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Abstract

Passive ventilation systems such as wind towers can provide fresh air to buildings with
no energy demand, however, are often closed throughout the winter of cooler climates
due to the introduction of untreated fresh air into the indoor environment which can
result in increased building energy demand. Wind towers were originally used
throughout The Middle East for centuries to provide passive cooling in hot, arid
climates. They have since been modified for European climates, altering the shape of
the external envelope, the number of sides, and the use of louvres to channel the flow
of air through the system. Various forms of heat recovery have been explored within
passive ventilation, however their performance is limited by the small temperature
differences between the exhaust and inlet air channels and the allowable pressure
drop over the heat recovery device. Therefore, it is desirable to introduce a heat
recovery system capable of providing a greater degree of heating and cooling than
existing systems, with greater control afforded to the user, whilst incurring a low
pressure drop to maintain ventilation rates through the system. As such, this research
aimed to combine heat recovery within a passive ventilation system to create a low-

energy heating, cooling, and thermal energy recovery system.

The study followed an iterative design approach, using two separate physical tests
and corresponding numerical models. First, the impact of an increasing number of
horizontal pipe layers through a multi-sided wind tower was explored, measuring the
volumetric flow rate into the room below as well as the potential direct heat recovery
from the exhaust to inlet air channels. A full-scale wind tunnel test was conducted in
an environmental chamber at the Building Research Establishment site in the UK, with
the results used to validate a corresponding numerical model developed through

ANSYS Fluent under steady state conditions. Once validated, simulations were



conducted under increasing wind speeds and under differing inlet and outlet air

temperatures to understand system performance.

The results of the wind tunnel test and numerical modelling were used to guide design
decisions for the integration of a water-based thermal loop to extract and deliver
thermal energy from and to the system. Once the design of the system was settled, a
field trial of the proposed system was conducted at an office site in Sheffield, UK. The
ability of the system to cool fresh air was recorded over several days, with the results
used to validate a second numerical model through a transient simulation, again
developed through ANSYS Fluent. Once validated simulations further steady state
simulations were conducted, varying the wind speed, air temperatures, water
temperatures, and water velocities, measuring the ability of the system to provide

heating and cooling to fresh air whilst recovering waste thermal energy.

For the wind tunnel test, heat pipes were installed within a wind tower to facilitate the
direct recovery of waste heat from the exhaust to inlet air channels. The wind tower
and heat pipe system maintained a volumetric flow rate of 0.1 m®/s at an inlet velocity
of 1 m/s. The fresh air temperature was raised by up to 2.8 °C, with the amount of
heating increasing as the inlet velocity fell and the temperature difference between the

exhaust and inlet channels rose.

For the field trial, a run-around heat exchanger was integrated into a wind tower to
recover waste thermal energy and eventually link the system with seasonal thermal
energy storage. Validating the numerical model using experimental data, simulations
revealed the potential of the system to provide fresh air at 0.09 m3/s when the inlet
velocity was 1 m/s, marginally lower than the wind tunnel test owing to the increased

wind tower height. A maximum pressure drop over the heat exchanger of 2.07 Pa was
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recorded at a wind speed of 5 m/s. The fresh air temperature was decreased and
increased by up to 4.36 and 4.14 °C respectively due to cooling and heating provided
through the heat exchanger, with the amount of heating or cooling again increasing
with decreasing wind speed. Under the same boundary conditions, an increase or
decrease of 6.15 °C in water temperature through the heat exchanger was reported,
when providing heating and cooling. The change in water temperature remained the
same under heating and cooling conditions due to the variations in inlet and exhaust
air temperature through the wind tower inlet and outlets. Considering the system was
intended to recover thermal energy for storage through a form of seasonal thermal

storage, a maximum of 2 kW of sensible energy was transferred between the fluids.

Adding fins to the heat exchanger reduced the volumetric flow rate into the room but
improved the heat transfer between the fluids. The performance of the standard heat
exchanger was evaluated through the efficiency and overall heat transfer coefficient,
achieving a maximum efficiency of 30% and a heat transfer coefficient of 5.1 W/m? —

K.
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1 Introduction
This chapter presents an overview of the motivations behind this study, introducing
the concepts of passive ventilation, heat recovery, and seasonal thermal energy

storage, before the methodology and structure of the thesis are presented.

