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Abstract

The aim of this paper is to investigate the measures adopted by higher education institutions
(HEIs) for sustainable water management in university campuses. Rain and storm water
harvesting and treatment, rain and storm water reuse, wastewater treatment and reuse
and technologies for runoff reduction were found to be frequently undertaken. Sustainable
approaches to water supply such as water-efficient appliances, irrigation algorithms and
the use of drought-resistant plants have been adopted as well. In support, monitoring of
consumed water and of rain and storm waters has been a widespread practice. Important
considerations were given to the impact of the identified measures on campuses’ energy
consumption and greenhouse gas emissions. Nature-based solutions, employment of re-
newable energies and sustainable disinfection methods are measures to prioritize. Some
wastewater technologies may deserve priority in virtue of their positive contribution to cir-
cular economy. Drawbacks such as groundwater and soil contamination due to wastewater
reuse and the release of pollutants from fertilized nature-based technologies were identified.
Despite their variety, it must be noted that many of these measures have generally involved
rather limited portions of campuses, taken more for demonstration or pilot/full-scale
research purposes. Additional measures not identified in the current review—for instance
the prevention of pollution from micropollutants and waste mismanagement—should
be implemented to boost HEIs’ environmental sustainability. The findings of this review
pave the way for a more structured implementation of water sustainability measures in
university campuses.

Keywords: water sustainability; university sustainability; water reuse; water conservation;
water treatment; wastewater; stormwater management; rain and storm water harvesting;
water balance; circular economy

1. Introduction
Along with air, water is the core element for life-support systems. It is a critical

resource requiring careful management and conservation in today’s world [1]. With in-
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creasing population growth, urbanization and climate change, the availability and quality
of water have become major concerns [1,2]. Water scarcity, pollution and management
inefficiency are spread across the globe and intensifying. At the same time, water preser-
vation needs to be achieved through sustainable management that takes into account
economic [3–9], social [8–12] and environmental [13,14] aspects through integrated and
holistic solutions [15]. To address water-related threats, Sustainable Development Goal 6
(SDG-6) focusing on ensuring clean water and sanitation for all [16] should be incorporated
as a fundamental objective into sustainable water management (SWM) programmes.

Higher Education Institutions (HEIs) can play a crucial role in SWM [17,18]. As
extensively emphasized by Ankareddy et al. [15], HEIs can significantly contribute to
global water sustainability through education [19,20] and research [21]. As a matter of fact,
given the power of education to develop a series of skills in people by providing inter-
disciplinary knowledge and by encouraging autonomous action and active engagement
in social decision-making processes [22], HEIs can introduce education for sustainable
development, including water sustainability, to the world’s population [23–27]. This can
be achieved by offering interdisciplinary courses and programmes that focus on water
conservation, governance and SWM practices [28,29]. Such educational initiatives can
help students develop a holistic understanding of water-related challenges and potential
solutions [30]. Thus, universities can spread knowledge about water sustainability practices
that students can apply in their daily lives. Furthermore, students can spread the acquired
knowledge on water sustainability to their social circles and family members, thereby
boosting HEIs’ impact on water sustainability [31]. Education for water sustainability
within universities is also key in preparing future professionals to address the challenges of
water management [32,33]. Besides education, research activities performed at universities
can increase the knowledge of novel technologies and approaches to advance SWM [34,35].
Thus, by integrating water and sustainability into education and research, universities can
foster a culture of sustainability and equip students with the knowledge and skills needed
to address water challenges in a sustainable manner.

While contributing positively to SWM through education and research, it must be
acknowledged that HEIs can also have negative impacts on water reservoirs and the
connected environment. This occurs due to intensified human activities within university
buildings, within university campuses at large [36–38] and due to the experimental activities
carried out for research and teaching purposes [7,39]. Intensified human activities present
a high rate of water consumption which can undermine water availability especially in
already water-stressed areas [40]. Linked to the amount of consumed water is the amount
of produced wastewater which—if not properly managed—can pose a serious threat to
the environment [41]. Urbanization can also increase surface impermeabilization, thereby
reducing groundwater recharge [42] and increasing pollution of surface water bodies [43].
Therefore, to achieve water sustainability in university campuses, practical actions need
to be systematically implemented to mitigate these negative impacts and preserve quality
and quantity of water bodies, which could contextually serve the purpose of providing
students and university staff with the best examples on SWM practices. Actions for water
conservation, recycling, reuse and water pollution control are also rewarded in university
green metric ranking systems [44,45].

To date, there is a lack of comprehensive studies compiling and analyzing the various
actions taken by HEIs to improve SWM in university campuses, despite the growing
importance of this issue and their contribution to global environmental sustainability in
terms of both direct impact and knowledge-transfer. At the aim of understanding how far
worldwide HEIs have advanced towards SWM and identifying a systematic structured
approach that HEIs can follow to improve their environmental sustainability, a review is
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needed. Based on this, the present review aims to investigate the reported involvement
of HEIs in water sustainability considering the SWM measures taken so far to mitigate
university campuses’ negative impacts on water reservoirs and also the environmental
implications that the implementation of these measures can have. The work has the
potentiality to inspire and encourage worldwide HEIs on structured SWM actions.

2. Methods
To achieve the set goal, a bibliographic review is carried out focusing on works dealing

with actions towards SWM within university campuses.
Table 1 summarizes the search criteria first adopted. As can be seen, the types of

documents searched are articles and reviews published in journals as well as conference
proceedings, book chapters and books. These can be considered the most reliable sources
to review the literature. Conference reviews, providing only lists of works presented at
conferences, were excluded. The time span of the bibliographic search was from 2013 up to
end of October/start of November 2025, aiming at achieving the most up-to-date overview
of the subjects explored. The language of the material was limited to English.

Table 1. First search criteria for the study field.

Searched Keywords Database Publication
Period Document Type Source Type Subject

Area Language

“sustainable water
management”,

“higher education
institution”,

“university”,
“campus”

Scopus

2013 to End of
October/Start
of November

2025

Articles, Reviews,
Conference

Papers, Books
Chapters and

Books

Journal, Book,
Book Series,
Conference
Proceeding

All English

As shown in Table 1, the database first used in this study was Scopus (www.scopus.com)
which has been considered the largest database of abstracts and citations of the peer-reviewed
research literature in numerous fields [46]. Considering Scopus indexed documents represents
a reasonable trade-off between exhaustiveness at representing a research activity on different
subjects and selectiveness [47]. While selectiveness based on quality of articles published is
important, it is contextually crucial to achieve a representative picture of the research activities
on a specific topic for review purposes.

Out of the papers resulting from this search, selections were made based on whether
the measures undertaken by HEIs ultimately contributed to the following end goals:

- Water conservation.
- Mitigation of pollution due to contaminated water release.

A further screening was made based on ad hoc criteria aiming to have a fair repre-
sentativeness of the actual work by HEIs towards SWM. Specifically, publications focused
only on laboratory water experiments in HEIs were excluded, whereas full-scale or pilot-
scale experiences conducted within the perimeter of university campuses were considered
especially if they could lead to some benefit for the institution’s water sustainability. A
typical example is the implementation of green roofs (GRs) on university buildings for
research purposes. In this case, works such as the one by Palermo et al. [48] describing
the implementation of a GR only on a limited portion of HEIs’ buildings were consid-
ered relevant since they represented contributions—though limited—to improving the
water sustainability of the institution. Furthermore, those research experiences show, on
one side, the institution commitment in implementing sustainable water practices and,
on the other side, the practical feasibility of this implementation [49]. Another type of

www.scopus.com
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works considered are those describing demonstrative implementations of measures for
improved HEIs’ water sustainability, such as the pilot-scale plant for wastewater treatment
and reuse by Mannina et al. [50], the onsite constructed wetland (CW) by Stefanakis [51]
and the demonstration facility by Bahho and Vale [52], among several others. In addition,
published perspectives for the implementation of technologies aimed at improving SWM
in HEIs—such as, for instance, the one by Liu et al. [53]—were considered, as they still
represent, though preliminary, steps toward enhanced sustainability in HEIs. Furthermore,
the definition of programmes for improved sustainability is rewarded as sustainable action
according to some HEI sustainability ranking system [54].

Out of the selected papers, a deep analysis was conducted and core actions for SWM
taken by HEIs were identified. In a secondary step, aiming at a comprehensive review, a
more detailed online search was carried out to incorporate other relevant papers related to
the main identified core actions maintaining as search criteria the time span from 2013 to
end of October/start of November 2025 and the indexing on Scopus.

3. Results
3.1. Overview of the Identified Core Actions for Sustainable Water Management in University Campuses

From the analysis of the publications selected as described in Section 2, the following
core actions for water sustainability reportedly carried out by HEIs could be identified:

(a) Monitoring of consumed water (Section 3.2.1),
(b) Monitoring of rain and storm waters (Section 3.2.2),
(c) Harvesting of rain and storm waters (Section 3.2.3),
(d) Water reuse from rain and storm waters (Section 3.2.3),
(e) Treatment of rain and storm waters (Section 3.2.4),
(f) Reduction in urban runoff (Section 3.2.5),
(g) Wastewater treatment (Section 3.2.6),
(h) Water reuse from treated wastewater (Section 3.2.6),
(i) Monitoring of groundwater (Section 3.2.7),
(j) Sustainable water supply (Section 3.2.8).

These actions contribute to the two goals for sustainable water management set in
Section 2 as depicted in Figure 1.

 

Figure 1. Core actions for sustainable water management taken by HEIs emerged from the literature
and their contribution to SWM end goals.
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As can be noted, several of the actions identified such as water monitoring, harvesting,
treatment and reuse involve both rain and storm waters. For the sake of clarity, it is
important to consider that, throughout this work, the term “rainwater” is used to refer to the
water that is collected only from university building rooftops, while the term “stormwater”
is here used for the waters collected from university campuses’ urban surfaces, in virtue of
the definitions by Lin et al. [55] and National Poly Industries [56].

The following identified actions contribute to the preservation of the quality and quan-
tity of water bodies from HEIs’ negative impact: treatment of stormwater from university
campuses is essential to prevent the release in the environment of pollutants from urban
surfaces [57] and from sewer overflows into surface water bodies [58,59]; treatment of
various types of waters is essential to prevent pollutants in urban wastewater, including
rainwater, domestic wastewater, industrial wastewater and source-diverted black and grey
waters, from being released into the environment matrixes such as ground and surface
water bodies. A sustainable water supply contributes to the preservation of water avail-
ability along with practices of water reuse from rain and storm waters and from university
campuses’ wastewaters. Auxiliary actions, considered within the framework of SWM
by HEIs, are the monitoring of consumed water, of rain and storm waters as well as of
groundwaters. Although not directly contributing to SWM in HEIs, monitoring of these
water fluxes enables HEIs taking proper actions for SWM, such as the design and manage-
ment of water treatment technologies or the adoption of efficient water appliances among
several others.

It must be pointed out that the actions for SWM by HEIs presented in this work are
only those emerged from the literature search carried out in this study according to the
procedure described in Section 2. On the other hand, there could be other actions that
may improve water sustainability in HEIs but were not considered since they could not be
found in the literature.

3.2. Analysis of Sustainable Water Management Measures by HEIs Emerged from the Literature

In this section, the implementation of the core actions by HEIs identified through the
present literature review is analyzed with case studies and emerged challenges.

3.2.1. Monitoring of Water Consumption

The monitoring of water consumption is well-known to represent a key element for
the improvement of HEIs’ environmental sustainability. This is because, on one side,
the volume of consumed water by itself is an important element of HEIs’ sustainability
where too high values may indicate use beyond needs, which can lead to depletion of
water reservoirs, and, on the other side, it has an indirect effect on HEIs’ carbon foot-
print due to consumption of energy by the plumbing system and for purification [60,61].
Maulidevi et al. [62] proposed a value of 0.46 kg CO2 emitted per litre of water consumed
to estimate the carbon footprint of HEIs due to water consumption. However, other values
may be used depending on factors, such as:

(1) The energy sources employed for extraction, pumping and purification,
(2) The water source and water quality policies determining the intensity of the purifica-

tion treatments required,
(3) The height of buildings,
(4) The amount of water consumed,
(5) The amount of hot water consumed.

Another derived environmental impact of water consumption is linked to the volume
of wastewater generated to treat, which is proportional to water consumed [63] apart
from water for irrigation purposes. While a larger water consumption can increase pol-
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lutant dilution in wastewater, increased energy consumption by the various pumping
systems at the treatment facilities is most likely to occur. Related to energy consumption
and depending on the energy source are the amount of greenhouse gases emitted from
wastewater treatment.

Besides enabling the assessment of HEIs’ sustainability, monitoring of consumed water
in HEIs allows for the identification of distribution systems’ faults, such as leakages, and
cases of overconsumption by people attending the institutions, based on which measures
for consumption reduction can be taken [64]. Water consumption in university buildings
has been important information for the determination of where to best collocate water
saving measures such as rainwater harvesting (RWH) systems [65]. In general, measures
for more sustainable water management in HEIs can be better planned by considering
detailed information about current water consumptions.

Direct water consumption in university campuses could occur for the purposes men-
tioned in various works [7,38,66], such as:

- Drinking,
- Cooking in universities’ kitchens,
- Research laboratories,
- Gardening,
- Washing (e.g., hand washing in washbasins),
- Sanitation (e.g., toilet and urinal flushing),
- Cleaning,
- Bathing,
- Dish washing.

In addition to direct water consumption occurring in HEIs’ buildings, Mu et al. [67]
pointed out the issue of indirect water consumption, associated with—among other
factors—the consumption of water for the production of food and drinks consumed by
people attending HEIs. A typical example of indirect water consumption in HEIs could be
the water used for the production of food and drinks used in canteens and cafeterias [68].
However, this is often a neglected item that is not currently considered even in widespread
sustainability world university ranking systems [54]. Fatemi et al. [69] considered the water
footprint for food production in cubic metres of water used water per weight of wasted
food. Intervention on food waste reduction in university canteens reduced water wastages
by about 16.7%.

Regarding quantities of water typically consumed in HEIs over long periods such
as—typically—one year, the literature provides several examples. Rosa et al. [70] found
a reduction in water consumptions from 2010 to 2015 in a Portuguese university, with a
per student yearly water consumption of 3550 L in 2015, while a lower per student water
consumption value of 2940 L in 2018 at a Brazilian university was recorded. At Cibiru UPI
Campus (Indonesia), freshwater demand was monitored separately for office workers and
students, yielding per capita yearly consumptions of 7300 and 3650 L, respectively [71].
Torrijos et al. [7] reported yearly per capita water consumptions oscillating between 2730
and 3400 L at University of A Coruña (Spain) from 2010 to 2018. Boiocchi et al. [31]
analyzed average yearly per capita water consumption over a 10-year period (2012–2021),
which enabled identifying a significantly decreasing trend from around 7500 L to around
4500 L. Custódio and Ghisi [72] observed per capita daily water consumption in a private
university building to be 5.38 L, equivalent to a yearly consumption around 2000 L. This
value was used in the same study to evaluate the feasibility of a rainwater harvesting
system in the same university. Domingos et al. [44] reported the monthly average per
population equivalent daily potable water consumption oscillating between 25 L in June
2023 and 12.5 L in January 2024 at University of São Paulo Easter campus (Brazil), although
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a clear seasonal trend of the analyzed year could not be clearly detected (only a weakly
decreasing per capita consumption could be detected in colder seasons). On the other
hand, much larger (i.e., about 154,000 L) was the yearly per capita water use recorded by
Zang et al. [73]. However, this much larger value is because water consumption in student
housing areas was also incorporated besides the water consumption in university buildings.
According to another research analysis, per capita yearly water consumption in an Indian
university campus was estimated to be around 120,000 L [74]. Much lower is the yearly per
capita water consumption calculated for the campus of Jordan University of Science and
Technology, i.e., about 20,400 L [75].

