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Abstract: Glass façades are widely utilized in green buildings. Ensuring fire safety while reducing
the energy need without compromising occupants’ comfort is a challenge in the modern-day green
buildings with glass façades. One way of achieving both aspects is to construct a water wall system
as a building façade. A water wall system has a water layer between two glass panes and can
be considered as a glass façade system. The focus of this review, which builds on the published
studies, is how water wall systems can help ensure fire safety and reduce energy demand in green
buildings. The water layer within two glass panes of the water wall system store the solar radiation
heat throughout the daytime, reducing the amount of heat transferred through the building facade.
The reduced heat transfer effects lessen the need for air conditioning to sustain the thermal comfort of
the building occupants. The stored energy is released during the nighttime. The transparency of the
water wall system also allows daylight to enter the building, thus reducing artificial lighting needs.
Furthermore, the water layer acts as a fire safety mechanism in case of a fire. However, the water
wall systems are not much utilized in the modern-day green buildings due to their unpopularity
and the unavailability of design guidelines. On the basis of the findings of the literature review,
stakeholders and the public are encouraged to adopt water wall systems in green building projects as
an energy-efficient strategy and a fire safety mechanism.

Keywords: green building; glass façade; water wall; energy; fire safety

1. Introduction

The façade, which is the skin of the building, separates the interior space from the external
environment. There is an urgent need to design and construct the building façades to be more
energy-efficient, as an approximate 20–60% of building heating and cooling energy is influenced by the
façade design and construction [1,2]. Therefore, the construction industry is moving towards green
façade constructions, putting much focus on the energy-efficiency of the façade [3], and glass is widely
used in the façade constructions [4]. Apart from energy efficiency, green building façades have a less
negative impact on the environment and provide a better indoor environment that might contribute to
wellbeing, productivity, and performance of the occupants. For this purpose, a green building façade
should satisfy several requirements, such as facilitating outside views, withstanding wind loads, air
and water penetrations, sustaining its dead load weight, allowing daylight to the building interior,
obstructing undesirable solar heat gain, blocking outside noise and reducing temperature fluctuations,
and ultimately boosting the overall building performance [5–8]. The materials used in the façade
construction have a considerable effect in performing these green façade functions [9,10]. Glass is
considered an appropriate material to be used in green building façades. In consideration of the
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complete building life cycle, the negative environmental impact of glass is minimal [11]. The primary
constituent of glass is sand, which is a non-polluting material, glass manufacturing processes are
considered as energy-efficient as they require a low amount of water, and waste generation is less and
recyclable at the end of the life cycle [12,13]. The glass façades are transparent, allowing outside views
and substantially reducing the energy use for artificial lighting as they allow sufficient daylight to
enter the building during the daytime. However, if not correctly designed, solar gain through heat
transmittance of glass façades can be as high as 85% of the incident radiation [14]. This transferred
heat raises the air temperature inside the building, creating a high demand for air conditioners to keep
up the occupants’ thermal comfort. It increases the building energy consumption, as air conditioners
are high energy consumers and would result in high energy bills [15]. Furthermore, using more
energy means more carbon emissions [16], and thereby is contrary to the primary aim of using a green
building. Having a system to prevent heat transmittance through the façade lowers the building energy
demand [17], which results in less carbon emissions [18,19]. Therefore, careful consideration is needed
in designing the glass façades to get the delicate balance of energy over the building envelope together
with adequate daylight to reduce the artificial lighting [2,20–22].

Moreover, careful consideration of the fire safety qualities of glazed façades is essential in designing,
as a glazed façade can be the most critical element of building fire spread if it is not designed with
adequate fire resistance [23]. Façades or windows made of glass are the most fragile and weakest
elements of buildings [24,25] owing to the comparatively poor tensile strength and the brittle behavior
of glass relative to other building materials [26,27]. In a fire situation, the breakage and fallout of glass
would create a new vent for fresh air entrainment and fire spread, which may significantly accelerate
fire development [20,26–31]. Falling parts of façades onto the ground might create secondary fires,
which is another problem associated with glass façades. Furthermore, in the absence of adequate fire
protection systems, fire would escalate carbon emissions by 30–40 kg of CO2/m2 over the life cycle
of a standard building [32], and if exposed to extensive fire hazards, it can add up to an extra 14%.
The effort to improve energy efficiency without considering fire safety has the potential to expand the
fire risk by a factor of three [33]. Therefore, the integration of fire safety features is vital for a building
to be considered green. Water wall systems (WWS) allow the integration of both of these aspects,
making it a solution that is well suited for the green building façades.

WWS are traditionally considered as an excellent design to maintain the occupants’ thermal
comfort while reducing the building’s energy use [34–43]. WWS store the thermal energy during the
day and release it during the night, reducing the energy need for summer cooling and winter heating.
Furthermore, it reduces the energy consumption for artificial lighting in the daytime, as a portion of
the solar energy enters the building through the WWS [35]. These advantages of WWS have been
discussed by a significant number of authors in the literature. These studies have emphasized that
the correct design of the WWS depends on a variety of comprehensive construction, building, and
weather details. These include orientation of the facade glass transparency and thermal resistance,
space thermal balance, façade thermal capacity, the openness of the interior, and local climate. This
very complex multi-parameter feature makes it very difficult to develop simple design rules based on
mathematical models. Besides, the experimental results are strictly related to a unique morphology,
thus generalizing the results is difficult. Advanced simulation studies are needed for this reason.

Apart from energy-saving, WWS offer an additional benefit for fire safety, as there is always a
water layer between the two glass panes. The water layer absorbs the heat from interior fire or exterior
fire. As water has a high specific heat capacity of 4.2 kJ/K, water absorbs a large amount of energy
from the fire before the glass temperature escalates to its breakage temperature. The glass panes heat
up more slowly with the water layer and delay the glass breakage. With this effect, the WWS protect
the building from both inner and exterior fires compared to conventional glazed façades. Furthermore,
the water layer helps in maintaining the glass panes at a uniform lower temperature and may not
easily break due to the sudden cooling by the water sprayed by the firemen during a fire. It reduces
property damages during the firefighting. However, knowledge on the fire performance of WWS is
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not available in the scientific literature. The assessment of the fire performance of a façade depends on
the investigation of flame spread, smoke spread, and the potential damage. A hybrid fire simulation
method with the fire performance of the WWS tested in the laboratory and the remaining building
numerically simulated is beneficial [44], as it has the ability to study many aspects of fire propagation
while avoiding the high costs of full-scale tests.

