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Abstract

A phenomenon known as the urban heat island (UHI) effect occurs where the air and surface
temperatures are hotter than in their rural surroundings (Gartland, 2008). The UHI effect is a
direct result of urbanisation whereby the urban fabric comprises mainly of roofs, paved surfaces
and less vegetation (Santamouris, 2007). The mitigation of UHI can be achieved by increasing
the albedo of surfaces and by planting trees in urban areas (Rosenfeld et al., 1995,
Boriboonsomsin and Reza, 2007). Albedo, or solar reflectance, is defined as the ratio of the
reflected solar radiation to the incident solar radiation at the surface, over all wavelengths of
solar irradiation (Taha et al., 1988, Li et al., 2013). It is a dimensionless fraction and is
measured on a scale of 0 to 1, with 0 denoting a perfectly black surface and an albedo of 1
signifies a perfectly reflective white surface. The advantages of improving the albedo of
surfaces include the reduced need for air conditioning thus reducing the consumption of energy,
and mitigation of the urban heat island effect, as there is an increase in the amount of light
reflected back into the universe. The amount of light reflected back induces a negative radiative
forcing which can then be converted into equivalent reductions in CO,. The most widely used
material in construction is concrete, and the colour of concrete is principally determined by the
colour of the cementitious material. A cement replacement known as ground-granulated blast
furnace slag (GGBS) is lighter in colour than normal Portland cement (NPC). Its use as an NPC
alternative in concrete at sufficiently high replacement rates results in a concrete that is lighter

in colour, thus increasing its albedo.

There has been limited research conducted into the effect of concrete constituents on the albedo
of concrete, therefore, the key parameters to be evaluated in this project were determined,
namely the aggregate type, cement type, surface finish and age. A total of 96 small concrete
specimens were fabricated comprising three different aggregate types, four concentration levels
of the cement replacement GGBS, four different surface finishes to represent varying

applications and a duplicate of each specimen.

An albedometer was tested to determine whether it could be used to measure the albedo of the
small concrete specimens. It was concluded that it is an accurate device which can be used to
measure the albedo of large surfaces with an unobstructed horizon, however, caution should be
taken in relation to the time of day the reading is taken as the albedo is a maximum value in the
morning and afternoon, but a minimum value in-between these times. The instrument could not
be used to measure the albedo of small specimens as the lower sensor becomes very insensitive,
therefore, this loss in sensitivity would not be acceptable in order to distinguish small

differences in albedo between two surfaces. An alternative means of measurement was devised



using a lux meter to measure the reflection of visible light off the small specimens. This proved
to be a very reliable and repeatable method of testing as it enabled small differences to be

detected between the different specimens.

Thereafter, testing on the specimens was conducted using five principal test methods (namely a
sphere spectrophotometer, lux meter, greyness scale, thermal imaging and thermocouple wire)
to demonstrate to what degree an increase in GGBS replacement in concrete produces a brighter
coloured concrete, with a corresponding reduction in temperature when exposed to solar
radiation. Each of the methods demonstrate that there is a significant reduction in
temperature/increase in colour between a specimen containing no GGBS and a specimen
containing 70% GGBS. It was also concluded that the optimum substitution level of GGBS is
50% as excessive ageing of the 70% specimen was noted by each test method. The order of
importance in terms of the influential parameters on the light reflectance of concrete is colour,
surface finish, GGBS concentration, age and aggregate type, the latter being of little

significance.

On a global scale, research has shown that increasing the albedo of urban roofs and paved
surfaces will induce a negative radiative forcing on the earth equivalent to offsetting significant
quantities of CO, emissions. Consequently, a case study was conducted in Trinity College
Dublin and it was estimated that there is a surface area of approximately 33% (54,434m?),
where the surface reflectance could be increased. The potential emitted CO, which could be

offset ranged between 1,040 and 5,620 tonnes for the campus.
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Nomenclature

a = Albedo

Aa = Change in albedo

A = Area, m’

a* = Red/green colour axis

Agna = Final albedo

Ainiial = Initial albedo

b* = Blue/ yellow colour axis

¢ = Specific heat, J/kg.K

¢ = Velocity

CO, = Carbon dioxide, t

d = Thickness/ depth

E = Energy radiated, W/m’

E; = Incoming solar irradiation, W/m?
E, = Reflected solar irradiation, W/m?’
Eqor = Irradiance, W/m?
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1 Introduction

1.1 Background

Warming of the climate system is unequivocal, as is now evident from observations of increases
in global average air and ocean temperatures, widespread melting of snow and ice, and rising
global average sea level. Changes in the atmospheric concentration of greenhouse gases
(GHG’s) and aerosols, land cover and solar radiation alter the energy balance of the climate
system and are the drivers of climate change as they affect the absorption, scattering and
emission of radiation within the atmosphere and at the earth’s surface. The resulting positive or
negative changes in energy balance due to these factors are expressed as radiative forcings and
are used to compare warming or cooling influences on global climate (IPCC, 2007). Akbari et
al. (2008b) state that using high solar reflective materials (materials which reflect much of the
incoming solar radiation) in urban areas induces a negative radiative forcing on the earth which

is equivalent to offsetting CO, emissions.

The global atmospheric concentration of carbon dioxide has increased significantly from a pre-
industrial value of about 280ppm to 379ppm in 2005 (IPCC, 2007). Responding to concerns
that had been recognised regarding increasing concentrations of GHG’s in the early 1990’s,
more than 150 nations signed the United Nations Framework Convention on Climate Change at
the earth’s summit in Rio in 1992. However, this pledge was voluntary and non-binding,
therefore, this was unsuccessful and, as a result, parties to the treaty established a binding
protocol for developed nations which was ratified in Kyoto in 1997. The Kyoto Protocol is an
international agreement which commits its parties by setting internationally binding emission
reduction targets. 15 European Union member states (EU-15), which includes Ireland, are
jointlyf. ‘._responsible under the Kyoto Protocol’s compliance mechanism, for fulfilling the
commitment to reduce their collective emissions in the 2008-2012 period to 8% below the 1990
level. Ireland can comply with the first commitment period, however, the next important

milestone is to achieve a reduction in emissions of 20% by 2020 (UNFCCC, 2013).

The European building sector is responsible for approximately 40% of the total primary energy
consumption (Tommerup and Svendsen, 2006). In addition, the most significant factor
contributing to CO, emissions from buildings is their use of electricity. In the developed world,
buildings are responsible for approximately 70% of the electricity load (USGBC, 2013a). As a
consequence of this fact, the need for more efficient building practice is vital. The development
of Green buildings is one of the best strategies for meeting the challenge of climate change
(USGBC, 2013a). LEED (Leadership in Energy and Environmental Design) is a green building
rating system which has been developed by the United States Green Building Council



(USGBC) to assess the environmental performance of a building (USGBC, 2013b). The average
LEED certified building uses 32% less electricity and saves approximately 350 tonnes CO,
annually (USGBC, 2013a). Under the LEED rating system, two credits in a total of 100
available credits can be awarded which correspond directly to the heat island effect. The
requirement for achieving these credits specifies that a surface attain a minimum solar
reflectance index (SRI) value, which combines solar reflectance (albedo) and thermal emittance

of a material into one measurement.

An urban heat island (UHI) occurs where the air and surface temperatures are hotter than in
their rural surroundings (Gartland, 2008). The UHI effect is a direct result of urbanisation that
creates urban fabric which comprises mainly of roofs, paved surfaces and less vegetation
(Santamouris, 2007). Pavements and roofs typically constitute over 60% of urban surfaces
(pavements approximately 40% and roofs 20-25%) (Akbari et al., 2008b). The mitigation of
UHI can be achieved by increasing the albedo of surfaces and by planting trees in urban areas
(Rosenfeld et al., 1995, Boriboonsomsin and Reza, 2007). Albedo, or solar reflectance, is
defined as the ratio of the reflected solar radiation to the incident solar radiation at the surface,
over all wavelengths of solar irradiation (Taha et al., 1988, Li et al., 2013). It is a dimensionless
fraction and is measured on a scale of 0 to 1, with 0 denoting a perfectly black surface and an
albedo of 1 signifies a perfectly reflective white surface. The albedo of an asphalt surface is
typically between 0.05 (new) or 0.10 (aged) (Santamouris et al., 2011), therefore, absorbing
much of the incoming solar radiation. On the other hand, the albedo of traditional concrete is
between 0.35-0.40 (new) and 0.25-0.30 (aged) (Bretz et al., 1998), however, this value can be

increased significantly through the use of brighter coloured concrete constituents.

The colour of concrete is principally determined by the colour of the cementitious material. As
white Portland cement (WPC) is typically much more expensive than grey cement, a cement
replacement known as ground-granulated blast furnace slag (GGBS) can instead be used és it is
lighter in colour than normal Portland cement (NPC). GGBS is a waste product from the blast
furnace production of iron from ore and its use as an NPC alternative in concrete at sufficiently
high replacement rates results in a concrete that is lighter in colour, thus increasing its albedo.
To date, research on the albedo effect has focused mainly on reflective coatings, however, there
has been very little research conducted into methods of increasing the solar reflectance of
concrete by altering the composition of the concrete through the use of GGBS. In addition, the
choice of aggregate type and surface finish are also factors which may affect the resulting

albedo of concrete.

Furthermore, the manufacture of Portland cement is responsible for 5% of anthropogenic CO,

emissions worldwide. This is due to the sheer volume of cement produced which is



approximately 3 billion tonnes per year (Racusin and McArleton, 2012). Therefore as GGBS is
a waste material, and is significantly lighter in colour than NPC, it presents natural advantages
over the use of Portland cement in terms of both improved albedo and reduced CO, emissions.

Thus, the primary aims of the thesis are outlined hereafter.

1.2 Aims and objectives

This PhD thesis has set out to meet the following five principal objectives;

1. To investigate the present knowledge surrounding all relevant aspects of physics and
engineering to understand the phenomenon of solar reflectivity.

2. To evaluate the sensitivity of an albedometer and determine whether it is possible to
measure the albedo of small concrete specimens, thus calibrating the instrument.

3. To design a unique and reliable test method of measuring the light reflectance of
individual concrete specimens.

4. To investigate the effect of concrete constituents such as aggregate type, GGBS
content, surface finish and age on light reflectance and colour of concrete by utilising a
number of instruments to measure either directly or indirectly, the effect of the key
parameters on the light reflectance or colour of concrete, and as a consequence,
compare the various test methods.

5. To conduct a case study at Trinity College Dublin to assess the possible areas where the
albedo of surfaces could be improved, and following this, to calculate the possible
emitted CO, which could be offset against existing values and compared to existing

savings.

1.3 Scope of thesis

This PhD thesis comprises 9 individual chapters. The following is a brief outline of the contents

of Chapters 2 to 9.

Chapter 2: Literature Review

This section provides a summary of the existing research conducted into albedo and its effect on
the environment. The topics discussed in this chapter include the physics of light and its
interaction with materials, solar radiation and the albedo effect. Published albedo values are

included in addition to measurement of solar reflectance in accordance with American standards



(ASTM). The urban heat island (UHI) effect is discussed in detail, along with standards and
ratings used in association with its mitigation. The influence of concrete constituents on
concrete albedo is discussed, and consequently its potential in playing an important role in

mitigating the UHI effect.
Chapter 3: Laboratory Methodology

Following on from Chapter 2, this section defines the parameters to be evaluated, the
experimental design and the testing regime, which includes the direct and indirect test methods
to measure light reflectance. The chapter discusses the experimental work carried out, from the
initial phase of manufacturing concrete specimens to the final phase of positioning the

specimens on site.
Chapter 4: Instrumentation and Experimental Methodology

This chapter focuses on the various instrumentation and devices which were employed for
testing certain properties in relation to sunlight. The section includes the technical specification

of each instrument. The calibration of certain instruments will also be outlined in this chapter.
Chapter 5: Light Reflectance Test Methods

The focus of this chapter is on two main light reflectance test methods, namely an albedometer
and a lux meter. A number of sensitivity tests were conducted using the instrument, the results
of which are outlined here. Furthermore, a number of site visits using the albedometer were
conducted and these are detailed in this chapter also. Following the outcome of testing with the
albedometer, a lux meter is discussed as a means of an alternative to using an albedometer. An
innovative method of testing the light reflectance off a surface is presented, with sensitivity

testing included also.
Chapter 6: Preliminary Testing

This section comprises of three preliminary tests performed with the aim of helping to answer
some fundamental questions. One of these tests was to determine how different materials
behave when subjected to a light source, and the remaining two tests monitor the temperature of
a concrete specimen to evaluate how the environmental conditions (sunlight and air) effect the
temperature of the concrete specimen, both internally and externally through the use of

thermocouple wires.



Chapter 7: Data Analysis and Discussion

Based on the findings from the preliminary tests discussed in Chapter 6, the data acquired
during the project is presented in this chapter. The direct test methods are presented first and
comprise of the albedometer, sphere spectrophotometer, lux meter and greyness scale.
Following this, the indirect test methods are presented and include thermal imaging and
thermocouple data. Within each test method, the influence of key testing parameters such as
surface finish type and cement concentration and their influence on light reflectance will be
evaluated. Following analysis of the data in each individual section, a discussion of the test
methods will be presented at the end of the chapter to provide an overall summary of the key

findings from each test method.
Chapter 8: The Environmental Impact of Increasing Urban Albedo

Previous research conducted into the environmental impact of increasing urban albedo
demonstrates that there is a potential to offset emitted CO, through the use of high solar
reflective materials. These studies are discussed in this chapter and based on this research, a
case study of Trinity College campus is carried out. The potential emitted CO, which could be
offset as a result of increasing the albedo of roofs and pavements is calculated. This offset is

then compared with the current CO, emissions from the campus.
Chapter 9: Conclusions and Recommendations

The key objectives of the research will be reiterated in this chapter and a review of objectives
accomplished. The principal conclusions of the research will be summarised here and

subsequently a number of recommendations for future research will also be presented.



2 Literature Review

2.1 The Physics of Light
The scientific study of light can be traced as far back as the 17

™ century, when Isaac Newton

(1642-1727) regarded rays of light as streams of very small particles emitted from a source of
light and travelling in a straight line (Tilley, 2004, Pedrotti et al., 2007). In 1801, the first clear
demonstration of the wave theory of light was provided by Thomas Young (1773-1829), who
showed that light exhibits interface behaviour. In 1873, James Clerk Maxwell (1831-1879)
asserted that light was a form of high frequency electromagnetic wave. He created principles in
his set of four Maxwell equations and as a result, from then on, light was viewed as a particular
region of the electromagnetic (EM) spectrum of radiation. His theory predicted that light waves
should have a speed of approximately 3x10° m/s (Pedrotti et al., 2007, Al-Azzawi, 2007). In
1887, Heinrich Hertz (1857-1894) provided experimental confirmation of Maxwell’s theory by

producing and detecting EM waves as well as also defining the frequency of a light wave.

In 1900, Max Planck discovered that he was able to derive the correct blackbody radiation
spectrum by making an assumption that atoms emitted light in discrete energy chunks rather
than in a continuous matter. According to Planck, the energy E, of one of these energy packets,
known as a photon, of EM radiation is proportional to the frequency, v, of the EM wave as in
Equation (2-1). Photons have zero rest mass and travel with a constant speed, c, in a vacuum.

The energy of a photon is not a function of its speed but of its frequency.
E=hv @-1)

where h is Planck’s constant = 6.63x107J.s and v is the frequency of light (Hz).

In 1924, Louis de Broglie published his hypothesis, stating that subatomic particles (i.e.
particles smaller than an atom, namely protons, neutrons and electrons) are endowed with wave
properties and that a particle with a momentum M had an associated wavelength as described in
Equation (2-2).

= @-2)

h
M

where h = Planck’s constant.



2.1.1 The electromagnetic spectrum

The distribution of energy among the various wave components is called the spectrum of
radiation. The various regions of the EM spectrum are referred to by a designated name such as
ultraviolet radiation and radio waves, according to the differences in the way in which the
regions are produced or detected. These various frequency ranges are illustrated in Fig. 2-1 in
which the EM spectrum is displayed in terms of both frequency v and wavelength A. These

terms are related through the velocity, c, as defined in Equation (2-3).

ci=t A (2-3)

The wavelengths of visible light were measured in the first decade of the 19" century and were
found to be in the region of 4.0 x10”m to 7.5 x10"m (400nm to 750nm). This region is capable
of producing a visual sensation in the human eye and is referred to as light. This visible region
of the spectrum corresponds to the frequencies of EM radiation that predominate in the output
of the sun (Pedrotti et al., 2007). The visible region is bounded by the invisible ultraviolet and
infrared regions and these three regions together comprise the optical spectrum and accordingly
are the main focus in the study of optics. For the purposes of this literature review, only three
aspects of the electromagnetic spectrum will be discussed, namely infrared radiation, visible
light and ultraviolet light. The other components of the EM spectrum are irrelevant to this

particular study which concerns itself with sunlight.

2.1.1.1 Infrared (IR) Radiation

The infrared region (long-wavelength) of the EM spectrum lies adjacent to the low frequency
end of the visible spectrum spanning the region from 770nm to 1mm (Wilson et al., 2007). It is
sometimes referred to as ‘heat rays’ because water molecules readily absorb electromagnetic
radiation at frequencies in the infrared wavelength region. As a result, the molecules heat up as
their random thermal motion is increased, therefore heating up their surroundings. Infrared
radiation is associated with maintaining the earth’s temperature through the greenhouse gas
effect where visible light is absorbed by the earth’s surface which heats up and is reemitted as
infrared radiation. This radiation is trapped by the greenhouse gases which are impenetrable to
infrared radiation (Wilson et al., 2007). Infrared radiation accounts for approximately 57% of

the sun’s energy (Gartland, 2008).



2.1.1.2  Visible Light

Visible light has wavelengths in air in the range of approximately 400nm to 700nm and
occupies a small portion of the electromagnetic spectrum. It is known as the visible spectrum
and comprises different colours from violet (400nm) to red (750nm). This is the only radiation

which activates the receptors on the retina of human eyes (Wilson et al., 2007). Visible light

accounts for approximately 40% of the sun’s energy (Gartland, 2008).
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2.1.1.3  Ultraviolet (UV) Radiation

The sun’s spectrum contains a small component of UV radiation (short-wavelength), which is
located beyond the violet end of the visible light and ranges between 10nm to 380nm in the EM
spectrum. It is sometimes subdivided into UV-A (380-315nm), UV-B (315-280nm) and UV-C
(280-10nm). The sun emits significant amounts of EM radiation in all three of these bands,
however, due to absorption in the ozone layer of the earth’s atmosphere, most of the UV
radiation (99%) which reaches the surface is in the UV-A band (Pedrotti et al., 2007).
Ultraviolet radiation is harmful to skin and can cause skin cancer. It is mostly absorbed by the
ozone layer in the atmosphere at an altitude of 30-50km and also by ordinary glass. The

ultraviolet region accounts for approximately 3% of the sun’s energy (Gartland, 2008).