The same Zang et al. [73] made a detailed analysis of the various contributions to
the campus water demand, considering five different items such as toilet flushing for
university and residential buildings, potable water usages in university buildings and in
student housing settings and water consumption for ground maintenance (such as cleaning
indoor university buildings) and irrigation, as depicted in Figure 2a. On the other hand,
Torrijos et al. [7] considered different contributions by different buildings and by various
water fixtures, as reported in Figure 2b. Indeed, detailed tracking of water consumption is
essential to properly design effective strategies for water saving.

 
(a) 

 
(b) 

Washing and 
cooking in 

domestic settings
30.0%

Toilet flushing in 
domestic settings

15.0%

Toilet flushing in 
teaching buildings 
and laboratories

9.0%

Potable water uses 
excluded toilet flushing 

in teaching buildings 
and laboratories

9.0%

Ground 
maintenance and 

irrigation
37.0%

Washbasins
10.6%

Water closets 
34.9%

Canteens
16.8%

Laboratories
11.3%

Irrigation of sport 
court, swimming 

pool recharge, 
showers

26.4%

Figure 2. Water consumption repartition among various uses in university buildings according to
(a) Zang et al. [73] and (b) Torrijos et al. [7].
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Further, contributions to the total water consumption in university buildings
were differently grouped by Almeida et al. [38] into three components, yielding the
following percentages:

- A total of 72% for personal use, such as water used in toilets, urinals, washbasins,
showers and fountains of which toilet water consumption contributes 58% on total
personal use,

- A total of 19% for cleaning activities,
- A total of 9% for other water consumptions.

In the case of Almeida et al. [38], water consumptions were evaluated both per unit
of surface, yielding a value ranging between 0.2 and 2.5 m3. m−2. year−1, and per unit
of university occupant, yielding a value of 15.12 m3. occupant−1. year−1. According to
the per surface unit quantification type, Almeida et al. [38] found that the highest water
consumption occurred in libraries with a value of 2.5 m3. m−2. year−1. In addition to water
consumed by students and office workers, Anchan and Shiva Prasad [66] monitored the
water consumption for gardening, recording values of 50,000 L per day for a South Indian
University campus. However, this value was not compared against the surface of the
campus garden. On the other hand, Sangita Mishra et al. [65] estimated water demand for
gardening purposes as 23 L. person−1. d−1. Nevertheless, this was a mere estimation based
on the norms of the Central Public Health and Environmental Engineering Organization
that should be verified with actual data. Other estimations of water demand for green area
irrigation were made based on an assumed volume of water used per unit of surface area
irrigated in university campuses equal to 25 L. m−2 [76].

Indeed, these data show the different levels of detail according to which HEIs quantify
water consumption, considering not only the mere overall volume of water consumed
within a year, but also the patterns of water consumption within university buildings
and campuses, which represent the basis to identify strategies for more sustainable water
consumption. Detailed estimations about water consumption in university campuses
that consider its various patterns have been an important SWM action to identify proper
measures for effective water consumption reduction [77,78]. A typical perspective analysis
based on detailed knowledge about water consumption patterns regarded the reduction
in water consumption in university buildings following adoption of various water-saving
appliances by Soares et al. [79]. Another analysis carried out based on water consumption
data was on the impact of the so-called students’ Environmental Relevant Behaviour
change [80]. Monthly water usages in university residence halls during the autumn season
demonstrated a positive outcome with respect to this initiative. The latter additionally
analyzed the derived benefit in terms of reduced energy consumption linked to water
supply, wastewater handling and water heating, which contributes further to enhancing
HEIs’ sustainability.

Detailed knowledge about water consumption patterns can also contribute to other
important water conservation practices, such as greywater reuse, where estimations of
water consumption by various water appliances and for irrigation in university campuses
have allowed for the preliminary assessment of greywater reuse feasibility in a university
campus as carried out by Lanchipa-Ale et al. [81].

Besides yearly quantifications, online monitoring at tight frequencies has been re-
ported to be carried out in various HEIs. Specifically, the literature on water consumption
monitoring in HEIs highlights a common trend of using Internet of Things (IoT) networks
in support of smart water management [73,82–91]. As detailed by Simmhan et al. [82], the
aims of smart water management typically are the following:

(a) Ensuring quality standards of distributed water,
(b) Guaranteeing reliability of water supply,
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(c) Avoiding water wastages (e.g., by detecting leakages),
(d) Maintaining water infrastructure,
(e) Reducing the cost of water and of electricity used for water pumping,
(f) Engaging consumers in water conservation practices.

Within the IoT framework, Barroso et al. [84] proposed a Cyber-Physical System
SmartPoliTech with the purpose of water consumption optimization by minimizing leaks
in the distribution network and by avoiding consumption beyond actual needs. Through
Cyber-Physical System implementation in the Engineering School at the University of Ex-
tremadura (Spain), information collected from various sensors instantaneously measuring
water consumption was employed to create and synchronize other information used by
the university to detect cases of overconsumption, leakages and opportunities for water
consumption reduction. Water leakages were detected also at Lille University’s Scientific
Campus through the application of the Comparison of Flow Pattern Distribution (CFPD)
method where anomalies can be easily detected by comparing water consumption data
against one another [92]. The water leak repair detected as described by Walsh et al. [93]
reduced night water flow rate demand from 2.3 L per second to 1.9 L per second.

In addition, the literature reports an IoT network employed to monitor the amount of
water consumed at the Indian Institute of Technology Jodhpur [85] and at the Universiti
Teknologi Malaysia campus [86]. Smart metering of water consumption in a university
allowed for the detection of a significant water leakage (about 1640 L per hour) in a building
of Newcastle University (United Kingdom) [88]. In a university campus located in a hot,
semi-arid region of India, thanks to water flow metering which allowed for the comparison
of drinking water provision against downstream wastewater production, an important
leakage could be identified by Zang et al. [73]. Verma et al. [94] demonstrated a preferable
use of ultrasonic water level sensors instead of more tedious, high-cost and intrusive-
to-install pressure or buoy sensors in support of IoT for smart water management in a
university campus. These sensors were installed not only in water storage tanks but also to
monitor groundwater reservoirs with the aim of optimizing the amount of water provided
to the campus storage tanks employed to meet the peak demand [94]. Ultrasonic sensors
were also employed by Ayeni et al. [87] to indirectly monitor water consumption based
on water level measurements in a drinking water distribution tank at Anchor University
(Nigeria). In a more recently reported experience, detailed water consumption monitoring
on an hourly basis was employed to develop a neural network-based model predicting
water demand by users living at a campus of Jiangsu University (China) [95].

Besides quantity, quality parameters of consumed water, such as pH, dissolved oxygen
(DO), TDS and chlorine, were monitored with the aim of additionally assessing water
suitability for drinking purposes [85,87]. A more detailed water quality monitoring than
the ones by Ayeni et al. [87] and Singh et al. [85] was carried out by Ige et al. [96] at
the Federal University of Agriculture Abeokuta (Nigeria), where electrical conductivity,
calcium, magnesium, potassium, sodium, iron, bicarbonates and carbonates, sulphates
(SO4

2−) and nitrates (NO3
−) in addition to the aforementioned quality parameters were

systematically compared against standards set out by the World Health Organization and
by the Standards Organisation of Nigeria. Indeed, the more comprehensive monitoring by
Ige et al. [96], including specifically NO3

−, enabled tracking of the impact of anthropogenic
activity on the quality of water extracted for university uses.

3.2.2. Rain and Storm Water Monitoring

Monitoring both the quality and quantity of rain and storm waters is essential for HEIs
to identify proper decisions on which SWM measures to implement. Quality monitoring
serves to understand the possible reuse options [55], to identify the level of depuration needed
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and, along with quantity monitoring, to optimally design management infrastructures [97,98].
Furthermore, once infrastructures for rain and storm water management are put in place,
monitoring is crucial to assess the effectiveness of these technologies and eventually decide
for corrective actions in terms of implementing new stormwater management infrastructures
and/or upgrading the maintenance of the existing ones [99–105].

Quality Monitoring of Rain and Storm Waters

The literature provides copious examples of quality monitoring for rain and storm
waters by HEIs [8,9,55,88,106–147].

Chiang et al. [107] assessed the quality of rainwater harvested at the National Taiwan
University Science and Technology (Chinese Taiwan) in terms of pH, alkalinity, metal
and anion content and total coliforms. It was found that storage time had a decreasing
effect on rainwater electrical conductivity, turbidity and dissolved organic carbon, while
total coliforms first increased and subsequently decreased during a 14-day storage period.
Dry deposition of NO3

− and SO4
2− from urban polluted air were observed as well. An

important finding was related to the effect of the material of catchment systems and storage
tanks on rainwater pH: stainless steel for catchment systems and high-density polyethylene
for storage tanks were attributed to making stored water acidic, while cement material for
both catchment and storage systems enabled the increase of stored water alkalinity and
pH, suggesting its preferable use. Nevertheless, while Wang and Yu [134] found significant
concentrations—though decreasing during the precipitation event—of heavy metals such
as iron, cadmium, copper and zinc in rainwater collected from concrete building roofs at
the campus of Chongqing University (China), Dufault et al. [109] considered cement not the
best material since it could raise the pH to too high values. Indeed, pH of stored rainwater
is an important parameter that, if not compliant with the quality standards in force that
usually recommend values around neutrality [112], could compromise rainwater potable
use as well as other uses. In addition, Dufault et al. [109] discouraged the use of asphalt
shingles as roof material, which could potentially leach toxic chemicals such as mercury,
lead and polycyclic aromatic hydrocarbons (PAHs) to the harvested rainwater. In addition,
they proposed the use of high-density polyethylene as storage tank material, which did not
lead to any pH changes different from those in the case of Chiang et al. [107], nor released the
aforementioned toxic chemicals. The impact of catchment material on the quality of rain and
storm waters with perspective of harvesting was also the subject of a systematic study by Al-
Amoush et al. [144]. The study, carried out on Al-Albayt University’s (Jordan) rooftop and
parking lot runoffs, identified a peculiarly high concentration of NO3

− in seal coat-insulated
parking lot runoff, which was not otherwise detected as high in runoffs from any of the
university rooftops made of various materials [144]. Specifically, NO3

− concentrations from
parking lot runoff reached values up to 370.4 mg NO3

−. L−1, abundantly above the limit of
50 mg NO3

−. L−1 set by the Jordanian Water Standards, requiring appropriate treatment
prior to various reuse destinations. The issue of NO3

− in university campus stormwaters
was detailly studied also at the Haidian Campus of Beijing Normal University (China)
using NO3

− isotopes [118]. The highest contribution of NO3
− to stormwater collected

in sewer flows was found to come from road runoff, while lower—yet non-negligible
contributions—came from rainfall and roof runoff, as depicted in Figure 3a. Similarly,
road runoff contributed mostly to particulate organic nitrogen while other significant
contributors were from roof runoff and sewer sediments (see Figure 3b).
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Figure 3. Relative contributions at the Haidian Campus of Beijing Normal University (China) to
(a) stormwater NO3

− and (b) stormwater particulate organic nitrogen according to Ma et al. [118].

Regarding again the impact of surface material on rain and storm waters, asphalt
roll roof insulation led to high chlorine concentrations in rainwater, while mixed asphalt
material increased Total Dissolved Solid (TDS) concentrations but apparently prevented
SO4

2− contamination the most [144]. Allameh et al. [145] compared rainwater quality
collected from university building roofs with isogum and cement sheet materials. It
was found that rainwater from isogum roofs has lower turbidity than rainwater from
cement-sheet roofs. In any case, filtration is needed to make rainwater suitable for potable
uses. Electrical conductivity was also much larger in cement sheet roof rainwater than in
isogum roof rainwater. A systematic comparison of rainwater composition due to different
materials of building roofs at University of Canterbury (New Zealand) in terms of zinc,
copper and aluminum was carried out by Souza de Carvalho et al. [130]. High zinc content
was found in rainwater from aluminum, galvanized and Zincalume® roofs. Zincalume® is
a material manufactured by BlueScope Steel Limited (Melbourne, Australia).

Roof thermal insulation with chemical sealing materials led to the lowest rainwater
contamination of TDS, bicarbonate, chlorine, aluminum and NO3

− [144]. Despite the
same roof materials, Köster et al. [116] revealed that activities near the collecting areas
of roofs can non-negligibly impact rainwater quality. Regarding chemical contamination,
Gispert et al. [112] found only a few instances of lead and aluminum concentrations
in the harvesting system installed in a building belonging to the National Autonomous
University of Mexico that were only slightly higher than the allowable limit for potable uses
imposed by both the Mexican Drinking water standards and the World Health Organization
Guidelines for drinking water, and even less-concerning issues linked to low pH values. GR-
filtered rainwater appeared to be higher in Total Organic Carbon (TOC), pH and electrical
conductivity than rainwater from a conventional roof in Osawa et al. [125]. Ross et al. [127]
systematically compared the quality of three rainwater fluxes from a combined harvesting
and treatment system: first-flush rainwater, pre-filtered rainwater and filtered rainwater.
Filtered rainwater had a higher pH and hardness compared to the other two fluxes, while
first-flush rainwater had higher nitrogen components (total nitrogen, ammonium and
nitrate), phosphate and dissolved organic carbon as well as zinc and chromium. This
highlights the need for first-flush diversion of harvested rainwater for its safe use. Filtration
enabled the reduction in total coliforms while it reduced Escherichia coli presence more
lightly. Regarding first-flush diversion, monitoring results by Maykot et al. [121] confirmed
its importance by estimating significant reduction in turbidity, conductivity and colour, but
did not make rainwater meet quality standards for Escherichia coli.
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The issue of organic matter, turbidity and, more importantly, microbial contamination
was investigated in rainwaters harvested at various university buildings [8,88,109,115,123].
Zang et al. [88] identified issues regarding the presence of total coliforms, legionella and
Campylobacter, pathogenic contaminants originated from bird nesting and excreta in the
rainwater storage tank, compromising some uses such as potable and irrigational among
others without proper disinfection treatment. Kabbashi et al. [115] evaluated the quality
of rainwater harvested on rooftops from the International Islamic University Malaysia in
terms of Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total
Suspended Solids (TSS), turbidity, pH and microbial count. While pH was found to be
acidic during the first period of storage due to air CO2 solubilization but increased as
storage time proceeded, BOD, COD and TSS were not found in negligible concentrations
(2–3.2 mg. L−1, 22.5–42.5 mg. L−1 and 20 mg. L−1, respectively), which was ascribed
to the intrusion of dried leaves, animal excreta and even dead animal parts, similar to
Zang et al. [88]. For the same reasons, the microbial count (200–260 CFU. mL−1) was also
non-negligible, requiring disinfection and preventing potable uses. In the experience
by Dufault et al. [109] an aluminum mesh was installed on top of the eaves troughs
collecting rainwater to prevent the intrusion of leaves and roof debris. Nevertheless, a very
high bacterial count (120,000–230,000 CFU. mL−1) could be observed in stored rainwater
but was deemed suitable for irrigational purposes. Similarly to Kabbashi et al. [115],
Yulistyorini et al. [138] identified issues of organic matter and coliform presence above
national standards for clean water quality control in rainwater harvested at the Rektorat
building of the State University of Malang (Indonesia). In line with this, highly varying
total coliforms and Escherichia coli concentrations (from 0 to 56,000 MPN.100 mL−1 and
from 0 to 3200 MPN.100 mL−1, respectively) were found in the rainwater stored at Ton
Duc Thang University (Vietnam) by Hui et al. [8]. In addition to COD and TOC, total
ammoniacal and organic nitrogen as well as total phosphorus were analyzed in water
harvested from a building at Xi’an University [111].

