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Abstract: Rainwater harvesting system (RWHS) is one of the Best Management Practices (BMP) that
provides alternative water resources and has emerged as a sustainable solution to address diverse water
management challenges. This study systematically reviews the application of RWHS as an alternative water
resource in universities, guided by two objectives: to identify the types of RWHS applied and to discuss their
importance in supporting sustainable water management. The review followed five methodological stages:
review protocol selection, research question development, systematic database searching (Web of Science and
Scopus), quality appraisal, and data extraction and analysis. From 987 initial records, 13 articles were selected,
revealing five RWHS types: rooftop, surface runoff, small-scale, wind-driven, and permeable pavement
systems. Rooftop RWHS was the most applied and cost-effective, while surface and pavement systems were
least implemented but offered dual benefits of runoff reduction and groundwater recharge. The review
identifies several research gaps, including the lack of studies on long-term system performance, governance,
and integration of RWHS within university sustainability frameworks. RWHS provides environmental
benefits through water conservation, flood mitigation, and groundwater recharge, alongside economic
advantages such as reduced utility costs and operational savings. Future research should conduct comparative
and multi-regional analyses, assess innovative RWHS designs, and evaluate institutional and policy
frameworks to strengthen the integration of RWHS into higher education sustainability initiatives.

Keywords: Rainwater harvesting system; university; environmental benefits; economic benefits; systematic
review

Introduction

Rainwater Harvesting System (RWHS) is a system that collects rainwater from the catchment area and then
stores it in a storage tank for future purposes (Jalil et al., 2024; Mostaffa et al., 2021). The RWHS is a
traditional method of water conservation that has been used for thousands of years (Goh & lderis, 2021;
Richardson, 2024). Generally, the simplest way to establish the RWHS is to put the container, like barrels, in
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open space, and it will catch and store the water during rainfall (Goh, 2008). Recently, the development in
technologies has led to the development of assorted types of RWHS, such as direct pumped RWHS, indirect
pumped RWHS and indirect gravity RWHS (Rainharvesting Systems, 2023). Alternatively, building walls
(Samzadeh et al., 2021) and permeable pavements (Vaz et al., 2021) can now be used as catchment area for
RWHS instead of rooftops.

Due to its cost-effective and sustainable features, the system has become a promising option to address
water shortage and growing future water demands that may ease the pressure on existing water resources
(Richards et al., 2021). Therefore, it has been widely adopted as an alternative water resource in many
countries such as the United States of America, Japan, China, India, Germany and Australia (Che-Ani et al.,
2009). As a result, numerous studies have investigated the system in various countries. For instance, few
previous studies focused on the viability of the RWHS, addressing a range of aspects, such as its technical
performance in Iran (Kolavani & Kolavani, 2020), economic feasibility in Australia and Kenya (Amos et al.,
2016) and its social relevance in term of religious purposes such as ablution in Brunei Darussalam (Kapli et
al., 2023). In connection with positive outcomes from previous studies, RWHS has gained attention from
various stakeholders including universities. The growing interest roots from its potential to support
universities’ sustainable agenda, more specifically to enhance sustainable water management within campus
area.

Aligned with the global sustainability framework, universities move forward in developing eco-friendly
initiatives, such as RWHS, to support sustainability frameworks. Latest studies highlight that sustainability
frameworks, including the Ul GreenMetric World University Ranking, QS Sustainability Rankings and Times
Higher Education (THE) Impact Rankings, transform green infrastructure and water management practices as
the primary focus for universities worldwide to maintain and support their environmental performance
indicator (Aregarot et al., 2024; Dawodu et al., 2022; Domingos et al., 2024). In response to being well-
positioned within these frameworks, many universities begin to embed RWHS within their campus
sustainability frameworks as two-pronged solutions, both to support sustainable water management strategies
and to achieve the best rankings. The action positions RWHS not merely as a technical solution, but also as a
strategic aspect in contributing to the Sustainable Development Goals (SDGs), especially SDG 6 (Clean Water
and Sanitation) and SDG 13 (Climate Action) (Suni et al, 2025).