1.1 Motivation

Buildings account for approximately 40% of energy consumption in the U.S and
Europe (Pérez-Lombard et al., 2008; Amasyali and El-Gohary, 2018), with Heating,
Ventilation, and Air Conditioning (HVAC) systems in commercial buildings responsible
for up to 50% of this total (Figure 1-1) (Vakiloroaya et al., 2014; Maasoumy and
Sangiovanni-Vincentelli, 2016; Qian et al., 2020). Climate change will profoundly
impact building energy demand, with the need for space heating and cooling set to
change drastically over the coming decades (Zhai and Helman, 2019). In response,
the EU-wide 2030 climate and energy framework aims to reduce greenhouse gas
emissions by at least 40% from 1990 levels while improving energy efficiency to 32.5%
(European Council, 2014; European Commission, 2020). On a national level, the UK
government aims to reduce emissions by 78% relative to 1990 levels (Jing et al.,
2022). As such, buildings have been identified as one area where significant
reductions in energy consumption can be achieved, contributing to creating a
sustainable energy network and forming an essential part of a carbon-neutral society.
Although achieving emissions reduction targets for the built environment is crucial to
reducing total energy demand, the thermal comfort and health of the building

occupants must be considered throughout.



Residential Sector Energy Consumption
Computers

Figure 1-1 - Breakdown of energy consumption in a typical building in the US
(Maasoumy and Sangiovanni-Vincentelli, 2016)

Indoor air pollutants arise from both human activity and building materials, the buildup
of which can impact occupant well-being, performance, and productivity, and in the
worst cases, cause the onset of Sick Building Syndrome (SBS) (De Dear et al., 2013;
Baloch et al., 2020). Stale air must be constantly expelled and replaced with fresh air
to prevent the buildup of pollutants, with ventilation rates legislated according to

building type and primary use (CIBSE Guide A, 2015).

To replace stale air with fresh air, active or passive ventilation systems can be used,
whereby active ventilation uses mechanically powered fans to move air throughout
buildings, and passive ventilation uses naturally occurring driving forces to generate
airflow. Mechanical ventilation such as HVAC systems are often also used to remove
airborne particulates through filtering, as well as control indoor temperature and
humidity through heat exchangers, with ventilation rates of up to 10 L/s required to
account for the removal of contaminants such as those produced by building materials

and furnishings (Jones and Molina, 2017).



Passive ventilation systems such as wind towers, openable windows, and solar
thermal chimneys offer an alternative to active ventilation systems by harnessing
areas of relative positive and negative pressure as well as the stack effect to create a
flow of air into and out of buildings (Walker and Wilson, 1993). As a static body in a
fluid flow, wind towers generate an area of positive pressure on the windward face of
the wind tower and a corresponding area of relative negative pressure on the leeward
side. This creates a combined driving and suction force through the ventilation system,
with stale air exiting towards the low-pressure region and fresh air flowing to replace
it (Figure 1-2). The stack effect is generated through room temperature differences,
creating a buoyancy-driven flow. Warm stale air rises, exiting through the passive
ventilation system, reducing the internal air pressure and enabling cool air to flow in to

replace it.

Suction on > 4—— Positive pressure on
rear/side \ e front surface
— - =
Stale Air ¢+
Out

Fresh Air
In

Figure 1-2 - Ventilation flow process through a commercial wind tower (Calautit and
Hughes, 2014b)

Although passive ventilation systems consume no energy by nature, they are subject
to several limitations. The stack effect is only apparent at low air velocities. It

diminishes throughout the summer as the temperature difference between indoors and



outdoors decreases (Wu et al.,, 2021) meaning that passive ventilation systems
primarily depend on wind speed to generate meaningful airflow and ventilation. In
addition, as a standalone system, they fail to provide any heating or cooling to fresh
air, which can result in an increase in building energy demand as untreated fresh air
enters the indoor environment. To prevent this, passive ventilation systems are often
closed throughout the winter months of cold climates as ambient temperatures decline.
In response, studies have explored using heat recovery devices within passive
ventilation systems to increase their viable operational window and decrease the

reliance on conventional HVAC systems.

Heat recovery devices can be used to recover and transfer waste heat between fluid
streams in both industrial and residential systems (Figure 1-3), where waste heat can
be defined as heat rejected from commercial or industrial activities because its
temperature is too low for direct use (Lagoeiro et al., 2022). Examples of heat recovery
devices include heat pipes, plate heat exchangers, rotary thermal wheels, and run-
arounds, with reviews regarding the integration of heat recovery within passive
ventilation systems focusing on heat transfer rates, ease of integration, and incurred

pressure drop (O’Connor et al., 2016; Xu et al., 2019).
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Figure 1-3 - Heat recovery system for a residential building (Mardiana-ldayu and
Riffat, 2012)

Individual studies regarding heat recovery within passive ventilation tended to focus
on the potential for heat recovery from the exhaust to inlet air to raise supply
temperatures. Due to the lack of fans used within passive ventilation systems, the
driving pressure through the inlets is often low, therefore making the allowable
pressure drop over the heat recovery device crucial to consider (Shao et al., 1998;
Hviid and Svendsen, 2011; O’Connor et al., 2015; Calautit et al., 2016). Overly
impeding the airflow can result in ventilation rates falling below expected levels,
impacting the ventilation system's primary function of providing fresh air. Although
described as heat recovery devices, these technologies can also effectively recover
cold by using a cool fluid stream as a heat sink during an energy exchange to lower

the temperature of another fluid stream.