The objective of this paper is to review the existing literature on WWS and analyze the findings of
the reviewed literature on the impact of WWS on the energy efficiency and fire safety of modern-day
green buildings. Therefore, the central question of the review is formulated as “What is the state
of knowledge on water wall system impacts on green buildings’ energy efficiency and fire safety?”
We formulated three sub-questions under the central question: 1. How do WWS affect energy efficiency?
2. How do WWS affect fire safety? 3. How suitable are WWS for green buildings? This paper discusses
the applicability of WWS for both energy efficiency and fire safety, and in turn applicability for green
buildings. This paper provides a useful reference for both industry practitioners and academics who
are interested in WWS developments in order to enhance energy efficiency and fire safety in green
buildings while maintaining occupant comfort. In addition, the paper provides the engineers in the
construction field with an overview of WWS as a new concept which they can integrate into their
building designs.

2. Materials and Methods

The authors selected the literature published up until August 2020 to conduct the review for this
article. An overview of the literature search method is shown in Figure 1.
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Figure 1. An overview of data collection and the selection procedure for the study.

The literature search process started with the defining of keywords. The keywords were defined
after sample searches and sample paper reading. The keywords were Water Wall, Water filled
window, Transwalls, and Water Trombe walls. All of these terms were synonyms or similar types
of façade systems to WWS. Then the titles and abstracts of the search results were read to exclude
the literature unrelated to the objectives of the research. The screened results were categorized
according to energy-saving and fire safety. As there were no search results on the fire safety aspect
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of WWS; additionally, the key word Water curtain crossed with Fire safety was used to gain insight
on fire safety from WWS. At last, the analysis of the contents of all the screened literature articles,
books, chapters, proceeding papers, online publications, reports, standards, and theses revealed the
up-to-date knowledge on the WWS performance for energy efficiency and fire safety, and uncovered
the under-researched areas related to the application of WWS in green buildings.

The year-wise distribution of papers that resulted from a primary keyword search is shown in
Figure 2. The literature search process started with the defining of keywords. The keywords were
defined after sample searches and sample paper reading. The keywords were Water Wall, Water
filled window, Transwalls, and Water Trombe walls. All of these terms were synonyms or similar
types of façade systems to WWS. Then, the titles and abstracts of the search results were read to
exclude the literature unrelated to the objectives of the research. The screened results were categorized
according to energy-saving and fire safety. As there were no search results on the fire safety aspect
of WWS; additionally, the key word Water curtain crossed with Fire safety was used to gain insight
on fire safety from WWS. At last, the analysis of the contents of all the screened literature articles,
books, chapters, proceeding papers, online publications, reports, standards, and theses revealed the
up-to-date knowledge on the WWS performance for energy efficiency and fire safety and uncovered
the under-researched areas related to the application of WWS in green buildings.
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The year-wise distribution of publications that are specifically related to WWS emerged from the
keyword search is shown in Figure 2. As shown in the figure, WWS has been under-researched for a
long time, and there is an increasing trend on the WWS from the last decade.

3. Water Wall Systems

A Water Wall System (WWS) is “a façade that acts as a Thermal Energy Storage (TES) to store
the heat energy for a specific period of time and release the stored energy later” [36]. It is capable of
decreasing the energy consumption of buildings. There are different technologies used in TESs that can
primarily be categorized as sensible heat storage and latent heat storage as per the heat storage medium.
A latent TES retains or releases a significant amount of heat energy from the storage medium during
the phase change cycle [45]. Sensible TES stores or releases heat energy with the storage medium’s
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temperature change [46]. High thermal capacity materials like concrete, brick, or water are used in
sensible TES to regulate the variations in temperature. Among these materials, water is more efficient
in energy storage due to the high specific heat compared to other materials. Sensible TES is further
classified into short-term and long-term. The short-term TESs store the heat energy throughout the
day and release it at night, while long-term TES also operates for a seasonal period [46]. WWS falls
under the short-term TES category and is useful in reducing the energy consumption of the building
while preserving the occupants’ thermal comfort.

3.1. Evolution of Water Wall Systems

The water wall built by Hoyt and his students (1947) in Massachusetts Institute of Technology in
the United States using a series of 1.5 gallon cans, located behind a double-pane glass and painted in
black, is claimed as the first recorded WWS in the world [47,48]. This WWS was able to provide 38–48%
of the heating demand in the building. After some years, in Mexico, a school was designed with a large
water tank for each building which serves as a water storage tank as well as a WWS. The buildings
were stated to be very comfortable, but there are limited details available on this WWS. In 1972, WWS
emerged back again in New Mexico in a space-age architecture designed by Steve Baer named Corrales
house. This WWS was comprised of 55-gallon drums full of water, and as reported, this system worked
very well. Steve Baer used water walls on both residential and commercial ventures. Many building
designers were influenced by Steve Baer’s work, including Jon Hammond, Tod Neubauer, Marshall
Hunt, David Brianbridge, Marshall Hunt, and Denny Long, who did excellent water wall retrofit
projects. In later stages, the water drums used for the energy storage have been replaced with thin
water tubes made of different materials. At this stage, the commercial production of the WWS has been
initiated. Further, the focus has been shifted for the designing of more aesthetical building elements,
where the designers have recognized the glass as an attractive material for WWS. Figure 3 depicts the
evolution of different types of water wall systems.
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The designing of water walls in early days has mainly dispersed over the United States. However,
research on WWS is becoming a trend in recent days, with much focus on energy performance all over
the world. A more descriptive discussion on the research on WWS is present in Section 4.

3.2. Classification of Water Wall Systems

The WWS, as a façade component, has a long history. The development of WWS started with the
introduction of water drums or containers to the building façade to act as a thermal mass. These walls
were known as solar barrel walls. Since then, WWS has undergone several technological and design
enhancements to cater for the growing needs of sustainable development. With these enhancements at
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present, the designs of WWS are much focused on the inclusion of water as a layer between two panes
made of different materials. This pane material should be chosen for the construction purpose. Based
on the position of the water wall within the building, “Water Wall Systems” can be mainly categorized
into two types, as direct gain systems and as collaborative systems, as shown in Figure 4. In both,
water acts as a thermal mass for heating and cooling.
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The basic categorization of WWS is direct gain systems and collaborative systems. In the direct
gain system, the water wall directly faces the sun, and it is adjacent to the ambient. These systems
receive solar energy without any intrusion, and heat collection, storage, and distribution all occur
within the same space [51,52]. In the collaborative passive systems, the water wall is integrated with
the other passive mechanisms for energy saving. It could be a sunspace, a solar chimney, a greenhouse,
or a WWS with clerestory. The wall has dampers or vents at the base with the goal that colder air is
drawn into the heated space between the glass and water wall. The heated air is drawn back into the
building inside through the vents in at the top [53]. During the nighttime, the vents are closed, and
the heat contained in the wall radiates into the building. WWS could be coupled with some other
passive strategies, e.g., water wall combined with sunspace, and water wall combined with solar
chimney. Sunspace and solar chimney are direct gain systems, while WWS is an indirect gain system.
As revealed in previous studies, when a WWS and a sunspace or a solar chimney are combined, the
thermal efficiency of the configuration is significantly improved.