Despite the needs in supporting sustainability frameworks by implementing RWHS, there are still
limited studies on its use within university campuses area. However, there were few related previous studies
regarding this system in university campuses such as rainwater harvesting quality assessment (Abuelfutouh et
al., 2020), technical and financial feasibility of RWHS (Cardoso et al., 2020; Jian et al., 2021), and the
observation of types of rainwater and its runoff (Soni et al., 2022; Yoo et al., 2022). Although there is still
lack of comprehensive studies that discuss and analyse RWHS implementation in sustainability frameworks
and peformance in universities, this review will deliver valuable insights into the technical and operational
aspects of RWHS. This specifies a research gap in understanding how RWHS benefits strategically to
sustainable campus development and aligns with global sustainability goals. A limited number of studies have
brought up this topic to light, which aims to conduct a systematic literature review on RWHS application in
universities and its benefits. The findings of this review could potentially guide future research, inform policy
decisions, and contribute to the sustainable development of universities’ water management systems,
especially in universities.

Thereby, the current study aims to conduct a systematic literature review on the application of RWHS
for alternative water resources in universities. Two research objectives have been set where the first objective
is to identify the RWHS application in universities while the second objective is to discuss the importance of
RWHS as part of the alternative water resources in the campus.
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Methodology

1. Selection of the Review Protocol

The SLR was performed based on the Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) methodology. The PRISMA was chosen because of its broad recognition in several fields and
disciplines worldwide (Azmi et al., 2023). Therefore, its recommendations have been widely adopted and
applied in any SLR (Trifu et al., 2022).

2. Development of the Research Questions

Research questions are essential to conduct the process of SLR. By applying PICo method, clear and better
research topics and research questions for any SLR can be developed (Azmi et al., 2023). The PICo method
is the Research Question Development Tools (RQDT) that combines three elements: ‘P’ for Problem or
Population, ‘I’ for Interest, and ‘Co’ for Context (Hosseini et al., 2024; Shaffril, 2020). Based on this RQDT,
the current study involved three elements which are ‘alternative water resources’ as the problem, ‘rainwater
harvesting system’ as the interest, and ‘universities’ as the context. Therefore, the research questions
developed for the study were: i) what are the types of rainwater harvesting systems applied in universities?
and ii) what are the importance of rainwater harvesting systems applied in universities?

3. Systematic Searching Strategies

The selection process was divided into four stages: database selection, paper extraction, abstract screening
and full-text screening. A process for the paper selection is illustrated in the PRISMA flow diagram in Figure
1. Referring to Figure 1, the identification process involved selecting the databases to be used for documents
searching. The searching process was then followed by screening process. The screening process can be
divided into four steps: screening documents based on criteria, abstract assessment, full-text assessment and
quality appraisal. After screening, the remaining documents were included for review.

[ Identification of studies via databases and registers ]
Records identified from Web of Sciences and Records removed before screening:
SCOPUS databases. —*{ Duplicate records removed
(n=987) (n=219)
Records screened ) Records excluded after screening due to:
(n=768) Documents published before 2020 or more than five years.

Non-English language.

.
* Document type is not article.

.

» Documents are not open access.

(n=670)

Abstract assessed for eligibility ) Reports excluded:

(n=98) * Not related to studies area (n = 72)
v

Full text assessed for eligibility || Reports excluded:

(n=26) * Not related to studies area (n = 7)
¥

Studies included for quality appraisal N Reports excluded:

(n=19) * Low-rank paper based on review (n = 6)

Studies included in review

(n=13)

Figure 1. A PRISMA flow diagram of the systematic searching process
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Identification
In the identification process, relevant keywords were located based on research questions and this process was
similar to the previous SLR done by Azmi et al. (2024) and Azmi et al. (2023).The keywords were then
combined into search strings, as shown in Table 1. The search strings were used to perform the searching
process in the databases. The searching process involved two types of databases which were Web of Sciences
(WoS) by Thomson Reuters and Scopus by Elsevier (Scopus, n.d.; Web of Science, n.d.). The reason for
choosing both databases was because the high quality journal is perceived in WoS and SCOPUS as the
databases would index only the highest quality sources under strict and carefully screening procedures
(Institute for Educational Research and Publication, 2022).

After the search strings in Table 1 were applied into both databases, an amount of 987 results or
documents were found. However, after removing 219 results that were duplicated or repeated, only 768 results
were screened in the next process.