Of the heat recovery methods listed, heat pipes and plate heat exchangers are static,

requiring no energy input, and are therefore considered passive. In contrast, run-



arounds and rotary thermal wheels are considered active as they incur some energy
demand to operate the pump and motor respectively. Heat recovery devices are
limited by the necessity for a constant supply of waste heat and the limited temperature
difference between the inlet and exhaust air streams; however, supply does not
necessarily coincide with demand. For example, ambient temperatures and thermal
gains in occupied buildings are high during summer when there is little demand for

space heating.

Thermal Energy Storage (TES) can address the mismatch between supply and
demand of waste thermal energy. TES can be categorised according to how thermal
energy is stored. Sensible Heat Storage (SHS) is considered the simplest of the three,
using a material to directly keep heat within the body by raising its temperature (Zhao
et al.,, 2022); Latent Heat Storage (LHS) uses thermal energy to induce a phase
change within a material that then releases the thermal energy upon returning to its
original state (Cabeza et al., 2015; Nithyanandam et al., 2017; Umair et al., 2019);
Thermochemical Heat Storage (THS) uses reversible chemical reactions to separate
chemical compounds that when recombined generate heat (Pardo et al., 2014; Catrrillo

et al., 2019).

Seasonal Thermal Energy Storage (STES) is a form of SHS capable of storing thermal
energy for up to 6 months, helping to address the seasonal mismatch between the
supply of waste heat in the summer and the demand for space heating in the winter.
Aquifers, pits, tanks, and boreholes are all used as forms of STES, differentiated by
the way they store thermal energy but also according to their storage volumes,
temperatures, and durations (Mahon et al., 2022). Large storage volumes help reduce

thermal energy loss to the environment, enabling STES systems to store thermal



energy for several months without incurring prohibitive losses before the redistribution
of heat into the system. The ability to store heat and cold is not universal to all forms
of STES. Still, it is particularly beneficial in mild-cold climates that incur seasonal

demand for both heating and cooling.

Designing a system that could effectively combine passive ventilation and heat
recovery to capture waste thermal energy for storage using STES would present an
opportunity to significantly reduce the energy required to provide heating, cooling, and
ventilation for buildings compared to mechanical HVAC systems. Although STES is
not directly explored within this research, the system design and temperature ranges
are consistent with the requirements and temperature ranges such that it would be
feasible to integrate a form of STES to enhance the performance of the passive
ventilation and heat recovery system. The proposed system is intended to provide
heating and cooling in the winter and summer by using waste heat and cold recovered
and stored in the opposing seasons. To do this, a heat recovery device must be
effectively integrated within a passive ventilation system, ensuring that the pressure
drop over the heat recovery device remains sufficiently low to maintain ventilation rates
above stipulated levels. The recovery of waste thermal energy must also be
maximised for storage through STES, limiting the energy demand within the system

through heat pumps or chillers to provide heating and cooling.

1.2 Aims and Objectives

The overarching aim of this study was to develop a system capable of combining
passive ventilation and heat recovery to provide heating and cooling to fresh air whilst
recovering waste thermal energy. In doing so, the pressure drop over the heat
exchanger must remain low so that the ventilation rate through the passive ventilation

system is sufficient to comply with building standards seeking to maintain indoor air



quality. The integration of a heat recovery system will enable the treatment of fresh air
prior to mixing throughout the room, reducing building energy demand by reducing or
eliminating the need for mechanical systems to bring fresh air temperature to a
comfortable range. The system will make use of waste heat and cold available in the
summer and winter respectively to provide heating and cooling in the opposing

seasons.

1. Conduct a literature review to establish the key performance indicators of
passive ventilation systems, heat recovery devices, and seasonal thermal
energy storage systems. Evaluate individual elements as well as instances
where several technologies have been combined. Use the literature review to
identify gaps in the existing body of research and clarify this thesis's aims.

2. Use wind tunnel testing and numerical modelling to investigate the impact of
installing an increasing number of staggered heat pipe layers through the base
of a wind tower on the volumetric flow rate into the room below as wind speed
increases.

3. Use wind tunnel testing and numerical modelling to explore the potential for
heat pipes to recover heat directly from the exhaust to inlet air channels of a
passive ventilation system. Measure the heat pipes performance when varying
the inlet and exhaust air temperatures to determine how the temperature
difference between the inlet and exhaust air channels affects the change in
fresh air temperature before it enters the room. Determine how an increasing
number of pipe layers impacts the heat recovery between the air channels.

4. Using the results of the wind tunnel test to guide design decisions, integrate a
water-based heat exchanger into a passive ventilation system to provide

heating, cooling, and thermal energy recovery on a seasonal basis.



5. Using a field trial and numerical modelling, determine the potential of the water-
based system to pre-heat and cool fresh air using heat exchanger water
temperatures that could be reasonably expected to be delivered from a form of
STES.