2.1.2  Energy transfer
Heat can be transferred between a system and its environment in three distinct ways;
conduction, convection and radiation. The main focus will be on conduction and radiation,

however, convection will also be discussed.

2.1.2.1 Conduction

Conduction results from molecular interactions within an object. Molecules at a high
temperature region in an object vibrate around their equilibrium position with greater amplitude
than normal. This greater vibration causes the molecules to collide with their nearest
neighbours, causing them to vibrate more. As a result, these molecules interact with their
nearest neighbours passing on this energy as kinetic energy of vibration, thus transferring their
energy to the molecules with less energy in a cooler part of the object. The net result of the
vibrations is a transfer of thermal energy through a solid. The energy is therefore conductively
transferred from a higher temperature region to a lower temperature region resulting in a
reduction in the temperature difference. In general, a solid is a better conductor than a liquid or
a gas because its molecules are very closely packed, meaning that the energy transfer between

the molecules is faster (Ghoshdastidar, 2004).

The rate equation for conduction is given by Fourier’s law of heat conduction, as displayed in
Equation (2-4) (Holman, 2010, Ghoshdastidar, 2004).
AT (2-4)

= —kA—
CIX' Ax



where q is the heat transfer rate (W), k, is the thermal conductivity of the material (W/mK), A
is the surface area (m”) and AT/Ax is the temperature gradient in the direction of the heat flow.
The minus sign is present so that q is positive. It is measured in units of W/mK, and essentially

indicates how fast heat will flow in a given material (see Fig. 2-2).

Fig. 2-2 Conduction in the x-direction, normal to area A (Ghoshdastidar, 2004)

By observing a slab of material, the amount of thermal energy conducted through the solid can
be determined (see Fig. 2-3). A slab of material of cross sectional area A and thickness, d, is
subjected to a high temperature Ty, on the hot side and a colder temperature T, on the other side
(Nolan, 2012). It has been found experimentally that the thermal energy conducted through this

slab is directly proportional to the following;

1. The area A of the slab. The larger the area, the more thermal energy transmitted
2. The time t, the longer the period of time, the more thermal energy transmitted
3. The temperature difference between the faces of the slab. If there is a large temperature

difference, a large amount of thermal energy flows

]

Fig. 2-3 Heat conduction through a slab (Nolan, 2012)

The ratio (T, —T.)/d is the temperature gradient AT/AXx. The thermal energy transmitted is

inversely proportional to the thickness of the slab. The thicker the slab, the greater the distance



the energy must travel through i.e. a thick slab implies a small amount of energy transfer and a

thin slab implies a larger amount of energy transfer

Similarly to Equation (2-4), the amount of thermal energy transferred by conduction is

displayed in Equation (2-5).

T 2-5)
R S

Thermal conductivity, k, is a measure of the rate at which heat is transferred through a material.
Some typical values are given in Table 2-1. The thermal conductivity of concrete is small,
therefore only a small amount of thermal energy will flow through the material, and it is
therefore a poor conductor, or a good insulator. A typical value for concrete ranges between

approximately 0.4 and 1.6, with general concrete having a value of 1.3 (Nolan, 2012).

Table 2-1 Typical thermal conductivity values (Wilson et al., 2007)

Material ~ Thermal conductivity (W/mK)

Aluminium 240
Iron/Steel 46
Concrete 1.3

Wood (oak) 0515

2.1.2.2 Convection

Convection is a process whereby thermal energy is transferred between a solid and a fluid
flowing past it (Ghoshdastidar, 2004). If the fluid motion in the process is induced by an
external means such as wind, the process is called forced convection. In order to express the
overall effect of convection, Newton’s law of cooling is used, where a solid surface is cooled by

the fluid, thus:

q. = hA(Ts — Ty,) (2-6)

where q. is the rate of heat flow by convection (W), h is the heat transfer coefficient (W/m’K),
(T\-T,) is the temperature potential difference for heat flow away from the surface (K) where T
is the surface temperature and T, represents the fluid temperature, and A is the surface area

(mz),

11



The process of convection from a surface is displayed in Fig. 2-4. The convection heat transfer
coefficient, h, depends on many factors such as the space, time, geometry, orientation of the
solid surface and flow conditions (Ghoshdastidar, 2004). Typical values of h for forced
convection involving gases and liquids are 25-250W/m’°K and 50-20,000W/m’K respectively.

B, T 5

———
BTl & 1 5
i

Fig. 2-4 Convection from surface area A at T, to cool flowing fluid at T (Ghoshdastidar, 2004)

2.1.2.3 Radiation

The method of transfer by which an object and its environment exchange energy as heat via EM
waves, is referred to as thermal radiation (Wilson et al., 2007). Thermal radiation refers to the
EM radiation emitted by a body, as a result of its temperature, and is generally detected by heat
or light (Al-Azzawi, 2007). These EM emissions are due to the molecular electronic (energy
associated with the molecule's electrons), rotational (rotation of the whole molecule), and
vibrational (vibration of chemical bonds within the molecule) energy transitions of the matter
(Kaviany, 2011). Thermal radiation has significant energy in the wavelength range of 2 x 107 to
10”°m which comprises of the visible range, infrared range and a small portion of the ultraviolet
range (Kaviany, 2011). However, for low to moderate temperature applications, thermal
radiation is dominated by the infrared wavelengths and by molecular rotational and vibrational

transitions (Kaviany, 2011).

By considering the thermal radiation of a gas, the principles of quantum-statistical
thermodynamics can be applied to derive an equation for the energy density of radiation per

unit volume and per unit wavelength, uy, as in Equation (2-7)):

8mhcl™> (2-7)

Y= ehc/).kT — 1

where k is Boltzmann’s constant = 1.38x107*)/molecule.K, h is Planck’s constant = 6.63x10™*

J.s as previously, and T is the temperature (K) (Holman, 2010, Al-Azzawi, 2007).



When the energy density, which is defined as the energy radiated from a surface per unit time
and per unit area, is integrated over all wavelengths, the total energy emitted is proportional to
the absolute temperature to the fourth power, which is known as the Stefan-Boltzmann law as in

Equation (2-8):

Eb = O'T4 (2'8)

where E, is the energy radiated in W/m® T is the temperature (K) and o is the Stefan-

Boltzmann constant = 5.669x10W/m’K*.

The subscript b in the equation denotes that it is radiation from a blackbody. It is referred to as
blackbody radiation because materials which obey this law appear black to the eye as they do
not reflect any visible radiation (Holman, 2010). The total energy radiated by a surface
increases rapidly with temperature. By observing the spectrum of blackbody radiation at
different temperatures, also known as Planck’s distribution (see Fig. 2-5), the energy is found to

lie within the infrared regions of the spectrum, where wavelengths are longer than visible light.

10 Fultraviolet | visible | infrared

Intensity / (arb. units)

o 1.0 2.0 3.0
i Wavelength A (um)

Fig. 2-5 Spectral intensity distribution of Planck’s black-body radiation as a function of wavelength for
different temperatures (Van der Pol, 2012)

The wavelength of peak emission A, (nm) decreases as temperature (T) increases, and is
inversely proportional to the temperature in Kelvin. This is known as Wien’s displacement law

(Equation (2-9)) where

ApearT = 2.898X1073mK 29
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The radiation heat loss from a hot surface to the cool air can be described by Equation (2-10)

and this process is displayed in Fig. 2-6.

Urle= O'EA(T54 o Too4) g9

where q, is the rate of heat flow by radiation (W), ¢ is the emissivity of the surface ( =1 for a
blackbody, < 1 for a non-black body), ¢ is the Stefan-Boltzmann constant as previously, A is
the surface area (m” ), T, is the absolute surface temperature (K), and T,, is the absolute ambient

temperature (K).

; qr
Air, Ty,

Fig. 2-6 Radiation heat loss from a hot surface at Ts to cool air at Too (Ghoshdastidar, 2004)

The three processes of heat transfer (conduction, convection and radiation) are summarised in
Fig. 2-7, where T, is the temperature of the surroundings, T,, is the surface temperature, and T.,

is the fluid temperature.
qr = USA(T54 i Too4)

Radiation
Surrounding at T

Flow, T, {
qc = hA(Ts — Ty)
e
£
Convection 'j
d ¢l
t Heat conducted kAT, — Tt
e

through wall

Fig. 2-7 Combination of conduction, convection and radiation heat transfer (Holman, 2010)



2.1.2.4 Surface emissivity
The emissivity of a surface, ¢, is defined as the total radiation emitted (E) divided by the total

radiation that would be emitted by a blackbody (E,) at the same temperature (see Equation

2-11)).

e E
€= 5 (2-11)
so that:
E=a

(2-12)

as the ratio of the emissive power of a body to the emissive power of a blackbody at the same
temperature is equal to the absorptivity of the body (o). Equation (2-12) is known as
Kirchhoff’s identity.

A real body (or real surface), such as concrete, will emit less radiation than ideal black surfaces
as measured by the emissivity value. The emissivity of a surface is always between zero and

unity (Newton, 1990). A blackbody is characterised by the following (Bergman et al., 2011):

1. A blackbody absorbs all incident radiation, regardless of wavelength and direction.

2. For a prescribed temperature and wavelength, no surface can emit more energy than a
blackbody.

3. Although the radiation emitted by a blackbody is a function of wavelength and

temperature, it is independent of direction. That is, the blackbody is a diffuse emitter.

The spectral radiation emitted by a real surface differs somewhat from Planck’s distribution

(see Fig. 2-5). Also, the directional distribution may be other than diffuse (see Fig. 2-8).

‘—t_".

Real surface
IA (}\.B,T) =
EA,O Il,b (A.,T)

Blackbody, T Blackbody, I, j,
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Fig. 2-8 Comparison of blackbody and real surface emission: spectral distribution (left) and directional
distribution (right), where I is defined as the intensity and 0 the direction (Bergman et al., 2011)
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2.1.3 Absorption, reflection and transmission from real surfaces

The total irradiation on a surface, G (W/m?), encompasses all spectral components and when it
is incident upon a medium, depending on whether the surface is semi-transparent (such as glass)
or opaque (such as concrete), this radiation may be absorbed, reflected and transmitted. For a

radiation balance on a medium, it follows that:
Gr = Garer + Gaaps + Gaer (2-13)

Where the medium is opaque, such as concrete, G, will equal zero and the remaining
absorption and reflection processes are treated as surface phenomena i.e. they are controlled by
processes occurring within a fraction of a micrometer from the irradiated surface. It is therefore
appropriate to refer to irradiation being absorbed and reflected by the surface, with the relative
magnitudes of Gy s and G, ¢ dependant on the wavelength (L) and the nature of the surface
material. There is no net affect of reflection on the medium, however, absorption has the effect
of increasing the internal thermal energy of the medium (Bergman et al., 2011), that is light is
converted into heat and the materials temperature rises. The processes of radiation incident

upon a medium can be seen in Fig. 2-9.

Irradiation, - Reflection,
G, G ret

Semitransparent AU Pbsorption,
medium @ G, abs

é Transmission,
G)_,tr

Fig. 2-9 Spectral absorption, reflection and transmission processes (Bergman et al., 2011)

In most solids and liquids, radiation emitted from interior molecules is strongly absorbed by
adjoining molecules. Accordingly, radiation that is emitted from a solid or a liquid originates
from molecules that are within a distance of approximately 1pum from the exposed surface and
for this reason, emission from a solid or a liquid into an adjoining gas can be viewed as a

surface phenomenon (Bergman et al., 2011).

Surface absorption and reflection are responsible for the perception of colour. Colour is due to
selective reflection and absorption of the visible portion of irradiation that is incident from the

sun or an artificial source of light. A surface appears “black” if it absorbs all incident visible
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radiation, and it is “white” if it reflects this radiation. However, for a given irradiation, the
“colour” of a surface may not indicate its overall capacity as an absorber or reflector, since
much of the irradiation may be in the IR region. A “white” surface such as snow, for example,
is highly reflective to visible radiation but strongly absorbs IR radiation, thereby approximating
blackbody behavior at long wavelengths. The following subsections focus on the absorption,
reflection and transmission processes. However, it is important to note that these properties
depend on the surface material and finish, surface temperature, and the wavelength and

direction of the incident radiation.

2.1.3.1 Absorption

The radiation incident on a solid surface is referred to as irradiation and when photons interact
with the electronic or crystal structure of a material, absorption may occur whereby photons
give up their energy to the material (Askeland and Phule, 2006). The total absorption, a, is

defined as the fraction of the total irradiation absorbed by a surface:

Gabs (2-14)

The absorptivity depends on the spectral distribution of the incident radiation, as well as the
directional distribution and the nature of the absorbing surface. Electrons in matter occupy
energy levels called orbits. Fig. 2-10 displays both absorption and emission of a photon by an
atom. If a photon is incident on the electron in the atom, the photon gives up its energy to the

electron which, having increased in energy, moves to a higher level (away from the nucleus).
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Fig. 2-10 An electron in an atom absorbing and emitting a photon (Simmonds, 2012)
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Similarly, the electron in the upper level moves to the lower level by giving up energy by
emitting light (Beeson and Mayer, 2008). The energy of a photon is equal to the difference
between energy levels (Newton, 1990). For light of a frequency v, the energy of a photon, E, is
given by Equation (2-1).

2.1.3.2 Reflection

Reflection is a property that determines the fraction of the incident radiation reflected by a
surface. It is dependant on the direction of the incident radiation and the direction of the
reflected radiation. Reflection is the process of incident radiation being redirected away from
the surface, with no effect on the medium i.e. when radiation is incident on a medium, photons
may give up their energy but photons of identical energy are immediately emitted by the
material (Askeland and Phule, 2006). The total reflection, p, is defined as the fraction of the

total irradiation reflected by a surface:

Gref (2-15)

Two types of reflection occur when radiation strikes a surface. When a ray of solar light is
reflected at an interface dividing two optical media (a material through which EM waves
propagate), the angle of the incoming light ray on a surface is described as the angle of
incidence (0,) and this angle is measured relative to a line perpendicular to the reflecting surface
which is known as the normal. The angle of the reflecting ray is described by the angle of
reflection (8,) also measured from the normal (see Fig. 2-11) . The angle of incidence is equal
to the angle of reflection and this is known as the law of reflection as displayed in Equation

(2-16).

6, = 6, (2-16)

When the incident rays, which are parallel to each other, strike a perfectly smooth and flat
reflecting surface, the corresponding reflected rays are also parallel to each other. This is called
specular or regular reflection. If the surface is rough, however, the reflected rays are no longer
parallel due to the irregular nature of the surface. This type of reflection is called diffuse or
irregular reflection (see Fig. 2-11). The law of reflection still applies to each individual ray
impacting on a surface inclined at 6, to the normal to that surface (Kingslake and Thompson,

2011).
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Fig. 2-11 Reflection of light: diffuse (left) and specular (right) reflection (Bergman et al., 2011)

2.1.3.3 Transmission

Transmission refers to radiation passing through a medium, and occurs when a layer of water or
a glass plate is irradiated by the sun or artificial lighting. When transmission occurs, the photons
do not interact with the electronic structure of the material (Askeland and Phule, 2006). Instead,
the wave travels from one transport medium into another, causing refraction to occur.
Refraction is defined as a change in direction of a wave at the surface boundary (Wilson et al.,
2007). The change of direction is due to the fact that light travels at different speeds in different
media. The refraction of light, as it enters one medium from another, is described by Snell’s
Law. The total transmission, t, is defined as the fraction of the total irradiation transmitted by a

surface:

Gy (2-17)

However, as concrete is an opaque material, this particular property is irrelevant to this study.

2.1.3.4  Summary

Reflectivity may be defined as the fraction of the irradiation that is reflected, absorptivity as the
fraction of the irradiation that is absorbed, and transmissivity as the fraction of the irradiation
that is transmitted (Bergman et al., 2011). As all of the irradiation must be reflected, absorbed,

or transmitted, it follows that:

prta+1=1 (2-18)

A medium that experiences no transmission (t, = 0) is opaque, in which case:

prta; =1 (2-19)
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A summary of the key surface radiation properties are displayed in Fig. 2-12. Surface radiation
consists of emission, absorption, reflection and transmission. As concrete is an opaque material,
the transmission component can be disregarded. Emission from a surface is temperature,
wavelength and direction dependant in all cases for a real body such as concrete. Similarly,
absorption and reflection are dependent on many factors such as temperature, wavelength,

direction and angle.

Radiation Heat Transfer
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Fig. 2-12 Summary of surface-radiation properties and volumetric radiation (Kaviany, 2011)

Both absorption and reflection are also influenced by the source of radiation i.e. the energy
received at the earth from the sun is subject to variations due to the following; variations in
distance and tilt of the earth relative to the sun, variations in atmosphere scattering by air

molecules of water vapour, gases and dust particles and variations in atmosphere absorption.

2.1.4 Thermal properties of materials

2.1.4.1 Specific Heat
A calorie is defined as the amount of energy necessary to raise the temperature of one gram of a
specific substance, water, by one degree and that amount is 4.186J. The amount of energy

required to raise the temperature of a particular substance by 1°C varies, as each substance
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requires a different amount of energy per unit mass to change the temperature by 1°C (Giancoli,
2009). Askeland and Phule (2006) define the specific heat, or heat capacity, of a material as the
energy required to change the temperature of a unit mass of that material by one degree Kelvin/
one degree Celsius) and is calculated using Equation (2-20). In particular, the specific heat of a
substance is the heat energy required to raise the temperature of 1kg of a material by one degree

Kelvin.

Q = mcAT (2-20)

where Q is the heat energy required (J/kgK), m is the mass of the material (kg), c is the specific

heat of the material (J) and AT is the change in temperature (Kelvin).

Therefore, it can be concluded that, if two materials had the same surface celour and were the
same mass, the material with the higher specific heat would remain cooler if both samples were

subjected to identical heat loads.

The common range for the specific heat of ordinary concrete is 840-1170 J/kg.K, however,
specific heat increases with an increase in temperature and with a decrease in the density of the
concrete (Neville, 1995). Some specific heat values are shown in Table 2-2. These values are

valid at 1atm constant pressure and 20°C.

Table 2-2 Typical values of specific heat for common substances at 20°C (Giancoli, 2009)

Substance Specific Heat, ¢ (J/kg.K)

‘Water 4186
Wood 1700
Concrete 840-1170

Asphalt 920
Alaminium 900
Glass 837
Iron/Steel 488
Copper 385

2.1.4.2  Volumetric heat capacity (VHC)
The volumetric heat capacity (VHC) is the heat capacity per unit volume rather than mass and is

equal to the specific heat capacity times the density of the material (Bergman et al., 2011).