Table 1. The search strings
Databases Search Strings

Scopus TITLE-ABS-KEY("rainwater harvest*" OR "rain harvest*" OR “rainwater harvest*
system*" OR "rain harvest* system*" OR "RWH" OR "RWHS" OR "rainwater collect*"
OR "rain collect*" OR "rainwater capture*" OR "rain capture*" OR "rainwater utili*e*"
OR "rain utili*e*" OR "rainwater recycle*" OR "rain recycle*" OR "rainwater store*" OR
"rain store*" OR "rainwater manage*" OR "rain manage*" OR "rainwater conserve*" OR
"rain conserve*" OR "rainwater recover*" OR "rain recover*" OR "rainwater catchment"
OR "stormwater harvest*" OR "stormwater manage*" OR "stormwater collect*" OR
"stormwater capture*” OR “stormwater utili*e*" OR "stormwater recycle*" OR
"stormwater store*" OR "stormwater recover*") AND ("university*" OR "campus*" OR
"campus* build*" OR "higher education campus*" OR "institute*" OR "institute* build*"
OR "higher education institute*" OR "academic institute*" OR "educational institute*"
OR "higher learning institute*" OR "public university*" OR "faculty*" OR "university*
build*")

WoS TS=(("rainwater harvesting" OR "rain harvesting" OR "rainwater harvesting system" OR
"rain harvesting system™ OR "RWH" OR "RWHS" OR "rainwater collection” OR "rain
collection” OR "rainwater capture™ OR "rain capture” OR "rainwater utilization" OR "rain
utilization™ OR "rainwater recycling” OR "rain recycling” OR "rainwater storage" OR
"rain storage” OR "rainwater management” OR "rain management” OR "rainwater
conservation” OR "rain conservation™ OR "rainwater recovery” OR "rain recovery” OR
"rainwater catchment" OR "stormwater harvesting" OR "stormwater management" OR
"stormwater collection” OR "stormwater capture” OR "stormwater utilization” OR
"stormwater recycling" OR "stormwater storage" OR "stormwater recovery™) AND "non-
conventional water resources” OR "substitute water sources” OR "additional water
sources" OR "Alternative water reserves" OR "alternative water sources" OR "alternative
water resources™) AND (“university” OR "campus" OR "campus buildings" OR "higher
education campus” OR "institute™ OR "institute buildings" OR "higher education institute™
OR ™academic institute” OR "educational institute” OR "higher learning institute” OR
"public university" OR "faculty" OR "university buildings"))

Screening

Subsequently, the procedure was followed by screening process. The screening process is a two-part process
in which the researchers determine the results whether its meet the criteria for SLR (University of South
Australia, n.d.). The remaining 768 papers from the identification process were filtered based on these criteria:
1) documents published between 2020 and 2024 (5 years period), 2) document types (only article considered
for the SLR), 3) English paper only, and 4) open access only. Through this filtering process, 670 papers were
excluded for the SLR, and 98 papers left will be assessed for the next stage which is the eligibility process.
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Eligibility

The eligibility process was the next process after screening in conducting this SLR which involved the manual
examination of the papers by the researchers. This process aims to confirm that all the remaining articles meet
the requirements. The process involved the abstract assessment to verify whether the papers were suitable for
the review. Through the abstract assessment, only 26 papers were selected for the next stage assessment (full-
text assessment) after excluding 72 papers that were not related to the study. The remaining papers were
assessed for full-text assessment and after the process, only 19 papers will be ranked through quality appraisal
procedure.

Quality Appraisal

The quality appraisal is the last process in determining whether the selected papers from previous process
were suitable for the SLR or not. The quality of the articles was assessed through a quality appraisal procedure.
This process will make sure that the SLR has a credibility and lower the risk of bias in conducting the SLR
(Ali & Usman, 2019). Every article included in quality appraisal followed the practices adapted by Kolaski et
al. (2023) and Muchadeyi et al. (2024). Following the frameworks and practices established by these studies,
a quality appraisal was conducted by assessing how the reporting was done, the relevance of the study, the
methodologies’ quality and certainty of the studies.

The remaining 19 papers from eligibility procedure were examined by two chosen reviewers. First
reviewer was the lecturer that experienced in hydrology projects for over three years and teaching hydrology
and geography studies for more than two years. Another reviewer was a university colleague pursuing
doctorate studies. The remaining articles were divided into three quality categories which are high, moderate
and low. Only the high and moderate rank articles were reviewed in this SLR. Subsequently, only 13 articles
will be included in this study while the low rank papers will be excluded.