An additional issue regarding algae build-up in a storage tank due to tank exposure to
sunlight was encountered by Dufault et al. [109]. The issue was then solved by wrapping
the tank with a metallic green wallpaper, efficiently screening sunlight. Dao et al. [9]
adopted a slightly different approach to work out the issue by covering the internal part
of the tank with a white tile. Gao et al. [148] studied the impact of different rainwater
storage modes at a university building. It was found that aerated storage reduced organic
carbon content by about 54%. With sealed storage, organic carbon degradation occurs in
the early stages while during open-tank storage degradation occurs at later stages. A light
nitrification process occurs under the presence of oxygen, leading to NO3

− build-up.
In case of university campus stormwater quality, Awang Ali and Bolong [146] found

elevated levels of TSS in stormwater collected nearby parking lots and construction areas. A
higher TSS concentration was found in another university campus’ stormwater at the begin-
ning of a high intensity rainfall event [141]. Similar findings to Awang Ali and Bolong [146]
were revealed by Hazizan et al. [113], who detected high TSS concentrations in stormwa-
ter runoff collected near a construction site at the Universiti Tenaga Nasional (Malaysia)
campus. In the same site, high turbidity and COD concentration values were encountered
similar to the case of stormwater coming from campus cafeteria. However, while BOD
concentrations were high in stormwater collected from the latter site, the same were not as
high in the construction site runoff. Runoff from the campus residential area presented, in
general, lower pollution. A study on the stormwater collected in detention ponds at the
Universiti Malaysia Sabah campus revealed concentrations of ammonia nitrogen (NHX-N)
and BOD5 indicative of only slight pollution, as well as high concentrations of TSS indica-
tive of polluted conditions according to the National Water Quality Standards from the
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Department of Environment Malaysia [146]. Sources of NHX-N slight pollution from the
campus were essentially linked to landscape fertilization, while the high TSS concentrations
were attributed to the proximity of the detention ponds to parking lots and roads outside
campus as well as to construction activities, besides lack of proper maintenance. The
issue of heavy metals in university campus runoff was brought up by Maniquiz-Redillas
and Kim [149] who analyzed in detail the dynamics of cadmium, chromium, iron, lead,
nickel, zinc and copper in both the inlet and the outlet of an infiltration trench receiving
stormwater from a campus road. It was found that these heavy metals were present for
a larger percentage bound to particulate components rather than being dissolved. The
presence of some metals in stormwater collected from a university campus located in an
arid region, (the American University of Sharjah campus in the United Arab Emirates)
characterized by the lack of proper drainage infrastructure and of stormwater management
systems, was also analyzed [108]. Iron, aluminum and potassium were the most abundant
metals, while manganese, barium, chromium nickel and vanadium were found in lower
concentrations. Marszałek et al. [120] analyzed a university campus parking lot runoff and
found values of only zinc exceeding the local limit for safe discharge of stormwaters in
water bodies while organic matter, nitrate and phosphate were found in concentrations
much lower than the respective limit. Shafiquzzaman et al. [128] found high TSS, BOD
and COD in stormwater stored in a pond at a university campus in Saudi Arabia, while
low were the concentrations of Total Nitrogen (TN) and Total Phosphorus (TP), indicating
low usage of fertilizers. The presence of organically bound halogens in university campus
stormwater runoff was monitored by Marko et al. [119], while Chen et al. [106] innova-
tively analyzed the concentration of microplastics in the sediments of stormwater drain
systems at the Jiashan campus of Anhui University of Technology (China). Microplastics in
stormwater can impact biological processes occurring in NbSs for stormwater management
by promoting denitrification and discouraging nitrification.

A mixed rain and storm water case is presented by Carpio-Vallejo et al. [147] where
rooftop collected rainwater is carried to an open storage pond for recreation on a university
campus surface. In this case, source contamination comes not only from university building
roofs but also from university urban surface, more specifically the surrounding lawn and
the human activities that occur on it. Carpio-Vallejo et al. [147] carried out a detailed
microbial analysis considering concentrations of total coliforms, Escherichia coli (E. coli),
Enterococci, Salmonella spp. and P. aeruginosa. The higher concentration of Enterococci
compared to Escherichia coli suggested animal fecal contamination. Increased recreational
activities in summer increased E. coli, Enterococci and Salmonella spp. Risks for groundwater
contamination can emerge consequent to the fact that excess water from the pond can
infiltrate the surrounding lawn [147].

Systematic comparisons between university campus rain and storm waters were
made by a few studies. Lin et al. [55] compared stormwater from a road between two
university campuses and rainwater from a university building roof. Rainwater was found
to have lower TP and dissolved organic matter as well as slightly higher TN compared to
stormwater. Furthermore, rainwater presented lower disinfection by-product potential than
stormwater, which indicated rainwater is more prone to be reused for potable destinations
compared to stormwater. Differences between university campus rain and storm water
quality in terms of TSS, COD, TN, ammonium (NH4

+), NO3
− and TP were assessed also by

Wang et al. [133]. Concrete roof rainwater pollution was found to be intermediate between
a campus catchment area runoff and a residential road runoff, where the latter was the
most highly polluted. Rainwater was found higher in iron and zinc compared to campus
catchment area runoff and only slightly lower in cadmium and lead. Another university
campus stormwater was compared against other stormwaters in terms of volatile organic
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compounds [117]. University campus stormwater was found to be more concentrated than
residential area stormwater but less polluted than stormwater from parking areas, gas
stations, city roads and highway junctions. These differences were mainly linked to the
different land uses variably releasing oils, particles, grease and soot [117] on urban surfaces.
Zhan et al. [140] compared university campus rain and storm waters in terms of toxicity
and heavy metals under open and closed storage experimental conditions. Stormwater
resulted to be particularly higher in zinc and lead than rainwater and fairly higher in
chromium and copper than rainwater, which—on the other side—presented higher toxicity
under both open and closed storage conditions. It can be concluded that comparison is
affected by both the roof surface from where the rainwater comes from and the land use of
the urban surface where stormwater flows, and it is not always the case that stormwater is
more polluted than rainwater.

Quantity Monitoring of Rain and Storm Waters

The literature highlights the important role of quantitative monitoring of rain and
storm waters in enhancing sustainability on university campuses [88,103,104,132,150–167].
This is because understanding the magnitude of storm and rain waters is essential to
implement effective water management strategies: proper monitoring provides critical
data to accurately size storage tanks [152], drainage infrastructures [151] and technolo-
gies for rain and storm water treatment and flood prevention [157,168,169], as well as to
calibrate and validate hydraulic models useful for technology performance evaluation
and prediction [132,153–156]. The monitoring process in HEIs has involved measuring
key hydrological parameters, including rainfall depth [170], surface runoff [170] and soil
infiltration capacity. For this purpose, a set of instruments is used to collect reliable data,
such as:

− Rain gauges, to measure the intensity and depth of precipitation allowing for the estima-
tion of total rainfall volume over a given period [103,104,141,157,162–164],
− Level and flow sensors installed in drainage systems, retention basins and stormwater
channels to track runoff volume and discharge rates [157,158,163,165,171],
− Soil moisture sensors to assess infiltration capacity, which influences runoff generation
and groundwater recharge [166,167].

The size and characteristics of surfaces where rain can fall, such as rooftops, roads and
green spaces, significantly impact runoff generation. For instance, in RWH systems, the total
rainwater collection potential is calculated by multiplying the available roof drainage area by
the local rainfall depth, usually represented by the median annual rainfall depth, and by a
collection efficiency factor (e.g., 80%, as applied by Zang et al. [88]). To properly design a RWH
system at the South Indian University in Mangaluru, India, Anchan and Shiva Prasad [66]
considered rainfall data over a 15 year period which enabled estimating the RWH potential
of the university buildings. Beyond surface parameters, subsurface assessments may also be
required: Misra et al. [161] illustrate how geological–geophysical data guide the safe siting of
water reservoirs in hilly university terrains (Sikkim University, India).

Monitoring systems are essential to collect data and assess design effectiveness in
mitigating runoff and restoring hydrological balance. A university campus can be equipped
with low-cost sensors forming an IoT-based measurement network to monitor water dis-
tribution and urban drainage in real-time [150]. This enables optimizing water usage,
preventing floods (e.g., smart rain barrels with discharge valves to minimize flood risks
and combined sewer overflows) and enhancing urban resilience through data-driven
water management. An IoT monitoring system for rainwater harvesting that uses real-
time control technology can also be designed to generate indoor energy, as proposed
by Ismail et al. [160].
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Finally, findings by Zang et al. [88] revealed that green infrastructure, when poorly
maintained or insufficiently integrated with conventional systems, frequently underper-
formed, resulting in delayed resource savings and diminished economic returns. This
reinforces the critical importance of robust maintenance protocols [170], continuous moni-
toring and careful alignment of supply and demand to optimize stormwater management
and achieve sustainable outcomes in campus settings. In this regard, Yakimov et al. [159]
demonstrated at the Lobachevsky State University of Nizhny Novgorod (Russia) that
vegetation-driven runoff regulation can be quantitatively assessed; indeed, by using a field-
based inventory and the i-Tree Hydro model, they estimated 956.1 m3/y of stormwater
retention by campus green infrastructure.

3.2.3. Rain and Storm Water Harvesting and Reuse

While RWH systems typically store rainwater in tanks for later uses, stormwater har-
vesting (SWH) consists of a variety of techniques essentially based on ground infiltration or
storage of runoff intercepted from urban surfaces for either groundwater recharge or other
uses. Both RWH and SWH are practices particularly useful at times of increased water
scarcity by ensuring a more constant water availability [172,173] and contextually preserv-
ing natural water reservoirs for other uses. Furthermore, in a typical urban context with
significant surface impermeabilization such as university campuses, RWH and SWH can
reduce urban runoff and floods [57], thereby mitigating the derived risks of environmental
pollution linked to urban surface washout and overflows from sewer systems.

HEIs have shown significant interest in RWH and SWH with numerous preliminary
and implemented projects and case studies focused on integrating harvesting systems
into university campuses to enhance institution sustainability. There are several cases
for both RWH [8,9,52,65,66,73,74,78,88,98,107,109,111,112,115,116,123,127,138,147,173–195]
and SWH [30,53,71,98–104,128,129,137,146,149,153,165,186,187,195–239].

The potentially significant asset of RWH in HEIs was testified by Zang et al. [73] where
collected rainwater covered 7% of institutional yearly water demand, a percentage that
reached 42% in the month of August. Much larger savings were reported at McMaster
University (Canada) where the RWH system reduced external water supply by about
74% when the potable use was in function and by 69% when only non-potable usages
of harvested rainwater were active [194]. Xie et al. [190] recorded a 14.11% reduction in
annual water supply supplementation in a Japanese university campus. However, the
latter figure incorporates—additionally to the university campus case—a nearby residential
area. In a new building of the “Arenberg III” campus of the Katholieke Universiteit Leuven
(KU Leven), the RWH system receives water filtrated by a GR installed on the building
roof, which represents an original RWH configuration [191].

RWH design considers three fundamental input data, such as the roof areas over
which collection tanks are placed, the runoff coefficient of the catchment area and the
water demand needs. In light of advances in harvesting system design, Soni et al. [189]
proposed a novel method to estimate runoff coefficients using Motilal Nehru National
Institute of Technology campus as a pilot case study for testing purposes. In another
experience, an innovative RWH project was implemented in a Korean university where
so-called wind-driven rain was collected from the building wall [240]. It is important to
note that, while rainwater collection occurs on university building rooftops, storage of
the same could occur in different places. For instance, in the experience of the harvesting
system by Dufault et al. [109], rainwater collected from the roof of a Canadian university
campus building is then carried through aluminum eaves troughs to storage tanks laying
on the campus ground. This layout was chosen given the fact that collected rainwater was
destined for irrigational purposes rather than for internal uses in the campus buildings. In
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another case, rainwater collected on university building rooftops was carried to a HEI’s
surface given the need for advanced purification treatments for potable uses [9].

With regard to its reuse destinations, harvested rainwater has been prospected to be
used or has been used in HEIs for the following purposes depicted in Figure 4:

- Building washing [19,52,66,73,175],
- Garden/greenhouse irrigation [53,66,74,78,109,173,175,184,186,234,241],
- Toilet flushing [66,73,88,175,181,183,184,186,191,195],
- Cleaning, such as bathing and dishwashing [66],
- Water-demanding laboratory uses [174],
- Potable uses, such as drinking and cooking [8,9,52,73,88,112,194,242],
- Various domestic uses (excluded toilet flushing) [73],
- Groundwater recharge [53,65,147,178,179],
- Emergency non-potable water supply [175],
- Road cleaning [241],
- Water supply for ponds or artificial lakes [53,111,147,226,241].

Figure 4. Reported reuse destinations for harvested rainwater from university campuses.

Despite the strong emphasis on these practices, two works have highlighted some
limitations and challenges of RWH and reuse applied in HEIs [88,178]. Specifically,
Zang et al. [88] highlighted the low degree of exploitation (below 50% of the maximum
harvesting capacity) of harvested rainwater for toilet flushing due to its implementation
as an addition to the conventional water supply system rather than in place of the same.
This was attributed to delays in fault detection and intervention in the event of failures,
given the secondary need for this water source. On the other hand, Wang et al. [178]
identified an issue regarding the inadequate levels of turbidity in harvested rainwater for
groundwater recharge. Optimal pre-treatments need to be identified and implemented
to make the rainwater suitable for that reuse destination. At the Engineering Faculty of
Pancasila University (Indonesia), a dedicated RWH system was built showing a significant
reduction in groundwater reliance, saving on a yearly average 3903 m3 [179]. Additionally,
infiltration wells integrated into the RWH system provided effective groundwater recharge.
This example highlights how RWH can address immediate water needs while also serving
as a sustainable method for restoring underground reserves. In the case study of the
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Universty of Cape Town (South Africa), usage of harvested rainwater led to up to 70%
freshwater savings for irrigation. Another original RWH configuration was adopted by
Carpio-Vallejo et al. [147], where rainwater harvested from the building roof of Leibniz Uni-
versität Hannover (Germany), instead of being employed for internal uses, was diverted
through a PVC pipe into a storage pond for recreational purposes in the campus. Therefore,
rainwater can mix with surface runoff and can overflow the pond, consequently infiltrating
the surrounding lawn and recharging groundwater. Besides groundwater recharge, the
use of harvested rainwater as a resource in laboratory applications is noteworthy [174].
Indeed, some experiments performed in university laboratories are heavily water demand-
ing, and this reduces the environmental sustainability of HEIs according to some green
ranking systems [45]. Thus, using harvested rainwater in these laboratories can represent
an important asset to effectively improve HEIs’ sustainability.

Regarding stormwater reuse, the following end destinations in HEIs have been re-
ported or prospected as depicted in Figure 5:

- Groundwater recharge [30,53,71,98–104,132,137,149,165,169,186,191,195,197–217,219–226,
228,229,231,232,234–239,241,243],

- Replenishment of artificial lakes [186,223],
- Road cleaning [226],
- Cooling of air conditioning systems [227],
- Irrigation of landscapes or sport fields [153,204,226,233,244].

 

Figure 5. Reported reuse destinations for harvested stormwater from university campuses.

As can be noted, stormwater is most frequently employed for groundwater recharge in
university campuses. Another stormwater reuse destination in university campuses is the
replenishment of artificial lakes: in the experience described by Strybos and Lanford [233]
stormwaters are harvested in a constructed lake known as Lago Vista, which also col-
lects condensate water from the air conditioning systems of buildings. In addition, de
Macedo et al. [165] made an analysis on the suitability for reuse of stormwater harvested
in a bioretention cell located at the University of Sao Paulo (Brazil). It was found that
such stormwater was safe for various reuse purposes such as discharge in river for potable
water extraction, irrigation, direct human contact with respect to NO3

−, nitrite (NO2
−),

manganese, zinc, copper and chromium but treatments were needed for compliance with
standard limits on a few heavy metals such as iron, lead, nickel and cadmium. A novel
stormwater reuse destination is the one applied at the Duke University Campus (USA)
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for the cooling of the university air conditioning systems, presented by Richardson and
Flanagan [227].