VHC = cp B

where ¢ is the specific heat (J/kgK) and p is the density of the material (kg/m’).
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2.1.4.3  Thermal diffusivity

The thermal conductivity, k, of a material is related to the thermal diffusivity, , as described by
Equation (2-22). Thermal diffusivity represents the relative ability of the material to conduct
heat by thermal conductivity (k) as compared to its ability to store heat by its volumetric heat
capacity (cp). The larger the value of 3, the faster the propagation of heat into the material.
Thermal diffusivity represents the ability of the material to respond to changes in the thermal
environment. The larger the value, the quicker the material will come into equilibrium with the

surroundings (Thirumaleshwar, 2006). It is defined as follows:

6= — (2-22)

where ¢ is the specific heat (J/kgK) and p is the density of the material (kg/m®). The larger the
value of 3, the faster heat will diffuse through the material. Thermal diffusivity has units of

2
m°/s.

Concrete with k, ¢ and p of 1.3W/mK, 840J/kgK and 2,400kg/m’ respectively, for exampie, will
result in a thermal diffusivity value of 0.64x10°® m?%s, which demonstrates a slow energy
transfer rate in the material. However, steel with k, ¢ and p of 46W/mK, 488J/kgK and
8,000kg/m’ respectively, for example, will result in a thermal diffusivity value of 11.8.x10°
m?’/s, which demonstrates a higher energy transfer rate in the material. Aluminium has an even

higher thermal diffusivity of approximately 97.5x10° m*/s (Thirumaleshwar, 2006).

2.2 Solar Radiation and Albedo

2.2.1 Solar radiation

Solar radiation is a form of thermal radiation having a particular wavelength distribution.
(Holman, 2010). As previously outlined in Section 2.1, the energy from the sun is transferred to
the earth in the form of photons moving at the speed of 3x10°m/s, and this energy can be
converted into many types of energy such as heat energy. This heat energy received by the earth
through photons is responsible for much of the earth’s temperature. The amount of solar

radiation reaching different parts of the earth varies with location and season (Solanki, 2008).

The sun emits energy in a wide range of wavelengths, however, the radiation of particular
importance, which constitutes 99% of solar energy, is made up of ultraviolet, visible and

infrared radiation. The amount of solar radiation received by a planet depends on its distance
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from the sun, which is approximately 1.5x10''m for earth. Extraterrestrial radiation refers to the
amount of radiation falling on the earth outside its atmosphere which is constant and is often
referred to as the solar constant. The solar constant is defined as the average radiation intensity
received per unit area perpendicular to the earth’s surface at the mean sun-earth distance and it

is taken as 1367W/m? (Solanki, 2008).

2.2.1.1 Radiation at the earth’s surface

Solar radiation passes through the earth’s atmosphere before reaching the earth’s surface where
it is subjected to absorption and scattering. This occurs due to the presence of the ozone layer,
water vapour, CO,, O,, dust particles etc. present in the atmosphere. The solar radiation
intensity (irradiation) as a function of wavelength is represented in W/m’nm. The

extraterrestrial solar radiation and radiation reaching the earth’s surface is displayed in Fig.
2-13.

Extraterrestrial radiation
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Fig. 2-13 Diagram of earth and the atmosphere demonstrating extraterrestrial , direct and diffuse radiation
and Air Mass (Solanki, 2008)

The amount of attenuation of solar reflectance depends on the distance the solar reflection
travels through earth’s air mass. The thickness of the earth’s atmosphere is referred to as Air
Mass (AM). When radiation is measured outside the earth’s atmosphere it is referred to as AMO
radiation as the air mass travelled by the sun’s rays is equal zero (see Fig. 2-13). At the earth’s
surface when the sun is exactly at an overhead position, this is called AM1 as the rays reaching
the earth’s surface have travelled a distance equivalent to one air mass. However, when the sun

is at an angle to the overhead position, the rays need to travel a longer distance within the
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earth’s atmosphere to reach the surface. Therefore, AMI.5 is the distance travelled by the

radiation if it is 1.5 times that of AM1 (Solanki, 2008).

2.2.1.2 Direct, diffuse and global radiation

When solar radiation passes through the earth’s atmosphere it undergoes several interactions
(absorption and scattering) with gaseous molecules and particles in the atmosphere. The
absorption interaction is a loss of radiation, as the energy of the solar radiation is given to the
gaseous molecules and the atmosphere, amounting to approximately 20% of the radiation
(Solanki, 2008). The scattering interaction involves the direction of the sun rays changing and
this is known as diffuse radiation. The radiation which is neither absorbed nor scattered, reaches
the earth’s surface directly and is known as direct radiation. Therefore, the total radiation
reaching the earth’s surface is called global radiation and is the sum of the diffuse and direct

radiation (see Equation (2-23)).

Global radiation = Direct radiation + Dif fuse radiation (2-23)

On a sunny day, the diffuse radiation is approximately 15-20% of that of the direct solar
radiation and on a cloudy day, the percentage of diffuse radiation increases with respect to
direct radiation. The amount of solar radiation at a given location at a given time is dependant
on many parameters such as; latitude and longitude of location, time of day and day of year.
These parameters are key to calculating the sun’s position, thus the available solar radiation.
The chart displayed in Fig. 2-14 is the sun’s global radiation (blue line) and direct radiation (red
line) which was obtained from ASTM G173 - 03 (2012) for AM 1.5.

The radiation for AM1.5 represents an overall yearly average for mid-latitude locations (which
is between approximately 23° and 66°N) which includes Ireland at 53°N, and is used by the
solar industry for all standardised testing. The radiation for AMO is also displayed in the plot

and it is the extraterrestrial radiation i.e. the spectrum outside of the atmosphere.
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Fig. 2-14 Global radiation (blue line) and direct radiation (red line) for AM1.5 (ASTM, 2012) and AMO (green
line) (ASTM, 2006)

2.2.2 Definition of Albedo

Albedo is defined as the ratio of the reflected solar radiation to the incident solar radiation at the
surface, over all wavelengths of solar irradiation (Taha et al., 1988, Li et al., 2013). Albedo is a
dimensionless fraction and is measured on a scale of 0 to 1. An albedo of 0 denotes no
reflecting ability of a perfectly black surface (zero reflectance, total absorbance), and an albedo
of 1 signifies a perfectly white surface (total reflectance). In other words, if a surface is white
then the solar radiation is reflected back out into the atmosphere. However, if a surface is dark
then the solar radiation is absorbed by the surface. When energy is absorbed, it raises the
temperature of the substance which absorbs it e.g. the earth, and this causes the earth to radiate
this heat in the form of infrared radiation. This infrared radiation results in the warming up of

the earth’s lower atmosphere and surface.

As indicated in Fig. 2-15, the incoming solar radiation which is shown in yellow, consists of
ultraviolet, visible and a limited portion of infrared energy (shortwave radiation) and the
outgoing infrared (longwave) radiation is shown in red. The earth’s global mean energy budget
is discussed in detail in Section 8.1 (where the potential for CO, to be offset is discussed) and is
displayed in Fig. 8-1. It is the balance between incoming shortwave solar radiation and the
emission of longwave radiation to space in order to achieve equilibrium. The earth’s

atmosphere receives an average of 341W/m’ of incoming solar radiation which is
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approximately one quarter of the solar constant (1367W/m?), and 102W/m? of this radiation is
reflected or scattered back into space by clouds and the atmosphere (79W/m?) and the surface
(23W/m?). This ratio is known as the global albedo which is close to 31% or 0.31 (Zdunkowski
et al., 2007), or 0.30 according to Taha et al. (1988). The objective of this research is to increase
the radiation reflected off a surface (23W/m?” here) and to reduce the absorbed radiation by the
surface (161W/m”) which is relevant as it would reduce the amount of infrared radiation emitted

from the surface (the reader is referred to Fig. 8-1 for the figures).
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Fig. 2-15 The Albedo Effect (ECOCEM, 2011)

2.2.3 Published values of albedo and emissivity

2.2.3.1 Published albedo values
The published values of albedo for a variety of different surfaces will be outlined in this section.
The albedo values have been divided into two main categories; albedo values for urban areas

and building materials (see Table 2-3) and albedo value for natural and vegetative surfaces (see
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Table 2-4), with the reference source included. In Table 2-4, the most reflective natural surface

is new snow, having an albedo of between 0.75 and 0.95.

The author consulted a wide range of references, as displayed in Table 2-3 and Table 2-4, from
which it may be observed that there is no universal agreement on values of different materials.

In some cases significant variability exists for different materials.

Table 2-3 Albedo value for urban area and building materials

Surface Material Albedo Source
Urban area  Streets 0.14 (Oke, 1987, Stull, 2000)
0.15 (Stull, 2000)
Building surfaces light 0.60 (Solanki, 2008)
Building surfaces dark 0:27 (Solanki, 2008)
Urban area (average) 0.15 (Santamouris, 2001)
Urban area 0.15-25 (Solanki, 2008)
Asphalt Asphalt (aged) 0.15-0.20 (Martien et al., 1989)
0.09-0.18  (Santamouris et al., 2011)
Asphalt (new) 0.05-0.10  (Martien et al., 1989)
0.04-0.06  (Santamouris et al., 2011)
Concrete Concrete (new) 0.35-0.40 (Bretz et al., 1998)
Concrete (aged) 0.25-0.30 (Bretz et al., 1998)
0.22 (Solanki, 2008)
Concrete (white cement) 0.68-0.77  (Levinson and Akbari, 2002)
Paint Black paint 0.02-0.15  (Santamouris, 2001)
White péint 0.50-0.90  (Santamouris, 2001)
Other Wood (freshly planed) 0.40 (Santamouris, 2001)
Wood (oak) 0.10 (Santamouris, 2001)
Red Brick 0.30 (Santamouris, 2001)
Gravel 0.72 (Santamouris, 2001)
Bituminous and gravel roof 0.13 (Solanki, 2008)
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Table 2-4 Albedo value for natural and vegetative surfaces

Surface Material Albedo Source
Snow Snow (new) 0.90 (Taha et al., 1988)
0.75-0.95 (Stull, 2000)
Snow (old) 0.40-0.70 (Oke, 1987)
0.35-0.70 (Stull, 2000)
Ice caps 0.80-0.90 (Taha et al., 1988)
Ocean 0.06-0.10 (Taha et al., 1988)
0.03-0.10 (Solanki, 2008)
Vegetated area  Average soil 0.30 (Santamouris, 2001)
Soil, dark wet 0.06-0.08 (Stull, 2000)
Soil, light dry 0.16-0.18 (Stull, 2000)

Deciduous plants  0.20-0.30 (Santamouris, 2001)
Deciduous forests  0.15-0.20 (Santamouris, 2001)
0.10-0.25 (Stull, 2000)

0.18 (Solanki, 2008)
Coniferous forest  0.05-0.15 (Stull, 2000)
0.16 (Solanki, 2008)
Grass 0.23 (Solanki, 2008)
025 (Reagan and Acklam, 1979)
0.26 (Stull, 2000)
0.30 (Santamouris, 2006)

2.2.3.2  Published emissivity values

A number of emissivity values are outlined in Table 2-5 for some common building materials.
The emissivity value of particular importance is that of concrete which ranges between 0.85 and
0.95. The emissivity is dependant on two main factors; composition and surface geometry. It is
related to reflectance or colour. Dark materials absorb more and therefore emit more energy
than light materials. Moreover, smooth surfaces have lower emissivity values than rough
surfaces (Gupta, 2003, Myers, 2006). In general, rough concrete has an emissivity of between
0.92-0.95.
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Table 2-5 Emissivity values for some common materials (Anderson, 2006)

Material Emissivity
Aluminium (polished) 0.03-0.06
Aluminium (dull/rough polish)  0.18-0.30
Asphalt/bitumen pavement 0.90-0.98
Brick 0.85-0.95
Concrete 0.85-0.95
Steel (polished) 0.074-0.097
Wood 0.82-0.94

2.2.4 Solar reflectance and thermal emittance

As previously outlined in Section 2.2.2, albedo, or solar reflectance, is defined as the ratio of
the reflected solar radiation to the incident solar radiation at the surface, over all wavelengths of
solar irradiation. Emissivity is defined as the fraction of energy radiated by a body compared to
that radiated by a black body at the same temperature (McMullan, 2007). A material which is
able to radiate heat away from it to stay cool has a high thermal emittance whereas a material
with a low thermal emittance traps energy at long wavelengths between 5-40pm (Infrared
Radiation) (Gartland, 2008). Infrared emittance is measured on a scale from 0 to 1. A true black
body has an emissivity value of 1 and the more reflective or shiny the material is, the lower the
emissivity value e.g. polished silver has a value of 0.02. In general, the colour and texture of a
material’s surface control its emissivity, as darker and duller surfaces tend to have a value close
to 1 than more polished and brighter surfaces (Wang et al., 2012). A material with a higher
thermal emittance has the ability to radiate away any collected heat. The thermal emittance of
most materials is greater than 85 per cent, but bare metallic surfaces tend to have emittance

values ranging between 0.20 and 0.60 (Gartland, 2008).

2.24.1 Cool material

A ‘cool” material is defined as a material which has both high solar reflectance and high thermal
emittance. These two properties combined affect the surface temperature (see Fig. 2-16). If a
surface with a high solar reflectance and infrared emittance is exposed to solar radiation, the
surface temperature will be lower compared to a surface which has a lower solar reflectance and
thermal emittance value. This parameter can be determined by calculating the solar reflectance
index (SRI) of the material which incorporates both the solar reflectance and infrared emittance

in a single value.
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Fig. 2-16 The basic principles of a cool material (Santamouris et al., 2011)

2.2.4.2  The Solar Reflectance Index

The solar reflectance index (SRI) is a value which combines solar reflectance and thermal
emittance of a material into one measurement expressed as a fraction (from 0.0 to 1.0) or as a
percentage (from 0 to 100) and represents a material’s performance in the sun. Materials with

relatively high SRI values are referred to as cool materials.

To determine the SRI value of a material, ASTM E1980-11 (2011) is the standard which
defines SRI calculation methods. The SRI value quantifies how hot a flat surface would get
relative to a standard black and a standard white surface (see Table 2-6). The calculation is
based on a set of equations where the solar reflectance and thermal emittance of a material are
required, for specific environmental conditions. The SRI has a value of 0 for a standard black

surface and 100 for a standard white surface.

Table 2-6 Solar Reflectance Index-a standard black and white surface (Mulvaney, 2011)

Albedo  Emissivity (¢)  SRI (%)
Standard black material 0.05 0.90 0
Standard white material 0.80 0.90 100
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For a surface exposed to the sun, when the conduction into the material is zero, the steady-state
surface temperature is obtained iteratively using the Equation (2-24) (see Equations (2-6) and
(2-10)).

al = €a(Ts* — Tg*) + he(Ts — Ty) (2-24)

where:

a = solar absorptance = 1- solar reflectance

I = solar flux (W/m?)

€ = thermal emissivity

6 = Stefan Boltzmann constant, 5.667 x10® (W/m’K*)
T, = steady state surface temperature (K)

Ty = sky temperature (K)

h. = convective coefficient (W/m’K)

T, = air temperature (K)

In the ASTM E1980-11 standard, SRI is defined using the Equation (2-25);

SRI = (Thiack — Tsurface)

= .100 (2-25)
(Torack = Twhite)

where Ty and Type are the steady state temperatures of black and white surfaces. Under the
standard solar and ambient conditions, Equation (2-25) can be regressed to Equation (2-26),

which is used to calculate the SRI.

S.R.1 =123.97 — 141.35X + 9.655X2 (2-26)

Equation (2-27) is employed to calculate X, which is then substituted into Equation (2-26).

_ (a—0.029¢)(8.797 + h,)
i 9.5205¢ + h,

(2-27)
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Typical standard solar and ambient conditions for the purpose of a calculation are defined in
ASTM E1980-11 (2011) and are as follows;

1= 1000W/m’ (equal to AM1.5 at 48°)
T.=310K
Ty = 300K

h. =5, 12 and 30W/m’K

The SRI of a test surface varies with two material properties, namely the solar reflectance and
thermal emittance, and four environmental conditions, namely the solar flux, convection
coefficient, air temperature and sky temperature. SRI is calculated for three convective
coefficients of 5, 12 and 30W/m’K, corresponding to low, medium and high wind conditions,

respectively.

2.2.5 Measurement of solar reflectance and thermal emittance
There are three main standard test methods for determining solar reflectance of a surface in

order to determine a material’s SRI;

1. ASTM E1918-06 Standard Test Method for Measuring Solar Reflectance of Horizontal
and Low-Sloped Surfaces in the Field

2. ASTM C1549-04 Standard Test Method for Determination of Solar Reflectance near
Ambient Temperature Using a Portable Solar Reflectometer

3. ASTM E903-12 Standard Test Method for Solar Absorptance, Reflectance and

Transmittance of Materials Using Integrating Spfleres

The method by which thermal emittance is determined will also be discussed briefly in this

section.

2.2.5.1 ASTM E1918-06 (Pyranometer test method)

This test method covers the measurement of solar reflectance of various horizontal and low
sloped surfaces and materials in the field, using a pyranometer. The test method is intended for
use when the sun angle at the normal from a surface is less than 45°. This method requires an
area of approximately 10m” and is best applied to large surfaces that may also be rough and/or

non-uniform.
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Levinson et al. (2010a) reviewed this technique for measuring solar reflectance and stated that
the solar reflectance measured using the conventional pyranometer method will equal the global
solar reflectance if; (a) the surface reflects diffusely (b) the pyranometer casts no shadow on the
surface and (c) the pyranometer sees only the target surface when measuring the reflected solar

irradiance. They state that there are a number of restrictions when using this test method:

1. The sky must be clear, particularly around the sun as haze or cloudiness can alter the
spectral power distribution of sunlight, and the passage of cloud across the sun can lead
to serious error.

2. The spectral distribution of the incident solar irradiance and the irradiance angle of the
solar beam both vary with hour of day and day of year which restricts the daily time
window for testing.

3. The target must be large enough to ensure that nearly all reflected radiation collected by
a downward facing sensor comes from the target and not its surroundings.

4. The technique will always slightly underestimate the global solar reflectance as the
shadows cast by the pyranometer and its support reduce the reflected solar irradiance.

5. The pyranometer responsitivity is a strong function of the angle of incidence.

Levinson et al. (2010a) concluded that the need for a large testing surface makes the method
suitable for characterising roofs, pavements and other large surfaces but inconvenient to apply

to small samples such as product prototypes.

Similarly, recent research was conducted by Li et al. (2013) with the aim of determining the
albedo values of commonly used materials such as asphalt and concrete using a dual
pyranometer method. This method is essentially an albedometer which contains two
pyranometers, one to measure incoming radiation and another to measure reflected radiation. Li
et al. (2013) examine the diurnal variation of albedo, whereby the solar reflectivity was
continuously monitored on three consecutive clear days on an asphalt surface (see Fig. 2-17).
Their research discovered that measured albedo changes over time during the course of one day.
It is high in the early morning and then low and relatively constant around the middle of the
day, and then relatively high again in the late afternoon, when there is a low incident angle of

solar radiation as in the early morning.