Data Extraction and Analysis

Systematically, data extraction was carried out for every selected articles. This process was done to ensure the
consistency and reliability of this study. The data extraction process invloves summarising, integrating, and
combining the findings based on the research questions (Afifi et al., 2023; Azmi et al., 2023). After extracting
data, the key findings were organized into Microsoft Excel for comparison and synthesis. Subsequently, a
thematic analysis was conducted to align the key findings with the review’s objectives, specifically the
application of RWHS in universities and its benefits as an alternative water resource in supporting campus
sustainability. The thematic analysis is a widely used method for analysing qualitative data offeres a structured
and flexible approach to interpreting the key findings (Kiger & Varpio, 2020; Naeem et al., 2023).

The Findings

1. Background of the Selected Studies

The study has identified 13 articles from various locations worldwide. The spatial distribution of the selected
studies is illustrated in Figure 2, highlighting the geographical locations where RWHS was implemented
across universities. As seen in Figure 2, most studies were conducted in Malaysia, India, and Brazil, indicating
that RWHS adoption is more prevalent in tropical and water-stressed regions. Four articles located in Malaysia
was analysed which were refering to study done by Abuelfutouh et al. (2020), Samzadeh et al. (2021), Musa
et al. (2022) and Mostaffa et al. (2021). Meanwhile, three articles analysed were located in Brazil which were
referring to the study conducted by Cardoso et al. (2020), Vaz et al. (2021) and Da Silva et al. (2022). Another
two papers which were the study by Kumar et al. (2022) and Ahmad et al. (2022) were the studies conducted
in Pakistan while two papers were identified in India (Anchan & Prasad, 2021; Garg et al., 2022). An article
by Bouzidi et al. (2024) was located in Morocco and an article by Yoo et al. (2022) was identified in South
Korea.
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Figure 2. Spatial distribution of the selected studies

The publication trend of RWHS studies by year is illustrated in Figure 3, showing the temporal growth
of research interest in this topic. Based on Figure 3, the number of publications related to RWHS in the setting
of universities increased steadily from 2020 to 2022, showing growing interest in this research area. However,
a noticable decline in publications after 2022 suggests that research attention toward RWHS in the context of
universities has slowed in recent years. The temporal distribution of the selected articles, published according
to years, was as follows; in 2024, only one articles were published which this study was done by Bouzidi et
al. (2024). Same as 2024, in 2023, there was only one article published (Da Silva et al., 2022). Most of the
selected articles were published in 2022. In 2022, there were five papers were published which the studies
were conducted by Garg et al. (2022), Kumar et al. (2022), Yoo et al. (2022), Musa et al. (2022) and Ahmad
et al. (2022). Another four articles done by Anchan & Prasad (2021), Samzadeh et al. (2021), Mostaffa et al.
(2021) and Vaz et al. (2021) were published in 2021 meanwhile two articles by Abuelfutouh et al. (2020) and
Cardoso et al. (2020) were published in 2020.

Number of Articles
O P N W B~ O1r O

2020 2021 2022 2023 2024
Year

—e—The temporal distribution of selected articles

Figure 3. Publication trend of RWHS studies in universities by year (2020-2024).

In terms of methodology used to conduct studies, among the 13 selected articles, 12 articles applied
mixed methodology, which involved both quantitative and qualitative methods. Only one paper applied a pure
guantitative methods, which involved observation to conduct their study (Afzal et al., 2022). Figure 4
illustrates the distribution of methodologies used in the selected studies. As shown in Figure 4, 43% of the
articles applied qualitative methods, including interviews and observations, while 40% of the articles applied
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qualitative, including the experimental design and survey method. Meanwhile, 17% of the articles utilized
document analysis as the main research.

Type of Methods

Qualitative: Observation/Interview
Quantitative: Experiment design/Survey
Document Analysis

Figure 4. Method used in selected articles

2. Thematic Analysis

The analysis conducted for the 13 articles was classified into two parts which were to identify the types of
rainwater harvesting systems applied in universities and to discuss the importance of rainwater harvesting
systems in universities. The types of rainwater harvesting systems formed three important topics from the
thematic analysis which consisted of rooftop RWHS, surface RWHS, wind-driven RWHS and small-scale
RWHS. Concurrently, the second part of this review discussed the importance of rainwater harvesting systems
in universities.