6. Using a field trial and numerical modelling, quantify the sensible energy
recovered through the heat exchanger when the fresh air temperature, wind
speed, water temperature, and water velocity are varied to evaluate its

performance.

1.3 Methodology

Upon establishing the research gap this study will employ an iterative approach to
combining the passive ventilation, heat recovery, and water-based thermal loop
elements. The research gap will be attained through a comprehensive literature review
of the fields of interest. Computational Fluid Dynamics (CFD) modelling will be used
alongside experimental methods to determine the viability of the proposed system.
System performance will be evaluated under a range of boundary conditions, varying
wind velocity, direction, and temperature, water velocity and temperature, and room

temperature.

The primary parameters of interest regarding the proposed system are the ventilation
rates, pressure drop over the heat recovery device, pre-heating and cooling of fresh
air, and recovery of waste thermal energy. Figure 1-4 indicates the intended flow of

work conducted throughout the project.
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Figure 1-4 - Project methodology flow chart

Wind tunnel testing was used to evaluate the performance of a wind tower and heat
pipe heat recovery system, measuring the volumetric flow rate through the wind tower
and heat recovery from the exhaust to inlet channels. The experimental results
validated a numerical model developed using the CFD program ANSYS 21. For the
validation, the simulation's boundary conditions matched those experienced in
physical testing. After validation, a wider range of boundary conditions were applied
as the number of heat pipes varied to maximise the increase in fresh air temperature

through the wind tower.
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The results of the wind tunnel test and CFD simulations were used to inform design
decisions when integrating a water-based thermal loop into the system to extract and
deliver waste thermal energy. Following the same process, a field trial of the proposed
wind tower and heat recovery system was conducted at a test site in Sheffield, UK.
The boundary conditions and results recorded during physical testing were used to
validate a second numerical model designed to replicate the field trial. Further
simulations sought to maximise the pre-heating and cooling of fresh air through the
wind tower whilst also maximising the sensible energy recovery through the heat
exchanger. The compliance of the volumetric flow rate through the wind tower with

British building standards for ventilation was also evaluated.

1.4 Thesis Structure
The remainder of the thesis is divided into five chapters, relaying the flow of work
carried out that together result in the drawn conclusions in the final chapter. The

structure of the thesis and the contents of each chapter are as follows:

Chapter 2 presents a review of existing literature covering passive ventilation, heat
recovery, and seasonal thermal energy storage as individual elements before
instances where they have been combined. The literature review is used to identify
gaps in the existing research and suitable experimental and numerical methods that

can be used to achieve the established research objectives.

Chapter 3 establishes the methods and theory followed for developing the numerical
models. It then runs through the calculations used to find the heat exchanger's

efficiency and overall heat transfer coefficient.
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Chapter 4 details the experimental design of the full-scale wind tunnel test and
subsequent development, validation, and simulation of the corresponding numerical

model, the results of which are also presented.

Chapter 5 presents the experimental design of the field trial conducted to explore the
performance of a wind tower and run-around heat exchanger. The numerical model's

development, validation, and simulation are detailed before evaluating the results.

Chapter 6 presents the conclusions drawn from the preceding chapters and identifies

future work to continue the development of the system proposed herein.

2 Literature Review

The following chapter presents a review of research in the fields of passive ventilation,
heat recovery, and STES. The literature review will first compare natural and
mechanical ventilation with regards to indoor air quality and thermal comfort. Forms of
passive ventilation will then be explored, including the development of commercial
wind towers from traditional designs, followed by comparisons of available heat
recovery and STES technologies to identify the most suitable method for integration
within passive ventilation. To gain understanding each element is first evaluated
individually before reviewing instances where technologies have been combined.
Finally, a summary of the reviewed literature is provided alongside the identified

research gap.

2.1 Air Quality

Indoor Air Quality (IAQ) can have a significant impact on human health (Sundell,
2004), particularly as people in the current time spend up to 90% of their time indoors
(Huo et al., 2020). Many standards for domestic and non-domestic buildings are used

during the design phase to ensure IAQ is maintained (Ahmed Abdul-Wahab et al.,
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2015), where IAQ is evaluated according to the concentration of pollutants in the air
within the room. IAQ depends upon various factors, including ambient temperature,
wind velocity, humidity, ceiling height, surface temperature, air density, contaminant

generation/deposition/removal rate, and number of occupants (Ma et al., 2021).

Poor IAQ can lead to short-term health problems such as fatigue, nausea, and chronic
respiratory diseases in the worst cases (Abraham and Li, 2014). Sick Building
Syndrome (SBS) has been described as “Situations in which building occupants
experience acute health and comfort effects that appear to be linked to time spent in
a building, but no specific illness or cause can be identified” (EPA, 1991). Common
symptoms of SBS include headaches, fatigue, difficulty concentrating, and mucosal
symptoms that are relieved after leaving the building (Sarkhosh et al., 2021).
Improving the quality of the indoor environment has been found to reduce the
occurrence of SBS symptoms relative to conventional office spaces (MacNaughton et

al., 2016).