Depending on the materials used in the building façade, a WWS is generally grouped into three
types depending on the configurations: i.e., opaque WWS, WWS with a semi-transparent WWS, and
WWS with Phase Change Materials (PCMs).

3.2.1. Opaque Water Wall

Opaque water walls are the basic configuration of water walls. In this configuration, a WWS is
integrated into an opaque building façade that is a detached living space from the outer environment,
for instance, concrete, metal plates, PVC pipes, and thermal insulating panes [35]. There are no outside
viewing options with this configuration.

3.2.2. Semi-Transparent Water Wall

The WWS combined with a semi-transparent external façade, for example, light-porous plastic or
glass, enables some portion of the daylight to infiltrate the WWS from outside. In this sort of system,
the interior side of the WWS may be built with semi-transparent material or with opaque material.
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Depending on the material of the interior side, daylight can penetrate the room further. Transwall is
a commonly used semi-transparent WWS which has a water layer in between two glass panes and
a semi-transparent absorption plate at the middle In this kind of system, 80% of the incident solar
radiation is absorbed by the semi-transparent plate and transmits the remaining 20% [54]. This form
of wall thus incorporates both direct gain and indirect gain techniques, and is ideal for areas with
high daytime temperatures [55]. In this type of system, baffles have often been used to lessen the flow
of convective heat through the walls. To improve water viscosity and avoid micro-organisms from
growing, bio-inhibiting agents and gelling need to be included in the water [55].

3.2.3. Water Wall with Phase Change Materials (PCMs)

WWS could be coupled with Phase Change Material (PCM). The combination of the PCMs
with WWS offers the benefits of both the WWS and the PCMs, thereby enhancing thermal efficiency.
The configuration of PCMs with the water wall can have different arrangements as at the outer side,
at the inner side, or both sides of the WWS. In the daytime, PCMs melt by absorbing energy from
the surrounding environment and then re-solidify at night, releasing the stored energy. This process
reduces the need for cooling in the daytime and heating at night [56,57].

Depending on the above-discussed characteristics of different types of WWS, semi-transparent
WWS allow more liberty for energy saving through thermal heat storage and daylighting options.
Moreover, the semi-transparent WWS provide more design options for better aesthetic appearances
compared to the other types. The following are the components of a semi-transparent WWS.

3.3. Components of a Semitransparent WWS

The essential components of a semi-transparent WWS are the two glazing panes and the water
layer. The amount of heat transferred through the WWS mainly depends on the properties of these
two components. Apart from these, the properties of objects used for fixing WWS into the façade
such as frames, screws, nuts, and bolts, need to be considered in calculating the exact amount of heat
transferred through the system. This section discusses the function of glass panes and a water column
in a WWS.

3.3.1. Glazing

The glazing affects the efficiency of the WWS by controlling the transmission of solar radiation [58].
The material type, number of glass layers, and thickness of each layer are key attributes for designing
a WWS [59]. Generally, the water temperature in a WWS is significantly reduced when the glass
transmissivity is reduced from 0.9 to 0.45 [35]. Furthermore, the maximum daily temperature of the
air in the attached room is significantly reduced with decreased glass transmittance, while there is
not much change in the minimum daily temperature. In other research, reduced glass transmissions
have been reported to prevent daytime indoor heating while preserving the required level of thermal
comfort at night [60]. Thus, glazing has a direct impact on the performance of the WWS and is an
essential consideration in designing the WWS.

3.3.2. Water Layer

The ideal water layer thickness of a WWS is correlated to the location of the building, latitude,
and climate [52]. The thickness of the water layer has a direct impact on the performance of any kinds
of WWS. With a dense layer of water, heat energy takes more time to penetrate the interior, creating
thermal distress for the occupants in cold climate [61], but a high thick water column could result in
smaller temperature fluctuations [37]. In contrast, a very thin water column can overheat the building’s
interior. Therefore, the optimum water column thickness must be determined before constructing the
façade, as changing the water column thickness after constructing the building is technically difficult.
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4. Energy Performance of Water Wall Systems

The energy efficiency or the energy loss of a glass façade depends on the design of the glass
façade and the glass material used in the façade construction. The façade should be able to allow the
maximum light gain while limiting the heat gain to the building interior. The optimum combination of
these two requirements is the key to the glass façade energy performance. The appropriate selection of
glazing types for green buildings can result in a reduced space cooling load due to external impact as
well as the reduced power consumption for air-conditioning and artificial lighting [60,62].

WWS increase the energy efficiency in buildings by reducing energy usage for heating, cooling,
and artificial lighting (only for transparent and semi-transparent WWS) by creating transparent
envelopes as shown in Figure 5.
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Figure 5. A Water Wall System as a building façade. A part of the solar radiation is transmitted through
the glass in the daytime and heats the building interior. A solar radiation portion is reflected out of
the glass. Part of the solar radiation is absorbed into the glass, conducted through the glass, and then
radiated both inwards and outwards. This transmitted radiation lights up the room. Most of the heat
transmitted into the wall reducing the heat transmission to the indoor environment.

The WWS’s operational criteria is to increase the thermal comfort in the building interior against
the annual environmental changes in the outdoor environment. This is accomplished mainly through
the thermal mass gain of water, which has the ability to thermally stabilize envelopes in summer
and reduce heat loss in winter through them. Besides, a transparent WWS helps in increased energy
efficiency by maintaining an optical transparent stage all the time so that visible light can be transmitted
directly through them during the day. In principle, the work of WWS depends primarily on the thermal
and optical characteristics of the cavity filling materials. As shown in Figure 6, the solar energy incident
on a semi-transparent water wall is partially absorbed and partially transmitted. The absorbed portion
is eventually transported to the room while the transmitted fraction induces direct heating as well as
daytime lighting in the room. When the outdoor temperature is declining in the nighttime, the WWS
moderately heats the building interior [39] as shown in Figure 7.
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4.1. Past Research on Assessing Thermal Performance of WWS

The review of the literature shows that researches on WWS were conducted in three different
ways, namely, experimental modeling, an analytical method based on Heat Balance Models (HBM)s,
and numerical modeling through Computational Fluid Dynamics (CFD) programs and Building Energy
Simulation (BES) models. The following section discusses these methods in detail with examples from
the literature.
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4.1.1. Experimental Modeling of Thermal Performance of WWS