3. Types of RWHS Applied in Universities

As shown in Table 2, rooftop RWHS is a prevalent method where rainwater is collected from buildings roofs.
The rooftop RWHS was widely applied and most of the selected articles were the studies on this type of
RWHS (Abuelfutouh et al., 2020; Ahmad et al., 2022; Anchan & Prasad, 2021; Bouzidi et al., 2024; Cardoso
etal., 2020; Da Silva et al., 2022; Garg et al., 2022; Kumar et al., 2022). Various roof types, including flat and
sloped roofs, are utilized, with materials such as metal, tile, and asphalt influencing water quality of the
RWHS. Methods of directing water from roofs to storage tanks include gutters, downspouts, and diverters,
ensuring efficient collection and minimal loss. The studies conducted by Da Silva et al. (2022), Anchan &
Prasad (2021) and Cardoso et al. (2020) were very focused on the potential and feasibility of the rooftop
RWHS in universities campus. Even though Kumar et al. (2022) and Ahmad et al. (2022) were also focused
on the potential of the system, but the approaches to assess the potential were related to application of
Geographic Information System (GIS). Abuelfutouh et al. (2020) was a study regarding the rooftop RWHS
but focused on the quality of the harvested water while Garg et al. (2022) was study on design of suitable
rooftop RWHS for specific block in the campus. Other than that, study by Bouzidi et al. (2024) was to valuate
and manage the existing rooftop RWHS applied in the university.

Other than rooftop RWHS, there were still other types of RWHS but rarely applied in the university
campuses. Surface RWHS was one of the types of RWHS studied in one of the selected articles Kumar et al.
(2022) which was focusing on recharging the groundwater storage through this system. Furthermore, small-
scale RWHS was the type of system that some universities campus used for external purposes or non-potable
usage. Small-scale RWHS was studied by Musa et al. (2022) and has been evaluated into an innovation of
aesthetic small-scale RWHS called E-SPAH by Mostaffa et al. (2021). Apart from that, the RWHS has been
developed and instead of using rooftop and ground surface as catchment area, the buildings wall now can be
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beneficial for RWHS. This was known as wind-driven RWHS, and it was studied by Samzadeh et al. (2021)
and Yoo et al. (2022). Besides, permeable pavement water harvesting was one of the RWHS that rarely applied
but beneficial to be developed by universities (Vaz et al., 2021).

Table 2. Summary of RWHS applications in universities

RWHS Type Location Findings Benefits or Limitations References
Rooftop RWHS Brazil, Focused on feasibility, Cost-effective and practical Garg et al. (2022), Da
India, design, and water quality of  for non-potable uses; limited Silva et al. (2022),
Malaysia, rooftop systems in storage and rainfall Anchan & Prasad,
and universities. Some studies dependency. (2021), Kumar et al.,
Pakistan used GIS for site suitability. (2022), Abuelfutouh et

al. (2020), Cardoso et
al. (2020), Ahmad et
al. (2022) and Bouzidi

etal. (2024)
Surface Runoff Pakistan Examined surface runoff Good for large-scale Kumar et al. (2022)
RWHS harvesting for groundwater recharge; needs regular
recharge. maintenance and open space.
Small-Scale RWHS Malaysia Developed a compact, Easy to install and efficient; Musa et al. (2022) and
(E-SPAH System) aesthetic system for outdoor small storage capacity. Mostaffa et al. (2021)
and non-potable use.
Wind-Driven / Wall-  Malaysia, Used building facades as Space-saving and aesthetic; ~ Samzadeh et al. (2021)
Integrated RWHS and South catchment areas for water less efficient in low rainfall. and Yoo et al. (2022)
Korea collection.
Permeable Pavement Brazil Applied permeable Reduces runoff and improves Vaz et al. (2021)
RWHS pavements to collect and quality; high setup cost.

reuse stormwater.

As summarised in Table 2, each RWHS types offers distinct benefits and limitations based on its design
and the conditions of the site. Rooftop RWHS remain as the most prevalent option due to its practicality and
cost-effectiveness, though it is suitable for non-potable usage and limited by rainfall variability and storage
capacities (Raimondi et al., 2023; Sultana, 2022). Another alternatives are surface runoff and permeable
pavement systems due to their function in reducing runoff and at the same time recharging groundwater. The
only limitations are it requires large catchment areas and costs more to install (Bateni et al., 2022; Deke at al.,
2021). Furthermore, small-scale and wall-integrated systems are types of innovative RWHS due to their
suitability for limited space. However, they collect limited volumes of rainwater, making them suitable only
for localised and supplementary use (Musa et al. 2022; Samzadeh et al., 2021). In all, each type of RWHS
contributes in different ways despite the limitations that occured.