3.2.4. Rain and Storm Water Treatment

Treatment technologies for rain and storm waters in HEIs are chosen according to the
initial level of contamination and to the end destination [175].

Given the scenario of harvested rainwater quality presented in Section 3.2.3, treatments
implemented in HEIs have reportedly varied as well, also in function of the different reuse
destinations detailed in Section 3.2.3. While for some water reuse destinations, such as
landscape irrigation, treatments did not need to be put in place [109,173], the following
treatments for harvested rainwater opted for and/or prospected in HEIs have been reported
in the various university experiences published in the literature:

(1) Aeration [242];
(2) Sedimentation [8,9,88,109,178,183,190,242];
(3) Clariflocculation [73];
(4) Filtration with the following:

- Gravel [66],
- Mesh [112],
- Zeolite [178,242],
- Membrane [9,116,123],
- Nano filter [8],
- Cartridge filter [112,130],
- Combined zeolite and activated carbon filter [138],
- Activated carbon filter [9,112,116,123],
- Fibre filter [9],
- Sand filter [73,116],
- Microfilter [9,123],
- Combined in sequence: small gravel, charcoal, limestone, sand, two cheesecloth

layers, small gravel and large gravel [127],
- Moringa oleifera seeds [115];

(5) Disinfection via:

- Ozonation [9],
- UV irradiation [8,9,88,123,242],
- Chlorination [112,194];

(6) Treatment by nature-based solutions (NbSs) such as:

- Rain gardens [53,166,206],
- Ecological tree pools [206],
- Bioretention cells [53],
- CW treatment in wet detention ponds [53],
- GRs [21,48,125,132,164,191,192,195,241,245–284].

Apart from the typical sedimentation occurring either in the storage tank or in a
dedicated tank along the treatment line used to remove rooftop-suspended solids, it can
be noted that the other treatments for rainwaters harvested from HEIs’ rooftops can be
grouped as filtration and disinfection technologies, as also shown in the university case
studies on rainwater purification for potable destination depicted in Figure 6. Among
the filtration technologies adopted, mesh and gravel filtrations are typically employed
to remove large sediments consisting essentially of leaves and bird excreta. Mesh and
gravel filtrations are adopted prior to inputting the collected rainwater in the storage tank
and prior to finer filtration treatments and disinfection. Among finer filtration treatment,



Water 2025, 17, 3526 19 of 64

besides traditional membrane and activated carbon filtration (where the latter serves also
for adsorption purposes), there emerges the use of zeolite, nano and micro filters, and fibre
and cartridge filters. While the latter showed to be effective at removing heavy metals
from rainwater from university building roofs with different materials [130], an issue
regarding rainwater purification was revealed in the experience by Yulistyorini et al. [138],
who detected an increased TDS concentration in the treated rainwater by employing both
zeolite and activated carbon filters, highlighting the importance of choosing the right filter
material to avoid compromising potable use and water distribution pipes. The ideal filter
composition found to decrease the amount of TDS in stored rainwater was 75% zeolite and
25% activated carbon. In general, the fine filtration treatments used for HEIs’ rainwater
treatment enabled TDS removal as well as reduction in turbidity, heavy metal content often
leached from roof cover material in the rainwater and microbial count. Furthermore, these
represent fundamental pre-treatments for effective disinfection, contextually reducing the
risk of toxic by-product formation [285–287]. An innovative filtration method was adopted
in the experience by Kabbashi et al. [115], where Moringa oleifera seeds were employed,
exploiting their coagulation-flocculation property [288,289] which enabled reduction in not
only turbidity but also microbial count. With regard to the latter, those seeds yielded up to
77.1% microbial count removal [115]. The employment of Moringa oleifera seeds for water
disinfection is particularly noteworthy given their higher environmental sustainability
compared to traditional disinfection methods, such as the addition of aluminum sulphate
or chloride which instead release toxic by-products in the treated water [289,290]. Besides
Moringa oleifera seeds, more traditional technologies such as chlorination, ozonation and UV
irradiation have been reportedly used to disinfect HEIs’ harvested rainwater. A particular
case is represented by Zang et al. [73], where rainwater was treated along with river water
for potable uses in university buildings. In this case, a first disinfection was put in place,
followed by flash mixing and clariflocculation, sand filtration and chlorination. In one case,
aeration was adopted for rainwater purification in an HEI to remove dissolved gases such
as carbon dioxide and volatile organic compounds as well as to prevent anaerobic digestion
from taking place in only one university case study for safe drinking purposes [242].

 
(a) 

 
(b) 

Figure 6. Depuration treatment trains for rainwaters harvested in HEIs described in (a) Khalid and
Alodah [242], (b) Gispert et al. [112].

Besides active treatment technologies, noteworthy is the installation of a calm inlet
to avoid particle re-suspension after settling in the storage tank, a technique adopted in a
rainwater harvesting system at a university building in Ethiopia [183] as well as in other
university case studies [8,9]. Another important approach for harvested rainwater quality
improvement was reported by Wang et al. [178], where the first flush of rainwater was
discharged to reduce the burden of pollutant removal on the treatment line. The same
practise was adopted in several other university experiences [8,66,112,115,182,183].
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A further consideration can be made regarding the environmental sustainability
of purification technologies employed for HEIs’ rainwaters. Specifically, the traditional
disinfection and filtration treatments applied to harvested rainwaters in HEIs can increase
an institution’s indirect energy consumption and, according to the energy source, also
its carbon footprint. Hence, while contributing to resource circularity, they may worsen
rather than improve HEIs’ overall sustainability, especially when making rainwater potable.
To cope with this, Khalid and Alodah [242] produced the required energy for rainwater
treatment through solar panels. Another strategy to reduce the burden of rainwater
treatment was proposed by Liu et al. [53], where rainwater collected from a university
building rooftop was designed to be handled in a nature-based solution (NbS) train as
follows: first, the rainwater is directed in bioretention cells, then in a rain garden and finally
in a wet detention pond—also known as a retention pond—where a wetland purifies the
rooftop rainwater along with GR-infiltrated rainwater and with stormwater coming from
the campus surface. Through this treatment train, rainwater collected from the university
rooftop is expected to be purified from rooftop debris, sediments, toxic metals, nutrients
and pathogens through physical processes, such as filtration and adsorption, exerted by the
bioretention cell filling material and rain garden soil and enhanced by the plants installed
in the same systems [291–293]. Plants, used for the wetland in the retention pond, also
have a peculiar function of bioaccumulation and biotransformation of metals and nutrients
present in rainwater [292,294]. Other complex depuration mechanisms can occur in these
NbS systems [294,295]. Indeed, the project described by Liu et al. [53] represents an eco-
friendly solution that, though not allowing for potable reuse, does not consume electrical
energy and, thus, does not increase the institutional carbon footprint. Furthermore, it still
allows for safe garden irrigation reuse purposes and groundwater recharge. In another
experience, rainwater collected from a 215 m2 university building roof was carried into two
rain gardens, thereby reducing the runoff of the urban drainage system [166].

A widespread NbS technology adopted by HEIs for rainwater is represented by GRs.
GRs basically consist in laying on the roofs of buildings a vegetation layer supported

by a substrate layer, under which a filter and a drainage layer are placed to allow rain-
water to leave the roof while retaining fine particles from the substrate [296]. Although
the main aims of GRs are to improve urban stormwater management by reducing runoff
volumes and delaying peak flows [48,252,297,298] as well as to mitigate heat transfer in
buildings [245,246,251,253–255,259,266,267,269,270,277,282,298], they have been acknowl-
edged to improve the quality of rainwaters by filtering some airborne pollutants incorpo-
rated in rain [259]. Nevertheless, it is still subject of dispute whether GRs work overall
as a sink rather than a source of pollution for rainwaters. For instance, the review by
Marín et al. [296] discussed how GRs can actually increase stormwater pollution especially
if the soil layer used for plant growth is fertilized; water passing through a fertilized GR
can get enriched with fertilizers present in the soil, such as nitrogen and phosphorus, thus
increasing the environmental risk of eutrophication when drained water is released in the
environment. At the same time, the reduction in runoff volumes and the delaying of peak
flows exerted by GRs can indirectly reduce stormwater pollution given the reduced energy
needed for soil erosion and urban surface pollutant transport and the enhanced capability
of natural ground infiltration.

GRs have been extensively applied in HEIs either within the framework of pilot-scale experi-
ments occupying a limited—but still significant—portion of HEIs’ building
roofs [21,48,245,247,248,250,258–260,266,267,269–273,281,282,284,299] or as real-scale technologies
occupying more extensive HEIs’ roof surfaces [99,164,246,249,251–257,261–263,274–280,283].

Only few studies on the impact of GRs on the rainwater pollution in university
campuses are available. A study on a university building GR identified the great role of
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vegetation on GRs in capturing NO3
− and phosphates (PO4

3−) from soil substrate [263].
However, the study did not directly analyze the GR leachate quality, which was important
for assessing the actual role of GRs in rainwater treatment. A more dedicated study
on GR-infiltrated rainwater in a university building is presented by Speak et al. [275].
The comparison was made among 3 fluxes: rainwater, bare roof runoff and GR runoff.
Lead emerged increased in both GR and bare roof runoffs compared to rainwater. A
deeper investigation clarified that most of the lead found in the GR runoff was leached
from GR substrates. Iron did not decrease in GR runoff compared to rainwater, while
significantly decreasing in the bare roof runoff. Other elements such as cadmium and
copper were reduced in both GR and bare roof runoffs in a similar way, which suggests
that vegetated roof covering did not play a central role in reducing the concentrations
of these two metals from rainwater. On the other hand, zinc was reduced sensibly more
in GR runoff compared to bare roof runoff, suggesting the university GR acted as a sink
for this heavy metal. Regarding its capability at reducing the rainwater content in anions
such as NO3

−, PO4
3− and SO4

2−, the GR was found to significantly reduce rainwater
NO3

− content, even compared to the bare roof, which suggests the important role of plants
in nitrogen uptake resulting in rainwater purification. On the other hand, the change
in PO4

3− content between rainwater and runoffs from both green and bare roofs was
not relevant, suggesting vegetation covering of roof did not play a significant role in
reducing rainwater phosphorus content. Given its higher concentration in roof runoffs,
both green and bare roofs acted as a source of SO4

2− rather than a sink of it. Similarly,
the GR acted as a source of pollution also for dissolved organic carbon, likely due to
leaching from soil substrate. Compatible with the role of GR on rainwater NO3

− by
Speak et al. [275] are the findings by Todorov et al. [279] on a university research centre
building. Considering also another nitrogen species such as NH4

+, the university GR acted
as a sink. Contrarily, the GR acted as a source of PO4

3− while as a sink for TP. Furthermore,
while the university building GR acted as a sink for chloride, dissolved organic and
inorganic carbon leached from the same GR, making it a source of dissolved carbon. From
the GR experience on a university building by Gnecco et al. [300], the neutralizing role of
GRs on rainwater identified by Speak et al. [275] and Todorov et al. [279] was confirmed.
At the same time, in the same experience GR-infiltrated rainwater presented higher TDSs
and COD. Among the metals analyzed, zinc decreased, while calcium and potassium
increased. Osawa et al. [125] compared GR-infiltrated rainwater against rainwater from
a bare ceramic roof in a university case study. From this experience, the potentiality of
GRs at mitigating acidity of rain emerged but the leaching of organic matter identified also
from the previously mentioned studies was confirmed, requiring treatment of harvested
GR runoff before its potential reuse.

These experiences on university GRs show that GRs can act as sinks for some rainwater
pollutants but as sources for others. For these reasons, given their limited and latent
purifying role on rainwater, GR-infiltrated rainwater is not directly used for the various
university campus needs, rather it is delivered on campus urban surfaces following the
path of stormwater.

Regarding treatment of stormwaters, the following technologies in HEIs either im-
plemented or incorporated in projects for improved water management were reported
as follows:

(1) Sedimentation tanks or basins [100,203,204,301];
(2) Wetlands [157,208,212,218,223,226,228,244,302], according to the following configurations:

- Horizontal subsurface [100,213,303],
- Free surface [212,230,232,304];



Water 2025, 17, 3526 22 of 64

(3) Floating CWs built up in the following:

- Wet detention/retention ponds [53,139,196,227,305–309],
- Artificial lakes [223];

(4) Infiltration systems, such as:

- Infiltration wells [71,199],
- Seepage wells [241],
- Biopower infiltration units [199],
- Infiltration ditches [191,241],
- Infiltration trenches [104,149],
- Biofilters [214,226,238], referred to as biofiltration cells in Grover et al. [210] or as eco-

biofilters in Maniquiz-Redillas and Kim [217] and in Maniquiz-Redillas et al. [100],
including tree box filters as reported in Geronimo et al. [209], Haque et al. [212]
and Houle et al. [213] and rain gardens [53,98,99,101,103,132,137,163,169,186,197,
199,200,204,206,207,211,212,216,223,229,231,232,234,235,241,243,302],

- Bioretention cells or basins [99,165,198,202,203,205,208,213,215,219,222,223,225,
236,239,301],

- Planter box [228],
- Bioretention belt [206,226],
- Vegetated swales [213,223], sometimes referred to as bioswales [102,103,208,214,

221,225,228,234,243,302], including grassy swales [136],
- Sand filters [213,228,237],
- Infiltration basins [103,224,225],
- Bioinfiltration ponds [220],
- Bioretention curb extension [225],
- Bioretention planter [225],
- Infiltration planter [212],
- Sunken green belts [226,239] and ditches [241],
- Infiltration wadis [191],
- Infiltration shallow pools [241],
- Permeable pavements [99,132,155,213,226,239,301,302,310–328];

(5) Storage systems such as:

- Storage pond [128,129,213],
- Grassed detention pond [219,329],
- Wet detention/retention pond [208,213,227,307],
- Dry detention pond [241],
- Buffer basin [191,195],
- Artificial lakes [223,226,233,244];

(6) Aeration systems in artificial lakes/ponds: natural through wind-induced waves to
sustain life of fish [233] or artificially through oxygen supply [223,233] or through the
input of major water streams such as reclaimed wastewater [223].

From this overview of the technologies adopted for sustainable stormwater treatment
in university campuses, the adoption of NbSs emerges as predominant. Despite their ex-
pected assets, the performance of NbSs can widely vary depending on design conditions as
well as on the type of catchment surface from which the stormwater originates. The litera-
ture on the performance of NbSs and of other treatment technologies for university campus
stormwater provides a deep analysis, allowing for an understanding of the potential for
improved sustainable water management through their implementation.

Among the stormwater treatment experiences, Shaharuddin et al. [230] analyzed in
detail the removal performance of a free-surface CW receiving stormwater runoffs from
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the Universiti Sains Malaysia Engineering Campus for total ammonia nitrogen, TN, TP,
BOD, COD and TSS. The CW showed good removal of both BOD and COD but had some
issues with respect to TSS removal. Almost undetectable were both TN and TP removal
efficiencies despite macrophyte nutrient uptake. This was attributed—at least partly—to
plant decay which would release nutrients, offsetting their pickup by the macrophytes
themselves. On the other hand, the floating CW installed in a university campus wet
detention pond was found to considerably remove nitrogen either through plant uptake or
incorporated in sediments captured by plant roots or accumulated on the CW mat [309].
The same technology installed in an experimental bioretention pond receiving university
campus runoff was able to significantly remove NO3

− but not PO4
3− [139]. At the same

time, the wetland removed stormwater NH4
+, SO4

2− and—to a larger extent—potassium.
In another floating CW experience in a university campus wet detention pond, positive
feedback in terms of TP and organic phosphorus removals could be achieved, besides the
efficient removal of TN, NH4

+, NO3
− and NO2

− [305]. Richardson and Flanagan [227]
detected diverse removal of unfiltered TN and TP in a retention pond-wetland system for
Duke university campus: at large precipitation events, TN and TP removals were 28% and
26%, respectively, while at smaller precipitation events the same removals reached values
of 91% and 94%, respectively.

