infiltration assessment approach and simultaneously

expanding the scope for multipurpose land utilization.
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