The same trend was observed for the concrete pavement, whereby the solar reflectivity was
continuously monitored over time on one clear day on a concrete pavement (see Fig. 2-18). This
result implies that the albedo should be measured in the middle of the day to obtain a constant
and conservative value. Otherwise, if the albedo is measured in the early morning and late

afternoon, the value obtained will tend to be larger than that measured in the middle of the day.
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Fig. 2-17 Variation of solar reflectivity for an asphalt surface for three consecutive days (Li et al., 2013)
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Fig. 2-18 Diurnal variation of solar reflectivity in one day for a concrete pavement (Li et al., 2013)

They also concluded that there is no significant seasonal variation in albedo, however, cloud

cover will negatively influence the value of albedo.

The findings from the study conducted by Levinson et al. (2010a) and Li et al. (2013) will be
compared to the primary results of albedo measurements which were carried out during this

project. These results will be discussed in detail in Chapter 5.
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2.2.5.2 ASTM C1549-09 (Portable solar reflectometer test method)

This test method determines the solar reflectance of flat opaque materials in a laboratory or in
the field using a portable solar reflectometer. The portable solar reflectometer is calibrated
using specimens of known solar reflectance to determine solar reflectance from measurements
at four wavelengths in the solar spectrum: 380nm, 500nm, 650nm, and 1220nm. This test
method is applicable to specimens of materials having both specular and diffuse optical
properties and is particularly suited to the measurement of the solar reflectance of opaque
materials. The portable solar reflectometer measures the reflectance of a flat and uniform
surface of approximately Scm’.

The instrument is calibrated using a black body surface with a reflectance of zero and one or
more surfaces of known solar reflectance provided by the manufacturer. The surface to be
evaluated is placed against the 2.5 cm diameter opening on the measurement head and
maintained in this position until constant readings are displayed. In Europe, the use of portable
reflectometer methods for measuring solar reflectance is not widespread apart from their use in

the measurement of colour (Hutchins, 2009).

2.2.5.3 ASTM E903-12 (Solar spectrophotometer test method)

A solar spectrophotometer illuminates a surface with monochromatic light at near-normal
incidence and measures the light reflected into an integrating sphere. A series of such
measurements at wavelengths spanning the solar spectrum (3002500 nm) yields the surface’s
solar spectral reflectance. A properly calibrated solar spectrophotometer can accurately measure
the spectral reflectance but there are several limits to its use. Levinson et al. (2010a) stated these
restrictions to incluce the sample having to be flat, to ensure that any specularly reflected light
is captured by the integrating sphere; small enough (typically not larger than 10-15cm) to fit in
the instrument’s sample port and, if the instrument has a vertical sample port, sufficiently
cohesive to be mounted vertically. Also, the beam only illuminates 10mm?’ of the sample, with
each measurement taking several minutes, therefore, the instrument is best utilised on a uniform
surface where minimal readings are required. A solar spectrophotometer is a large, immobile

and expensive instrument to which samples must be brought.

2.2.5.4 Measurement of emissivity

As discussed in Section 2.1.2, emissivity is a relative measure on a scale of 0 to 1 of heat
(radiation) emitted by a material’s surface compared to the energy radiated by an ideal black
body at the same temperature and at the same solar angle. In general, the higher the emissivity,

the lower the reflectance value of the material. A material’s emissivity is measured using a
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determined temperature and a predetermined angle. An emissivity of 1 would suggest the
material absorbs all the energy and heat and an emissivity of 0 suggests a perfect reflector of
heat (Postell and Gesimondo, 2011). Infrared emittance of a surface can be measured using a
portable emissometer as described in ASTM C1371-04a (2010) and ASTM E408-71(2008).
There are many uncertainties that are involved in the measurement of emissivity as several

factors affect the measurement such as the sample temperature and the surface geometry.

2.2.6 Albedo and the environment

By increasing the reflectance of surfaces using ‘cool’ materials, this would contribute to
lowering surface temperatures when exposed to sunlight (Bretz et al., 1998, Berdahl and Bretz,
1997). Creating cool communities requires lowering the average surface temperature, for
example, a city so that there is less surface-to-air heat transfer. For building and pavement
surfaces in the sun, surface characteristics such as albedo and emissivity are highly relevant.
Albedo is an indicator of the reflecting power of a surface and is a key thermal characteristic.
The thermal characteristics (such as albedo, heat capacity and thermal conductivity) interacting
with solar radiation are the causal factors affecting the urban heat island (UHI) phenomenon (Li
et al., 2013). Therefore, as albedo plays an important role in the thermal behaviour of
pavements, roofs and other ground surfaces, it consequently has an impact on humans and the

environment.

Increasing the urban albedo results in more of the incoming solar radiation being reflected, and
this effectively counteracts to some extent the effects of global warming. Akbari et al. (2008b)
and Menon et al. (2010) have quantified this in terms of offset CO, emissions. This will be

discussed in detaii in Chapter 8.

Furthermore, the impact of albedo on the environment is also relevant in terms of the
transmission of heat through conduction into buildings. For example, when heat is generated on
the surface of concrete, some of the heat will be emitted as IR radiation, however, some of the
heat will be conducted down through the depth of the slab. Where there is reasonable insulation
in the roof of a building, this prevents the heat from transferring to the room below. This results
in the heat being given off upwards. In conclusion, the albedo effect is not just a surface

phenomenon as it is important what the material comprises of below the surface.
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2.3 The Urban Heat Island Effect

The urban heat island effect was first discovered by a British meteorologist Luke Howard in
1818 who was also known for the classification of clouds (Santamouris, 2009). He studied
London’s climate by measuring the temperatures at several sites within and outside the city and
found that the temperature within the city was noticeably warmer than its rural surroundings.
Following this discovery, the urban-rural temperature contrast was termed the ‘urban heat
island” by Manley (1958) and this term has since been widely used across various areas of

research.

An urban heat island is a ‘reverse oasis’ where air and surface temperatures are hotter than in
their rural surroundings (Gartland, 2008). Fig. 2-19 is a thermal image of a midday surface
urban heat island in Salt Lake City, Utah which was taken on July 13 1998. The warmer urban
surfaces are on the left of the image (at a maximum of 70°C) while the dark blue areas (at 30°C)
are the cooler surfaces (Akbari et al., 2008a). The urban heat island effect is now considered as

one of the most serious urban environmental problems.

Fig. 2-19 Thermal image of a surface urban heat island in Utah (Akbari et al., 2008)

The urban heat island effect is a direct result of urbanisation that creates urban fabric which
comprises mainly of roofs, paved surfaces and less vegetation (Santamouris, 2007). Heat
islands occur both on the surface and in the atmosphere. They differ in a number of ways
including the way they are formed, the methods used to identify them, their impacts and
mitigation techniques (Akbari et al., 2008a). Surface urban heat islands are a direct result of the
sun heating up dry urban surfaces such as roofs and pavements to temperatures which are hotter

than the surrounding air. They can be identified through remote sensing and this data is
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collected to produce thermal images (see Fig. 2-19). Surface urban heat islands are present both

during the day and at night and tend to be most intense on a hot clear summer’s day.

Atmospheric urban heat islands occur when the air temperature in an urban area is higher than
that in the nearby rural surroundings. These differences in temperature can be small or non-
existent during the day and are most intense at night or predawn. This is due to the slow release
of heat from buildings. They are measured directly with fixed weather stations and the data is
displayed on an isotherm map or temperature graph (Akbari et al., 2008a). There are two major
atmospheric types of urban heat island; the urban canopy layer heat island (UCL) which is the
air between the ground and the tops of trees and roofs, and the urban boundary layer heat island

(UBL) which is situated above the UCL.

Extensive research has been carried out into characterising the fabric of an urban environment
by Rose et al. (2003) by using high-resolution aerial digital orthophotos covering selected areas
in each city. The study focused on the fabric of Sacramento, Salt Lake City and Chicago,
examining four major land use types; commercial, industrial, transportation and residential. Of
approximately 900km’ of urban area in Sacramento, 49% was residential, about 59% of 620km’
urban area in Salt Lake City was residential and 53% of 2520km’ urban area in Chicago was
residential. The data in Table 2-7 displays a comparison of the fabric of these three cities.

Table 2-7 Comparison of the percentage of the horizontal fabric of Salt Lake City, Sacramento and Chicago
(Rose et al., 2003)

City Vegetation Roofs Pavements  Other
Above the canopy % % % %
Metropolitan Salt Lake City 40.9 19.0 30.3 9.7
Metropolitan Sacramento 28.6 18.7 38.5 14.3
. Metropolitan Chicago 30.5 24.8 33.7 11.0
Residential Salt Lake City 46.6 19%7 253 8.5
Residential Sacramento 392 19.4 25.6 15.8
Residential Chicago 443 259 25.7 4.1
Under the canopy
Metropolitan Salt Lake City 338 21.9 36.4 8.5
Metropolitan Sacramento 20.3 19.7 44.5 15.4
Metropolitan Chicago 26.7 24.8 3.1 11.4
Residential Salt Lake City 38.6 23.9 3116 6.0
Residential Sacramento 32.8 19.8 30.6 16.8
Residential Chicago 8518 26.9 29.2 8.1
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This research demonstrates that impervious surfaces such as roofs and pavements make up a
significant fraction of an urban area and that characterisation of the urban fabric is very

important in order to be able to design and implement heat island reduction strategies.

Gartland (2008) and Bhatta (2010) suggest that there are two main causes of the heat island
effect. The first of these is that most urban building materials are impermeable and watertight
and therefore there is no available moisture to dissipate the sun’s heat. The second cause is the
use of dark materials which absorb and retain the sun’s energy. Gartland (2008) and Taha et al.
(1988) believe that other factors, such as an increase in anthropogenic heat released from
buildings and vehicles and increased city roughness (slower wind speeds), also contribute to its
formation. It is important to look at the energy balance at the earth’s surface in order to
understand the origin of the energy and how it is transferred. This is done by evaluating the

energy balance equation.

2.3.1 Energy balance equation
The energy balance equation illustrates how energy is transferred to and from the earth’s
surface and is based on the first law of thermodynamics which states that energy cannot be lost

(Gartland, 2008). The energy balance equation is represented by Equation (2-28);

Convection + Evaporation + Heat storage = Anthropogenic heat + Net radiation (2-28)

e Convection is energy which is transferred from a solid surface to a fluid, in this case
from the earth’s surface to the air above it, and it increases with higher wind speeds.

* Evaporation is energy which is transmitted away from the earth’s surface by water
vapour, and includes the process of evapotranspiration. Both processes increase when
there are higher wind speeds and when the air is drier and warmer, and also when there
is more moisture available.

e Heat storage depends on two properties of a material; thermal conductivity (a high
value indicates an increased ability of the material to transmit heat into its depth) and
heat capacity (a high value indicating a material can store more heat in its bulk). These
properties are outlined in Section 6.2.

e Anthropogenic heat is heat which is generated by buildings, machinery or people. In
dense urban areas this term is larger and can have a significant effect on the formation

of heat islands.

Net radiation (see Equation (2-29)) consists of four separate radiation processes taking place at

the earth’s surface with each term defined below;
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Net radiation = Incoming solar radiation — Reflected solar radiation + Atmospheric (2-29)
radiation — Surface radiation
where:

e Incoming solar radiation is the amount of energy reaching earth as radiated by the sun
and is dependent on the season, time of day, cloud cover and atmospheric pollutant
levels.

e Reflected solar radiation represents the amount of solar energy reflected off the earth’s
surface and is represented by the albedo value.

e Atmospheric radiation is heat which is emitted by particles present in the atmosphere
such as water vapour droplets and clouds.

e Surface radiation is heat which radiates from the earth’s surface and is dependent on the

temperature of the surface and the surroundings.

2.3.2 Factors which Influence the UHI Effect
There are many factors which can influence the heat island effect. Akbari et al.(2008a) and

Gartland (2008) focuses on five main causes;

1. Reduced evaporation
Increased heat storage
Increased net radiation

Increased anthropogenic heat

LR W

Reduced convection

2.3.2.1 Reduced evaporation

Urban areas evaporate less water which contributes to elevated air and surface temperatures
(Akbari et al., 2008a). Trees and vegetation provide shade which keeps surfaces cooler,
reducing the amount of heat transferred to the air above them and reducing the energy use of
buildings below (Gartland, 2008). In addition, this vegetation helps to reduce temperatures
through evapotranspiration, which is the process whereby the plants release water to the
surrounding air, dissipating ambient heat (Solecki et al., 2005). When there is no energy outlet
of evaporation available, urban and suburban areas store more energy during the day which is
subsequently released back into the atmosphere at night (Gartland, 2008). Shade from trees
intercept sunlight before it warms a building or pavement. They also decrease the wind speed
and shelter buildings from cold winter breezes (Akbari et al., 2001). Taha (1997b) studied the
impacts of evapotranspiration on the near surface climate through numerical simulations. These

results indicated that increasing vegetation cover in urban areas can result in approximately 2°C
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decrease in air temperature. Taha et al. (1988), Bretz et al. (1998) and Rosenfeld et al. (1995)
also believe that reduced vegetation cover, in addition to exposed dark exterior surfaces, lead to

the increase in urban air temperatures.

2.3.2.2 Increased heat storage

Properties of urban materials determine how the sun’s energy is reflected, emitted and
absorbed, in particular, solar reflectance, thermal emissivity, thermal conductivity and heat
capacity (Akbari et al., 2008a). Thermal diffusivity (as previously discussed in Section 2.1.4),
represents the ability of the material to respond to changes in the thermal environment. The
larger the value, the quicker the material will come into equilibrium with the surroundings
Urban areas tend to have lower thermal diffusivity due to manmade materials such as concrete
and asphalt pavements. Materials such as concrete and asphalt have a higher heat capacity than
natural materials found in the environment and as they absorb and retain solar radiation, the
stored heat is released slowly at night time from the urban surface. Thus, the urban heat island

intensity peaks several hours after sunset as the urban surfaces are still warm.

2.3.2.3 Increased net radiation

The difference in net radiation between urban and rural areas is mainly due to factors such as
the low albedo value of urban materials, urban geometries and the higher air pollution levels in
cities (Gartland, 2008). Most urban materials have a low albedo value and as a consequence
reflect less of the incoming solar radiation. A typical example of this is asphalt which has an

albedo of approximately 0.05 when new compared to grass, for example, which has an albedo
0f 0.25. '

Urban geometry refers to the dimensions and spacing of buildings within a city (Akbari et al.,
2008a). It influences wind flow, energy absorption and the ability of a surface to emit long-
wave radiation back to space. A surface at ground level, which is surrounded by buildings,
radiates heat diffusely or evenly in all directions and this heat is captured by building walls
instead of escaping to the atmosphere (Gartland, 2008). Urban geometry can be simulated
through urban canyon models which study a configuration of buildings surrounding a street.
The model is based on energy balance equations that represent the heat transfer between
pavements and building walls. The model takes into account wind patterns, solar loads and
shading of certain areas throughout the day and can help evaluate how urban geometry affects
urban climate (Gartland, 2008). The effects of urban geometry are assessed using a ‘sky view

factor’(SVF) which is the visible area of the sky from a given point on the surface and this
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factor ranges from 0 to 1 with close to 0 being a low SVF typically in urban areas where there
are tall closely spaced buildings and 1 being a high SVF such as in a field (Akbari et al., 2008a).
The SVF value in urban environments is calculated by using one of three methods; analytical,
photographic or video imagery (Emmanuel, 2005). An analytical method is one whereby the
SVF is calculated once the angles from the planar surface to the tops and sides of the
surroundings are known. A photographic method is one where a fish eye lens photograph is
used to project the hemispherical radiating environment onto a circular image plane and a
photographic method is one where a video camera with a fish eye lens is digitalised and

analysed to distinguish the relative areas covered by sky and buildings.

2.3.2.4 Increased anthropogenic heat

Anthropogenic heat refers to heat produced by human activities (Akbari et al., 2008a, Gartland,
2008) and it comes from many sources such as cars, buildings, industrial processes and people.
The importance of each source depends on the city itself but in general there are three major
sources; intensity of energy use, power generation and transportation systems (Taha, 1997b,
Shahmohamadi et al., 2011). Anthropogenic heat is calculated by computing the sum of all
energy use (commercial, residential, industrial and transport) and dividing it by the region’s
area. It is typically larger in winter than in summer due to the larger heating load in winter. The
average value of anthropogenic heat for most major U.S cities ranges between 20-40W/m” in

summer and 70-200W/m’ in winter (Taha, 1997b).

2.3.2.5 Reduced convection

Urban heat islands require calm winds and clear skies to form. This is due to the fact that less
heat is convected from the surface to the air when wind speeds are low. The decreased wind
speeds increase heat storage during the day which is released slowly at night time. As buildings
within cities act as wind breaks, cities tend to have slower wind speeds than rural areas

(Gartland, 2008).

2.3.3 Characteristics of an UHI
Gartland (2008) suggests that the heat island effect is characterised by hotter surface
temperatures, hotter air temperatures, larger effects during clear, calm weather, and it increases

with development and thermal inversions.
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2.3.3.1 Hotter surface temperature

During the daytime, urban surfaces heat up by absorbing the incoming solar radiation from the
sun and at night-time these surfaces release the heat, eventually cooling down to the air
temperature. Areas containing vegetation, however, contain moisture which evaporates and
keeps the surfaces cool (Gartland, 2008, Sabnis, 2012). The surface temperature of the earth
was first visualised from satellites in the late 20th century and it was possible to map the
temperatures on the earth’s surface. The Explorer Mission 1 was one of the first satellites used
to observe urban heat in 1978. For example, a heat capacity mapping radiometer was used to
measure surface temperatures in Buffalo, New York. This means of visualization clearly
showed warm regions both in urban areas and surrounding them all over the world (Gartland,

2008).

2.3.3.2  Hotter air temperatures

The difference between the urban and rural air temperatures is used to measure the heat island
effect. The heat island effect is usually largest at night time as urban surfaces continue to
release heat. Heat island intensity varies in its magnitude and the timing of its peak for each
city. These peaks usually occur 3-5 hours after sunset (Oke, 1987). Cities built of materials that
release heat quicker reach peak heat island intensity sooner after sunset whereas a material,
such as concrete which releases heat more slowly, may not reach the peak until sunrise
(Gartland, 2008). The air temperature in a typical city on a summer afternoon can be 2.5
degrees higher than in the surrounding rural areas (Rosenfeld et al., 1995, Akbari et al., 2001).
Gartland (2008) describes a phenomenon known as the ‘oasis effect” which has been recorded
in the desert city of Phoenix in Arizona. This is where urban daytime temperatures are cooler
than the surrounding rural desert as a result of more landscaping and irrigation. However, the
night-time air temperatures are warmer than the surrounding rural area, therefore, the heat
island is still a factor here. Similarly, in cold northern climates, a ‘cool island’ can be created
whereby the urban-rural air temperature difference during the day is less than zero as a result of
the low sun casting long building shadows. Consequently the city is cooler than its surroundings
and this cool island consequence can be seen in Reykjavik in Iceland. Surface temperatures
have a significant effect on air temperatures, especially in the canopy layer, which can be seen

in Fig. 2-20.

