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Abstract

Solar energy technologies for sustainable building heating have been widely
established. But most populated regions on earth need both heating and cooling for their
buildings. Providing both heating and cooling sustainably for building in one device is
particularly challenging since, like solar technologies, the established passive cooling
technologies only serve one function. In the recently revived passive cooling
mechanism, namely radiative sky cooling or radiative cooling, one may find a solution
to tackle this problem. This is possible because the radiative cooling mechanism is a

kind of the reverse of solar absorption.

Research on radiative cooling itself is rejuvenated after the breakthrough in passive
daytime radiative cooling almost a decade ago. Since then, researchers in the field have
been pursuing the real-world application of radiative cooling, besides also enhancing
the optical and mechanical properties of the material. Interested in tackling the
abovementioned problem and motivated by the revival of the radiative cooling research
field, this thesis aims to find innovative ways to use radiative cooling in buildings.
Along with radiative cooling as the passive cooling mechanism, the passive heating
mechanism investigated in this thesis comes from the sun. Hence, the research
investigates strategies to effectively combine radiative cooling with solar energy

applications in buildings.

Reviewing previous research on similar topics, there are at least three common
themes of how radiative cooling can be combined with solar technologies. Firstly, the
radiative cooling mechanism can be used to enhance the performance of existing solar
technologies. Secondly, radiative cooling can be used to extend the working time of
solar technologies. Also, still related to the second theme, radiative cooling can
alternatingly work with solar energy technologies to provide cooling and heating in the

respective seasons.

This thesis offers four novel strategies to combine the two technologies in diverse
ways. Computational fluid dynamics (CFD) simulations and experiments were
conducted to evaluate the proposed concepts. The discussion on the proposed concepts

is presented from a fully passive strategy such as radiative cooling combination with



solar chimney ventilation to a fully active strategy such as its combination with

photovoltaics/thermal module.

The first proposed design is a fully passive solar chimney-radiative cooling (SC-RC)
ventilation, as discussed in Chapter 3. The SC-RC ventilation can increase the average
daily ventilation flow rate of a conventional solar chimney to 1.2 air change per hour,
an increase of 0.2 air change per hour. Also, the SC-RC ventilation can cool the inlet

air to be more than 3 °C lower than the room air temperature.

Modified from the SC-RC ventilation strategy to accommodate passive heating into
the system and make it a multi-seasonal device, the second proposed design employs a
switchable absorber/emitter surface on the ventilation air channel. Unlike the previous
SC-RC ventilation that is fully passive, this so-called Switchable SC-RC ventilation
also introduces a fan to deliver the ventilation. In the annual term, the Switchable SC-
RC ventilation can reduce the total unmet hours, and thus provide a more thermally
comfortable room than the conventional ventilation. Annually, the unmet hours of the

Switchable SC-RC ventilation case are 429 hours fewer than the base case.

Furthermore, the third design proposed to combine a solar air heater with radiative
cooling. Changes were made in the spectral properties of a solar absorber and the cover
of the collector to allow more thermal emission in the atmospheric window band. This
so-called photothermal-radiative cooling (PT-RC) collector collects heating during the
day and cooling during the night. When installed as part of an HVAC system, the fully
active device has the potential to save up to 32.7% of energy from heating and cooling

in the Mediterranean climate.

Moreover, the PT-RC collector design can be more developed into a PVT-RC
collector. The difference between them is if the PT-RC collector is a modified solar
collector, the PVT-RC, however, is a modified PV module. Hence, the PVT-RC has
one additional function which is to generate electricity. Also, the PVT-RC design uses
two fluids (i.e., water and air) to collect the heating and cooling energy. The bi-fluid
PVT-RC collector is estimated to have a total efficiency of 72% in the daytime. In
optimal conditions at night, the bi-fluid PVT-RC collector can provide up to 45 W/m2

cooling power.

To conclude, the proposed radiative cooling combination designs have been shown

capable of improving the performance and/or extending the working time of the solar



technologies, hence saving energy from heating and cooling. Also, how radiative
cooling is integrated with solar energy technologies can be done in a fully passive or
fully active way. Nonetheless, further studies still need to be done especially for
studying the use of thermal storage mechanisms or for appraising the economic viability

of the designs.
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Chapter 1 Introduction

1.1 Research Background

Building cooling demands have risen significantly in the past two decades. It is
projected that by 2050, the number of global HVAC stocks will reach over 1 billion
units (IEA, 2016). This increase is partly due to global warming, and, for people who
live in urban areas, also due to urban heat island phenomenon. In both phenomena,
anthropogenic heat is the main contributor. Ironically, part of the anthropogenic heat

comes from the air conditioning unit used to cool buildings.

The abovementioned dilemma urges architects and building researchers to find
alternatives for building cooling under the broad research area of passive cooling. There
are three general strategies of passive cooling, namely heat protection, heat modulation,
and heat dissipation (Geetha and Velraj, 2012; Bhamare, Rathod and Banerjee, 2019).

Heat protection strategy, as the term suggests, protects the building interior from
external heat gain. It mostly manifests in the form of solar protection in building
openings, i.e., glazing and shading devices, or microclimate modification using water
and vegetation. Shading devices used to be static, and their dimension (depth and
length) is defined accordingly, to maximise the amount of blocked solar radiation
(Valladares-Rendon, Schmid and Lo, 2017; Kirimtat et al., 2019). Nowadays, there is
also the dynamic shading system that responds to the sun's position (van Moeseke,
Bruyeére and De Herde, 2007). Al-Masrani et al. (Al-Masrani and Al-Obaidi, 2019)
argued that dynamic solar shading is an effective passive cooling strategy in terms of
energy savings and thermal comfort. Even Kirimtat et al. (Kirimtat et al., 2016)
proposed that the integration of shading devices into buildings in the future should

prioritise movable types.

Nonetheless, a current practice favoured static shading devices over dynamic ones
due to design simplicity, easy installation, cost-effectiveness, low maintenance rate, and
passive practice (Al-Masrani et al., 2018). However, the performance of the static
shading devices still needs to be improved. Unlike dynamic shading devices, the
quantity and quality of penetrating daylight cannot respond to the dynamic nature of
solar angles and varying sky conditions. This leads to research in the parametric design



of shading devices, which tries to optimise the dimension and shape of shading devices
according to the site’s condition (Valladares-Rendon, Schmid and Lo, 2017). The
parametric approach in designing shading devices is also preferred by architects
because it assists their creativity in facade design.

Water and vegetation are used either on the roof or wall. Despite the passive cooling
classification considering them as a heat protection strategy, water and vegetation are
seen as heat modulation and dissipation techniques by researchers (Sodha et al., 1981;
Wu and Lei, 2016; Seyam, 2019). Water can work as heat storage or thermal mass for

buildings, while greeneries provide heat dissipation via evapotranspiration.

Nevertheless, in some applications, vegetation does work as merely heat protection,
especially when used as a green wall or facade (Pérez et al., 2011; Chun, Nyuk and
Kardinal, 2014; Pan and Chu, 2016; Haggag and Hassan, 2017; Serra et al., 2017; Pan,
Wei an