The research on WWS started with the experimental modeling, whereas the history of experimental
modeling of thermal performances of WWS could be traced back to 1947, which was conducted by
Hoyt Hottel and his students [35]. However, after that, there are no records for the research on water
walls until the 1970s. There is a significant number of researches carried out from the 1970s to the 2000s
on WWS. Much of the water wall researches have been conducted using experimental modeling in
the real climate conditions, while few were carried out in laboratories under controlled conditions.
The results of a study conducted by Balcomb and Mcfarland [63] in 1977, comparing the performances
of five different WWS configurations, suggested that the WWS located at the rear side of a glass pane
and the WWS located behind a transparent insulation panel worked with considerably higher thermal
efficiency than other configurations in winter. The other configurations were the WWS located inside
the room with a temperature equivalent to the room temperature, the internal WWS located inside
the room, and the WWS located behind an opaque wall. Nayak, Bansal, and Sodha [64], in 1981,
confirmed that a semi-transparent WWS works more efficiently than a concrete wall in terms of thermal
performance in the daytime in the Indian summer climates. The same study revealed that a water wall
with a 0.10 m thick water column in between a 0.22 m thick concrete wall gives nearly a continuous
heat flux into the room at nighttime. In 1986, Sutton and McGregor [65] compared the efficiency of
a water wall with a concrete wall. The water wall was constructed with 27 galvanized steel tubes
filled with water and a concrete wall of 300 mm (12in) thickness. The study showed a significant
heating energy saving in the house with a WWS relative to the concrete-walled house. The house
with WWS consumed 70.8% of the concrete-walled house’s energy consumption. Another study was
conducted by Turner et al. [66] in 1994 to show that during the summer daytime, the building inside
could be cooled by a WWS made-up of 7.6 cm diameter plastics tubes mounted on a traditional wall
which was charged by cold ambient air at night. The performance of a WWS combined with PCMs
was investigated in 1988 by Yadav and Tiwari [67]. The results revealed that the combined effect of a
WWS with PCMs gave the best thermal performance over all other WWS arrangements considered.
In 2003, Din et al. [68] conducted a study on a WWS attached to a greenhouse to record the plant
temperature, the water temperature, and the room temperatures for a day in the winter season by
changing the factors such as absorptivity of the black colored WWS surface, water wall thickness, and
the transmitted solar energy fraction. The results showed that a north facing WWS with a thickness
of 27.5 cm could increase the room temperature by up to 4–5 ◦C at night and 3–4 ◦C in the daytime.
In the later stages, the performance of water walls was assessed when they were combined with other
passive systems. For example, in 1996, Tiwari and Singh [69] revealed that a semi-transparent water
wall in a sunspace could reduce temperature fluctuations significantly, and in 2018, Wang and Lei [39]
revealed that incorporating a water wall system to a solar chimney could result in an increased thermal
comfort level in the attached room. For the literature reviewed, most of the previously conducted
researches on WWS focused on the heating ability of WWS for summer seasons, where less attention is
given to the performance of WWS for the winter season.

Experimental modeling in real atmospheric conditions has several advantages and several
disadvantages [35]. Experiments allow for the gathering of real-time performance data, for instance,
solar irradiation and angle, atmospheric temperature, wind velocity and direction, and the like. At the
same time, the experiments are usually inflexible. When an experimental model is built up, it is
typically troublesome or costly to adjust the model for various designs. Conversely, reduced-scale
models might be flexibly adapted for different purposes. Furthermore, full-scale experiments are costly
compared with the reduced scale laboratory experiments. Full-scale design models demand a large
land area for the installation and entail substantial development expenses. If the experiment includes
the study of seasonal weather changes from winter to summer or the other way around, it might take
as long as a large portion of a year to finish the testing. Most importantly, it is typically challenging to
rehash full-scale experiments under real whether conditions. Even though experimental modeling is
considered a compelling method of studying the thermal performance of WWS [35], the numerous
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constraints of the experimental approach have kept it from being broadly practiced by researchers in
the recent past.

4.1.2. Analytical Modeling of Thermal Performance of WWS

The analytical modeling of WWS has been conducted mainly through the Heat Balance Model
(HBM)s and has been used for analyzing the performances of WWS in different types and different
locations from the 1970s. In 1979, a group of researchers studied the thermal performances of a
semi-transparent WWS, a Trombe wall, and a direct gain system using HBM, which they called
thermal network models, and concluded the solar heat gain in a Transwall is very close to the solar
heat gain of a Trombe wall [70,71]. Bansal and Thomas [72] in 1991 compared the performances
of semi-transparent WWS, mass wall, solarium, and a Trombe wall using steady-state heat transfer
equations and concluded that a water wall performs better than the others if night losses are reduced
through the use of movable insulation. A similar type of research conducted by Bhandari and Bansal
in 1994 confirmed that water walls and Trombe walls are more effective for marginally higher solar
radiation applications [73]. Nisbet and Mthembu [74] in 1992 compared the performances of a WWS
with dyed water and water-gel solutions with an HBM based on the Fourier conduction equation
and revealed that WWS with water-dye solution has a high heat release at evenings. The same study
showed that a Transwall installed in a house in the west of Scotland can have an energy saving of 23%,
while a fora house in the south of France is about 62%. This study further revealed that the optimum
wall thickness should be about 150 mm for a maximum performance.

The HBMs were also used for the analysis of WWS attached to different other passive techniques.
It was revealed in 1988 by Yadav and Tiwari [75] that an opaque WWS incorporated in a sunspace
in a residential single-story house could significantly reduce the temperature changeability in the
space linked with the WWS. Tiwari and Kumar [76] compared the performances of an opaque WWS,
a Transwall, and an air-collector in a sunspace using energy balances of the different components.
The results revealed that a Transwall as a linking wall increases the room temperature on winter nights
and outperforms the other two systems.

The HBMs also can configure the optimum thickness of WWS. In 1991, Upadhya, Tiwari, and
Rai [77], who conducted a study in Sri Nagar, India, revealed that for maximum heat gain in the winter
daytime with less temperature fluctuations, the thickness of the trap material needs to be maximized,
while the inner pane glass thickness needs to be minimized. Wang and Lei [38] in 2019 investigated
the optimum configurations for a WWS including different glass pane thicknesses, different air gap
widths, different water column thicknesses, surface tinting, and the relative solar chimney location
using a Transient Heat Balance Model (THBM). The results showed that increased glass pane thickness
or reduced water column thickness could result in better thermal performance of the combined system,
while increased air gap results in better ventilation with decreased room temperature.

The water wall researches in the recent past involved with the BES programs too. The majority of
the studies have utilized the TRNSYS whole building simulation model. Wang et al. (2012) utilized
TRNSYS to examine the energy utilization and thermal performance of an opaque WWS in China [78].
The simulation results of a year-round period revealed that building architecture can have an effect
in reducing 8.6% of annual energy usage and can raise the thermal comfort assessment index by
12.9%. Sánchez-Ostiz et al. [79] in 2014 simulated the energy performance of sunspace with an opaque
WWS for both winter and summer climates using TRNSYS. The results of the study revealed that the
energy requirement for the heating of a sunspace with a WWS was 12.9–16.7% less than a sunspace
without a WWS. However, due to the limitations of the available BES programs, direct analysis is
restricted to the opaque WWS. It requires external simulation programs such as CFD for the simulation
of semi-transparent WWS.