Mechanical and natural ventilation systems replace stale air with fresh air, where
mechanical ventilation uses fans to move air and natural ventilation relies on naturally
occurring forces. Ben-David and Waring (2016) simulated the impacts of mechanical
versus natural ventilation in offices on the concentration of critical indoor pollutants.
Hourly ventilation rates, recirculation, and infiltration rates were used in models
replicating typical office buildings in fourteen US cities, monitoring concentrations of
carbon monoxide, carbon dioxide, formaldehyde, nitrogen dioxide, ozone, and fine
particles. Comparing mechanical and natural ventilation strategies with similar
ventilation rates, the indoor concentration of the measured pollutants was largely

independent of the ventilation strategy, bar fine particle concentration which increased
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in the passive ventilation case due to the lack of filtration. Filters are often installed
within mechanical ventilation systems to remove fine particulates within the air,
however due to the increased pressure required to generate sufficient flow through the

filter they are neglected within passive ventilation systems.

A review of the effectiveness of natural ventilation methods such as single-sided
ventilation, cross-ventilation, wind towers, and solar chimneys was conducted in hot
climates (Ahmed et al., 2021). It found that natural ventilation was effective at
removing pollutants produced indoors by generating high ventilation rates, reporting
up to 7.6 ACH in single-sided or cross ventilation, up to 75 ACH in wind towers, and
up to 18 ACH in solar chimneys. Despite this, there was often an associated increase
in the indoor concentration of pollutants produced outdoors, again due to the lack of
filtration. Seppanen and Fisk (2001) reviewed ventilation systems and their association
with SBS symptoms, discussing potential explanations. They found that despite the
lack of filtering through natural ventilation, mechanically air-conditioned buildings were
associated with 30 — 200% higher instances of one or more SBS symptoms. The
relative increase in SBS symptoms was attributed to deficiencies within the HVAC
system design, construction, and operation that may have led to pollutant emissions
from the HVAC system, however there was no more clearly defined reasoning

supplied.

Although the need for the control of IAQ to maintain occupant health is clear, the
preference for a ventilation method to facilitate it is less so. The lack of filtration in
natural ventilation systems can lead to the introduction of outdoor pollutants into the
indoor environment, yet this is also dependent upon the infrastructure surrounding the
building. Similarly, mechanical elements such as cooling coils and dehumidifiers can

create environments suitable for microbial growth. The air exchange necessary
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between indoors and outdoors to maintain IAQ subsequently affects the thermal
conditions of the interior. As a result, an additional system or systems are required to
maintain a comfortable indoor temperature for the occupants, measured through

thermal comfort.

2.2 Thermal Comfort

Thermal comfort is defined as the condition of mind that expresses satisfaction with
the thermal environment, assessed through subjective evaluation (Mansi et al., 2021).
In general, thermal comfort occurs when body temperatures remain within a narrow
range, skin moisture is low, and the physiological effort of temperature regulation is

minimised (Djongyang et al., 2010).

Attempts have been made to compare the abilities of mechanical and natural
ventilation methods to provide thermal comfort to building occupants. Shifts in design
practices are looking to move away from mechanical HVAC systems towards natural
ventilation, saving energy by reducing or eliminating the need for fans and increasing
the tolerable temperature range in which occupants achieve thermal comfort (De Dear
and Brager, 2002). People who spend large amounts of time in air-conditioned spaces
come to expect temperatures that fall within the centre of the comfort zone of the
building and so become less tolerable to deviation outside of this range. Conversely,
people who occupy naturally ventilated buildings are more accustomed to thermal
diversity reflecting local climatic conditions, so preferences and tolerances extend over

a wider temperature range (De Dear and Brager, 2002).

Ben-David and Waring (2016) demonstrated that for naturally ventilated buildings
occupants are comfortable in a broader range of temperatures than those that use

mechanical ventilation. As a result, the natural ventilation strategies were found to
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decrease the amount of energy required for heating and cooling due to the broader
setpoint bands afforded. The energy saved due to reduced fan use was also found to
be an order of magnitude lower than the energy savings for heating and cooling. I,

therefore, should not be considered a driving factor in decision-making.

Wang and Greenberg (2015) explored the potential for openable windows used
alongside HVAC systems to reduce building energy consumption. Simulating various
control strategies for natural and mixed-mode ventilation which employed mechanical
and passive ventilation strategies, they found that energy savings between 17 — 47%
could be achieved with mixed-mode ventilation versus HVAC only depending on the
local climate. Leaving windows open constantly however resulted in an increase in
energy consumption between 3.5 — 15.2%, indicating the need for management

strategies of passive ventilation and its limitations in some climatic conditions.