The peak in surface temperature during the day is located directly at the location of the
buildings, with the minimum value of surface temperature occurring in vegetated areas. The
diagram also shows that the pond area is cool during the day and warm at night time, which is

due to its high heat capacity. The increase of surface temperature during the day consequently
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has an effect on the night time temperature which also reaches a peak where the buildings are

situated.
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Fig. 2-20 Variations of surface and air temperatures (Akbari et al., 2008)

2.3.3.3  Larger effects during clear, calm weather
The heat island effect is weakest during cloudy, windy weather and is strongest during calm
clear weather. The main reason for this is that calmer winds remove the heat at a slower rate

and also more solar energy is received on clear days.

2.3.3.4 Increases with development

As urban areas expand over time, the heat island also expands and tends to be more intense.
Brazel et al. (2000) studied the effect of increasing urbanization in two urban locations in
Phoenix, Arizona, as well as urban Mesa and compared them with suburban Tempe, Arizona.
The maximum and minimum temperatures in these cities are compared to temperatures in
Sacaton, a rural area in the Arizona desert. Maximum temperatures in the urban and suburban
areas have not changed relative to the temperature in Sacaton, but minimum temperatures at
night time have increased by 4°C in Phoenix, Mesa and Tempe relative to the temperatures in
Sacaton. This study would imply that the cities are storing more heat due to parameters outlined
in Section 2.3.2 such as urban geometry, reduced vegetation and anthropogenic heat, and

releasing the heat at night-time which is increasing the intensity of the heat island effect.
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2.3.3.5 Thermal inversions

The effect of the heat island can also be seen at the boundary layer, which is the lowest 2000
metres of the earth’s atmosphere. As the earth’s surface heat up during the day by solar energy,
this heats the air above it. This warm air expands and becomes lighter, therefore rising into the
atmosphere. This can often result in a thermal inversion of warm air over cool air, thus inverting
the usual condition in which air becomes cooler with altitude (see Fig. 2-21). Urban and
suburban areas tend to heat up more than rural areas, and this extra heat gives rise to thermal
inversions which trap warm air and pollution near the ground (Gartland, 2008, Thorpe, 2009).

This could have adverse effects on health such as asthma and an increase in lung cancer.

'NORMAL PATTERN INVERSION

Fig. 2-21 Normal pattern of air flow and thermal inversion (Rohrer, 2013)

They are influenced by the presence of clouds, wind, length of the night and the condition of the
ground (Ackerman and Knox, 2012, O'Hare et al., 2005). Clouds are made up of tiny water
droplets which absorb outgoing thermal energy from the surface and can reradiate such energy
back to the surface. Winds are the mixers of the atmosphere, therefore, if a thermal inversion
exists and the winds increase suddenly then the inversion will be destroyed. Winter nights are
longer than summer nights, therefore, the surface has more time to cool down and form an
inversion. Finally, the condition of the ground is a factor, for example, the presence of ground
snow cover. Snow has many air filled pockets which prevent the heat being conducted from the
surface of the ground to the air above. Also, snow has a high solar reflectance value, therefore,
by not absorbing much solar radiation, the surface can remain cold. The presence of snow cools
the air immediately above much more effectively and for longer than if there was no snow

present (Ackerman and Knox, 2012, O'Hare et al., 2005).

Radiation (nocturnal) inversion is the most common form of surface inversion and occurs
nightly as land cools rapidly by emitting thermal infrared radiation. During the day, the land
also emits thermal infrared radiation, but this loss is exceeded by a gain in solar radiation. At
night, thermal infrared emissions cool the ground, which in turn cools the molecular layers of

air above the ground, creating an inversion. The strength of a radiation inversion is maximized
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during long calm cloud free nights where the air is dry (as dry air minimizes absorption of
thermal IR energy by water vapour). Radiation inversions also form in the winter during the day
in regions that are not exposed to much sunlight. They do not form regularly over the ocean as
the ocean water only cools slightly at night-time (Jacobson, 2012, Ahrens et al., 2012). This
phenomenon is demonstrated in some preliminary experiments, which are discussed in Chapter

6.

2.3.4 Effects of the urban heat island

The urban heat island effects are most severe during days and nights with limited cloud cover
and light winds, when temperature differences between urban areas and surrounding rural areas
tends to be at a maximum (Solecki et al., 2005). Taha et al. (1988) categorize the effects of
albedo on building energy use as either local or global. The local effects of albedo, or direct
effects, refer to those due to modifications in the absorptive and reflective characteristics of the
envelope of a building. Global or indirect effects refer to micro climatic changes i.e. the change
in the climate of a small, specific place within a larger area, mainly in air temperature, which

result when the meso-scale (100-km order) urban albedo is altered.

As previously stated in Section 2.3.3, the air temperature in a typical city on a clear summer’s
day is as much as 2.5°C higher than in surrounding rural areas. This elevated summertime
temperature in cities increases the energy demand for cooling. Akbari et al. (1992) have found
that peak urban electric demand in six American cities (Los Angeles, CA; Washington, DC;
Phoenix, AZ; Tucson, AZ and Colorado Springs, CO) rises by 2-4% for each 1°C rise in daily
maximum temperatures above a threshold of 15-20°C. The additional air conditioning use
caused by the urban air temperature increase is responsible for 5-10% of urban peak electric

demand costing several billion dollars annually.

In cold climates, the effect of the heat island is considered a mild asset as it reduces the heating
loads in buildings. However, in warm or hot climates, the urban heat island contributes to the
discomfort of the urban population. Air conditioning is used to maintain a comfortable indoor
environment, however, where air conditioning is not used, there is discomfort and even death,
as transpired in the high profile heat wave in Chicago in 1995 (Bretz et al., 1998, Solecki et al.,
2005). The heat wave resulted in the death of more than 700 people (Klinenberg, 2002). In
2003, the extended heat wave in Western Europe caused over 14,800 deaths in France alone
(Pirard et al., 2005). Solecki et al. (2005) identify a potential link between the urban heat island

effect and heat waves which is a concern, particularly during summer months.
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The use of air conditioning to compensate for the heat island effect has a number of drawbacks.
It can be expensive to both buy and use. It represents one-sixth of electrical energy demand in
the United States, totalling to an annual cost of $40 billion (Rosenfeld et al., 1997). In order to
meet this demand for energy, a large amount of fossil fuels are burned. The combustion of these
fuels results in the emissions of air pollutants from power plants including sulphur dioxide
(SO,), nitrogen oxides (NOx), particulate matter (PM), carbon monoxide (CO) and mercury
(Hg) which are ozone precursor chemicals. A precursor chemical is a compound such as carbon
monoxide that, in the presence of solar radiation, will react with other chemical compounds to
form ozone (Cleveland and Morris, 2009). These pollutants are harmful to human health and
sulphur and nitrogen oxides are associated with acute and chronic respiratory diseases (Solecki
et al., 2005). The burning of large amounts of fossil fuels also releases greenhouse gases such as
carbon dioxide (Solecki et al., 2005, Akbari et al., 2008a, Bretz et al., 1998) , which contributes

to global climate change.

Shahmohamadi et al. (2011) conducted an analysis of the urban heat island effect in Tehran,
Iran. Their research focused on the relationship between the urban heat island effect and human
health. The urban heat island effect is due to a number of contributing factors including
materials and on-going activities within a city which are responsible for anthropogenic heat
release and air pollution as outlined in Section 2.3.2. As a result, the urban heat island exerts a

direct or indirect effect on human health.

The elevated temperatures associated with the heat island effect accelerate the formation of
smog (Bretz et al., 1993, Taha, 1997b, Rosenfeld et al., 1997) . Akbari et al. (1990) shows that
the probability of smog increases by 6% per °C in maximum daily temperature, above a
threshold of 22°C. Decreasing the near surface air temperature can lead to a reduction in the
depth of the mixed layer potentially resulting in higher ozone concentrations (Rosenfeld et al.,
1995, Taha, 1997b). Rosenfeld et al. (1995) and Bretz et al. (1998) state that as well as
accelerating the formation of smog, higher air temperatures are associated with increased
emissions of reactive organic hydrocarbons in addition to ozone precursors from automobiles

and vegetation.

Surface urban heat islands also degrade water quality by thermal pollution. Pavements and roofs
can reach excessive temperatures, higher than air temperature, and this excess heat is
transferred to storm water, which drains into storm water sewers and eventually rivers. This

rapid temperature change affects aquatic life (Akbari et al., 2008a).
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2.3.5 Adaptation to and mitigation of urban heat islands

A response to the urban heat island effect may be described as either adaption or mitigation.
Adaption of the urban heat island is defined as an adjustment to moderate the harm caused by it,
while mitigation of the urban heat island may be defined as an intervention to reduce the extent
of it (Solecki et al., 2005). A number of adaptive measures in response to urban heat islands
have been studied by Solecki et al. (2005). The primary objective of these measures is to reduce
night time sleeping temperatures as temperatures higher than the normal body temperature can

induce stress on the human body. Traditional measures include:

e  Wearing light coloured clothing
e Reducing indoor cooking/ increasing outdoor cooking
e Use of fans and wet clothes by windows

¢ Finding places to sleep outside

However, the most recent adaptive measure to heat islands is the use of indoor air-conditioning.

2.3.5.1 A cool material

A ‘cool material’ is characterised by having a high solar reflectance value and a high thermal
emittance value as previously mentioned in Section 2.2.4. The use of materials presenting these
two characteristics, contribute to increasing the urban albedo which is considered to be one of
the more promising techniques to mitigate the heat island effect (Santamouris et al., 2011). Cool
surfaces (cool roofs and cool pavements) along with urban trees can have a significant effect on
urban air temperature, therefore reducing cooling energy use and smog (Akbari et al., 2001,
Taha, 1997a). Urban trees can improve urban air quality through the direct uptake of pollutants
(Taha, 1997a). The effects of modifying the urban environment in this way are quantified in
terms of ‘direct’ and ‘indirect’ contributions (Akbari et al., 2001). The direct effect of planting
trees around a building or using reflective materials on roofs is to alter the energy balance and
cooling requirements of that building. Indirect effects are as a result of albedo modified
throughout an entire city producing city-wide changes in climate. Cool materials can be divided

into two main categories; cool roofing materials and cool paving materials.

Fig. 2-22 illustrates the methodology used to analyse the impact of heat island mitigation
measures, such as shade trees, cool roofs and cool pavements, on energy use and urban air
pollution. The mitigation of urban heat islands can be achieved by increasing the albedo of the
surface and by planting trees in urban areas (Rosenfeld et al., 1995, Boriboonsomsin and Reza,
2007). The implementation of these strategies could have a number of positive effects such as

reducing the need for air conditioning and reducing health problems.
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The incorporation of higher albedo surfaces into the urban environment could be achieved by
using lighter coloured roofing materials on new developments or by painting roofs and shingles
lighter colours as used in the USA (Solecki et al., 2005). Pavements can be made lighter in
colour by the use of white or light coloured aggregate in an asphalt binder such as quartz, white

stone or white marble (Bretz et al., 1998).

In addition to aggregates, the use of a lighter cement in concrete is more important than the
aggregate as the aggregate tends not to be exposed, and in particular white cement is more
likely to produce a concrete which is lighter in colour. A concrete containing white cement will

have an approximate albedo of between 0.68-0.77 when new (Levinson and Akbari, 2002).
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Fig. 2-22 Methodology used to analyse the impacts of heat island mitigation measures on energy use and urban
air pollution (Akbari et al., 2001)

2.3.5.2 Cool Roofs

Cool roofs can lower the energy flux which enters into the building through the roof. This is
governed by three factors, namely the solar reflectance, infrared emittance and thermal
insulation of the roof (Boixo et al., 2012). The insulation in a roof defines how much energy
will go through the roof as a result of the heat absorbed by the roof from the sun. Insulation is
quite expensive as this factor depends on the physical constitution of the material, however, the

solar reflectance value can be altered by the utilisation of highly reflective materials.

Cool roofing involves using materials which have both high solar reflectance and high thermal

emittance. These properties are outlined in Section 2.2 and 2.1.2 respectively. There are two
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types of cool roofing; a low slope roof and steep slope roof. A low slope roof has a slope of no
more than one in twelve and is generally used for industrial buildings such as warehouses. A
steep sloped roof has a slope greater than one in twelve and is found on residential buildings
using materials such as composite shingles and metal roofing in the USA and roofing tiles or

slates in Ireland.

There are two options for low-slope roofs; these include coatings and single-ply membranes.
Cool coatings are surface treatments with the consistency of paint, however, with superior
characteristics such as their ability to ‘self wash’ and high durability. The two main types are
elastomeric and cementitious which are both bright white in colour with a solar reflectance of
0.70 or higher when new and a thermal emittance greater than 0.8 (Santamouris et al., 2011).
The coating has no effect on the roof’s insulation and in general the cementitious coatings tend
to be more problematic when it comes to sticking to the roof due to their brittle nature under
thermal movements (Gartland, 2008). Single-ply roofing is a material which comes in a
prefabricated sheet and is applied in one layer to the roof. Such cool single-ply products include
thermoplastic polyolefin (TPO), polyvinyl chloride (PVC), ethylene propylene diene monomer
(EPDM) and copolymer alloy chlorosulphonated polyethylene (CSPE).

Steep sloped roofs are visible in comparison to low sloped roofs, therefore contributing to the
visual architecture of a building. The easiest option for a cool roof is to make it bright white by

applying a cool coating, for example, which is more desirable in hot dry climates.

Research carried out by Levinson et al. (2007) indicates that non-white surfaces can be made
cool by. maximising reflectance in the near infrared (NIR) spectrum which does not affect the
colour, and this is equivalent to maximising the solar reflectance. They state that the solar
reflectance can be maximised by establishing high reflectance’s in the visible and in the NIR
spectra:which comprise 95% of incident solar radiation. The reflectance in the NIR spectrum is
maximised by colouring a topcoat with pigments which weakly absorb NIR radiation, in
addition to adding a NIR reflective basecoat. A grey-cement concrete tile has low NIR
reflectance, but by applying coatings of NIR scattering pigments, a NIR reflectance of 0.60 was
achieved. This could be further increased by using a white basecoat, increasing the NIR

reflectance to 0.85.

Xu et al. (2012) conducted research into the benefit of cool roofs using data collected from a
field study in Hyderabad, India. The objective of this study was to develop a new field-based
analytical method in addition to a building simulation, and to quantify the direct cooling energy
savings by applying cool roof technologies to buildings. The results are displayed in Table 2-8.
The data from the field-based analysis was used to estimate the potential carbon emission

reductions associated with the cooling energy savings. Two side by side commercial buildings
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in Hyderabad, India were used for the study, both buildings having similar use and a flat 700m”
concrete roof. The reflectance of the roofs were altered by applying various coatings to the roof
of each building in different phases over the course of one year and these are highlighted in
Table 2-8. There is essentially three phases over the duration of the project. The west building
had a concrete roof (0.3) initially in phase 1 and a white roof coating (0.7) in phase 2 and 3. The
east building also had a concrete roof initially in phase 1 (0.3), painted black (0.1) in phase 2
and then a white coating (0.7) applied in phase 3.

A number of parameters were measured including indoor and outdoor air temperatures, roof
surface temperatures, roof heat fluxes, solar radiation and electricity use for the building’s
cooling systems. For the west building, the maximum roof temperature decreased from 54.7°C
in phase 1 to 41.2°C in phase 2 following the application of the white coating on the concrete
roof. It decreased to a further 38.3°C in phase 3, where the white coating remained on the roof,
with the outdoor temperature decreasing to approximately 27°C. For the east building, the
maximum roof surface temperature increased from 54.7°C to 71.3°C after the black coating was
applied to the concrete roof in phase 2 and decreased to 39.6°C once the roof was coated white

in the final phase (see Table 2-8).

Table 2-8 Results of buildings monitored in Hyderabad, India (Xu et al., 2012)

Parameters and performance metrics
Roof Coatings and corresponding solar

West building East building
Concrete roof (0.3)  Concrete roof (0.3)

reflectance value for each phase to white roof (0.7) to black roof (0.1)
to white roof (0.7) to white roof (0.7)

Roof area (m?) 700 700

Maximum roof-surface temperature (°C) (°C)

Phase I (Jan-March)- (Pre-coating) 54.7 54.7

Phase Il (March-July)- (Post-coating) 41.2 713

Phase I1I (August-Dec)- (Post-coating) 38.3 39.6

Roof heat flux (W/m?) (W/m?)

Phase I - Peak 12.8 11.0

Phase II - Peak 12.6 2119

Phase 111 - Peak 7.6 8.6

Phase | — Average between 9am-5pm 22 2.8

Phase II — Average between 9am-5pm 3.6 9.7

Phase Il — Average between 9am-Spm 0.1 0.8

Daily air-conditioning energy use kWh/day kWh/day

Phase | 219 200

Phase I1 285 280

Phase 111 215 187
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The cooling energy use was monitored from 9am to 5pm on weekdays and, when the surface
reflectance changed from 0.10 to 0.70, the measured energy savings were approximately 46-
50kWh/day per 700m’ of roof area (20-22kWh/m” of roof area per year). By changing the roof
from concrete (0.3) to white coated (0.7), the savings of approximately 31-34kWh/day for
700m” of roof area (13-14kWh/m’ per year) were observed. The annual direct CO, reductions
associated with cool roofs was estimated between 11-12kg/CO,/m’ of flat roof area per year by
changing a concrete roof to a white coated roof. There were additional factors affecting the
daily cooling energy demand, such as the total area of the west-facing windows in the west
building which were larger than that of the east building, therefore, higher solar heat gains into
the air-conditioned space in the west building were expected than that of the east building in all
phases. This intensified the demand for more cooling energy use in the west building compared
to that of the east building. However, this study indicated that cool roofs which have a higher
surface reflectance can significantly reduce cooling energy use for buildings compared to roofs

with a lower surface reflectance.