In summary, much of the analytical research on WWS are based on HBM models, as it can foresee
the essential elements of a building. However, these calculations are based on many assumptions,
such as constant convective heat transfer coefficients, uniform surface temperatures, gray radiative
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surfaces, diffuse radiative surfaces, and one-dimensional heat transfer within the system. Furthermore,
radiation interchanges between internal surfaces are often ignored in HBMs, while some models
recognize the radiation released from external surfaces. However, Wu and Lei [36] showed that the
internal surface-to-surface radiation exchange and time variations of heat transfer coefficients have a
substantial impact on system efficiency. Due to these limitations of the models, the real performance of
the system could be varied from the calculated performances.

4.1.3. CFD Modeling of Thermal Performance of WWS

The application of CFD modeling to WWS research is a new approach, and still a limited number
of researches have been conducted by means of CFD modeling. Karabay, Arici, and Sandik [40],
in 2013, researched the thermal efficiency of a concrete mass wall with built-in pipes filled with constant
temperature water using CFD where turbulent water flow was presumed. The simulations were
limited to steady-state conditions. In 2015, Moustafa and Aripin [41] assessed the steady-state thermal
efficiency of a WWS combined with a porous ceramic pipes system, which is an advanced version of
a potter wall. Coupling of BES tools with CFD is a growing research direction. In 2018, Sameti [80],
with the use of TRNSYS, together with CFD, showed that the thermal efficiency of an opaque solar
WWS with a water storage tank was higher in thermal performance than a conventional opaque WWS.
Furthermore, a new thermal network model was developed by Liu, Guo, and Wang [43] and was
used for the simulation of semi-transparent WWS through EnergyPlus together with a CFD study.
The findings of these studies establish that the BES models together with CFD are useful in analyzing
the energy performance of WWS in detail. Some recent studies have developed and used transient
CFD models that considered the time effect of solar energy fluctuations and ambient temperature
in evaluating the thermal efficiency of an opaque WWS and semi-transparent WWS [81]. However,
many of the above researches have neglected the refractive radiation index and glass panes radiation
reflection. These studies assumed a bulk value for the attenuation coefficient of solar radiation in water
within the wavelength spectrum. However, in actuality, the attenuation coefficient of solar radiation in
water depends on the wavelength. In this manner, a multiple-waveband attenuation model merits
further research to get progressively precise outcomes. The evolution of WWS research is summarized
in Table 1.

Table 1. A summary of past research on assessing thermal performance of WWS.

Year Location Type of WWS Method Results

1947 [35] United States WWS with opaque
material Experimental modeling WWS has the capability to increase the

thermal comfort level

1978 [63] United States WWS with
semi-transparent material Experimental modeling Water drums behind glass panes improve

the thermal comfort inside the room

1979 [70] United States WWS with
semi-transparent material Thermal Network Models Solar heat gain in transwall is very close

to the solar heat gain of Trombe wall

1981 [82] India WWS with
semi-transparent material

Transient Heat Balance
Model (THBM)

The thermal performance of a
semi-transparent water wall is more
efficient than a concrete mass wall

1986 [65] Tasmania WWS with opaque
material Experimental modeling

Energy consumption of a house with
WWS is less (70%) than that of a concrete

walled house

1987 [34] India WWS with
semi-transparent material Experimental modeling

Semi-transparent WWS is more efficient
compared to a concrete mass wall in

terms of thermal performance in daytime

1987 [83] India WWS with opaque
material Mathematical model

Large drums full of water kept inside a
greenhouse can increase the thermal

comfort

1987 [71] - WWS with opaque
material Mathematical model Complex heat transfer coefficients for

WWS are developed
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Table 1. Cont.

Year Location Type of WWS Method Results

1988 [67] India WWS with Phase Change
Materials (PCM) Experimental modeling

Water wall combined with PCMs as a link
wall can increase the thermal

performance

1988 [75,84] India Collaborative-opaque
water Heat Balance Models (HBM) The system reduces temperature

fluctuations inside the room significantly

1991 [72] Leh WWS with
semi-transparent material THBM WWS performs better than the other

considered thermal energy storage walls

1991 [77] India WWS with
semi-transparent material THBM WWS performs better than the other

considered thermal energy storage walls

1991 [76] India Collaborative-opaque
water THBM

For less temperature fluctuations with a
maximum heat gain, the inner pane

thickness of WWS should be at a
minimum

1992 [74] Scotland and
France

WWS with
semi-transparent material THBM

WWS can achieve energy saving of
23%—west of Scotland,

62%—south of France, compared to a
concrete walled house

1994 [66] - WWS with opaque
material Experimental modeling WWS are efficient for summer days

1994 [73] India WWS with
semi-transparent material THBM WWS performs better than the other

considered thermal energy storage walls

1996 [69] India WWS with passive
mechanisms Experimental modeling WWS reduces temperature fluctuations

inside the room significantly

2003 [68] India WWS with opaque
material Experimental modeling

A north-facing WWS with a thickness of
27.5 cm can increase the room

temperature by up to 4–5 ◦C at night, and
3–4 ◦C in the daytime

2007 [42]
2008 [85] China WWS with

semi-transparent material THBM

Natural convection effects are more
influential than radiation effects, and the
effect of natural convection in the water

layer can be regulated if suitable
geometric shapes are adopted

2011 [81,86]
2018 [87] Hong Kong WWS with

semi-transparent material
Experimental modeling,

THBM
WWS can significantly reduce the indoor
heat gain in both warm and cool climates

2012 [78] China WWS with
semi-transparent material TRNSYS

WWS can decrease the room maximum
temperature by 4 ◦C and increase the

minimum temperature by 3 ◦C

2013 [40] Turkey WWS with opaque
material

Computational Fluid
Dynamics (CFD) (FLUENT)

The thermal performance of wall heating
systems is better than the floor heating

systems in terms of thermal performance

2013 [88] Spain WWS with
semi-transparent material Experimental modeling The energy performance of WWS is more

effective than the traditional windows

2014 [79] Spain Collaborative (Sunspace)
-Water wall in a sunspace TRNSYS

A sunspace with WWS needs 12.9–16.7%
less heating energy compared to a

sunspace without WWS

2015 [41] Luxor, Egypt WWS with opaque
material CFD

A pottery–water wall can reduce cooling
and heating demand by 88% at extreme

climatic conditions

2015 [89]
2017 [90] China WWS with

semi-transparent material CFD The effect of header design on the
performance of WWS is insignificant

2016 [37] Sydney,
Australia

WWS with
semi-transparent material CFD

Greater energy savings of WWS in winter
climate compared to a concrete wall with

same thickness, and in summer they
perform in a similar way

2018 [39] Sidney,
Australia

WWS with Passive
mechanisms—with

sunspace
Experimental modeling

The thermal comfort level is increased in
the attached room by raising room

temperature in winter as well as with a
considerable ventilation

2018 [43] United States,
Chicago

WWS with
semi-transparent material EnergyPlus + CFD

Thermal mass windows have a greater
thermal performance compared to the

traditional windows
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Table 1. Cont.