3. Importance of RWHS Applied in Universities

Based on the selected articles, the RWHS itself presented not only environmental advantages, but also
economic advantages for educational institutions like universities. In term of environment advantages, these
systems contribute significantly by reducing annual water consumption and serving as alternative resources
during water crises (Cardoso et al., 2020; Da Silva et al., 2022). In addition, it met universities’ society's
growing demand for water resources and supplementing conventional water supplies (Ahmad et al., 2022;
Anchan & Prasad, 2021). Moreover, RWHS helped in managing stormwater effectively, mitigating flooding,
which are particularly crucial for campuses with extensive roof surfaces (Kumar et al., 2022; Vaz et al., 2021).
By promoting water conservation, groundwater recharge, and alleviating strain on urban drainage systems,
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RWHS emerges as sustainable solutions that align with environmental preservation goals (Mostaffa et al.,
2021; Musa et al., 2022).

On the side of economic advantages, RWHS offered substantial cost savings by reducing utility bills
using harvested rainwater for non-potable purposes and irrigation needs (Abuelfutouh et al., 2020; Bouzidi et
al., 2024). Their cost-effectiveness is further recognized by low payback amounts, compact designs, and the
ability to upgrade capacity as per rainwater potential, making them viable options for decentralized water
maintenance in educational settings (Da Silva et al., 2022; Garg et al., 2022) . These economic benefits,
coupled with environmental advantages, put rainwater harvesting as a strategic investment that not only saved
on operational costs but also fostered long-term resilience and sustainability in water management practices
at universities (Anchan & Prasad, 2021).

Discussions

1. Analysis and Research Gaps

The review outcomes highlight that while rooftop RWHS dominates research in university settings, the
emphasis across studies varies considerably in terms of feasibility, design, and performance focus. Studies in
tropical countries such as Malaysia and Brazil, for example, emphasize system efficiency and rainfall
abundance, whereas those in semi-arid regions like Pakistan focus more on water scarcity adaptation and
groundwater recharge. This divergence indicates that while RWHS is globally recognized as a sustainable
technology, its application remains context-specific and influenced by local climatic and institutional
conditions. Such variation underscores the need for comparative cross-regional assessments to establish
standardized evaluation metrics for RWHS performance in higher education institutions.

This prevalence is highlighted by numerous studies (Abuelfutouh et al., 2020; Ahmad et al., 2022;
Anchan & Prasad, 2021; Bouzidi et al., 2024; Cardoso et al., 2020; Da Silva et al., 2022; Garg et al., 2022;
Kumar et al., 2022). These studies show the system practicality and effectiveness in capturing rainwater for
various campus needs like building maintenance, landscaping, and cleaning. The utilization of diverse roof
types and materials, complemented by efficient water collection mechanisms such as gutters and downspouts,
ensures optimal functionality while minimizing water loss, thus highlighting the robustness of rooftop RWHS
in addressing water sustainability challenges in educational institutions.

Moreover, a growing interest is evident in exploring the potential and feasibility of rooftop RWHS, with
some studies focusing on crucial aspects like water quality assessment (Abuelfutouh et al., 2020) and
employing advanced technologies like Geographic Information System (GIS) for spatial analysis (Ahmad et
al., 2022; Kumar et al., 2022). These approaches not only enhance the understanding of rooftop RWHS
performance but also provide valuable insights into optimizing their design and operation. Additionally, the
emergence of innovative RWHS types, such as surface RWHS, small-scale RWHS, wind-driven RWHS, and
permeable pavement water harvesting, signifies a progressive shift towards exploring alternative and
sustainable water management solutions tailored to the unique needs of university environments. However,
instead of the studied type of RWHS in the reviewed articles, there are still few types that are not discovered
by any researchers such as the green roof RWHS, large-scale RWHS and subsurface RWHS.