Akbari et al. (2003) conducted field research on two small non-residential buildings (]4.9m2) in
Nevada, US during the summer of 2000. The roof surface albedo was measured using a
pyranometer. The albedo of the concrete roof which was painted grey-green was 0.26. The roof
was then painted with a white coating with a reflectance of 0.80, however, this decreased by
10% to 0.72 after only two months. The roof surface temperature was monitored in addition to
temperature in the attic space and inside the building. Before the roof was coated white, the roof
surface temperature was approximately 14-19°C higher than the ambient air temperature. After
the coating was applied, the average daily roof surface temperature was approximately 19-22°C
cooler than the pre-retrofit conditions. In both buildings, the results of the hourly data collected
indicated savings of about 0.5kWh/day (33Wh/m?). The daily air conditioning energy use for
each of these buildings is about 3540 kWh, therefore, savings as a result of implementing the
reflective roofs amount to about 1% of the total air conditioning use. As the buildings were
air conditioned for over 250 days of the year, the annual energy savings were estimated at
approximately 100-125kWh/year equating to an annual saving of $10-$12.50 or $0.67-0.84/m’
per year. Akbari et al. (2003) acknowledge that it costs significantly more than this amount to
apply the reflective coating, however, since the prefabricated roofs are already painted before
arriving onsite, painting them a white (reflective) color would bring no additional cost,

therefore, a reflective roof saves energy at no incremental cost.

Further research on monitoring the effects of cool roofs was carried out by Akbari et al. (2005).
A total of 6 buildings in California were monitored in three different sites; a retail store in

Sacramento, a school in San Marcos, and a four building cold storage facility in Reedley. The
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albedo of the roof areas was measured using ASTM E1918-06 (1997). The retail store in
Sacramento (1400m’) was a single story concrete building with a plywood deck roof covered
with grey mineral cap sheet which has an albedo of 0.21. The albedo increased to 0.80
following the covering of the roof with a white elastomer coating. The elementary school in San
Marcos (570m”) was a single storey wood frame building with a roof covered with a grey
mineral cap sheet measuring an albedo of 0.25. The roof had a white PVC single-ply membrane
installed which increased the albedo to 0.79, however, this dropped to 0.65 in two months. The
cold storage facility (9300m”) was mostly covered with a black membrane with an albedo of
0.04 with the remainder of the roof area consisting of metal with an albedo of 0.30. All of the
roofs were coated with a white elastomeric coating with an albedo ranging between 0.63 and
0.70. A number of parameters were monitored, including the roof surface temperature, indoor
and outdoor air temperatures, air conditioning and electricity energy use. All buildings had
recorded a reduction in the daily peak roof surface temperature to between 33-42°C after roof
coating. In the retail store, the savings in average air conditioning energy use was
approximately 70Wh/m?*/day of conditioned area (52%). In the school building the measured
savings in average air conditioning energy use was approximately 42-48Wh/m’/day of
conditioned area (17-18%) and the cold storage facility in Reedley measured savings in average
chiller energy use of about 57-81Wh/m7‘/day of conditioned area (3-4%). Depending on the

climate zone, the value of annual air conditioning savings ranged between $0.6-2/m’.

Some research was carried out by Synnefa et al. (2012) to estimate the impact of a cool roof on
energy performance and thermal behaviour of a non-cooled school building in Athens, Greece.
The building was 410m” and was non-insulated with an initial solar reflectance of 0.20. This
value increased to 0.89 once the white elastomeric cool coating was applied. Results of onsite
measurements of air temperature, relative humidity and surface temperature were combined
with a numerical analysis using dynamic building simula{ion software to assess the thermal
comfort conditions and the energy performance both before and after the application of the cool
roof. The results show that after the cool coating was applied, the indoor temperature was
reduced by 1.5-2°C during summer and by 0.5°C during winter. The annual energy load
reduction was 40% with a heating penalty of 10%. There was a significant surface temperature

reduction reaching up to 25°C during the summer.

Similarly, recent research into the high-scale implementation of cool roofs in Andalucia, Spain
was carried out by Boixio et al. (2012). An estimated potential saving of 295,000kWh/year (2%
of the overall residential electricity consumption) could be achieved by considering only
residential areas with flat roofs, which amounts to €59m per year in electricity. A saving of
136,000 tonnes of CO, could potentially be avoided by a reduction in this electricity production.

The numbers are calculated assuming that all of the houses use electrical heating. Boixio et al.
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(2012) conclude from this research that the economical savings are significant at approximately
€1/m2/year. In addition, if radiative forcings are considered, installing cool roofs in Andalucia
could potentially offset 9.44-12Mt of CO,. Radiative forcing is reported in the climate change
scientific literature as a change in energy flux in the tropopause (the boundary between the
troposphere and stratosphere) and is calculated in units of W/m” (National Research_Council,
2005). A negative radiative forcing (corresponding to more outgoing energy) essentially results

in a cooling of the climate system. This phenomenon will be discussed in detail in Chapter 8.

The cost of applying a cool coat depends on the condition of the roof. If the roof is well
conserved the cost ranges between 9 and €11/m? including labour costs and materials. The cost
of the white paint ranges between €2.9/m” and €6.5/m” depending on the application. However,
during construction or upgrade of the roof, the marginal cost of a cool roof is negligible
(between 0 and €1/m?) for a certified reflective paint (Boixo et al., 2012). Cool roofs incur no
additional cost if a solar reflective surface is chosen at the time of installation (Rosenfeld et al.,
1995, Bretz et al., 1998, Akbari et al., 2001), therefore a reflective roof saves energy at no

incremental cost.
Some of the principal benefits of cool roofs are as follows (Gartland, 2008);

1. Improved building comfort
Energy and utility bill savings
Peak electricity demand reductions

Reduced air pollution

R D

Reduction in the heat island effect
The possible disadvantages of implementing a cool roof are;

1. Heating penalty during winter
2. It does not negate the need for good insulation, and they cannot be compared in terms

of energy savings

In general, the cooling energy savings outweigh the heating penalties since the effects of albedo
in winter are smaller because of low sun angles, shorter day lengths, cloudy weather and snow

on the roof (Bretz and Akbari, 1997).

The use of cool materials can also increase the lifetime of the roof as the degradation of some
materials is associated with chemical reactions which increase with higher temperatures. As a
consequence, the roof will experience less thermal fatigue (Berdahl et al., 2008, Santamouris et

al., 2011). An example of cool roofs in Bermuda is displayed in Fig. 2-23.
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Fig. 2-23 Cool roofs in Bermuda (Boixo et al., 2012)

2.3.5.3 Cool Pavements

Pavements are essential for transportation and account for a significant percentage of the urban
fabric which was evident from Table 2-7 . As with roofing materials, paving materials can reach
approximately 65°C or more during a summer’s day, with this excess heat radiating into the air
in the UCL during the day and at night (Sabnis, 2012). Boriboonsomsin and Reza (2007) and
Gartland (2008) examine the concept of cool pavements as a mitigation strategy. Cool
pavements do not require new materials and can be constructed with existing paving

technologies. In order to reduce the surface temperature of the pavement it is necessary to:

1. Increase the solar reflectance: There are a number of options to achieve this. The use of
conventional concrete or concrete with a light coloured cement, white topping, asphalt

concrete and asphalt chip seals with light coloured aggregate as used in the USA.

2. Increase permeability: Permeable pavements can be constructed from concrete or
asphalt, open celled stones and gravel, the main difference being that they are mixed in
such a way as to create an open cell structure. The purpose of this is to allow air and
water to pass through. This can lower the temperature of the pavement through the

evaporation of water.

There are two main types of pavements, namely asphalt cement concrete (ACC) or simply
asphalt, and Portland cement concrete (PCC) or simply concrete. An asphalt pavement is black
in colour when new, with a solar reflectance value of approximately 0.05. However, it lightens

with age and this value increases typically to 0.10. An asphalt pavement absorbs solar radiation
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and heats up due to its dark colour. This heat is stored until it is eventually given off as the
pavement cools down in the afternoon and evening (Gartland, 2008). Asphalt pavements can be
lightened using light pigment or light coloured aggregates in an asphalt binder, increasing the
solar reflectance by 30%. Light coloured aggregates that are suitable for asphalt pavements
include high silica gravel, quartz, white stone, white marble and certain types of granite (Bretz
et al., 1998). Asphalt pavements can also have white-topping applied whereby a thin layer of

concrete is used to cover the existing pavement to increase the reflectance.

Concrete pavements are light grey in colour with a solar reflectance ranging from 0.35 to 0.40
when new. The pavement becomes dirty over time, reducing the solar reflectance to between
0.25-0.35. A comparison of the solar reflectance of asphalt and concrete pavements can be
viewed in Fig. 2-24. Concrete can be also be applied over existing asphalt pavements through
processes called white-topping or ultra-thin white-topping (Gartland, 2008). Although both the
concrete and asphalt pavements age over time, the concrete pavement remains more reflective
and, therefore, cooler than asphalt pavements as they store less heat in the morning and do not
release as much heat back into the air in the afternoon. Concrete pavements have a higher initial
cost than asphalt pavements but typically last longer and with less maintenance costs. They are
especially suited to parking areas and driveways where access to underground utilities is not

necessary (Bretz et al., 1998).
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Fig. 2-24 Variation of the solar reflection of asphalt and concrete pavements over time (Gartland, 2008)
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An additional method to cool either an asphalt or concrete pavement is to have permeable
pavements which allow rainwater to pass through the pavement and this is stored in the layers
and soil below. The water evaporates and cools the pavement on sunny days. Asphalt and
concrete pavements are made permeable by excluding the fines of sand and rock from the mix

creating space between the larger stones that allows the water to pass through (Gartland, 2008).

Block pavers are another type of cool pavement and these comprise lattice blocks made of
plastic, metal or concrete. The blocks are laid in place over a prepared base and filled with
rocks or filled with soil and planted with grass or flowers. The blocks allow water to drain, be
stored and evaporate in addition to providing structural support (Gartland, 2008). They are used
in low traffic areas such as car parks and driveways. Resin-based pavements use tree resin,
which is clear in colour, to bind the pavement as opposed to cement or asphalt binders. Resin
pavements are generally lighter in colour than other pavements and as they are clear in colour
they adopt the colour of the rocks and sand that form the remainder of the pavement mix. They
are used mainly as hiking and biking paths in parks (Gartland, 2008). A summary of the various

pavement types is displayed in Table 2-9.

Akbari et al. (2001) carried out research into the relationship between pavement temperature
and albedo at two locations in California, namely Berkeley and San Ramon. The data was
recorded at about 3pm in Berkeley on new, old, and light-colour coated asphalt pavements. The
data from San Ramon was taken at about 3pm on four asphalt concrete and one cement concrete
pavements. The data demonstrated a linear relationship between temperature and albedo, with a

10° decrease in temperature for a 0.25 increase in albedo.

Table 2-9 Summary of pavement types (Gartland, 2008)

Material Pavement Type Colour/ Solar Reflectance
Asphalt  Asphalt 0.05 (new), 0.1 (old)
(ACC) Chip Seals 0.40-0.50 (dependant on aggregate)

Pavement texturing

Coloured asphalt seals and seal coats ~ Designed to be black

Open-graded asphalt pavement Dependant on aggregate used
Concrete Portland cement concrete 0.35-0.40 (new), 0.25-0.35 (old)
(PCC) White topping Up to between 0.40-0.60

Interlocking concrete pavers Tinted with pigment

Porous cement concrete Wide range of solar reflectance
Other Resin based pavement Resin is clear in colour

Porous block pavement 0.30-0.50 if wusing light colour

aggregate
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Research conducted into the use of reflective coatings on the building envelope, including other
surfaces such as pavements and footpaths was carried out by Synnefa et al. (2006). A total of 14
types of reflective coatings applied to concrete tiles were assessed to investigate their thermal
performance on a 24h basis by using temperature sensors on the surface of the sample. A
spectrophotometer was also used to measure the spectral reflectance, in addition to an
emissometer and infrared camera. It was demonstrated that the use of a cool coating can reduce
a white concrete tiled surface under hot summer conditions by 4°C and during the night by 2°C.
Similarly, Wan et al. (2009) conducted research into the effectiveness of dark coloured
pavement coatings with high albedo (near infrared reflection of 81%), low conductivity of
0.252W/mK and high emissivity of 0.828. Field measurements demonstrated a reduction in
surface temperature of asphalt to 38°C (a reduction of 17°C). Similarly for concrete, there was a
reduction of approximately 5°C in peak surface temperature. The difference in the pavement
temperature of concrete in comparison to asphalt is demonstrated clearly in Fig. 2-25. The
digital photo on the L.H.S can be compared with the corresponding thermal infrared image on
the R.H.S, with the asphalt pavement having a much higher temperature (pink/red) than the

adjacent concrete pavement (yellow/green) on a sunny day.

Fig. 2-25 Digital image of a concrete pavement adjacent to an asphalt pavement (left) with the corresponding
thermal image demonstrating the surface temperature difference (Chao, 2010)

The benefits of cool pavements are as follows;

1. Cooler urban and suburban air temperatures

Better management of water run-off

Increased pavement durability

Better night-time illumination and lower lighting energy use

Less road noise

OVREULE SRRt b

Greater flexibility and beauty in urban design
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The possible disadvantages of implementing a cool pavement;

1. Concrete has a higher initial cost than asphalt

2. Concrete pavements generally have lower life cycle costs than asphalt pavements

|8}

For a pavement to have a high solar reflectance, lighter coloured components must be
used which might not be readily available

4. Increased glare in sunshine when driving

The increased night-time illumination is evident in Fig. 2-26 where photographs were taken in
Springfield Illinois at night-time of two similar malls with the same amount of lighting outside.
The main difference between these images is that the left image has an asphalt surface and the
right image has a concrete surface which appears much brighter as it is reflecting the light. The
brighter surface does two things; it increases visibility especially at night time, and this leads to

greater security and reduced lighting costs by approximately 30% (SCA, 2003).

Fig. 2-26 The albedo effect at night time demonstrating the difference between an asphalt pavement (left) and
a concrete pavement (right) (SCA, 2003)

Colour has the largest influence on solar reflectance, therefore, the lightest coloured pavements
are generally the coolest. However, a large increase in the albedo has the ability to create a glare
and visual discomfort for drivers if not maintained at a reasonable level which in turn could also
increase the amount of traffic accidents (Akbari et al., 2001). There is on-going research into
cool coloured pavements which absorb in the visible part of the spectrum in order to appear
darker in colour, but will reflect in the near infrared part of the solar spectrum (Santamouris et

al., 2011).
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On a global scale, Akbari et al. (2008b) estimate that by increasing the world wide albedo of
urban roofs and paved surfaces (having a net albedo increase for urban areas of 0.1) will induce
a negative radiative forcing on the earth equivalent to offsetting approximately 44Gt of carbon
dioxide emissions (as discussed in detail in Chapter 8), without allowing for the carbon cost of

reducing the albedo.

2.3.5.4 High Solar Reflectance Concrete

A method in which the albedo of concrete can be increased is to alter the composition of the
concrete through suitable choice of cement and aggregate. Levinson and Akbari (2002)
examined the correlation between the albedo of smooth concrete and cement. The albedo was
measured using a solar spectrum reflectometer. They manufactured 32 concrete mixes using
two types of cement, four types of sand and four types of rock. The cements used were white
cement and normal Portland cement, which is medium grey. Unfortunately, as 24 of the 32
mixes had surface finishes which tended to crumble easily, their study focused only on the 8
remaining mixes. The four most reflective unexposed samples were constructed using white
cement with albedo values ranging between 0.68 and 0.77. The four remaining samples which
were the least reflective had results ranging between 0.44 and 0.52 and were made with grey

cement.

As white cement is typically more expensive than grey cement, a cement replacement known as
ground-granulated blast furnace slag (GGBS) can be used as it is lighter in colour than normal
Portland cement (NPC). GGBS is a waste product from the blast furnace production of iron
from ore and its use as an NPC alternative in concrete at sufficiently high replacement rates
results in a concrete that is lighter in colour, thus increasing its albedo. Limited research carried
out by Boriboonsomsin and Reza (2007) using 30, 60 and 70% GGBS replacement gave early
indications which seem to suggest that they have increasingly higher albedo values than the
conventional mix and that the albedo of concrete consistently increases as the percentage of slag
increases. The samples containing 70% slag achieved an albedo of 0.58 at 14 days which is

approximately 70% higher than typical conventional concrete.

2.3.5.5 Thermochromic material

A thermochromic material is one which responds thermally to the environment and changes in
colour, with the process being reversible. As a result, the material is highly absorptive (when
dark in colour) during the winter and highly reflective (when light in colour) during the summer

which contributes to both the heating and cooling needs of the building (Santamouris et al.,
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2011). This reversible transformation is based on organic leuco dye mixtures with the
components comprising of a colour former, which determines the colour of the material in its
coloured state, the colour developer, which is a weak acid that allows the colour change, and the
solvent whose melting point controls the transition temperature for the change in colour.
Photodegradation is a big problem for thermochromic materials as the solar radiation causes the
breaking of the polymer chains leading to loss of the reversible thermochromic effect. The cost
of this material is also very high. There have been tests carried out using this material, however,

this is outside the scope of this thesis report and will not be discussed further.

In summary, global climate change, in addition to the heat island effect, increases the
temperature of the urban environment, and materials play an important role in determining at
large the thermal balance in the environment. The use of materials containing high solar
reflectance and high thermal emittance values contributes significantly to the reduction of the
convective and radiative thermal gains in the environment, and as a consequence, mitigation of

the heat island phenomenon (Santamouris et al., 2011).

2.4 Standards and Ratings

The use of surfaces with high solar reflectance is internationally recognised through various
energy rating systems. These rating systems award credits for implementation of highly
reflective surfaces and three of these will be discussed in this section, namely LEED, BREEAM

and Green Globes.

2.4.1 LEED Green Building Rating System

Leadership in Energy and Environmental Design (LEED) is a green building rating system
which has been developed by the United States Green Building Council (USGBC) to assess the
environmental performance of a building (USGBC, 2013b). LEED certification provides
“independent, third-party verification that a building, home or community was designed and
built using strategies aimed at achieving high performance in key areas of human and
environmental health: sustainable site development, water savings, energy efficiency, materials
selection and indoor environmental quality” (USGBC, 2013b). Developed by the USGBC in
2000, LEED has evolved and is currently in its fourth version, which consists of a total of nine
ratings systems. These nine ratings are grouped to form five major categories, namely Green
Building Design and Construction, Green Interior Design and Construction, Green Buildings
Operations and Maintenance, Green Neighbourhood and Development and Green Home Design

and Construction (see Fig. 2-27).
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LEED is a credit-based system whereby points are awarded relative to performance under the
aforementioned categories. There are 100 base points distributed across five major credit
classifications: Sustainable Sites, Water Efficiency, Energy and Atmosphere, Materials and
Resources, Indoor Environmental Quality and an additional 6 points for Innovation in Design as
well as 4 additional points for Regional Priority. Ratings are determined by the total number of
points recorded in each category and a given building can qualify for four potential levels of
LEED certification as follows: Certified (40-49 points), Silver (50-59 points), Gold (60-79

points) and Platinum (greater than 80 points).