The tree box filter receiving stormwater from an impervious parking lot at the Kongju
National University (Republic of Korea) showed good capabilities at removing TSS (with
91% removal efficiency) and soluble heavy metals, while lower removals were obtained
for TN, TP, BOD and COD [209]. The eco-biofilter receiving runoff from an impervious
road at the same institution showed about 75% in TSS removal and, along with that, high
particulate-bound heavy metal removal, testifying to the efficiency of the sedimentation
and filtration processes [217]. Within the same context, an infiltration trench received the
university campus road runoff previously passed through a pre-treatment chamber to
dissipate the inlet energy and thus allowing for the treatment of the first highly polluted
stormwater flush [149]. Dissolved heavy metal reduction was found to increase at small
runoff volumes occurring within a short time span. In addition, the ratio between effluent
and influent runoff volumes was found to particularly impact the removal efficiencies of
several heavy metals both in the dissolved form and as total concentrations. Pre-treatment
consisted in the settling of particulate components on the geotextile, gravel and woodchip
bottom layers of a chamber. These layers contributed to adsorption, thus aiding heavy
metal removal which was achieved also through the settling of the particulate material
to which a large portion of stormwater heavy metals was bound. At the same university
campus of the aforementioned experience, the importance of settling the pre-treatment
of stormwater was highlighted also by Maniquiz-Redillas et al. [100] in the three green
infrastructure case studies (i.e., one eco-filter and two CWs), especially in cases of high
TSS load, high runoff rates and intensive rainfalls. In the other stormwater case study, the
expected removal capabilities of the biofiltration cell was found only limitedly to COD, total
organic carbon, manganese and copper [165]. An innovative rain garden configuration,
known as a biphasic rain garden, was tested at The Ohio State University’s Wooster campus
(United States of America (USA)) [235]. This innovative design increased both the saturated
zone, necessary for oxygen-free conditions promoting effective denitrification, and the
retention time of stormwater, needed to allow for complete mineralization of stormwater
pollutants. Besides hydrological benefits, the rain gardens showed good performance in
terms of NO3

− removal (about 90% removal) thanks to the improved denitrification and
phosphorus removal through the sorption by the rain garden soil [235]. Regarding the
issue of stormwater heavy metals, Guo et al. [211] revealed a significant accumulation
degree of heavy metals such as zinc, copper, lead and chromium in the surface layers of
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rain gardens installed at the campus of Xi’an University of Technology (China), with zinc
having the potential of contaminating groundwater by downward migration. On the other
hand, the study on the treatment performance of a sand filter in a university campus by
Zarezadeh et al. [237] indicated good TSS removal capabilities (with an average of 93.5%,
larger than the expected design performance) but fell short with respect to orthophosphate
and NO3

− removals. Copper removal efficiency was not statistically significant, while lead
and zinc removals were, respectively, 79.4% and 42%. Interestingly, McPhillips et al. [219]
investigated the environmental sustainability of two NbSs for stormwater treatment—an
amended bioretention basin and a grassed detention basin—installed at Cornell University
campus (USA), in terms of nutrient leaching and greenhouse gas (GHG) emissions from
the same green infrastructures. With regard to the latter, the two technologies did not
show the increased levels of nitrous oxide (N2O) and methane (CH4) typically generated
during the biological processes occurring in these systems. Meanwhile, higher levels of
carbon dioxide (CO2) were found from the bioretention basin compared to the grassed
detention basin and control lawns. This was linked to the higher organic matter and
carbon content of the bioretention soil compared to those of the grassed detention basin
and control lawns, which promoted CO2 production from microbial respiration in the
soil. Differently, CH4 was found to be the dominant GHG contributor of a free-surface
CW installed in a university campus according to Bledsoe et al. [304]. This was linked to
highly flooded conditions which promoted an oxygen-free environment, a low availability
of NO3

− suppressing methanogenesis and the availability of organic carbon. With regard
to nutrient leaching from the bioretention cells studied by McPhillips et al. [219], NO3

−

concentrations increased from inflow to outflow, attributable to nitrification in bioretention
soil starting from inflow NH4

+ and organic nitrogen as well as from nitrogen in the added
compost. Due to the high presence of phosphorus in the bioretention soil still linked to
the amendment, high rate leaching of soluble reactive phosphorus occurred as well [219].
Indeed, the study by McPhillips et al. [219] highlights important aspects of sustainability
for stormwater management infrastructures to be considered: while treating and managing
stormwaters and avoiding floods and the related environmental risks, precautions in terms
of nutrient content in amendments used for bioretention should be taken into account.
Findings on TP and PO4

3− from different green stormwater management infrastructures
in a university campus by Poor et al. [225] are in line with this. However, an innovative
amendment with freeze-thaw cycling processed residuals from a drinking water treatment
plant using polyalumonium chloride was implemented in bioretention cells at the Uni-
versity of Vermont (USA) [198,330]. Compared against bioretention cells amended with
low-P compost, the drinking water treatment residual (DWTR)-amended bioretention cells
showed better removal capabilities on soluble phosphorus, indicating improved phos-
phorus sorption with the DWTR amendment [198], while nitrogen removal changes were
not significant [330]. Furthermore, analyzing their performance over a long period, the
conventionally amended cells showed much faster phosphorus saturation compared to
DWTR-amended cells. Particulate and dissolved organic phosphorus were also removed
with higher efficiency by DWTR cells. Concerns regarding manganese and aluminum
leaching from DWTR-amended cells were addressed: while effluent manganese concen-
tration were below the detection limit, minor aluminum leachings occurred from all cells
and did not pose any threat to aquatic ecosystems [198]. Regarding heavy metal removal
over time, Poor et al. [225] found improved removal of zinc and copper as the age of the
green infrastructures being analyzed progressed. The issue of heavy metal accumulation in
green infrastructures at university campuses was thoroughly evaluated, highlighting long-
term drawbacks of green technologies and their potential threat to surrounding soil and
groundwater [137,206,211]. A bioretention cell at University of Maryland Campus (USA)
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showed good removal capabilities of particulate-bound copper and zinc (82% and 83%,
respectively) but was not as effective at removing the same metals in dissolved form [205].
The same green system showed good removal of polychlorinated biphenyls (82–85%),
persistent organic compounds posing particular health threats to both aquatic and human
life [202]. Yuan et al. [236] analyzed the dynamics of PAHs in bioretention cells receiving
stormwater runoff from a university campus parking lot and road. The analysis suggested
special maintenance measures considering the higher degree of accumulation of PAHs in
layers below the surface. In other university campuses green stormwater infrastructure
soils were found to potentially pose environmental/health threats by spreading antibiotic
resistance genes via co-selection by metal(loid)s typically present in stormwaters and tend-
ing to accumulate in bioretention systems [214]. Flynn and Traver [207] highlighted further
aspects that could undermine sustainable stormwater management related to construction,
operation and decommissioning. Shi et al. [231] highlighted the issue of mosquito breeding
in a university campus rain garden in China due to the high humidity environment. This
poses a few challenges to people passing by the rain garden that can be overcome by opting
for mosquito repellening plants during their implementation.

Besides green and infiltration systems, storage systems and permeable pavements
have also been considered as treatment systems given their capabilities at reducing the
suspended solid and particulate compounds content of stormwaters through physical
processes such as either settling (typically in storage systems) [227] or filtration (typically
for permeable pavements) [331].

These experiences highlight the high level of analysis on the environmental sustainabil-
ity of stormwater management infrastructures in university campuses. This encompassed
not only the quality of stormwater released from these technologies but also the impact
of soil amendments in some of these technologies, the GHG emissions due to the bio-
logical processes occurring within, and the release and accumulation of contaminants
of emerging concern.

3.2.5. Reduction in Urban Runoffs

Reduction in runoff in urban cities is an important measure to prevent pollution of
surface water bodies by reducing the load of pollutants accumulated on urban surfaces
carried to these bodies of water. It also prevents flooding and reduces the risk of sewer
overflows, which could further contribute to pollution of surface water bodies due to
discharges of a variably large portion of untreated urban wastewater. Besides maximizing
the green covering of university campuses, the following practical measures to reduce
urban runoffs have been adopted by HEIs according to the literature:

- GRs [21,48,99,125,132,164,191,192,195,241,245–284],
- Stormwater infiltration systems [30,53,71,98–104,124,132,137,149,163,165,169,186,

191,195,197–200,202–217,219–221,223–226,228,229,231,232,234–239,241,243,264,301,
302,310–328,332–334],

- Stormwater storage systems [53,128,129,139,153,196,208,213,218,219,226,227,241,244,
305–309,329].

Stormwater infiltration and storage systems and GRs are measures that have already
been discussed in Section 3.2.4 as treatment technologies for rain and storm waters. Besides
their treatment properties essentially linked to their filtration working principle, GRs
retain rainwater fallen on building roofs and thus delay its discharge on urban surfaces,
thereby smoothing the peak flows of urban runoffs. Meanwhile stormwater infiltration
systems increase stormwater infiltration rate in the ground, thereby subtracting a portion of
stormwater from the runoff volume. Stormwater storage systems accumulate stormwater
intercepted from urban surfaces in dedicated volumes, thus subtracting stormwater from
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urban runoff. Another mechanism of runoff reduction exerted by GRs and vegetated
stormwater infiltration and storage systems is by evapotranspiration, namely the transport
of infiltrated water to the atmosphere due to direct evaporation and transpiration from
plants installed within the technology. It must be acknowledged, as can be deduced
from [335], GR positive contribution to water sustainability in university campuses may be
reduced by the need for irrigation of vegetation in some periods of the year. Being installed
on building rooftops, energy consumption may as well increase.

Regarding the application of GRs for runoff attenuation in university campuses,
while Nindyaputra Octarino and Wahono [336] talk about GRs as mere perspective op-
tions for campuses, other works on real GR installations have quantified the actual ef-
fect of existing GRs on runoffs [48,247,249,250,256,260,261,273,276,283]. More specifically,
Palermo et al. [48] analyzed an actual GR implementation in the University of Calabria
(Italy) located in a Mediterranean climate region. The analysis demonstrated the effective-
ness of the GR at reducing the risk of flooding by attenuating storm peaks. Over 62 rainfall
events, the subsurface runoff coefficient mean value was 50.4% (ranging between 17.5% and
83.3%), indicating that about half of the rain fallen on the GR was retained. In the same GR
case study, a mean peak flow reduction of 56% and a peak flow lag-time of 294.9 min were
recorded. Similarly positive results were achieved with the GR installed at a residential
building of Columbia University (USA) [261]. In that case, results were analyzed separately
for small rainfall events (<20 mm rainfall depth), medium events (20–40 mm rainfall depth)
and large events (>40 mm). Rainfall retention by the GR varied between 81 ± 26% for
small rainfall events and 25 ± 11% for large events, while peak flow reduction ranged
between 92 ± 14% for small events to 54 ± 12% for large events. Positive results were
achieved also with respect to the peak flow lag time. A similar analysis of GR performance
at two Canadian universities (Western University and University of Calgary) was carried
out by Sims et al. [273], considering as small rainfall events those with a rainfall depth
of less than 3 mm, as medium events those with a rainfall depth between 3 and 15 mm
and as large events those with a rainfall depth greater than 15 mm. Even according to this
different data grouping, runoff retention sensibly decreased as the depth of the rainfall
event increased ranging from 93.8 to 94.5% for small events to 42.8–58.5% for large events,
confirming anyhow the positive performance in runoff volume reduction by GRs. A further
confirmation can also be observed from the GR installed at the University of Auckland
(New Zealand) [256], who analyzed runoff reduction and peak flow at different seasons.
The lowest runoff reduction (66%) was recorded in winter where the number of rainfall
events was the largest, while the largest (92%) was recorded in summer where the number
of rainfall events was the smallest. Peak flow reduction followed the same trend ranging
from 87% reduction in winter to 98% in summer. Good performances in terms of runoff vol-
ume reduction were testified also in university campuses’ GR works by Carson et al. [249],
Cipolla et al. [250], Gong et al. [260], Speak et al. [276] and Yang et al. [283]. In the solar GR
installed at the Zurich University of Applied Science (Switzerland), runoff and peak flow
reduction were less when solar panels were installed [251]. In another university located
in a Mediterranean region, Cristiano et al. [252] evaluated the use of Crassulacean Acid
Metabolism vegetation for GRs which, contrary to other vegetation types typically used for
GRs, does not require maintenance or artificial irrigation. Even with this type of vegetation,
model results showed promising outcomes in terms of reducing the runoff caused by
extreme rainfall events, although GRs planted with C3-metabolism vegetation performed
better according to simulations. In addition, multilayer green-blue roofs—different from
the traditional GRs due to the inclusion of an additional layer underneath the soil layer,
enabling the storing of a larger amount of rainwater—were extensively tested for runoff
mitigation in four Italian universities by Cristiano et al. [21]. The innovative roofs exhibited
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better performances than traditional GRs at mitigating runoffs. Good results at reducing
runoff peaks were achieved during the implementation of a GR over a library building at
the University of Bologna (Italy) by Bonoli et al. [247] who observed a good storm peak
reduction. Specifically, considering two rainfall events with different maximum intensities
corresponding to 54 mm per hour and 18 mm per hour, peak flows were 0.24 and 0.14 L/s
from the impervious roof while only 0.02 and 0.5 L/s for the GR, respectively. Noteworthy
is the study on the use of a GR as covering of the roof catchment area delivering rainwa-
ter to a harvesting system in a university building, which was predicted to improve the
smoothing of stormwater runoff peaks but to contextually reduce the amount of stored
rainwater available for non-potable uses in university buildings due to increased retention
of rainwater in the catchment area [181].

Similarly to GRs, good capabilities at reducing runoff volumes and peak flows could
be observed from stormwater infiltration systems implemented in university campuses.
For instance, according to the experience by Geronimo et al. [209] the tree box filter imple-
mented for Kongju National University (Republic of Korea) was found to achieve 100%
runoff volume reduction when rainfall depth was below 4.5 mm and the runoff volume
was 0.06 m3. According to a more detailed data analysis, at events with rainfall depths
of less than 5 mm the filter was able to reduce runoff volume by 73%, for events with
rainfall depths between 5 and 10 mm the runoff reduction decreased to 52% and for events
with rainfall depths higher than 10 mm the runoff was reduced by 22% [209]. Similarly
good performances on runoff mitigation were achieved through the implementation of the
biphasic rain gardens described by Yang et al. [235]. More specifically, for rainfall events
with depths below 6 mm, those rain gardens were able to completely retain runoff. At
6–12 mm-deep rainfall events runoff volume was reduced by 59% and peak flow decreased
by 84%, while at rainfall events with depths larger than 12 mm the rain gardens reduced
runoff volumes by 54% and the peak flow by 88%. Lag times between the beginning of the
inflow into the rain garden and the first appearance of the effluent were 180 min for the
6–12 mm events and 80 min for the events with rainfall depths larger than 12 mm [235].
A similar performance in terms of peak flow reduction was achieved by the sand filter at
the main campus of the University of Texas in San Antonio (USA) [237]. Besides overall
runoff reduction, other performance parameters such as percolation ratio and evapotran-
spiration were considered for the bioretention cell case study by de Macedo et al. [165] at
the University of San Paulo (Brazil). In this case, runoff reduction widely ranged between
34 and 99% for selected events. Besides rainfall volume, this wide variation was ascribed to
the dry period prior to the rainfall event as well as to the soil moisture in the same period.
Evapotranspiration, proportional to solar radiation, was computed to be up to 0.2% of
the total precipitation and less than 1.5% of the influent flow rate. Finally, a model-based
performance evaluation of a variety of stormwater infiltration systems such as infiltration
basins, rain gardens, GRs and bioswales installed at the Belknap Campus, the University
of Louisville’s main campus (USA), was carried out by Li et al. [103]. The artificial neural
network model calibrated using real data revealed that runoff flow rate was reduced on
average by 33%, but this reduction largely varied between 0.5 and 79%, while peak flow
reduction was on average 61% but varied between 9 and 99%.