Natarajan et al. (2015) conducted a field study of indoor thermal comfort in Bogota,
Colombia. The study included buildings with mechanical, natural, and mixed-mode
ventilation systems. Thermal comfort data gathered during the trial was compared
against the predictions made by several international standards for thermal comfort.
Although the models generally predicted the thermal comfort of the mechanically
ventilated buildings well, they all underestimated the level of discomfort of the
occupants in those with natural ventilation. This was likely due to factors such as high
thermal expectations of the occupants and the lack of personal control over the

passive ventilation system.

Natural ventilation has been shown to actively reduce building energy consumption
when applied with a considered operating schedule. Occupants in buildings with

natural ventilation achieve thermal comfort at a broader range of temperatures,
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reducing the energy demand for space heating and cooling. As was shown by
Natarajan et al. (2015), evaluating thermal comfort must be done with consideration
for the expectations of the occupants relative to their experiences with mechanical
systems which allow for a greater degree of control over the indoor environment.
Natural ventilation has also been shown to be effective in a range of climates, primarily
for cooling purposes, however, the mode of natural ventilation is highly impactful on

the effectiveness (Omrani et al., 2017).

2.3 Natural Ventilation Systems

Natural ventilation has been established as an effective alternative to mechanical
ventilation systems. Several approaches to natural ventilation have been developed
relative to differing climates, however all work under the principles of either wind-driven

flow, the stack effect, or both.

2.3.1 Solar Chimneys

Solar chimneys have been widely researched due to their relative affordability, reliable
operation, and ease of construction (Maghrabie et al., 2022), with studies mainly
focusing on the potential for buoyancy-driven ventilation through passive thermal
gains. Solar chimneys have three main elements: the ventilation shaft, a solar collector
area, and openings for stale and fresh air to flow out of and in through respectively.
The solar collector area can comprise part or all of the chimney shaft (Figure 2-1) and
is used to warm the air within. As the air is heated its density is reduced, causing it to
rise out through the chimney lowering the internal room pressure, drawing fresh air in
through the inlet to replace it (Kasaeian et al., 2017). The airflow rate through the
chimney is influenced by the pressure difference between the outlet and inlet created

by the thermal gradient and wind velocity (Maghrabie et al., 2022).
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Figure 2-1 - Mechanism for solar chimney ventilation (Kassaei et al., 2022)

Ventilation rate increases linearly with increasing solar intensity (Maghrabie et al.,
2022), with ventilation rates between 2 — 9 Air Changes per Hour (ACH) reported
(Khosravi et al., 2019; He et al., 2021) and reaching 27.11 ACH in one laboratory case
(Villar-Ramos et al., 2020). The large increase in ventilation rate was attributed to the
angling of the solar chimney to increase the absorption of solar radiation and by
varying the size of the air gap through which the space was ventilated. Parameters
such as the solar intensity, cavity gap size, chimney height, chimney inclination angle,
area of the inlets and outlet, external wind speed, and the solar collector material have
all been shown to impact the ventilation rate (Maghrabie et al., 2022). Generating
ventilation through the stack effect means solar chimneys can provide ventilation even
on windless days. Thick walls also act as short-term thermal storage, continuing to
provide heat even as solar irradiance falls ensuring ventilation rates are maintained
until later in the day. However, reliance on solar insolation to increase air temperature

means solar chimneys are constrained mainly to hotter climates.
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Cooling methods have been explored within solar chimneys to reduce inlet air
temperatures. Serageldin et al. (2020) combined a solar chimney with an earth-to-air
heat exchanger. Using a small wooden room with a solar chimney attached, air
entering the inlet was drawn through an underground heat exchanger, allowing the
ground to cool the air before entering the test room. Before installation, the
temperature within the test room was 5 — 6 °C higher than the ambient while after the
indoor temperature was between 5 — 9 °C below the ambient, saving 42.9

kWh/m?/year.

Moosavi et al. (2020) integrated a wind tower into a solar chimney and water spray
system to further improve space cooling and ventilation for a two-story office building
in a warm and arid climate. The wind catcher was used to guide fresh air into the room
and the solar chimney is used to exhaust stale air, with a scale model and numerical
modelling used to compare configurations with and without the wind tower and water
spray. When combined, the wind tower, solar chimney produced, and water spray
system achieved ventilation rates up to 9 ACH whilst reducing the indoor temperature
by an average of 5.2 °C. This resulted in a 75% reduction in cooling energy demand
and a 90% reduction in ventilation energy demand during peak summer relative to the

case with no cooling.