LEED Rating
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Fig. 2-27 The main categories and sub categories under the LEED rating system
2.4.1.1 LEED and Solar Reflectance Index (SRI)

The use of concrete in construction can increase the number of LEED points achieved, in
particular, the two relevant credits to note are credit 7.1 and 7.2, which correspond to the heat

island effect for a roof and non-roof. These credits can be achieved as follows;
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The non-roof credit is worth 1 point and involves the use of hardscape materials having
an SRI required value of at least 29.

The roof credit is worth 1 point and involves using roofing materials with an SRI value
equal to or greater than the required value calculated (which is dependant on the slope

and the calculation is outlined in the standard), for a minimum of 75% of the roof

surface.

2.4.2 BREEAM

BREEAM (Building Research Establishment Environmental Assessment Method) is the most
widely used environmental assessment method for buildings in the world and was first launched
in the U.K in 1990 (BRE-Global, 2012). BREEAM has been regularly updated over the years
and can be applied to a range of building types and designs. It is now applied in its various
forms in over 50 countries. There are 5 main schemes for BREEAM (see Fig. 2-28). BREEAM
Communities is the main category of relevance as it is concerned with the social and economic

impacts of development. It contains 5 main categories plus a sixth category for innovation.
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Fig. 2-28 The main categories and sub categories (for BREEAM Communities) under the BREEAM rating
system including the percentage weighting of each category
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Credits are awarded in the listed categories according to the assessed performance of the
building against the assessment criteria. These credits are totalled to produce a single overall
score. The BREEAM rating benchmarks for the BREEAM Communities 2012 scheme are as
follows; outstanding (>85%), excellent (>70%), very good (>55%), good (>45%), pass (=30%),
unclassified (<30%). An additional 1% can be added to the final category score to which the
innovation is most relevant. The maximum number of ‘Innovation credits’ that can be awarded
for any one development proposal assessed is 7. Therefore, the maximum available score

achieved for innovation is 7%.

2.4.2.1 BREEAM and the heat island effect

Within the social and economic wellbeing (SE) category, there is a subcategory “SE10:
Adapting to climate change” and there are 3 credits available here (with an overall weighting of
2.7%). The aim of this category is to ensure a development is resilient to the known and

predicted impacts of climate change.

e Credit | requires that evidence has been used from the local authority and statutory
bodies to understand the known and predicted impacts of climate change for the site.
An impact of climate change which should be considered is increased temperatures
(including the heat island effect), or changes in ground conditions.

e To obtain up to 3 credits, the masterplan takes account of the evidence of impacts of
climate change on the site and demonstrates in the design plans how the risks will be
reduced through the use of ‘win-win’ measures. A win-win measure delivers benefits in
addition to climate change adaptability and these coutd include;

o Reducing more than one impact of climate change. For example, helping to
reduce the heat island effect whilst also reducing flood risk.
o Reducing the contribution of the development to climate change. For example,

reducing the need for electric cooling and therefore reducing carbon emissions.

One such method specified for adapting to or reducing the heat island effect includes providing
external finishes that are designed to avoid heat absorption. The standard, however, does not

specify a minimum SRI value for surfaces.
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2.4.3 Green Globes
The Green Globes system was introduced by The Green Building Initiative (GBI) in the United

States in 2004. It was adapted from a Canadian protocol of the same name, which evolved
through an iterative process from BREEAM Canada (G.B.I, 2013). Green Globes is a web-
based program for green building guidance and certification and assesses the overall
environmental performance and sustainability of commercial buildings. The Green Globes
system provides higher levels of achievement based on the number of points a building
acquires. Those buildings that achieve 35% or more of the 1,000 points possible in the Green
Globes rating system are eligible candidates for a certification of one, two, three, or four Green
Globes as follows; 85-100% (4 globes), 70-84% (3 globes), 55-69% (2 globes) and 35-54% (1
globe). There are three main categories (see Fig. 2-29), however, the category of relevance to
this research is Green Globes for New Construction as it contains the sub heading ‘site’. The
Green Globes for existing buildings or the Green Globes continual improvement of existing

buildings for healthcare do not contain this category.
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Fig. 2-29 The main categories and sub categories under the Green Globes rating system including the points
awarded for each category
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Under the ‘site’ category, there is an opportunity to attain up to 7 points by reducing the heat
island effect. These credits are under the category of ‘Minimization of ecological impact’ and

the requirement is;

1. Specify measures to reduce heat build-up on the roof, either by using high-albedo
roofing materials (reflectance of at least 0.65 and emissivity of at least 0.9) for a
minimum of 75% of the roof surface, or by constructing a green roof, or by a

combination of both high-albedo materials and a green roof.

A further 7 points may be obtained by carrying out the following criterion which also has an

indirect affect on the heat island effect;

2. Ensure at least 35% of impervious surfaces be shaded - preferably with trees, shrubs or

vines

In conclusion, each of the three aforementioned rating systems provide an incentive for owners
of buildings to reduce the heat island effect by utilising surfaces that are designed to avoid heat
absorption i.e. a surface which has a high SRI value. The individual credits awarded for the
implementation of these strategies is small when the entire rating system is considered,
however, the impact on the environment could be quite significant in terms of a reduction in

surface and air temperatures.

2.5 Concrete and Ground-Granulated Blast Furnace Slag (GGBS)

2.5.1 Normal constituents of concrete

Concrete is a composite material made from cement, water and aggregate. Por;tland cement was
invented in 1892 by Joseph Aspdin of Leeds and it took this adjective as it re:sembled Portland
stone (Tilley, 2004). It comprises approximately 80% limestone and 20% clay/shale. To make
cement powder, the raw materials are ground together with water to form a slurry which is then
heated in a kiln to 1500°C, firstly to dry off the water and secondly to decompose the calcium
carbonate. The reaction products partly melt to produce clinker, which is then ground finely
when it is cooled. Finally 2-5% gypsum is added to produce the grey cement powder best

known as the binder in concrete.

2.5.2 Ground Granulated Blast Furnace Slag (GGBS)
Ground-granulated blast furnace slag (GGBS) is a by-product from the blast furnaces used to

produce iron. Blast furnaces are fed with a controlled mixture of iron-ore, coke and limestone,
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and when these components melt (at approximately 1500°C), both molten iron and molten slag
are produced. The process of granulating the slag involves cooling the molten slag through high
pressure water jets which rapidly quench the slag and form granular particles. The granulated
slag is further processed by drying and grinding in a rotating ball mill to a very fine powder

called GGBS (Siddique and Khan, 2011).

The colour of concrete is principally determined by the colour of the cementitious material.
GGBS is an off white powder and its use, particularly at levels of 50% or above, lightens the
colour of concrete (The Concrete_Society, 2011). GGBS can be used as a direct replacement
for ordinary cement on a one-to-one basis by weight (Siddique and Khan, 2011), with
replacement rates varying from 30-85%. In general, 50% is used in most applications and high
replacement rates of 70% in Ireland are used in specialist applications, such as structural
concrete, where the need to reduce the heat of hydration is necessary. As a waste material and
as the embodied CO, of Portland cement is so high (1 tonne of cement produces approximately
800kg of CO, (Neville, 1995)), there are natural advantages to using GGBS. However, the
slower hydration rate means curing times have to be longer, which does not suit the precast
concrete industry. But, the subsequent lower peak temperatures in GGBS concrete make
thermal cracking much less likely. In addition, the contrast in colour between GGBS and

ordinary concrete is evident in Fig. 2-30 which has obvious advantages for albedo.

Fig. 2-30 Colour contrast of GGBS (left) and ordinary cement (right) (Ecocem, 2009)

The albedo of concrete containing various cement substitutions is displayed in Table 2-10.
Traditional concrete, when new, has an albedo ranging between 0.35-0.40, however, this value
decreases with age. It is evident that concrete containing GGBS in sufficiently high
concentrations yields a higher albedo, however, this is based on one limited study. The albedo

of concrete containing white cement ranges between 0.68-0.77.
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Table 2-10 Albedo values for varying concrete surfaces

Surface Material Albedo Source
Concrete Concrete (new) 0.35-0.40  (Bretz et al., 1998)
Concrete (aged) 0.25-0.30  (Bretz et al., 1998)
0.22 (Solanki, 2008)
Concrete (30% GGBS) 0.36 (Boriboonsomsin and Reza, 2007)
Concrete (60% GGBS) 0.54 (Boriboonsomsin and Reza, 2007)
Concrete (70% GGBS) 0.58 (Boriboonsomsin and Reza, 2007)

Concrete (white cement) 0.68-0.77  (Levinson and Akbari, 2002)

2.5.3 The influence of mix constituents, finish type and age on concrete albedo

2.5.3.1 The influence of cement type on albedo

As mentioned previously in Section 2.3.5, Levinson and Akbari (2002) conducted a study
where the variation with composition and environmental exposure of the solar reflectance of
Portland cement concrete pavements was investigated through laboratory fabrication and
exposure of concrete. The cement types used in this study were white Portland cement and grey
Portland cement. The values of solar reflectance were recorded using a solar spectrum
reflectometer. However, as stated previously, due to improper casting, 24 of these mixes were
substandard and consequently rejected. Of the remaining eight mixes, the four most reflective
unexposed concretes were made with white cement (0.68-0.77) and the four least reflective
unexposed concretes were made with grey cement (0.44-0.52). Levinson and Akbari (2002)
concluded that the albedo of white cement concrete was significantly higher than grey cement
concrete. The albedo of the most reflective white cement smooth concrete was 0.18 to 0.39
higher than that of the most reflective grey cement smooth concrete. White cement, however, is

typically twice as expensive as grey cement (Levinson and Akbari, 2002, Bretz et al., 1998).

A similar study carried out by Boriboonsomsin and Reza (2007) in Ohio focused on methods of
creating high albedo concrete for use in pavement applications by making concrete whiter
through the replacement of cement with whiter constituents. The study focuses on fly ash
(which is a darker pozzolanic binder, a waste product of the coal-fired electricity generation
industry) and slag in particular. The levels of GGBS replacement used were 30, 60 and 70% and
the levels of fly ash were 24, 30 and 60%. The top surface of the samples were measured for
albedo at 14 days in accordance with ASTM C1549 (2009), using a portable solar reflectometer.

Results showed that concrete mixes containing fly ash all had lower albedo values than
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conventional concrete, but with no consistent trends. The mixes containing GGBS, however,
recorded a higher albedo than the conventional concrete mix and the albedo value consistently
increases with the increase in the level of GGBS replacement. The samples containing 30, 60
and 70% GGBS recorded albedo values of 0.36, 0.54 and 0.58 respectively. The albedo of the
70% mix (0.58) is an increase of approximately 70% in comparison with conventional concrete
which recorded an albedo of approximately 0.34. Thus, concrete containing substantial
percentages of GGBS, is lighter in colour than concrete made with conventional Portland

cement, particularly with higher levels of GGBS (Neville, 1995).

It is the significant contrast in colour of the cement which is of particular interest to this
research. As outlined in Section 2.2 and 2.3, the implementation of a material with a higher
solar reflectance, is a mitigation technique for the urban heat island effect. In terms of concrete,
the colour of the concrete can be made brighter by using cement which is whiter in colour such

as GGBS. Substitution rates of up to 70% GGBS will be used for this research project.

2.5.3.2  The influence of aggregate type on albedo

Asphalt is a widely used material in the construction of roads and has a very low albedo of 0.05
when new. As it wears over time, the aggregate in the road becomes exposed and oxidation
causes the binder to fade, resulting in an albedo increase which is evident from the published
albedo values presented in Section 2.2.3 (Bretz et al., 1998). One technique for light coloured
pavements is to use white or light coloured aggregates in an asphalt binder. Light coloured
aggregates that are suitable for asphalt pavement mixtures include high silica gravel, quartz,

white stone, white marble and some types of granite (Bretz et al., 1998).

1

Similarly, Santamouris et al. (2011) state that in order to increase the solar reflectance of a
pavement, amongst a number of methods, one such method is the use of white or light coloured
aggregate (gravel, white stone) or pigment in the asphalt mix to increase the solar reflectance by
approximately 0.3. The research carried out by Boriboonsomsin and Reza (2007) examined
conventional concrete made with white sand and also with latex which are both off white
ingredients. It was found that these both increase the albedo of concrete. The albedo of white

sand and latex individually are 0.46 and 0.39 respectively.

There has been limited research conducted on the effect of aggregate type on albedo, however,
since it has shown that the aggregate type does alter the albedo, this parameter will be

investigated in this research.
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2.5.3.3  The influence of surface finish on albedo

A rough surface is less reflective than a smooth flat surface of the same material since part of
the light reflected from the rough surface returns to the rough surface and dispersed light tends
to be less intensive than direct reflected light (Levinson et al., 2010b). Research carried out by
Levinson et al. (2010b) involved creating solar reflective non-white concrete tile and asphalt
shingle roofing materials, where analysis of surface roughness effects were performed using a
spectrophotometer. They estimated that the probability for a photon reflected from a coated
shingle to return to its surface is about 33.3% and that surface roughness reduces the spectral

reflectance of a coated shingle by approximately 0.10.

A rough surface can result in a smaller albedo value because of geometrical effects and because
air-borne particles can accumulate in depressions on the surface thereby darkening the overall
surface (Bretz and Akbari, 1997). A clean smooth and solar-opaque white surface strongly
reflects both visible and near infrared radiation, achieving a solar reflectance of approximately
0.85. By smoothing rough surfaces, reflectance at all wavelengths can be increased (Levinson

et al., 2007).

Similarly, research was conducted into the effect of surface roughness on albedo by Berdahl et
al. (1997) who state that if a surface is rough rather than smooth, a photon which is reflected
once is likely to require one or more additional reflections before it escapes, therefore, the
probability of absorption is increased. They demonstrated this by measuring the reflectance of a
white coating which was applied to both a smooth glass substrate, and on a rough asphalt
shingle (which was covered in granules). The exposed surface area of the shingle was estimated
to be approximately twice its nominal area. The study demonstrated that the rough surface had
only 75% of the reflectance of the smooth surface, therefore, from their results they concluded
that that the roughness of the asphalt shingle contributed significantly to the low surface

reflectance.

Taha et al. (1992) measured albedo on a number of samples which were painted white.
Although the paint was highly reflective, it was applied to a rough surface, consequently
reducing the albedo, due to geometrical effects of the surface (multiple reflections). They
concluded that for the same material/colour, a rough texture decreases the albedo compared to
that of a smooth texture, because a rough surface increases the possibility that a reflected beam
strikes the same surface again and is absorbed. In general, a rough surface will have a higher
temperature than a smooth one. The dispersion of the light rays when reflected off a rough
surface is demonstrated in Section 2.1.3 which displays the difference between specular and
diffuse reflection. The finish of concrete surfaces is thus assumed to have an effect on albedo

and heat development, therefore, this parameter will also be investigated in this research.
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2.5.3.4  The influence of weathering and age on albedo

The albedo of a surface changes over time due to the effects of weathering and wearing.
Building surfaces are exposed to many external factors such as solar radiation, humidity, frost,
dust, dirt and rain. Urban surfaces (roads, footpaths and car parks) are subject to wear effects
from pedestrians and vehicles in addition to the aforementioned factors. By sloping a roof for
example, this minimises the effect of dirt accumulation, water ponding and biological growth
(Taha et al., 1992). In general, asphalt surfaces tend to increase in albedo over time due to
asphalt oxidation. In contrast, solar reflective surfaces decrease in albedo as dirt collects on the

surface (Bretz and Akbari, 1997, Taha et al., 1992).

Bretz and Akbari (1997) examined high albedo coatings on roofs at various stages of exposure
to determine the magnitude of this effect. The change in albedo over time depends on factors
such as the coating itself, the absorption and texture of the surface, the slope of the surface and
nearby sources of dirt and debris. From the roofs monitored in this study, they estimate an
average decrease of 0.15 in the first year and a more gradual decline after the first year
(approximately 2%). In most cases, washing the high albedo roof coatings returns the albedo to

90-100% of the estimated original value.

Weathering is caused by surface contamination (atmospheric pollution, biological growth)
and/or other alterations such as UV radiation, sudden temperature changes or moisture
penetration. Synnefa et al. (2006) examined the thermal performance of 14 types of reflective
coatings. Some of these coatings showed degradation in the thermal performance after a
relatively short period of exposure (2.5 months), with one coating in particular becoming
warmer during the second and third month of the experiment (acrylic elastomeric coating). The
study concluded that coatings with good weathering and ‘dirt pick up’ resistance should be

chosen.

Similarly, Li et al. (2013) conducted research involving the measurement of albedo on 9 test
surfaces over a period of time. These comprised of three different pavement surfaces, namely
interlocking concrete pavers, open graded asphalt concrete and Portland cement concrete. The
colour of the pavement surface tends to change over time due to weathering and traffic (the
duration of the experiment is approximately 9 months). The 9 surfaces were not exposed to any
type of traffic. The albedo of the concrete pavements generally tend to decrease over time and
in contrast the albedo of asphalt pavements increase slightly with time. The change in the
albedo occurs mostly in the first month just after construction of the test surfaces, due to
weathering. Under both continued weathering and trafficking, the change of albedo is expected
to be larger, and for concrete and especially asphalt, traffic will wear the binder (cement or

asphalt) off of the surface aggregate which will result in the albedo being influenced by the
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reflectivity of the aggregate. The effect of ageing on concrete albedo is the final parameter to be

investigated in this research.

2.6 Conclusions

It is evident from the foregoing literature review that there are significant gaps in knowledge in
relation to how solar reflectivity or albedo, as a phenomenon, is affected by different types of
concrete constituents, and in particular, the amount of work done on the surface finish types,
aggregate types, and how albedo relates to GGBS concentration and ageing. These are all areas
where there is a significant absence of in-depth research. The restricted studies that have been
conducted to date are not in any way comprehensive and, hence, due to rating systems, such as
LEED, there is a demand coming from the infrastructure owners, particularly in sunny climates,
to try to take advantage of the additional benefit of using GGBS as a consequence of its
improved solar reflectance. This is the topic of this thesis, hence the objectives, as described in

Chapter 1 are as follows;

1. To investigate the present knowledge surrounding all relevant aspects of physics and
engineering to understand the phenomenon of solar reflectivity.

2. To evaluate the sensitivity of an albedometer and determine whether it is possible to
measure the albedo of small concrete specimens, thus calibrating the instrument.

3. To design a unique and reliable test method of measuring the light reflectance of
individual concrete specimens.

4. To investigate the effect of concrete constituents such as aggregate type, GGBS
content, surface finish and age on light reflectance and colour of concrete by utilising a
number of instruments to measure either directly or indirectly, the effect of the key
parameters on the light reflectance or colour of concrete, and as a consequence,
compare the various test methods.