Year Location Type of WWS Method Results

2018 [80] - WWS with
semi-transparent material TRNSYS + CFD The proposed system is high in thermal

performance and aesthetic appearance

2019 [38] Sidney,
Australia

Collaborative (Solar
Chimney)-Semi-transparent THBM

A combined solar chimney and WWS can
provide good ventilation and thermal
comfort throughout the day and night

2019 [91] United States,
Chicago

WWS with
semi-transparent wall

Integrated Energy (IE) and
CFD

Transparent water storage envelopes can
result in 70% of heating and cooling load
reduction compared to conventional glass

facades

2020 [92] 13 cities WWS with
semi-transparent wall

Window Program +
TRNSYS

WWS can result in energy saving of
3–84%/US$0.99–24.25/m2 based on the

climate

The WWS is proven to be a potential building element to increase thermal performance and energy
efficiency on a limited scale. The location of the WWS has a significant effect on the performance
level, as the heat transfer through the system heat storage depends on the incident solar flux on the
external side of the façade. However, as shown in Table 1, the WWS researches have been performed
only in several countries, including the United States, India, China, Australia, and several other
European countries. These researches have been carried out in small scales with prototype models,
and the research results for the thermal performance of WWS in real buildings are limitedly available
in the literature. This may be a reason for the limited application of WWS in real building projects.
The research methods on WWS has evolved from experimental modeling and analytical modeling to
CFD and whole-building energy simulations. In the majority of these researches, the CFD calculated
values for the temperature of the surfaces and water have used as input data for the BES packages.
This is because many of the available BES are not equipped with the capability of direct simulation of
WWS. Having a direct simulation program may increase the WWS in real building applications, as
then the building designers can design WWS for the advancement of energy efficiency and thermal
performance in buildings.

The energy efficiency considerations have overlooked the effect of embodied energy throughout
the building life cycle. The embodied energy calculation considers the energy use for
extraction/manufacturing of materials, transportation, construction, maintenance, replacements during
the entire life cycle, and the disposal of the system. If more energy is consumed in these phases of
the WWS lifetime, the embodied energy can overperform the reduced energy consumption for air
conditioning of the building. Therefore, the comparison of embodied energy against the expected
energy savings is very much needed for the real building applications.

The future research directions concerning the energy performance of WWS are discussed
in Section 7.

5. Fire Performance of Water Wall Systems

A building façade should be planned to limit the spread of fire to the inside of the building built to
restrict fire spread inside the structure, to the adjacent floors, and to the outside of the building, allowing
the evacuation of building occupants and ensuring the safety of the rescue team [93]. Moreover,
the façade needs to be constructed in a manner that stops parts from collapsing throughout the
evacuation and rescue team activities. However, a standard glass façade is more vulnerable to fire
spread than a conventional façade made with bricks, stone, or concrete, and can easily break within
a matter of minutes [94–96] when exposed to fire. This collapse of glass panes introduces a new
airflow for fresh air and fire spread outdoors, enabling the phenomenon of flashover or backdraft [97].
Compartment fire dynamics may be drastically modified, triggering more serious disasters [98,99].
The possible ways of fire spread through a glass façade are elaborated in Figure 8.
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Figure 8. Rapid fire spread with glass façades. Potential fire risks for a building in fire accidents may
come from foreign or local agents. For external causes, the fire may spread from nearby buildings
or a firing item in the local environment. The radiation coming from the external fire can develop
the thermal stress on the glass and can break the glass. Then the fire enters the building interior.
Fire accidents from interior fire sources are more common in the real world, where the fire propagates
from room to room/floor to floor. The internal fire can develop the thermal stress on the glass, and then
the glass breaks. Then the flame will hit the upper floor façade, and the secondary fire will develop.
The fallen burning objects can develop another secondary fire.

Glass façade fire performance is influenced by many factors, while thermal gradient is the primary
cause of glass breakage [100]. Several researches have been carried out on the crack ignition of glass
panes in a fire, and different results are established. For example, Keski-Rahkonen [101] revealed that
an 80 ◦C temperature variance between the heated glass pane and the edge is needed for crack initiation.
Pagni and Joshi [31,102] reported that only a 58 ◦C temperature difference is needed for crack initiation
in a glass pane. Moreover, it is established that the fallout of a glass pane when exposed to fire also
depends on the imposed heat flux. For example, a single-strength glass pane will crack with 4 to 5 kW
m−2 of heat fluxes [103]. However, in a real fire situation, it is difficult to predict when the glass will fall
out after breakage [100]. The glass pane thickness is another significant factor that affects the glass pane
performance in a fire. For example, 3 mm window glass panes break at a temperature of around 360 ◦C.
For thicker, 4–6 mm glass pane, the glass pane will break at around 450 ◦C, and double-glazed glass
panes with a 6 mm thickness are expected to break at about 600 ◦C [100]. It has also been proven with
several experiments that the temperature differences required for glass pane cracking will increase with
increasing thickness [28]. The type of glass pane selection, such as single pane/double pane, also has a
significant effect on the glass fire performance [28,104,105]. Besides, the smoke movement [98], glass
pane orientation [28,30,99], and location of the fire [30] are found to be of considerable significance for
glass pane breakage [14].

The characteristics of WWS make itself potentially a fire safety construction element. Water is
used to extinguish flames. Especially water film and water curtain are used on glass panes to prevent
breakage [106–109] since glass breakage influences the fire spreading, as explained previously. However,
glass cracking typically happens in the rapid cooling phase rather than the rapid heating process,
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owing to the thermal shock induced by sudden cooling, which is a problem associated with water films
and water curtains [110]. This issue can be overcome by a WWS, as a WWS always has a continuous
water layer between two glass panes. The heat passes through the interior or exterior glass pane and
is absorbed by the water column from the fire initiation. Therefore, it is reasonable to expect that to
heat up the glass pane until its breakage stage will take a longer time. The WWS offers abundant
faster heat exchange than a typical wall fabricated from concrete or brick because the heat stored
in water could also be decentralized through convection. Compared with other building materials,
water has a high specific heat capacity of 4.2 kJ/kg.K, while concrete has a specific heat capacity of
0.880 kJ/kg.K only [111]. With the water layer, the glass panes are maintained at a lower and perhaps
more uniform temperature and will not be easily broken by the water sprayed by a fireman during a
fire. The mechanism by which a WWS enhances fire safety is shown in Figure 9.
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Figure 9. Restricted fire spread with water wall systems. The water layer traps the heat transmitted
and conducted through the glass panes from the inner fire or the exterior fire. As the added heat
from the fire is transferred to the water layer, the glass panes are heated up more slowly during a fire,
delaying breakage of glass panes due to heat up. With this effect, the WWS protects the building from
both interior and exterior fires.