2.3.2 Night Ventilation

Night ventilation (NV) is a passive cooling strategy relying solely on buoyancy or wind-
driven ventilation (Hughes et al., 2011). By opening ventilation systems overnight
structural materials can release heat gained throughout the day to the environment,
cooling the fabric of the building and effectively using it as cold thermal storage. The

building materials then absorb heat as temperatures increase into the day, delaying
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the point at which the peak indoor temperature is reached and lowering cooling energy
demand (Geros et al., 1999). This strategy is beneficial for buildings which experience
high internal heat gains (Becker and Paciuk, 2002). The daily ambient temperature
amplitude dictates the effectiveness of NV, the difference between the indoor and
outdoor temperature, the ventilation rate, the thermal capacity of the building, the
duration of the nighttime ventilation, and the coupling of the airflow and thermal mass

(Becker and Paciuk, 2002).

Bakhtiari et al. (2020) simulated the effect of NV on a historic office building in Sweden.
Using a ventilation rate of 1.66 ACH between 20:00 — 06:00, the number of hours in
which office rooms exceeded 26 °C throughout the day was reduced by up to 33%,
and electricity use for cooling decreased by up to 40%. Leaving doors open overnight
to allow more expansive infiltration of cold throughout the building also served to
increase the effectiveness of NV. Doubling designed ventilation rates throughout the
day was found to reduce the number of hours in which comfortable indoor

temperatures are exceeded by up to 27.1%.

Mehmood et al. (2022) explored the potential for several passive cooling methods to
improve the heat resilience of buildings in extremely hot countries. TRNSY'S (Transient
System Simulation Tool) characterises climate zones and calculates building cooling
energy demand and discomfort hours. Night ventilation reduced energy demand by up

to 13.1 kWh/m? and the number of hours of indoor discomfort by up to 320 over a year.

Phase Change Materials (PCMs) can be used to improve the effectiveness of NV
further. PCMs are a form of LHS that harden overnight as they are cooled through NV
and then melt throughout the day, absorbing heat and delaying the indoor temperature

peak. An increasing thickness of PCM increased the energy savings for cooling
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demand, with the energy savings also linked to the climate conditions and the thermal

insulation used throughout the building (Solgi et al., 2019).

2.3.3 Wind Towers

Developed in hot climates for passive cooling, wind catchers, also known as wind
towers, have been used for centuries throughout the Middle East (Figure 2-2).
Although beneficial for indoor cooling, they also provide ventilation, reducing the
concentration of indoor pollutants and helping to decrease instances of SBS

(Alwetaishi and Gadi, 2020).

Figure 2-2 - Traditional wind towers with different numbers of openings a) one-sided,
b) two-sided, c) four-sided, d) eight-sided (Hughes et al., 2012)

Varying designs have since been employed, operating under the same basic principles
of wind-driven flow and the stack effect to generate airflow through buildings (Walker
and Wilson, 1993). Research has concentrated mainly on the impact of the number of
sides and shape of the wind tower on ventilation rates, improving the pressure gradient
between the windward and leeward sides through louvre design, reducing or
eliminating short-circuiting between the incoming and outgoing air channels, and ease
of incorporation with heat recovery methods (Hughes et al., 2012; Saadatian et al.,

2012).
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Figure 2-3 - Modern square-based wind tower with an integrated solar panel
(Hughes and Ghani, 2011)

2.3.3.1 Wind Tower Operating Principles

Wind towers generate ventilation primarily by exploiting regions of relative positive and
negative pressure around themselves and the adjoining building (Figure 2-4), where
these regions of high and low pressure are created by wind-driven flow and the passive

stack effect (Walker and Wilson, 1993).

Inlet openings
(Positive pressure)

Outlet 8!
(Negative pressure)

Figure 2-4 - CFD analysis showing positive pressure on the windward building
facade and negative pressure on the leeward side (Hughes et al., 2012)
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The internal volume of the wind tower is divided into two or more channels, each of
which can perform as an inlet or outlet depending upon the wind direction. The inlet or
inlets guide the air down into the building where it is distributed throughout the room,
providing cooling through convective and evaporative heat transfer (Al-Sallal and Al-
Rais, 2012). Stale indoor air flows out of the wind tower outlet towards the negative
pressure region on the wind tower's leeward side, creating a combined suction and

driving force (Figure 1-2).

Ventilation is also provided through the stack effect which is created by the
temperature differences between the indoor and outdoor air. Thermal gains within the
building increase the internal air temperature above the ambient. As with solar
chimneys, warm air rises exiting through the wind tower's exhaust channel, at which

point cooler fresh air flows in to replace it (Khan et al., 2008).

Montazeri (2011) determined that the wind tower should be designed to create the
maximum pressure difference possible to improve ventilation efficiency. The factors
affecting the wind tower’s ability to harness these pressure differences include the
wind tower dimensions, incident air angle, pressure coefficient at the opening, and the
design of the opening itself (Alwetaishi and Gadi, 2020). The research explored how
the external shape of the wind catcher impacted the air velocity within the building,
using lab-based experimental work to validate a numerical model. They found that
curving the body of the wind catcher served to increase the internal air velocity by 0.5
m/s relative to a wind catcher with a straight bodies as they produced greater dynamic

movement at the flow at the outlet
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2.3.3.2 Wind Tower Design Features
Traditional wind towers are raised above the building to capture air at a higher velocity
in urban environments whereas commercial wind towers adapted for Western climates

are often attached directly to the structure roof (Ghadiri, 2011).