Among the permeable pavements case studies applied in university campuses, only
four emerged that carried out analyses about their capability at reducing runoff by
infiltration [310,311,332,334]. Specifically, Knappenberger et al. [310] compared the in-
filtration rate and the surface runoff reduction by maintained and unmaintained porous
asphalt over a 6-year observational period (i.e., from 2011 to 2016). It was found that over
time both unmaintained and maintained asphalts became increasingly clogged, which
resulted in a reduced infiltration rate. Noteworthy was the fact that the infiltration rate was



Water 2025, 17, 3526 28 of 64

lower in the maintained asphalt compared to the unmaintained asphalt. This suggested
improper maintenance practices that forced particulate matter deeper in the pavement had
taken place. Aside from the infiltration rate, surface runoff was reduced by at least 99.5%
with well-maintained porous asphalt and by at least 99% with unmaintained asphalt. A
strong reduction in stormwater peak flow resulted as well, testifying to the effectiveness
of porous asphalt as pervious pavements for runoff reduction, at the Washington State
University Puyallup campus (USA). Other performance results were obtained from four
pilot-scale pavements implemented at the parking lot in the main Tonji University cam-
pus (China) [311]. These pavements were: (a) an impervious concrete pavement; (b) two
permeable interlocking concrete pavements; and (c) an innovative permeable pavement
made with capillary columns and an internal water storage area with a polyethylene liner.
This resulted in a 96–96.5% runoff reduction for the two interlocking concrete pavements
and a 99.4% reduction for the innovative permeable pavement compared to the impervi-
ous pavement. An analysis on three selected rainfall events showed peak flow reduction
varying between 39.1% and 85.1% for one of the two interlocking concrete pavements,
between 16% and 81.3% for the other interlocking concrete pavement, and between 17.2%
and 100% for the innovative permeable pavement (excluding one event in the latter case).
Lag time to peak tended to be larger in the case of the innovative pavement than for the two
interlocking concrete pavements. It must be pointed out that the results by Liu et al. [311]
were achieved on pavements each extended only 6 m per 6 m. Finally, from the experience
by Merten et al. [322] pervious pavement was made by recycling construction waste, which
highlights the commitment to the circular economy by universities when carrying out
SWM measures.

3.2.6. Treatment and Reuse of University Campus Wastewaters

Treatment of university campus wastewater can occur in centralized facilities along
with other wastewater streams from the same agglomeration or nearby agglomerations
or in dedicated decentralized facilities. In the latter option, treatment has the potential to
enhance an HEI’s sustainability in the following cases:

(a) When the university campus is located in places where a connection to a sewer system
could result physically and/or economically unfeasible, by preventing the direct
discharge of wastewater pollutants into the environment [337],

(b) When the university campus is close to gardens and/or agricultural fields [338], by
increasing the chances for water reuse and resource recovery,

(c) When the centralized wastewater treatment plant eventually serving the university
campus along with other wastewater streams is under-sized, by reducing the pollutant
load to the same facility.

Furthermore, in a decentralized context, nature-based technologies requiring low en-
ergy and maintenance and promoting water reuse, such as CWs, soil infiltration and waste
stabilization ponds (WSPs) among others, can be more easily implemented, thus reducing
the indirect energy consumption of the HEIs linked to wastewater treatment, compared to
the use of more traditional treatment technologies [339–341]. To enhance further the HEI’s
sustainability by promoting resource circularity, some technologies typically adopted in
decentralized contexts, such as anaerobic baffled reactors (ABRs), anaerobic filters (AFs),
septic tanks (STs) and anaerobic membrane bioreactors (MBRs), are based on processes
which produce CH4 that can be used for energy production for HEIs, thereby reducing the
need for external sources [342–346].

The importance of HEIs’ wastewater treatment has also been largely acknowledged in
the literature. According to Liang et al. [347], secondary and tertiary treatments of HEIs’
wastewater were effective strategies for reducing the nitrogen footprint of an Australian
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university, projecting to remove up to 87% of the wastewater nitrogen. Along with wastew-
ater treatment, HEIs’ water reuse has been considered particularly important for HEIs’
sustainability by Arafat et al. [348], who included wastewater reuse as a relevant item
in the Green Pyramid Rating System for improvement in the rating system of Egyptian
universities’ sustainability. In particular, wastewater reuse was assigned a large weight
in the Water Efficiency category, contributing 25.8% in the same category and 4.9% to the
overall sustainability ranking system.

University campus wastewaters are characterized by peculiarly large fluctuations in
terms of both quantity and quality [49,349,350]. Flow rate variations follow the typical
seasonal and daily variations in teaching and research activities in university buildings,
with likely much lower flows during summer and winter vacation periods and much
larger flows during teaching periods [351]. Sport activities in university campuses ad-
ditionally impact flow rate patterns [349,350,352]. In terms of composition, it must be
considered that university campus wastewaters are a combination of wastewaters coming
not only from toilets and washbasins in university buildings and dormitories but also
from cafeterias, canteens and, more notably, laboratories. Indeed, laboratory wastewater
composition is strongly affected by the chemicals used during experiments, which makes it
a potential source of hazardous substances, especially when handled along with domestic
wastewater [352,353]. Contributions from laboratories may reduce the overall biodegrad-
ability of organic carbon in university wastewaters [49]. Grimah et al. [354] detected the
same low biodegradability in a university campus wastewater. An additional contribution
to university campus wastewaters is given by condensate water from air conditioning
systems, which is a stream that can be valued in light of circular economy principles [241].
From a couple of research works, university campus non-source-diverted wastewater
seems to be characterized by a low COD-to-TN ratio [355,356], although more confirma-
tions from other experiences are needed. With respect to water reuse from university
wastewater, Amare et al. [357] carried out a detailed study investigating the character-
istics of wastewater from a public university located in Ethiopia. It was found that the
concentrations of organic matter, nitrogen, phosphorus and heavy metals such as cobalt,
cadmium, iron and manganese were above the allowable limits for wastewater reuse in
agriculture. Based on this, ad hoc treatment solutions able to cope with these peculiari-
ties, making campus wastewater suitable for safe discharge in the environment and for
reuse purposes, not only within university campuses by helping to cope with their large
water needs [358] but also outside campus boundaries, could significantly enhance HEIs’
environmental sustainability.

Decentralized treatment of wastewater generated from university campuses—often
in light of water reuse—has been already implemented or proposed in several case
studies [34,44,49–52,71,73,182,299,347–353,355,357,359–395]. Among these studies, there
are those describing the treatment and eventual reuse for the entire amount of wastew-
ater generated in university campuses, while others present demonstrative pilot-scale
treatment plants receiving only a limited—yet non-negligible—portion of the university
campus population.

The reported treatment technologies for wastewaters from university campuses
adopted or included in projects for improved HEIs’ water sustainability in these works
vary largely. However, in most cases, campus wastewaters generally go through a train of
pre-treatment, primary treatment, secondary treatment, post-treatment and disinfection
prior to either discharge into a surface water body or being reused for various destinations,
as depicted in Figure 7.
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Figure 7. (a) Typical treatment flow of university campus wastewaters adopted according to the
literature and (b) reuse destinations of treated wastewater from university campuses.

As can be seen in Figure 7a, the following primary treatment technologies have been
adopted for university campus wastewaters:

- Primary settlers [55,73,365,367,370,374,375,380,384];
- STs [51,71,352,359,369,379,385,386,396–398];
- ABRs [73,350,359,363,387,397];
- AFs [359,382,383,397];
- Anaerobic waste stabilization ponds [372];
- Anaerobic digester [387];
- Upflow Anaerobic Sludge Blanket (UASB) reactors [44,351,366,371,388], combined with

a membrane reactor [389];
- Mechanical filter [394];
- Flotation-aggregate separator [394].

The secondary treatment technologies adopted for university campus wastewaters
according to the literature are as follows:

- Trickling filters [375,388];
- Activated sludge (AS) processes according to conventional and advanced configurations

such as extended-aeration, anaerobic/anoxic/oxic and anaerobic/oxic, coupled with oxic-
settling-anoxic/anaerobic (OSA) process [34,50,349,355,362,364,370,375,381,384,390–393];

- Multi-soil layering system, according to vertical and horizontal configurations [385];
- CWs, according to:
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(a) Vertical subsurface configuration [359,363,365,366,388,397],
(b) Horizontal subsurface configuration [51,350,352,353,363,365,366,368,369,373,379,388,393];

- Waste stabilization ponds (WSPs) such as:

(a) High-rate algal ponds (HRAPs) [353,399,400], also in combination with Oxylag
reactor [49],

(b) Facultative ponds [353,367,379,398],
(c) Aerated ponds [378];

- High-rate attached biomass systems such as Moving Bed Biofilm Reactors (MB-
BRs) [374] and Integrated Fixed-film Activated Sludge (IFAS) systems [401];

- Aerobic baffled reactor [380];
- MBR for:

(a) Ultrafiltration [50,73,370,389],
(b) Microfiltration [364,381],
(c) Unspecified filtration [355];

- Biofiltration [55,351], among which aerated biofiltration [44] and combined anaerobic-
facultative-aerobic biofiltration [394];

- Vermifilter [402];
- Wastewater fertigated Short Rotation Coppice systems (wfSRC) [403].

In some cases, the following post-treatment technologies—some of which have disin-
fection purposes—were adopted:

- Sand filters [73,370,383,391,394];
- Activated carbon for adsorption [370,391];
- Reverse osmosis [370];
- Ozonation [391];
- Free surface CWs [394];
- Maturation WSPs [367,379,394,398];
- Chlorination [44,73,364,370,375,378,391,394,395];
- UV irradiation [73,349,366,388,392,393];
- Anodic oxidation (AO) [366,373,388].

After going through the treatment train, HEIs’ wastewater is reportedly reused or
prospected to be so for the following destinations:

- Irrigation of:

(a) Green areas [50,51,73,156,299,359,360,363,364,366,368,381,391,394,395,397,404,405],
(b) Greenhouses [50,52,387,395,406],
(c) Cropped lands [299,366,370],
(d) Experimental agricultural fields [50,403],
(e) Forest lands [299],
(f) Botanical gardens [394],
(g) Indoor plants [407];

- Toilet and urinal flushing [156,194,359,364,366,397,408];
- Ground maintenance [73];
- Construction [391];
- Washing activities [391], such as road washing (dust control) [364];
- Lake replenishment [223,364,368];
- Aquaculture [366];
- Research purposes (e.g., concrete laboratory) [409];
- Hydropower generation [394];
- Groundwater recharge [403].
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Among the wastewater treatment experiences, Masri [71] incorporated the implemen-
tation of STs in the environmental management plan for the Cibiru UPI Campus, Bandung
(Indonesia). Other case studies implemented STs for campus wastewater treatment. It must
be pointed out that STs alone only partially treat wastewaters. As a matter of fact, STs
are capable at removing up to 50% of organic biodegradable from influent wastewaters,
while no sufficient reduction in pathogenic content can be achieved [410], thus providing
no meaningful asset for water reuse when used alone [411]. Hence, the solution proposed
by Masri [71] contributes to HEI’s sustainability in a limited manner. On the other hand,
in the experience by Masi et al. [359] detailed in Sagar et al. [397], with the aim of water
reuse for campus garden irrigation, domestic wastewater from the College of Engineering
of Pune (India) was treated with more extensive treatments including a two-chamber ST,
followed by an ABR and an AF in series, whose effluent was then carried to a system of
three vertical subsurface CWs in parallel [397], as depicted in Figure 8. Vertical CWs were
preferred over horizontal CWs in virtue of the lower surface occupation [412].

Figure 8. Treatment train of domestic wastewater treatment from the College of Engineering of Pune
(India) by Masi et al. [359].

In the same campus, without anaerobic primary treatments given the different compo-
sition, source-diverted greywater was treated in a system of two vertical subsurface CWs
in parallel, which enabled its reuse for toilet flushing and gardening [359,397]. In both
domestic and grey water cases by Masi et al. [359], the high disinfection potential of CWs
was employed to enable safe water reuse [413–416]. Blackwater from the same context was
treated in an ST before being discharged in a sewer system for treatment in a centralized
facility [397]. Although the experience by Masi et al. [359] enhanced the environmental
sustainability of the university campus, further improvements of the interventions could
have entailed the collection of biogas from the anaerobic systems, such as the ST, the ABR
and AF and the energy production thereby, instead of venting CH4 in the atmosphere which
would otherwise increase systems’ carbon footprint [345]. CH4 production is expected to
be significant for energy production especially in both ABRs and AFs where anaerobic
processes occur more extensively than in STs [342–344]. In other university campus case
studies, UASB systems were used for primary treatment [44,351,366,371,388,389], providing
more chances for biogas collection and energy production.

Testifying to the preferred adoption of NbSs for the decentralized treatment of univer-
sity wastewater, CWs and WSPs seem to be predominantly used as a secondary treatment
for university campus wastewater. Among the WSPs, HRAPs have been promoted in virtue
of the higher chances of nutrient recovery they offer compared to traditional facultative and
maturation stabilization ponds [49,400], which could represent a significant contribution
to HEIs’ environmental sustainability. Nevertheless, energy consumption in the HRAP
configuration, where the pond is combined with an Oxylag tank for separate oxygen supply
typically through air or oxygen blowers as in Keffala et al. [49], is not negligible. Similarly,
non-negligible is the energy consumption in the various AS configurations adopted in
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several university case studies [34,50,349,355,362,364,370,375,381,384,390–393]. One typical
example of AS treatment is the case of Pennsylvania State University (USA) where 50%
of the collected campus wastewater undergoes AS treatment, 25% is carried to an anoxic
tank for denitrification and the remaining 25% is treated in a trickling filter [375]. After
chlorination, the treated effluent is used to irrigate cropped, grassed and forested lands
nearby [299]. Although AS treatments may result less sustainable than nature-based and
anaerobic treatment solutions, the employment of renewable energy and operational control
could improve the sustainability of AS systems by reducing CO2 emissions due to energy
consumption and by promoting nutrient recovery. A practical application of university
campus treatment self-sustained with renewable energy is provided by Anker et al. [394],
where a biofiltration-based WWTP is attempted to run on locally produced solar energy.
Issues regarding energy demand coverage by solar power occurred especially during the
peak energy demand between 20:00 and 21:00 where solar radiation is no longer available.
Besides energy for wastewater treatment, Anker et al. [394] highlights the additional energy
requirements for pumping treated wastewater to irrigation fields located at higher positions.
Innovatively, compared to other university wastewater reuse case studies, treated wastewa-
ter in the case study by Anker et al. [394] is reused not only for irrigation of landscapes and
a botanical garden but also for hydropower generation, hence partial recovery of energy is
expected to be achieved. Another innovatively remarkable reuse application is the employ-
ment of treated wastewater to irrigate plants used for indoor air quality improvement [407].
Notably, some university campus WWTP case studies have been contributing to circular
economy principles not only through water reuse, but also through the production of mate-
rials usable outside of the campus’ boundaries such as duckweed from the CW in Roman
and Brennan [393], microalgae from the HRAP by Morillas-España et al. [400], bioplastics
from polyhydroxyalcanoates produced during the OSA process by Mannina et al. [50] and
biomass from the wfSRC by Hänel et al. [403].

Among the technological choices for campus wastewater treatment, there emerges
the interest by some universities in adopting sustainable disinfection methods. Although
disinfection is an essential treatment enabling safe water reuse [411], sustainability of disin-
fection itself must also be considered. In case of Álvarez et al. [366] and Mishra et al. [373],
an AO system was employed to disinfect university wastewater. Through the AO process,
wastewater is first filtered to then be electrolyzed to produce free chlorine starting from
the chloride naturally present in the wastewater itself. This way, no external disinfectant is
needed, which makes the AO process more sustainable under not only an environmental
but also an economic perspective. To enhance further the sustainability of this disinfection
method, in both case studies by Álvarez et al. [366] and Mishra et al. [373] the energy
required was provided through solar panels. The AO treatment was proven to be effective
at making wastewater safe for irrigational reuse.