5. To conduct a case study at Trinity College Dublin to assess the possible areas where the
albedo of surfaces could be improved, and following this, to calculate the possible
emitted CO, which could be offset against existing values and compared to existing

savings.
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3 Laboratory Methodology

3.1 Introduction

The following chapter is concerned with the methodology that outlines the primary objectives
of the work, and as a consequence, the parameters to be evaluated. Following this, an
experimental design was created based on the testing parameters and a subsequent testing
regime produced, which outlines the various instrumentation utilised to examine the parameters
of the concrete specimens. The chapter also concerns itself with the manufacture and placement
of the concrete specimens. Extensive laboratory work was carried out, from the initial concrete

design stage to the final stage of placing the finished specimens prior to being tested.

3.2 Methodology

3.2.1 Primary objectives

The objectives of this experimentation are as follows;

1. To calibrate and use an albedometer to record albedo of small scale concrete specimens.

2. To compare direct methods of recording light reflectance from the following
instruments; a lux meter, an albedometer, a sphere spectrophotometer and a greyness
scale.

3. To determine whether indirect methods of testing light reflectance are a viable
alternative as an indicator of concrete albedo, for example, thermocouples and an
infrared camera.

4. To investigate the effect of parameters such as the cement type, aggregate type, surface
finish and age on concrete albedo.

5. To collect data over a number of years using various instruments to measure

temperature and light reflectance of the specimens.

3.2.2 Parameters to be evaluated

An important component of this research which was outlined in the primary objectives, is to
investigate the principal parameters affecting concrete albedo. There are many properties that
affect the colour of concrete such as formwork type and segregation. However, there are other
factors that influence the colour variation of concrete which are principally due to
workmanship, and are outside the scope of this study, for example, mould oil, grout loss,

laitance, curing regime, striking time and compaction (Deegan et al., 2012, Newman and Choo,
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2003). Based on the findings from previous research conducted in this area, as was presented in

Section 2.5, the key parameters which will be evaluated are as follows;

1. Aggregate type
Surface finish type
Cement type

SRR St

Age

The effect of age on concrete albedo will only be discussed by virtue of a comparison between
the data sets collected over the course of the project which is of 3 years duration. The three
primary parameters are numbers 1-3, which will be the main emphasis in the experimental

design.

3.2.3 Experimental design

Based on the objectives outlined for the project, and consequently the key parameters to be
assessed, an experimental design was created and is illustrated in Fig. 3-1. It was decided that
small scale concrete specimens would be manufactured, having dimensions of 300x300x60mm.
As the surface is the only area of relevance for measuring aibedo, the specimen did not require a
large depth, therefore, they needed to be deep enough to provide sufficient rigidity and strength
but also light enough to be lifted for testing purposes. The surface area was sufficiently large at
300x300mm as the specimens would be too heavy if they were made larger but also the
restriction of placing them on a rooftop, their destination for testing, needed to be considered in
terms of both loading and the space available. For each of these specimen types, a duplicate
specimen would be created for repeatability purposes. These duplicate specimens were placed

apart to determine whether there were significant microclimatic influences on the specimens.

Three aggregate types were chosen, namely crushed limestone, partially crushed limestone and
sandstone. Crushed limestone is readily available in Ireland and is typically dark grey in colour.
It comes directly from a quarry source where it has been blasted from the rock. It was sourced
from Cement Roadstone Holdings (CRH) in Belgard. Partially crushed limestone is used very
frequently in Ireland also, and was sourced from Cemex in Tullamore. This aggregate type is
from a natural deposit, for example, a river or glacial deposit, that crushes down the oversize
stone allowing the more rounded smaller stones to pass through. In general, the crushed
limestone contains more flaky/elongated shapes whereas the partially crushed limestone is
smaller and contains more rounded stones. Sandstone is a much lighter aggregate and was
sourced from John A Wood in Cork. These three aggregate types are typically light in colour

when compared to basalt, for example, which is not used in Ireland and is dark grey in colour.
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There were four concentrations of GGBS chosen, namely 0, 30, 50 and 70%. The substitution
rate of 0% was used as a baseline against which other concentrations could be compared. A
substitution rate of 30% was chosen as it is used in applications where the development of
strength will not be affected and is slowly becoming the normal rate of substitution due to the
environmental advantages of using GGBS. Similarly, a substitution rate of 50% was chosen as
it is used in applications where the development of strength will only be affected marginally
and it is the most common substitution rate used in Ireland at present. A concentration of 70%
was chosen as it is the maximum allowable rate of GGBS and is specified for bridges in

particular.

The four surface finishes chosen are cast, screed, tamp and brush. The cast surface finish was
used as baseline against which other finishes could be compared. Although a cast finish will
never normally see the sun, it was chosen as the baseline finish as it is easier to control and is
expected to be the surface with the smoothest finish. Similarly, the screed finish is also
expected to be a smooth surface and its typical application is for a roof slab. As a contrast, a
tamped finish was chosen as it is typically used for a pavement. A brush surface finish was also

chosen as it is typically used on footpaths.
Therefore, the total number of specimens to be fabricated is as follows;

2 (duplicate) x 3 (aggregate type) x4 (GGBS concentration) x4 (surface finish) = 96 specimens
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Fig. 3-1 Experimental design demonstrating all testing parameters
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3.2.4 Testing regime

A test regime was established following the fabrication and placement of the concrete
specimens (see Fig. 3-2). The regime can be categorised into three main groups, namely direct
test methods, indirect test methods and other tests. Three of the direct test methods involve
using the albedometer, sphere spectrophotometer and a lux meter, to directly measure an aspect
of light reflectance off the specimens. The fourth test method is a greyness scale index which

indicates the concrete ‘colour’.

Similarly, the indirect test methods measure the effect of the parameters on the internal
temperature of the specimens using two mechanisms, namely a thermal imaging camera and a
thermocouple wire. A thermal imaging camera measures infrared emissions given off from the
surface of the specimens and a thermocouple wire measures, for example, the internal

temperature of the concrete and is placed prior to the specimen being cast.

s S e
Albedometer ’
PRI 0 L) Sphere spectrophotometer
Direct test methods
Lux meter |
]
Greyness scale }

Indirect test methods Thermal imaging cameraJ
|
Thermocouple wire J

e

Testing regime {

s SR P L S L E

|
Sunshine duration sensor J

Other tests

1
Follow 1200 pro lamp J

Mousture meter l

Fig. 3-2 Testing regime demonstrating direct and indirect test methods, and other tests

The other tests comprise of using a sunshine duration sensor, a heat lamp (Follow 1200 pro
lamp) and a moisture meter. The sunshine duration sensor will be used in tandem with the

thermocouple wires to monitor the sunshine intensity and duration, which will be compared
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with the temperature change in the specimens. The heat lamp will be used on a small scale
preliminary experiment to demonstrate some key physical characteristics relating to the thermal
properties of materials. The moisture meter will be used to determine the moisture present on
the surface of the specimens at the time of testing, as moisture content of damp concrete can

affect its greyness.

3.3 Concrete Mix Constituents

The primary focus of this study is to demonstrate enhanced albedo of GGBS concretes
compared to a reference concrete with no GGBS present, for a variety of different concrete
constituents, finishes and at different ages. Therefore, the established testing parameters for the

concrete mix design are the aggregate type, cement type and surface finish.

3.3.1 Aggregate type

There are three different types of aggregates used; crushed limestone, partially crushed
limestone and sandstone. It is not believed that the aggregate type will significantly affect the
surface albedo, however, it was included in the study to justify the elimination of this parameter
to ensure consistency throughout all test samples. There is, however, a clear differentiation in
colour between, for example, limestone and sandstone (see Fig. 3-3), so the extent, if any, of the
effect of aggregate type on albedo needs to be clearly determined. The limestone is a dark grey

colour and sandstone is a light yellow colour.

Fig. 3-3 Coarse and fine aggregates used in concrete mix: crushed limestone (left), partially crushed limestone
(middle) and sandstone (right)

The coarse aggregate sizes are 20mm and 10mm and both aggregates were taken from the one

batch for consistency in the concrete mix. The moisture level of the fine aggregate (sand) was
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measured using the 'Speedy Test' (see Section 3.4.2) in order to ensure that the same amount of

free water was present in each concrete mix.

3.3.2 Cement type

There are two types of cements which are used in the concrete mixes; Normal Portland cement
blended with a small percentage of limestone powder known as a (CEM 11 A-L) to I.S EN 197-
1(2011) and the supplementary cementitious material ground granulated blast furnace slag
(GGBS). There is a significant difference in colour between these two cements, with GGBS
being significantly lighter in colour than CEM Il A-L (see Fig. 2-30). GGBS when used as a
partial replacement for CEM Il A-L, at sufficiently high replacement rates, results in a concrete
that is much lighter in colour, thus increasing its albedo. The substitution rates were chosen
based on replacement rates in established concrete practice, as reflected also in previous
research which was carried out by Boriboonsomsin and Reza (2007), who used 30, 60 and 70%

GGBS replacement. The substitution rates chosen for testing were 0, 30, 50 and 70% GGBS.

3.3.3 Surface finish

Previous research carried out by Taha and Sailor (1992) measured the albedo of certain roofing
materials and they concluded that for the same material or colour, a rough texture effectively
decreases the albedo compared to that of a smooth texture. Based on the very limited existing
research into the effect of surface roughness on solar reflection, surface roughness is
investigated here. In total, four different surface finishes were chosen; generally, two rough and
two smooth finishes. These surface finishes represent different application types and were

achieved as follows:

e Cast (smooth) — achieved by exposing the underside (cast face) of the slab

e Screed (semi-smooth) — using a steel float to smooth and seal the surface of the
concrete

e Tamp (rough) — crudely, a piece of timber is used to tamp the surface, resulting in an
undulating surface

e Brush (semi-rough) — carried out by using a brush over the surface prior to final set,

sweeping in one direction
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3.4 Concrete Mix Design and Formwork

A concrete mix design form was completed (see Appendix A) and the concrete was specified
with a characteristic strength of 35MPa at 28 days. A summary of the resulting quantities is
displayed in Table 3-1. The GGBS replaced CEM II A-L, one-for-one, by percentage weight.
The chosen slab size (which will be discussed further in chapter 4) was 300x300x60mm (having
a volume of 0.0054m’) and each concrete pour consisted of fabricating a total of 8 slabs with 4
concrete cubes (of side 100mm). An additional 15% volume was added to account for the loss

of material in the mixer. Therefore the mix volume for one pour is as follows;
[8 slabs (0.0432m*) + 4 cubes (0.004m*)] + 15% (waste) = 0.0543m’

As there were 48 different types of specimens to be manufactured (96 in total including
duplicate specimens), each consisting of a different aggregate type, cement type and surface
finish, a detailed schedule of mixing was outlined to demonstrate what each pour contained (see
Appendix B). There was a total of 12 pours to be completed over the duration of 3 weeks. The 8
slabs and 4 cubes were made in the morning, followed by stripping of the previous pour’s slabs

and cube moulds in the afternoon, in preparation for the following day.

Table 3-1 Concrete mix design quantities (per kg/m®)

Unit weight of mix Pour weight per 0.0543m’

(kg/m’) of mix
Cement (CEM II A-L) 410 22.26
Water 225 12.24
Fine aggregate 615 33.40
Coarse aggregate (10mm) 380 20.60
Coarse aggregate (20mm) 760 41.24

3.4.1 Trial mix

In order to establish whether the specified concrete mix design would conform to the standards
required, a trial mix was conducted. The volume of water needed for the mix was calculated
based on the Speedy test result. The Speedy test determines the amount of moisture present in a
granular material. The sand had 5.5% water present for the trial mix, therefore, the actual water

added to the mix was calculated as follows;

12.24L — [(5.5/100) x 33.4kg] = 10.4L

79



This procedure of water content adjustment was carried out for the 12 pours to follow (see
Appendix C for the moisture content results). It was important to ensure that all of the concrete
pours had equal amount of water present as the water/cement and aggregate/cement ratios may
affect the resulting colour of the concrete. All of the cement and GGBS came from one batch

from the manufacturers.

3.4.2 Concrete tests

3.4.2.1 The “Speedy” Test Procedure (BS 812-109:1990)

The “Speedy” test is a method of measuring the moisture content of a material and gives
accurate results in approximately three minutes. In the case of these experiments, the moisture
content of the sand was required in order to account for the excess water in it as sand with a
saturated surface dry condition is assumed in the concrete mix. The details of how to conduct
the test are contained in the supplier’s instructions or the standard BS 812-109:1990. A sample
of sand and a reagent, calcium carbide, is added into the Speedy pressure chamber which is
shaken when closed to ensure that the reagent reacts fully with the water in the sand.
Consequently a gas is produced which increases the pressure in the chamber and the calibrated

reading on the gauge on the front of the device displays a moisture content reading for a given

quantity of sand.

3.4.2.2 The Slump Test (1.S EN 12350-2)

The purpose of performing a slump test is to test the workability of fresh concrete on site. The
slump test was carried out for each pour of concrete in accordance with 1.S EN 12350-2
(2009¢). The detéils of how to conduct the test are contained in the standard and the results of

the tests are presented in Appendix C.

3.4.2.3 Cube strength testing (I.S EN 12390-3)

The procedure for testing the cubes for the concrete’s compressive strength was carried out in
accordance with I.S EN 12390-3 (2009b). The details of the test procedure can be found in the
standard and the results are presented in Appendix C. The range in average strength of the
cubes at 28 days is between 35.4 and 47.5MPa, with the higher concentrations of GGBS
content, in particular 70% GGBS, having lower cube strength due to the slower rate of strength
development associated with using GGBS. One cube strength result was discarded as the range

in strength divided by the average cube strength result was greater than 15% (see Appendix C).
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It can also be noted that the partially crushed limestone aggregate is weaker than the crushed
limestone aggregate. This result can be explained by the fact that the crushed limestone
aggregate is more angular in shape, therefore, it increases the cube strength as there is better
interlocking of the aggregates and increased surface area for the cement to bond with the

aggregates.

3.4.3 Formwork Manufacture

3.4.3.1 Design of formwork

The formwork for the slabs was constructed according to the chosen dimensions of
300x300x60mm. A total of 18 slab forms were required to allow for consecutive days of
pouring (8 slabs each day), taking into account the stripping of the moulds, and also having two
supplemental forms on standby. The base of the formwork was manufactured using marine
plywood which was a requirement in order to produce a smooth finish on the underside of the
slab to represent a cast surface finish. The sides of the formwork consisted of a standard rough

timber measuring 60x60mm in cross section which were cut to the required length.

Before the sides were fixed onto the base of the formwork using screws, a hole was drilled for
the thermocouple wire to enter through the side of the slab (highlighted in red in Fig. 3-4). The
thermocouple wire is set to be 20mm from the top surface for all specimens (see location
highlighted in blue in Fig. 3-4). However, as one quarter of the slabs would be turned upside-
down to produce a cast finish, 4 forms were manufactured especially for the cast finish slabs
and marked appropriately, with the hole drilled 40mm from the top of the formwork

(equivalent to 20mm from the bottom).

Fig. 3-4 Thermocouple wire placement in formwork
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The sides of the formwork were screwed tightly into the marine plywood base to prevent any
gaps allowing concrete grout to escape. This was important as surface discolouration due to
grout loss had to be avoided. Following this, a piece of masking tape was placed over each
screw to prevent concrete setting into it. This procedure allowed the formwork to be easily
disassembled for cleaning and reuse. The formwork was prepared with de-moulding oil both on
the inside and outside surfaces prior to the placement of fresh concrete, to aide in the removal of

the formwork once the concrete was set.

Similarly, the plastic cube moulds (100x100x100mm) had a small hole on the bottom surface
which was covered with masking tape to prevent air entering or fresh grout from escaping
through it. The cube moulds were prepared with de-moulding oil both on the inside and outside
surfaces prior to the concrete being placed in them. The oil made the removal of the cubes and

their cleaning easier after they had set.

3.4.3.2  Thermocouple placement

Each slab required internal temperature monitoring using a thermocouple wire. Each
thermocouple wire (96 in total) was cut to approximately 2.5m length from a 25m roll. This is
to allow adequate distance between the slab and the data logger. Each end of the wire was
stripped back by approximately 10mm to expose the thermocouple wire underneath. At one
end, the two wires were twisted to make a secure connection between them. This is the location
where the temperature is measured. Once it was twisted, the connection was also welded to add
further security to the connection before being placed into the formwork. The other end of the
wire is later inserted into a channel in the data logger which will record the temperature reading

over a set period of time.

It was necessary for the thermocouple wire to be situated exactly in the centre of the slab,
20mm below the top surface as highlighted in blue in Fig. 3-4. As mentioned previously, a
small hole was drilled into the side of the formwork to allow the wire to pass through. However,
to overcome the problem of how to maintain the thermocouple in position while the concrete
was being poured and compacted in the formwork, a fishing line was used to secure the wire in
place. The fishing line was tied to a small wooden peg (circled in red in Fig. 3-4). The line was
inserted into one side of the formwork and out through the other side where another peg was
used to wrap the fishing line around and create tension in the line. A staple gun was then used to
hold the peg in place at the side of the formwork. Once this procedure was completed, the
thermocouple wire was inserted into one side of the formwork and was placed over the fishing

line, with the welded part of the wire at the very centre of the slab. A couple of small pieces of
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additional fishing line were used to tie the thermocouple wire onto the fishing line, thus holding
it in position. A glue gun was used at a number of locations along the wire for added security
and it was also placed over the two holes at the sides of the formwork to act as a sealant. The
wire outside the formwork was then wrapped up in a coil to avoid being accidentally pulled

during casting.

To ensure this method of placement of the thermocouple wires was successful, it was tested on
the trial mix specimen. One of the specimens was cut down the centre using a concrete saw to
locate the thermocouple wire. As demonstrated in Fig. 3-5, the thermocouple wire can be seen
in the section entering the slab on the left and running through to the centre of the slab at a
depth of almost exactly 20mm (circled in red). This test confirmed that the chosen method of

placing the thermocouple wires worked to the required accuracy.

Fig. 3-5 Section of concrete slab to determine location of thermocouple wire

3.5 Concrete Specimen Manufacture

3.5.1 Concrete mixing procedure

The concrete mixer was prepared for each mix firstly by pouring water in, rotating the drum,
and subsequently pouring it out. The purpose of this was to prevent the mixer surface from
absorbing the water from the designed concrete mix. The fine and coarse aggregates and the
cement were weighed out on a scales correct to 0.001kg and the water was measured in a plastic

graduated cylinder. The aggregates were previously batched out in plastic bags in advance of a

pour taking place.

The batched aggregates were placed in the mixer in order according to their size- the 20mm
aggregates, 10mm aggregates and sand. The lid on the mixer was closed before being turned on
for approximately one minute to briefly blend the aggregates together. Following this, the
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