The optimum incident angle for wind flows onto a wind tower is the angle at which the
most effective area is exposed to the stream (Montazeri, 2011). Elmualim and Awbi
(2002) compared the performance of square and circular wind tower geometries at
wind angles from 0° to 45° and speeds from 0.5 — 6 m/s. The square wind tower was
shown to outperform the circular version, generating greater ventilation rates under
the same conditions. This results from the sharp edges of the square creating a large
region of flow separation around the wind tower, creating a greater pressure difference

between the inlet and outlet faces of the wind tower.

Generally, increasing the number of openings decreases the air velocity through the
wind tower, however fewer openings make the wind tower more susceptible to
changes in wind direction (Saadatian et al., 2012), with single-sided wind towers
capable of capturing a much narrower range of wind angles than a multi-sided wind
tower (Montazeri, 2011; Hughes et al., 2012). Calautit and Hughes (2014) found that
an incident angle of 45 degrees was optimum for a four-sided wind tower, creating a
volumetric flow rate of 0.47 m?/s at a wind speed of 3 m/s, 32% higher than the case

of a wind angle of O degrees.

A series of stacked louvres compose the outer faces of the wind tower, angled to
encourage air flow through the wind tower to the building below and assist in limiting
the impact of adverse weather by keeping out rain and snow. Liu et al. (2011) used

CFD models validated against experimental data to determine the optimum number
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and length of the louvres. An increasing number of louvre layers served to increase
the flow rate into the wind tower, showing that from 2 to 3 louvre layers the airflow rate
increases by 12.7%, whereas past six layers the relative improvement was below 1.5%

(Figure 2-5).

400
380
360
340

320

Airflow rate (m*/h)

300

280\|\|\|||\|\|\|\|\|||||||\|\|\||||||
2 4 6 8 10 12 14

Number of the layers of louvers

o

Figure 2-5 - Variation of airflow rate with the number of louvre layers (Liu et al.,
2011)

Hughes et al. (2012) presented a comprehensive review of wind-driven and passive
ventilation systems, detailing the features and limitations of both traditional and
modern designs whilst comparing the achievable flow rates. At the time, the
commercial Windvent device generated the highest air flow rates, supplying up to 650

I/s at a wind speed of 5 m/s.

Wind towers are often used in urban settings where the airflow is disrupted by nearby
buildings meaning open windows alone do not provide sufficient ventilation. Using
wind towers in conjunction with other forms of natural ventilation such as windows can
improve ventilation rates (Drach, 2009). For a room with a wind tower and internal heat

source, adding a window to the leeward wall of the room was found to increase the
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effects of buoyancy-driven ventilation by 47% (Hughes and Mak, 2011). Elmualim
(2006) showed that wind towers could induce a substantially greater ventilation rate
than an open window of an equivalent area, however the greatest day and nighttime
cooling was achieved by using the wind tower in conjunction with an openable window,
enabling the indoor temperature peak to remain the same or below the peak outdoor

temperature.

Flow separation at the leading edge of the roof impacts the flow profile into the wind
tower inlet (Ozmen et al., 2016). A large portion of the studies conducted around wind
towers only include the wind tower in the boundary layer as this replicates the
conditions of the wind tunnel test that is often employed within the studies. This
however is not an accurate reflection of the real world conditions, where the building
and wind tower together are subjected to the airflow. By removing the building from
the boundary layer, the flow rate measured through the wind tower may be larger than
in reality as the impact of the flow separation at the leading edge of the building is not
accounted for. Wu et al. (2021) conducted a CFD study of a multi-sided wind tower
attached to a low-rise house with additional single-sided ventilation. The wind tower
and building geometry were simulated under two boundary layer conditions, the first
with just the wind tower exposed to the wind and then the wind tower and building

together (Figure 2-6).
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Figure 2-6 - Physical models of underground and low-rise house applications (Wu et
al., 2021)

They found that under the same boundary conditions, the wind tower with the building
included had an average supply velocity approximately 40% lower than the wind tower
only application due to the flow separation experienced at the leading edge of the

building.

Short-circuiting occurs when the incoming air leaves straight through the exhaust
channel without mixing with the air in the room, reducing the effectiveness of the
ventilation system (Figure 2-7). Nejat et al. (2016) investigated the impact of an Anti-
Short-Circuit Device (ASCD) to help reduce short-circuiting by angling the airflow away
from the exhaust channel of the windcatcher. An ASCD device with an angle between
20 — 80 degrees was sufficient to prevent fresh air from entering the exhaust region,
however smaller angles between 20 — 40° negatively impacted the average air inflow
velocity as they blocked large areas of the diffuser. In addition to eliminating short-
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