From the literature, the reuse of condensate water coming from air conditioning
systems for university campus buildings has emerged. This has been the case of Strybos
and Lanford [233], where this flux of wastewater is input in an artificial lake in the campus
to then be reused along with stormwater runoff for landscape irrigation. In a university case
study, condensate water was filtrated in the soil underneath a campus green space along
with roof runoff and infiltrated in a reservoir [241]. Deng et al. [417] prospected the recycle
of condensate water for university needs such as toilet flushing. Another perspective on
condensate water from air conditioning from a Jordanian university promoted its reuse for
purposes such as cleaning, drinking and green space irrigation [418].

With regard to the long-term effect of irrigational wastewater reuse by HEIs, thanks
to its widespread adoption in university campuses [50,52,299,366,370], some extensive
long-term research has been carried out. The study by Al-Busaidi et al. [361] targeted
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treated wastewater coming from government sewage treatment plants. Specifically,
Al-Busaidi et al. [361] analyzed the partitioning of a selected set of heavy metals among
date fruits, date palms and soil located at Sultan Qaboos University (Oman) where treated
wastewater was reused. This was investigated in virtue of the fact that, compared to
traditional groundwater, wastewater from domestic sources is more prone to contain a
wide variety of heavy metals which can accumulate in soil, plant and fruit. From this
analysis, it was found that the reuse of the treated wastewater led to heavy metal accu-
mulation in university campus soils, but inconsistent results were found with respect to
the accumulation of heavy metals in plants. Higher concentrations of iron, zinc and nickel
were found in date fruits from plants irrigated with treated wastewater compared to the
fruits from plants irrigated with groundwater, while other metals such as copper, cadmium,
lead and boron were found in lower concentrations. Balengayabo et al. [387] monitored
heavy metal accumulation in the soil of the experimental agricultural field irrigated with
primary treated wastewater at Ardhi University (Tanzania). It was found that irrigation
with reclaimed wastewater after three farming cycles slightly increased zinc and nickel
content, moderately contaminated the soil with copper and raised significantly the concen-
tration of chromium. Thanks to the long-term commitment on water reuse by Pennsylvania
State University (USA), several studies could be conducted to elucidate the effects of the
presence of Pharmaceutical and Personal Care Products (PPCPs), per- and polyfluoroalkyl
substances, Antimicrobial Resistance and of other parameters on soil, groundwater and
crops where treated university wastewater was reused [299,375–377,406,419]. It was found
that long term water reuse led to the following: sodium adsorption ratio and electrical
conductivity increase in soil [377], antibiotic content increase in soil [376], antibiotic contam-
ination of groundwater [376], more generic PPCPs groundwater contamination in forested
and agricultural lands [375] and accumulation of antibiotic and antiepileptic compounds in
both wheat plants and grains [299]. While pointing out these issues, authors have high-
lighted the fact that water reuse prevents PPCPs from direct discharge in freshwater bodies
allowing soil to act as a filter, thereby preventing the free diffusion of these chemicals
in the environment [375]. Indeed, examining the long-term side-effects of water reuse
from domestic sources is an important task within the framework of sustainable water
management by HEIs.

3.2.7. Groundwater Monitoring

Effective groundwater monitoring is crucial to assess resource availability, poten-
tial contamination risks and recharge capacities [74,420–426]. It is important to highlight
that, in line with the qualitative and quantitative regulatory standards in force, rain and
storm waters can be used to regenerate groundwater, especially during drought periods.
In this context, groundwater monitoring can detect water scarcity issues soliciting the
adoption of water reuse measures from alternative sources such as rainwater, stormwater
and wastewater [427]. For instance, Franklin et al. [419] at Pennsylvania State Univer-
sity (USA) showed that long-term irrigation with treated effluent led to the persistence
of antimicrobial-resistance genes in soils down up to 80 cm depth, indicating the need,
within groundwater monitoring frameworks, to include also emerging contaminants such
as antibiotic resistance indicators. The monitoring of the groundwater table can also
support the performance assessment of infiltration capacity by green infrastructures de-
ployed in university campuses. In this perspective, O’Leary et al. [243] at Wayne State
University (Detroit, USA) implemented a distributed, low-cost groundwater monitoring
network designed to be installed and operated with the involvement of local residents.
This community-integrated system was deployed around green stormwater infrastructures
to capture groundwater responses at high spatial resolution, revealing localized increases
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in the hydraulic head near the installations and modest variations in nutrient and coliform
concentrations. Similarly, Welker et al. [428] at Villanova University (USA) quantified water
partitioning in unlined rain gardens, showing that a large fraction of infiltrated water is
lost to evapotranspiration for most storms, meaning groundwater recharge is often lower
than assumed and emphasizing the need to measure actual infiltration to evaluate green
infrastructure performance. The effectiveness at recharging the groundwater of a buffer
basin at the Arenberg III campus of KU Leven was demonstrated through a calibrated
model using real groundwater level data by [195].

To quantitatively assess the availability of groundwater resources, Said and Anees [429]
demonstrated how geospatial and analytical hierarchy process techniques could be used
to delineate groundwater exploitation potential zones on the Aligarh Muslim University
campus (India). The results indicated that nearly half of the study area exhibited extended
areas with moderate to poor groundwater recharge potential, emphasizing the urgent need
for conservation measures. Said and Anees [429] proposed implementing SWH through
recharge wells and percolation tanks as a remedial strategy, highlighting how such practices
can directly enhance groundwater reserves while addressing resource scarcity. Similarly,
Moges and Dinka [430] assessed groundwater vulnerability in the Limpopo River Basin
using the GIS-based DRASTIC index by Aller et al. [431], identifying areas at high risk of
contamination due to both natural and anthropogenic activities. One of these areas was
the Doornfontein Campus, part of the University of Johannesburg (South Africa), where
groundwater was found to be highly vulnerable to contamination, primarily due to shallow
water tables and urbanization. This underscores the importance of integrating groundwater
monitoring systems within campus water management plans, where in-campus activities
may inadvertently contribute to contamination, as reported also in other studies [432]. In
the same direction, Alemu et al. [433] evaluated groundwater quality at the main campus
of Hawassa University (Ethiopia), identifying widespread chemical exceedances, includ-
ing fluoride, organic load and bicarbonate. Their findings highlight the need to ensure
watertight septic and sewerage systems and to enhance groundwater recharge through
gravel-packed soak pits inside the campus.

Monitoring groundwater levels is also essential for assessing the potential reactivation
and evolution of landslides that may occur within university campuses, posing risks to
buildings and laboratories, as observed at Abd Arahmane Mira University in Algeria [434].

Endyana et al. [435] documented the initiatives undertaken by Universitas Padjadjaran
(Indonesia) in water resource management, aligning with the SDGs. Their efforts in ground-
water management began with detailed studies of aquifer characteristics, recharge zones and
water movement to identify critical conservation areas. The insights achieved were used
to schedule a groundwater conservation master plan, which guided the implementation of
infiltration wells, bio-pore systems and artificial ponds. Also, Ali et al. [436] emphasized the
significance of university campuses as experimental sites for groundwater monitoring.

3.2.8. Sustainable Water Supply

With regard to the sustainable supply of water to university campuses, the following
measures were reportedly taken according to the literature:

(1) Upgrading of water appliances with water-saving appliances [302], such as:

- Low, ultralow, waterless and/or dual flush toilets [44,78,88,175,187,199,437–441],
- Reduced-discharge flush, waterless and/or automatic sensor urinals [194,439,441],
- Efficient, self-closing, compressed air and/or automatic-sensor-equipped taps in

washbasins [7,44,64,187,199,439,441],
- Automatic drinking water taps [44],
- Water-efficient bidet sprays [64],
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- Water-efficient kitchen faucets [64],
- Low-flow, aerated and/or flow-reduced showerheads [44,78,199,439],
- Water-efficient washing machines [78];

(2) Use of renewable energy to produce hot water [52] and for the production of drinking
water [60,442];

(3) Implementation of sustainable plumbing systems [443];
(4) Adoption of sustainable irrigation strategies through the adoption of resistant plants

and the implementation of algorithms for smart water supply [199,241,444–448].

In the case study on a Green Gown Award winning building of Newcastle University
(United Kingdom) by Zang et al. [88], conventional toilets were estimated to consume 71%
of the total water consumption of the university building; this percentage was computed
excluding the consumption of non-potable water for the laboratory facility within the same
building. This led to expecting large water savings when some conventional toilets were
replaced by ultralow flush toilets. Nevertheless, for reasons essentially linked to a low
social acceptance of the novel toilet technology by attending people, actual water savings
achieved when implementing ultralow flush toilets were estimated to be much lower (only
28% of the expected saving) but still significant. In another study by Moatassem et al. [438],
in support of the economic feasibility of the implementation of water-efficient appliances, a
complex optimization model was developed to aid decision-making for the implementation
of water fixtures entailing low flush toilets at minimum costs. Indeed, an important
aspect to consider when improving water sustainability in university buildings is the cost
associated with upgrading appliances with more efficient ones. With regard to reduction
in water consumption in washbasins, Torrijos et al. [7] intervened in 26 university centres
by implementing aerators in 16% of taps and by adjusting valves in 33.5% of taps. These
interventions yielded a reduction in the average flow rate of 42%, while in the university’s
total water consumption the reduction was 4.5%. In the case of the study at the Mehran
University of Engineering and Technology Jamshoro (Pakistan), replacement of water
fixtures with more efficient ones was predicted to yield to 1.05 per capita m3 savings
of water or 33–34% in total water consumption [64]. Rodrigues et al. [439] measured
actual savings in water consumption following the implementation of various measures
to improve water efficiencies in various appliances such as toilets, urinals, showerheads
and taps at Aveiro University (Portugal) and estimated a 37% of water savings. The
implementation of ultralow flush toilets at the University of Exeter (United Kingdom) led
to a median monthly water consumption reduction between 16% and 62%, which was
remarkable [440]. However, a low risk of drainage system blockage was detected especially
in those cases (i.e., ladies’ washrooms) where water-based urinals were not present. The
repercussion on wastewater treatment performance remains unexplored, especially in the
case of onsite treatment, where a more concentrated wastewater is to be handled. The
waterless urinals installed at McMaster University (Canada) encountered blockage issues
linked to the formation of mineral precipitates from urine [194]. A waterless toilet was
installed in a building at the University of British Columbia (Canada), which enabled
composting and thus contributed effectively to resource recovery [437].

Another sustainability aspect linked to water supply in HEIs is the related consump-
tion of energy and derived greenhouse gas emissions, concepts already considered by HEIs
when dealing with water consumption (Section 3.2.1), rainwater treatment (Section 3.2.4)
and wastewater treatment (Section 3.2.6). With respect to this, Bahho and Vale [52] imple-
mented a project to improve HEIs’ sustainability including a solar system to produce hot
water, which would reduce the carbon footprint of the water distribution system, whereas
Bdour et al. [60,442] employed solar energy for a brackish water desalination plant located
at Hashemite University (Jordan). In addition, reducing the amount of water demands
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from showerheads generally implies reducing energy consumption and CO2 emissions for
water heating, which has been reported at the University of Cape Town (South Africa) by
Moghayedi et al. [78].

Nestmann et al. [443] improved the sustainability of a water plumbing system at the
campus of Gadjah Mada University (Indonesia) through the following:

(a) Installing a reverse-driven centrifugal pump—otherwise known as Pump as Turbine—for
water supply, which contextually produces energy from the gravitational flow of sup-
plied water; such produced energy can then be used to pump water at various outlets
in the building,

(b) Implementing wood stave pipelines, which makes the water supply system more
sustainable given the low-energy material employed, especially if wood is obtained
from local forests, compared to steel.

These two measures mitigate the negative environmental impact of water consumption
in HEIs by reducing the indirect energy consumption of the plumbing system, representing
important assets for the university’s environmental sustainability.

Sustainable irrigation seeks to optimize water use for irrigational purposes while
minimizing environmental impact and energy consumption. In the context of univer-
sity campuses, this concept holds particular significance as extensive green spaces and
agricultural and greenhouse projects in university campuses need to be managed. By imple-
menting smart irrigation systems, campuses exemplify how innovative water management
practices can address environmental challenges while fostering a culture of sustainability
within and beyond academic settings [449,450].

A few experiences on the implementation of sustainable irrigation framework in uni-
versity campuses have emerged from the literature. The Botanical Garden of the University
of Coimbra (Portugal) illustrated how utilizing natural water sources, such as spring water,
can drastically reduce reliance on purified public water supplies, which are more expen-
sive and less sustainable for plant irrigation, particularly during dry periods [444]. The
integration of spring water not only lowered costs but also supported aquifer recharge,
emphasizing the importance of harmonizing water use with ecological processes.

Innovative technological advancements further highlight the possibilities of sustain-
ably providing water for irrigational purposes in university campuses. For instance,
Navarro-Gonzàlez et al. [445] developed an irrigation scheduling algorithm powered
by photovoltaic energy, specifically designed to optimize water delivery in pressurized
networks. Tested at the University of Alicante (Spain), this system synchronized water
pumping with solar energy availability, reducing energy consumption and greenhouse
gas emissions. The results—indicating a 21.74% reduction in energy use and notable CO2

savings—demonstrate how renewable energy can integrate irrigation technologies to create
sustainable, self-sufficient systems, showcasing the synergy between renewable energy and
efficient water management practices. Considering weather conditions and soil moisture
levels when optimizing irrigational water has been a practice at the University of California
(USA) [199]. A smart IoT irrigation system, where irrigation water is automatically sup-
plied based on data of soil temperature, soil moisture and air temperature, was tested in a
small portion of a university campus green area by Froiz-Míguez et al. [448]. In another
university campus, the implementation of an algorithm regulating opening and closing
of valves led to significant energy savings (0.065 kWh/m3) in a university campus [451].
Sánchez-Sutil and Cano-Ortega [452] proposed another algorithm for university campus
landscape irrigation based not only on temperature and soil moisture data but also on
rainfall probability data. Similarly, Fortes et al. [83] implemented an IoT system to control
the irrigation of a university campus based on data from sensors about soil moisture, soil
temperature and other physicochemical soil parameters.
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The implementation of efficient irrigation measures in university campuses extend
beyond resource optimization to address broader challenges such as land use and climate
change. Research at the Federal University of Technology at Akure in Nigeria, employing
remote sensing techniques, demonstrated that shifts in land use—such as the expansion
of built-up areas at the expense of vegetation—exacerbate drought conditions and reduce
agricultural resilience [446]. By implementing strategies such as mixed cropping systems,
land restoration and prioritizing drought-resistant crops, the university highlighted how
such practices ensure the long-term availability of arable land, enhance soil health and
fertility, conserve natural resources and mitigate climate change impacts. Another in-
teresting initiative was presented by Ismaeil and Sobaih [447] who underlined how the
xeriscaping method, namely a landscaping method that reduces the need for irrigation
by using drought-resistant plants and water, is effective for reducing water consumption
in university campuses located in arid lands. By adopting this measure, Ismaeil and
Sobaih [447] achieved an average 41% reduction in water usage at King Faisal University
(Saudi Arabia). Drought-tolerant plants were implemented also at the Cairo University
campus [441]. Volo et al. [453] developed and calibrated a model based on soil moisture
data to compare xeric with mesic landscaping. Some of the data came from xeric and
mesic landscapes at Arizona State University Polytechnic Campus. In the latter case where
turf and shade trees were used, soil showed a large storage capacity and plants were
less impacted by water stress than xeric landscaping. Indeed, this highlights the fact that
xeric landscaping requires more irrigation scheduling than mesic landscaping. Another
water-saving measure that can reduce the amount of irrigational water consists of planting
trees, which reduced evapotranspiration by shading as data from university campuses
suggested [454].