The dual-fold benefits of RWHS, encompassing environmental conservation and economic efficiency,
underscore their pivotal role in university campuses. From an environmental standpoint, RWHS significantly
contributes to water conservation, stormwater management, and groundwater recharge, aligning closely with
global sustainability objectives (Teston et al., 2022). Economically, these systems offer substantial cost
savings through reduced utility bills and decentralized water maintenance, making them strategic investments
for long-term resilience and sustainability in university water management practices (Lani et al., 2018).
However, further research and implementation efforts are essential to fully realize the potential of RWHS
across different types and scale their benefits optimally in diverse university settings, paving the way for
enhanced water security and sustainable development.
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One notable aspect of the evolving RWHS in university campuses is the integration of smart
technologies and data-driven approaches. With the advent of Internet of Things (1oT) technology and real-
time monitoring systems, RWHS can now be managed and optimized with greater precision and efficiency.
For instance, sensors can be deployed to monitor rainfall patterns, water quality, and storage tank levels,
allowing for proactive management and timely interventions (Oberascher et al., 2022). This integration not
only enhances the operational effectiveness of RWHS but also facilitates data-driven decision-making, leading
to improved resource allocation and performance optimization through forecast-informed, real-time control
strategies (Xu et al., 2020). Furthermore, advancements in predictive modeling and machine learning
algorithms can further enhance the predictive capabilities of RWHS, enabling more accurate forecasting of
water availability and demand, ultimately enhancing the resilience and adaptive capacity of university water
management systems (Filho et al., 2024).

On the other hand, implementing a knowledge and culture of water stewardship and awareness is a vital
way to make sure that implementation and sustainability of RWHS in university campuses is successful.
Educational programs such as campaigns, workshops, and outreach programs can play a pivotal role in raising
awareness of the benefits of RWHS as well as promoting water conservation practices and encouraging active
participation from whole campus society (Augustine & Hanafiah, 2019; Hunt et al., 2021). Incorporating water
sustainability principles into curriculum frameworks, research initiatives, or campus policies can also
reinforce the importance of RWHS as integrated components of holistic water management strategies. By
nurturing a knowledge and culture of water management, the higher educational institutions will not only be
enhancing the benefits of RWHS but also cultivating a sense of responsibility and empowerment among
campus stakeholders towards achieving water security and sustainability goals (Muhiddin et al., 2023).

The review identified several gaps in current research despite its increasing acceptence of RWHS
benefits. Most studies identify technical and feasibility aspects but there is still limited focus on long-term
performance evaluation, governance mechanisms, and user engagement to implement RWHS in universities.
Additionally, there is also a lack of studies integrating RWHS into broader institutional sustainability
frameworks such as Ul GreenMetric or THE Impact Rankings. Few comparative analyses have been
conducted between developed and developing regions, and studies rarely assess the social acceptance or
maintenance challenges of RWHS in campus environments. Addressing these gaps will provide a more
holistic understanding of RWHS implementation and its contribution to sustainable campus management.

2. Limitation of the Review

This review was limited to peer-reviewed journal articles indexed in Scopus and Web of Science databases,
which may have excluded relevant studies published in other databases or institutional repositories. Only
articles written in English were considered, potentially introducing language bias by excluding significant
work published in non-English contexts. Furthermore, gray literature such as technical reports, theses, and
policy documents was excluded to maintain quality control, which may limit the comprehensiveness of
practical implementation insights. It is suggested for future reviews to expand the scope by incorporating gray
literature and multilingual studies to provide a more inclusive understanding of RWHS practices across
diverse academic and geographical settings.

Conclusion

In conclusion, this SLR reveals that RWHS offers significant environmental and economic benefits when
implemented in university settings. However, there is still scarcity of RWHS research focusing specifically
on universities despite the wide adoption of RWHS in several fields. This research gap highlights the necessity
for more comprehensive studies to explore the challenges and opportunities of RWHS implimentation within
the academic institutions such as universities. The review contributes new insights by identifying that while
rooftop RWHS remains the most widely applied system due to its cost-effectiveness and practicality,
alternative systems such as permeable pavement and wall-integrated RWHS show strong potential for future
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applications because of their dual-functionality and adaptability in limited spaces. The advancement of
technology has led to the development of diverse RWHS types, enhancing their feasibility and effectiveness.

From a policy perspective, the review recommends that university planners integrate RWHS initiatives
into institutional sustainability frameworks and green campus policies to improve water efficiency, reduce
operational costs, and align with SDG 6 (Clean Water and Sanitation) and SDG 13 (Climate Action). As a
centre of higher education, research and innovation, universities have the potential to not only benefit from
RWHS but also to serve as a model of sustainable water management practices. Future research should address
the current limitations by conducting comparative assessments of different RWHS types, evaluating their
long-term performance, and identifying effective governance and maintenance strategies. In addition,
universities also should provide detailed insights into the implementation, operation, and long-term impacts
of RWHS in higher education environments, ensuring that the outcomes contribute meaningfully to local
sustainability efforts and global water security goals.
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