6. Water Walls as a Green Building Façade

A green building needs to be more friendly with the environment and humans than conventional
buildings [112]. For this, a green building must be designed, constructed, restored, managed, or
recycled in an environmentally friendly, economical, and resource-efficient way [113,114]. It is expected
to meet a range of particular targets: Energy efficiency, reduced CO2 and Green House gas, pollution
control, noise reduction, enhanced indoor air quality, and environmental harmonization. In this
context, water walls are well suited for the green building façades [114].
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6.1. Economic Cost of WWS

WWS are considered as simple and very economical for many reasons. WWS may also be built in
new or renovated buildings with traditional construction techniques. WWS do not depend on auxiliary
power, as no pumps or valves are incorporated. Therefore, WWS operate even though the electricity
is off, which helps in reduced energy bills. Constructing and maintaining a WWS is less costly than
other thermal storage systems, since WWS is constructed with standard materials and also has a long
life [38]. For example, a water wall will cost about $9612 for 100,000 BTU storage, while a concrete
wall will cost about $14,426 for the same heat storage in San Francisco, CA, USA [50]. Thus, WWS
is more economical than that of concrete walls for constructions in San Francisco, CA, USA. As the
economic cost of the building elements may vary for different locations, the economic cost needs to be
calculated before the building design. However, depending on the lower material volume, ease of
construction, lower maintenance needs, and the reduced energy consumption, it is expected that WWS
are economical on the whole worldwide than that of high thermal mass façades such as concrete walls.

6.2. Embodied Energy of WWS

The embodied energy of WWS (which is the total energy required for extraction of raw materials,
processing of WWS, delivery and construction of WWS, and the disposal after the building demolition)
needs to be considered in assessing the suitability of WWS for green buildings. The embodied energy
of a WWS primarily depends on the embodied energy of glass, as a WWS is built of two glass panes
and a water layer. A material-wise comparison of the embodied energy of a WWS and a concrete wall
is shown in Table 2. In all the selected countries, float glass has a much higher embodied energy than
concrete for a unit mass. However, for effective comparison, embodied energies need to be compared
on a per area basis for façade elements.

Table 2. A WWS embodied energy comparison against a concrete facade for different countries.

Location
Glass Embodied
Energy per Unit

Mass (MJ/kg)

Concrete-Embodied
Energy per Unit

Mass (MJ/kg)

WWS Embodied
Energy per 1 m2 of

the Façade (MJ)

Concrete–Embodied
Energy per 1 m2 of

the Façade (MJ)

Western Australia [115] 15 1.39 885 1737.5

New Zealand [116] 15 2 885 2500

USA [117] 12.7 1.5 749.3 1875

The thickness of façade elements is usually decided based on the structural requirements and the
required U-value of the building envelope, which determines the amount of heat transfer through the
building envelope. The U-value of a building element depends on the thermal conductivity of the
material, convection coefficient from the material surface, and the thickness of the building element.
For example, a WWS with 100 mm water layer and two 25 mm thickness glass panes has a U-value
of 1.08 Wm−2 K−1. In order to have the same U-value, a concrete wall needs to have about 400 mm
thickness. The mass of glass required for the construction of a WWS facade is lower than the mass
of concrete for a comparable concrete facade. A comparison of the embodied energy of WWS and a
comparable concrete wall is presented in Table 2 and Figure 10.
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As shown in Figure 10, even though the embodied energy value of WWS differs for different
locations, it is always less than the embodied energy of concrete walls. Thus, WWS is a more sustainable
feature than a concrete wall for a green building, considering the fact that the embodied energy of
WWS is lower than that of the concrete facade on a unit area basis.

6.3. Energy Consumption and Greenhouse Gas Emissions

WWS decreases the heat loss and heat gain through the building facade, thus lowering energy
usage for air conditioning. On the other hand, WWS get a large amount of light that aids in giving a
high measure of natural daylighting as opposed to depending exclusively on artificial lighting [118],
thereby reducing the energy consumption for artificial lighting [119,120]. The mechanism of energy
saving through WWS has been explained in detail in Section 4.1.

The reduction of CO2 and GHG emissions is one of the major purposes of green buildings to
reduce the impact on the environment [17,19,121]. As energy consumption is reduced, the need for
energy generation is also reduced. Consequently, fewer fossil fuels are burned for electricity generation
reducing CO2 and GHG emissions. Furthermore, during a fire, the WWS absorbs much of the heat
radiation from the fire, thus reducing the thermal stress development on the glass pane. This helps in
preventing more hazardous fire situations. The reduced fire risk also effects in reducing the possibility
of CO2 emissions.

6.4. Recyclability

The suitability of a material to match with the green concept needs to be evaluated by
considering the entire life cycle, including construction and demolition. Glass panes are comprised
of non-contaminating raw materials, has an energy-efficient manufacturing process requiring an
insignificant amount of water, and creates a negligible amount of waste [122,123]. Its application in the
structures chops down the use of concrete, which is again one of the primary sources of CO2 generation.
Additionally, glass panes are recyclable and can be reused, offering to ascend to a Cradle to Cradle
approach [114], which makes it a clear choice that is causing a decrease in raw material needs.

6.5. Human Friendliness

A green building needs to be human friendly. Thermal comfort, acoustic comfort, and aesthetic
appearance are some of the factors that affect human friendliness. As the temperature fluctuations
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within the buildings are reduced, the WWS deliver thermal comfort to the occupants. Furthermore,
WWS provides a high level of acoustic solace by warding off sound from the outsides to the insides,
thus guaranteeing a more quiet atmosphere inside [124]. WWS provides natural views to prevent
claustrophobic experiences of complete masonry walls [125–127]. It is reported in the previous
researches that better viewing options of the outside can lead to the improvement of the health and
wellbeing of humans, which is possible with WWS [128,129]. Meanwhile, water is not toxic, contrary
to other TES substances such as PCMs. Therefore, WWS are environmentally safe and human friendly.