Besides using resistant plants [241], drip irrigation has been selected to avoid water
wastages during campus irrigation [199].

In summary, all these experiences provide a broad vision of the approach to sustainable
water supply in HEIs, aiming not only at optimizing water consumptions in relation to
actual needs but also by considering the indirect environmental impacts that the provision
of water can have in terms of energy consumption and greenhouse gas emissions [455].

3.3. Summary of Key Findings and Critical Considerations

The present literature review has enabled an overview of the advancement towards
SWM in university campuses by HEIs. A wide spectrum of diverse SWM measures
involving rainwater, stormwater and wastewater that are contributing to the achievement of
two sustainability milestones—water conservation and prevention of water pollution—was
identified. Monitoring of consumed water, rainwater and stormwater has represented
a key element contributing to the decision-making, implementation and performance
verification of these measures. Specifically, detailed monitoring of rain and storm water
quality as well as consumed water in university campuses has been carried out, thereby
enabling understanding the level of purification needed for rain and storm waters as well
as achieving a detailed picture of water consumption patterns in university buildings
for planning proper actions and leakage detection. On one side, the wide spectrum of
SWM measures identified in this work demonstrates the extensive engagement of HEIs
towards improving the environmental sustainability of university campuses and, on the
other side, provides a detailed benchmark for worldwide HEIs to improve their SWM. In
addition, the review highlighted the importance of implementing these SWM measures
considering their contribution not only to water sustainability but also to other important
environmental sustainability aspects such as energy consumption and GHG emissions.
In light of this, the employment of low-impact technologies, including NbSs, such as
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GRs, CWs, WSPs and rain gardens, has been widespread in several university campuses
for the management of rain, storm and waste waters. This has enabled achieving water
sustainability in HEIs while minimizing indirect negative impacts such as increased energy
consumption and GHG emissions and in some cases contributing to resource recovery.
However, the employment of such SWM solutions is not completely exempt from emitting
GHGs produced from various biological processes [210,456]. Additionally, the employment
of sustainable disinfection methods such as Moringa oleifera for rainwaters and AO for
wastewaters has been detected. To advance further SWM in university campuses, the
use of renewable energy for drinking water production and supply and for wastewater
treatment, representing an important contribution to the mitigation of indirect water
exploitation effect in university campuses, should be adopted as carried out in a few of the
case studies. The literature presented in this work also highlighted some drawbacks related
to some SWM measures that should be considered during decision-making, such as the
accumulation of PPCPs in groundwater where university campus treated wastewaters were
used for irrigation, the release of pollutants from the amendment of NbSs such as GRs and
bioretention cells or the scarce social acceptance of some water-efficient appliances such as
ultralow flush toilets among many others. GRs, while effective at reducing urban runoff and
peak flow and at thermically insulating buildings, need to be periodically irrigated and this
may increase the water consumption of universities. These literature trends indicate what
measures among those comprehensively identified should be prioritized by considering
not only their effectiveness at improving SWM but also their indirect adverse impact on
university sustainability in terms of energy consumption and greenhouse gas emissions
and their drawbacks.

Other important factors that can impact the decision of SWM measures is the cost–
benefit trade-off, which is case-specific to the economy of the country where the campus is
located and to the money allocated for HEIs’ sustainability, and the expected effectiveness
of the various measures in terms of water conservation and water pollution prevention,
which are dependent on context-specific environmental factors such as the rainfall regime,
the weather, the characterization of rain, storm and waste water, the occupational surface
of the campus and the amount of people living therein, among several others.

Considering the location of the documented implementation of measures identified
through this review, a few geography-related trends could be identified. Specifically,
the implementation of stormwater management technologies for harvesting, reuse and
treatment is frequently documented at university campuses located in the USA and China,
while fewer contributions come from Australia, Indonesia and Malaysia. Negligible or
no documented applications of stormwater management practices come from universities
in Africa, the Middle East and Europe, apart from the case of GRs which have been
documented frequently in Italian universities at a pilot-scale level and the stormwater
management measures at a campus of KU Leven in Belgium. With regard to rainwater
harvesting and reuse, more frequently documented measures are implemented in India
and China and slightly less frequently in the USA. Regarding decentralized treatment of
university campuses’ wastewater, frequently documented measures from the literature
come from India, Brazil and China, while fewer cases but still frequently researched are
from USA, such as the Living Filter serving the Pennsylvania State University. A few
cases of decentralized wastewater treatment of university campuses were reported also
for Tanzania, Nigeria and Spain. Reuse of wastewater treated onsite has been frequently
documented at university campuses in India and China, although other relevant case
studies could be identified in other universities such as the University of Palermo (Italy)
and a dormitory of the University of Ariel (Israel). In general, Europe and Africa are the
continents with least documentation on SWM in university campuses while USA and
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China are the two countries with the most frequently documented experiences. Non-
negligible contributions are from Brazil and India as well, although these two have not
frequently reported on stormwater management. It must be considered that the amount
of documented SWM measures implemented at university campuses in various countries
does not necessarily represent the actual distribution of all SWM measures in worldwide
campuses since not all implemented measures have been subjects of research reporting.
Furthermore, other trends based on campus size in terms of occupational surfaces and
population could not be evaluated due to the lack of consistent information in the literature.

Regarding the research gaps in the field, a common critical trend could be identified:
in several cases the aim of the implementation of SWM measures revealed during this
review was not to directly improve sustainability in HEIs. Rather, adopting the wording by
Parker et al. [57], university campuses were often used as “testing labs” for the evaluation
of pilot- or full-scale technologies dealing with rain, storm and waste waters, while the
overall impact on university campus’s water sustainability was neglected. This occurred
due to the fact that the implementation of several SWM measures regarded only limited
portions of university campuses, rather than the entire university campuses. Consequently,
a lack of structured approaches to improve university campuses’ overall water sustainability
emerged from the literature and more studies focused on the environmental sustainability
and the overall water cycle of university campuses should be conducted for effective
improvement of higher education sustainability. Sustainability indicators comprehensively
considering the overall sustainability of measures for rain, storm and waste waters and
reliably assessing their environmental assets and drawbacks as well as their cost–benefit
balance should be developed to drive decision-making on SWM in university campuses.

A qualitative approach to maximize SWM in university campuses could follow the
scheme proposed in Figure 9. As depicted, water fluxes to maximize are those related to
rain, storm and waste water reuse for university campuses’ internal needs and ground-
water recharge and wastewater reuse for external purposes, while fluxes to minimize are
groundwater and surface water extractions and, consequent to the reduced employment of
waters, wastewater production. Regarding water fluxes to surface water bodies, these are
to be minimized in case of first rain flushes in order to avoid contamination of the same
bodies with pollutants present on campuses’ urban surface.

In addition to the criticalities linked to the lack of structured consideration of water
sustainability in campuses, by considering qualitatively the number of papers emerged
to focus on each of the core actions listed in Section 3.1, it can be noted that the most
frequently researched measures contributing to SWM in university campuses have been the
monitoring of the amount of consumed water in university campuses, the monitoring of
university rainwater quality and the treatment for university rain, storm and waste waters.
A fair degree of investigation has been carried out for the reduction in urban runoffs on
university campuses’ surfaces; however, only a limited amount of research has emerged
on permeable pavements applied on campuses’ surfaces. Limited investigations were
conducted on the monitoring of the quality of consumed water and stormwater, of the rain
and storm water quantity and on sustainable water supply. Wastewater resource recovery
measures involving CH4 exploitation from anaerobic technologies and nutrient valorisation
through water reuse were not centrally considered in the research on university campuses.
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Figure 9. Scheme of water uses and water fluxes to maximize and minimize to achieve sustainable
water management in university campuses.

Besides those actions mitigating a posteriori the negative effect of university campuses
on water resources, there are others that could be implemented as prevention measures
but not found during the current literature review. More specifically, for the prevention
of source pollution, which entails avoiding the introduction of pollutants into water, the
following measures can be adopted in university campuses:

• Measures minimizing the release of micropollutants in wastewater. With the objective of
preventing pollution due to release of contaminated water from university campuses,
one topic that did not emerge from this review is the issue of micropollutant release
through HEIs’ wastewater in the environment. Among the typical micropollutants
released in wastewater that can be input into the water cycle through the human
usage of PPCPs, such as detergents for the cleaning of toilets and other washroom
accessories as well as soaps used for personal hygiene, there are several molecules
that are persistent and therefore cannot be removed from wastewater through conven-
tional treatment technologies, nor undergo significant degradation in the environment.
Specific energy-demanding treatment processes would need to be installed [457]. If
not removed from wastewaters, these molecules accumulate in bodies of water [457],
thereby potentially threatening fish species and humans [458]. This problem has
become such a concern that the recast of urban wastewater treatment directive in the
European Union has prescribed quaternary treatment for the removal of a selected list
of micropollutants from urban wastewaters [459]. The input of persistent micropol-
lutants into water bodies by HEIs can be particularly concerning given the fact that
people tend to spend a large portion of the day in them and hygiene measures require,
in most cases, that toilets and washbasins be cleaned daily, contrary to what happens
to domestic household infrastructures, besides frequent handwashing [460]. There-
fore, preventing water micro-pollution is key to reducing the workload of wastewater
treatment plants and safeguarding the environment and can be considered a core
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action for water sustainability in HEIs. Specific actions that can be undertaken by HEIs
are as follows:

(i) Sensitizing students and academic staff regarding the use of soap for hand-
washing, discouraging usages beyond the normal need;

(ii) Sensitizing cleaning staff regarding proper usage of detergents for toilet and
washbasin cleaning, avoiding overuse;

(iii) Buying eco-friendly soaps and detergents free or very low in persistent
chemicals [461,462];

(iv) Teaching HEIs’ staff and students about the environmental and health hazards
of the micropollutants typically contained in PPCPs;

(v) Researching and teaching to increase the understanding and awareness of the
side effects of micropollutants on the environment and on human health;

(vi) Researching and teaching about sustainable technologies for micropollutant
removal from wastewater.

• Measures for water pollution prevention from waste mismanagement. Besides micropollu-
tants, another source of water pollution in HEIs can derive from waste mismanagement.
HEIs tend to produce various amounts of organic waste from the canteen leftovers
of various sources. If mismanaged, percolate generated by stormwater infiltration
into organic waste can infiltrate underground, thus contaminating underground water
reservoirs [463]. Mismanaged waste can also in some cases be carried by runoffs to
surface water bodies, thereby compromising the living organisms inhabiting them and
their eventual human consumption [464,465]. Contamination of stormwater by mis-
managed waste in a university campus was studied only by Akpanke et al. [143]. The
issue of stormwater contamination by mismanaged waste highlights the interconnec-
tion between water sustainability and other sustainability actions within HEIs: water
sustainability cannot be achieved without sustainability actions on other important
items, such as waste management.

Besides practical actions, aspects such as social engagement, policy development and
education that are neglected in the current research should be contextually considered in
support of the implementation of SWM practices in university campuses. While institu-
tional engagement is of fundamental importance and can represent the starting point for
an improved SWM, involving the entire campus population in large by creating opportu-
nities for students and staff to actively participate and collaborate in water sustainability
initiatives could improve the effectiveness and spread of measures taught and applied in
universities. Engaging campuses involves establishing student-led organizations, green
teams or clubs dedicated to water conservation, as well as organizing events such as
water-themed competitions, workshops or symposiums to encourage involvement [466].
Furthermore, universities should establish policies and guidelines that promote sustainable
water practices across campus. They should also advocate for sustainable water policies at
the local and regional levels [467]. Universities can establish sustainability committees or
task forces to oversee and drive sustainable water management efforts. Developing policies
and guidelines that promote water conservation, reuse and responsible water practices,
including setting water usage targets and promoting the use of water-efficient equipment,
can also contribute to overall sustainability.

Sustainability education in HEIs is also essential because it provides students with
the knowledge, awareness, skills, values and motivation needed to address interconnected
environmental, social and economic challenges [15]. It teaches students how to transfer
knowledge into meaningful participation, contributing to the university’s vision as well
as to the wider community through interdisciplinary problem-solving, civic engagement
and practical learning. Integrating sustainability across curricula and campus life, rather
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than just niche courses, helps students to translate theory into action, fostering the ethical,
systems thinking and collaborative competencies required for resilient societies [468,469].

4. Conclusions and Future Perspectives
From the literature review carried out in this study, HEIs have been found to imple-

ment diverse actions for sustainable water management. These include rain and storm
water harvesting, treatment and reuse, wastewater treatment and reuse and implementa-
tion of sustainable water supply systems such as water-efficient appliances and sustainable
irrigation of green areas. Monitoring of rain and storm water, consumed water and ground-
water have been carried out as supporting tools to optimally identify where and when to
take water sustainability measures as well as for performance evaluation.

An additional relevant finding of the present review is that sustainable water manage-
ment in university campuses was implemented considering not only water conservation
and water pollution prevention but also other relevant environmental sustainability items
such as energy consumption and carbon footprint. A clear example is the adoption of
sustainable technologies for rain, storm and wastewater treatment such as nature-based
solutions. Specifically, recurring technologies for water sustainability in university cam-
puses were rain gardens for stormwater treatment and reduction in stormwater runoff,
green roofs for rainwater treatment and reduction in stormwater runoff, and constructed
wetlands and waste stabilization ponds for university campus wastewater treatment. Other
sustainable technologies for rain and wastewater disinfection, a key treatment process
allowing for safe reuse and thus promoting resource recovery within the circular economy
framework, such as anodic oxidation for wastewater and filtration with Moringa oleifera for
harvested rainwater, have emerged. The employment of renewable energies for water and
wastewater treatment technologies and for water supply should be considered as well to
reduce the indirect adverse effect of sustainable water measures on other aspects of univer-
sities’ sustainability. This highlights the importance of following an integrated approach
for water sustainability in HEIs considering other important aspects of environmental
sustainability involving soil and air matrixes.

One critical aspect to consider is that several of the water sustainability case studies
emerged from the literature review involved only limited portions of university campuses.
More extensive projects involving larger areas or larger served populations of campuses
should be implemented to actually achieve stronger improvement on environmental sus-
tainability in HEIs. With this aim, it is crucial to invest in sustainable water practices for
university campuses and strive for long-term water conservation to create a more sustain-
able future for all. Implementing these sustainable approaches within universities can not
only reduce water usage, promote conservation and prevent pollution but also serve as
examples and learning opportunities for the broader community.

In addition to actions aimed at mitigating the negative impact of university campuses
on water sustainability, education for water sustainability in universities can be additionally
reviewed as a tool for positive contribution to sustainable water management by higher
education institutions.

This review represents a significant step forward towards a more structured imple-
mentation of measures to improve sustainable water management in university campuses
and can be employed for the sustainable development of smart cities.
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Abbreviations
The following abbreviations are used in this manuscript:

ABR Anaerobic Baffled Reactor
AF Anaerobic Filter
AO Anodic Oxidation
AS Activated Sludge
BOD Biochemical Oxygen Demand
COD Chemical Oxygen Demand
CW Constructed Wetland
DWTR Drinking Water Treatment Residual
GHG Greenhouse Gas
GR Green Roof
HEI Higher Education Institutions
HRAP High-Rate Algal Pond
IFAS Integrated Fixed-film Activated Sludge
MBBR Moving Bed Biofilm Reactors
MBR Membrane Bioreactor
NbS Nature-based Solutions
OSA Oxic-Settling-Anoxic/anaerobic
PAH Polycyclic Aromatic Hydrocarbon
PPCP Pharmaceutical and Personal Care Product
RWH Rainwater harvesting
SWH Stormwater harvesting
SWM Sustainable Water Management
ST Septic Tank
TDS Total Dissolved Solid
TN Total Nitrogen
TOC Total Organic Carbon
TP Total Phosphorus
TSS Total Suspended Solid
UASB Upflow Anaerobic Sludge Blanket
wfSRC Wastewater fertigated Short Rotation Coppice systems
WSP Waste Stabilization Pond
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