Owing to the above-discussed design and working principle, it is fair to conclude that WWS
is innovative, environmentally beneficial, economical, and socially approachable, and an excellent
sustainable application to a green building façade. Figure 11 portrays the green benefits of water
wall systems.
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Figure 11. A water wall is well suited for a green building façade. The application of water wall
systems helps in reducing building energy consumption and fire risk. Water wall systems help to
reduce the building heat loss and heat gain, allow daylight within the daytime, and thereby reduce the
energy consumption for air conditioning and artificial lighting. Consequently, fewer fossil fuels are
burned for electricity generation. In a fire situation, the WWS absorbs much of the heat radiation from
the fire, slowing down the glass pane heat up and reducing the thermal stress development on the
glass pane. The reduced fire risk and reduced electricity generation effects in reducing the possibility of
CO2 emissions, which is one of the main aims of green building constructions. Further, the material
used in WWS constructions are sustainable and recyclable.

7. Shortcomings of Past WWS Research and Future Directions

A considerable number of researches have been carried out on assessing the energy performance
of different types of WWS. However, there is a gap in the literature assessing the economic cost of
WWS. In fact, assessing the cost of WWS is important for before applying to the green buildings,
as the economy is one pillar of sustainability, with the environment and humans being the remaining
pillars. It is a common perception in the construction industry that “Green costs more”. This is one
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of the reasons that WWS are limitedly applied in buildings worldwide. Therefore, to foster WWS
developments in worldwide, studies on the economic aspect of WWS is a deliberate need.

The reviewed literature reveals that the application and the research on WWS are limited only to
several countries. The results of those researches suggest that the efficiency of the system significantly
varies with the climatic conditions, which cannot be generalized to the whole world [77,82,130,131].
Future studies should concentrate on the best WWS configuration concerning each climatic condition
around the world. The results can increase the popularity of WWS in the global context.

Past research suggests some parameters (water wall type, the material used, location of the WWS
in the building, size of the WWS) influence the effectiveness of WWS significantly. By modifying one
or two of these parameters, WWS’ overall efficiency could be greatly strengthened. To this end, future
research is crucial to find the optimal design mix for the effective operation of the WWS.

The previous studies confirm that the incorporation of WWS into the buildings could result in
reduced temperature fluctuations in most of the countries concerned. However, the impact of reduced
temperature fluctuations on the energy efficiency of the building has been barely studied. Therefore,
future research should focus on assessing the whole building energy saving with the integration of
WWS to the building. The results will attract the general public for the WWS application.

Furthermore, this literature review reveals that BES programs are beneficial in assessing the
performance of passive energy systems. Numerical simulation is more effective than prototype testing
in research. Nonetheless, WWS cannot directly use the available computational envelope components
or window components in current energy programs, such as Equest, EnergyPlus, IES-VE, TRNSYS, and
TAS [132]. Since envelopes are predefined as opaque surfaces, it is unable to perform WWS simulations
as a façade component directly, as it does not consider the light transmission to the indoors. In addition,
window modules of most of these energy programs are standardized as objects without thermal mass
parameters; thus, heat transfer is often measured without heat storage, which is crucial for the WWS
operation. Therefore, the development of BES programs to assess the energy performance of WWS
should be focused on by the future studies. This provides the likelihood of simulating advanced
building environments over an extended period in merely several minutes. It is less time consuming,
and inexpensive. Therefore, it is incredibly useful in finding out large-scale systems over extended
periods of time, and having a whole building simulation enables proper building designs with WWS.

In addition, WWS could be connected to other green building elements such as green roofs.
The integration could result in increased benefits. However, the evidence of such assessment lacks in
the reviewed literature. Moreover, the embodied energy of WWS needs to be considered in assessing
the suitability of WWS for green buildings. If more carbon emissions are associated with WWS
applications, it is a detriment to the green building concept. Therefore, future research should assess
the embodied energy of WWS and compare the efficiency of integrating WWS with other green
building features.

As suggested in Section 5, depending on the characteristics of the WWS, it is fair to assume that
the WWS can provide fire protection to the buildings which have not yet been investigated in the
scientific literature. Therefore, more realistic studies are required to examine the WWS contribution to
fire safety. The assessment of the fire performance of a façade depends on the determination of the
flame spread, smoke spread and the potential damage. A hybrid fire simulation approach in which the
WWS fire efficiency is measured in a fire testing facility while the remaining building is numerically
simulated at each stage is advantageous [44], as it has the ability to study many aspects of the fire
propagation, avoiding the high costs of full-scale tests.

The designing and construction of passive solar systems, such as WWS, are challenging [51].
The cost of installation and maintenance, lack of trained technical personnel, and no established
building codes addressing the design and operation of WWS are some of the challenges associated
with the limited use of WWS. However, the life cycle benefits of the system will outgrow the cost
of installation and maintenance, and the proper design decisions for WWS will help to keep their
installation and maintenance costs at a minimum. Thus, correct technical knowledge is essential
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in constructing a WWS [48]. When the systems are installed incorrectly, it creates additional risks.
If a building system has established performance-based building codes, it helps in constructing
more efficient systems. Therefore, future research should aim at the establishment of building codes
concerning the WWS.

Provided their possible long-term advantages, WWS tend to be cost-effective. WWS will have
long-term ecological, socioeconomic, and environmental advantages to make communities safer,
healthier, and more prosperous. A systematic analysis of WWS long-term benefits worldwide is
expected in future studies. Long-term evaluations might provide significant evidences to enable
stakeholders to participate in large-scale WWS programs.

A summary of future research directions is shown in Figure 12.
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8. Conclusions

This paper reviews the research on WWS to assess WWS for energy-saving and fire safety when
incorporated into green building façades. From the analysis, it is established that WWS has a significant
impact on controlling energy efficiency and fire safety in green buildings. Nevertheless, careful
attention is required in designing the façade in green buildings to minimize the solar gain to the
building, allow sufficient daylight, and reduce the fire risk, so as to fully utilize the advantages of
WWS. It is expected that water wall systems can provide an integrated solution for energy efficiency
and fire safety of buildings attached with a water wall system as the façade. It is envisaged that this
approach has a high potential to be applied in practice.

The possible energy efficiency of water wall systems has been studied comprehensively through
different methods such as analytical modeling, experimental modeling, and numerical modeling (CFD).
The studies suggest that the WWS are capable of reducing the temperature fluctuation, which can
result in reduced energy cost when they are attached to the building façade. This system is economical
and comes with a lot of green benefits.
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Moreover, prospective studies must tackle various challenges by systemic examination.
The identified research gaps and challenges demand a comprehensive analysis in the future. Future
research should focus on assessing the WWS performance for different climatic conditions, find
the optimal design mix, assess the performance of WWS when incorporated into other green
building features, development of BES programs addressing the simulation of WWS, assessing
the fire performance of WWS, WWS life cycle appraisal of embodied energy and economic cost, and
development of performance-based building codes addressing the WWS. With the results of these
researches, efficient design of WWS with numerous social, environmental, and economic advantages
makes the application of WWS in green buildings more appealing.
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