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Περίληψη

Τις τελευταίες δεκαετίες έχει σημειωθεί σημαντική αύξηση στον αστικό πληθυσμό του πλανήτη. ΄Ενα

από τα σημαντικότερα προβλήματα του αστικού περιβάλλοντος είναι η υπερθέρμανση των πόλεων. Τα

κτίρια και τα αστικά δομικά υλικά διαδραματίζουν σημαντικό ρόλο στην υπερθέρμανση των πόλεων. Ε-

πιπλέον, τα κτίρια ευθύνονται για το 40% της παγκόσμιας κατανάλωσης πρωτογενούς ενέργειας. Ως

εκ τούτου, υπάρχει επείγουσα ανάγκη για τη βελτίωση της ενεργειακής απόδοσης των κτιρίων μέσω

προηγμένων υλικών. Το αντικείμενο της παρούσας εργασίας είναι η ανάπτυξη, πειραματική αξιολόγηση

και ενσωμάτωση των ψυχρών επιχρισμάτων στο δομημένο περιβάλλον. Η εισαγωγή των ψυχρών επιχρι-

σμάτων οδηγεί σε εξοικονόμηση ενέργειας και καλύτερη ποιότητα περιβάλλοντος τόσο στα κτίρια όσο

και στους εξωτερικούς χώρους.

Η παρούσα εργασία διαρθρώνεται σε επτά κεφάλαια. Στο Κεφάλαιο 1 δίνεται μια εισαγωγή στα ψυχρά

υλικά. Επιπλέον παρουσιάζεται η στάθμη περιεχομένου, οι ερευνητικοί στόχοι και η μεθοδολογία της

διατριβής. Το Κεφάλαιο 2 είναι αφιερωμένο στον πειραματικό εξοπλισμό που χρησιμοποιήθηκε για τον

χαρακτηρισμό, την ανάπτυξη και τη μέτρηση των ψυχρών επιχρισμάτων. Στο Κεφάλαιο 3 παρουσιάζε-

ται η ανάπτυξη και η δοκιμή των ανόργανων ψυχρών επιχρισμάτων. Παρέχεται λεπτομερής ανάλυση

των πρώτων υλών που χρησιμοποιούνται για τη κατασκευή τους. Είκοσι δύο ψυχρά επιχρίσματα α-

ναπτύσσονται και υποβάλλονται σε πειραματικές μετρήσεις. Οι μετρήσεις περιλαμβάνουν τη μέτρηση

της ανακλαστικότητας στην ηλιακή ακτινοβολία και τον συντελεστή εκπομπής υπέρυθρης ακτινοβολίας.

Τέλος, τα ψυχρά επιχρίσματα εκτίθενται στο εξωτερικό περιβάλλον και μετριέται η ικανότητά τους να μει-

ώνουν την επιφανειακή θερμοκρασία. Το καλύτερο ψυχρό επίχρισμα παρουσίασε μείωση της επιφανειακής

θερμοκρασίας έως και 7Κ. Στο Κεφάλαιο 4 παρουσιάζεται η ανάπτυξη και δοκιμή των θερμοχρωμικών

επιχρισμάτων. Δύο κύριες οικογένειες θερμοχρωμικών επιχρισμάτων αναπτύσσονται και υποβάλλονται

σε πειραματικές μετρήσεις: ανόργανες και οργανικές. Παρουσιάζεται η σύνθεση και ο χαρακτηρισμός

του ανόργανου θερμοχρωμικού επιχρίσματος. Επιπλέον, τρία εμπορικά διαθέσιμα οργανικά θερμοχρω-

μικά επιχρίσματα χρησιμοποιούνται. Αξιολογείται η ανακλαστικότητα στην ηλιακή ακτινοβολία και ο

συντελεστή εκπομπής υπέρυθρης ακτινοβολίας όλων των θερμοχρωμικών επιχρισμάτων. Επιπλέον, η

θερμοκρασία επιφανείας των θερμοχρωμικών επιχρισμάτων μετράται να είναι έως 5Κ χαμηλότερη, σε
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σύγκριση με το συμβατικό επίχρισμα με το ίδιο χρώμα. Στο Κεφάλαιο 5 αναλύεται η επίδραση της

περιβαλλοντικής γήρανσης στα ψυχρά επιχρίσματα. ΄Ολα τα επιχρίσματα εκτίθενται στις εξωτερικό πε-

ριβάλλον. Η αρχική και τελική ανακλαστικότητα στην ηλιακή ακτινοβολία και ο συντελεστή εκπομπής

υπέρυθρης ακτινοβολίας μετριούνται. Τα ανόργανα ψύχρα επιχρίσματα παρουσίασαν μικρή μείωση στην

ανακλαστικότητα στην ηλιακή ακτινοβολία και στον συντελεστή εκπομπής υπέρυθρης ακτινοβολίας. Τα

θερμοχρωμικα επιχρίσματα παρουσίασαν μικτά αποτελέσματα. Η επίδραση των εξωτερικών συνθηκών

στα ανόργανα θερμοχρωμικά είναι αμελητέα. Ενώ παρατηρείται σημαντική αποδόμηση για τα οργανι-

κά θερμοχρωμικά επιχρίσματα. Στο Κεφάλαιο 6 εξετάζονται οι αλλαγές στα κτίρια και στο εξωτερικό

περιβάλλον με τη χρήση των αναπτυγμένων ψυχρών επιχρισμάτων. Οι επιδράσεις των αναπτυγμένων

επιχρισμάτων σε καλά και μη καλά μονωμένο κτίριο υπολογίζονται χρησιμοποιώντας το ΕΣΠ-ρ. ΄Ολα τα

επιχρίσματα συμβάλλουν στην ενεργειακή μείωση τόσο των καλά και μη μονωμένων κτιρίων κατά 5-14%

σε ετήσια βάση. Επιπλέον, υπολογίζεται η επίδραση των ψυχρών επιχρισμάτων στο αστικό περιβάλλον.

Αναπτύχτηκε μια νέα μέθοδος για την έμμεση σύζευξη του προηγμένου λογισμικού θερμικής μοντελοπο-

ίησης κτιρίου και μικροκλιματικής μοντελοποίησης. Αναφέρεται η σημασία της σύζευξης του εξωτερικού

και του εσωτερικού περιβάλλοντος. Οι μικροκλιματικές συνθήκες της υπό διερεύνηση περιοχής μπορεί να

οδηγήσουν σε ± 10% αλλαγή των αναγκών θέρμανσης/ψύξης. Εάν η ανταλλαγή δεδομένων μεταξύ των

δύο πεδίων ορισμού περιλαμβάνει την ανταλλαγή του συντελεστή μεταφοράς θερμότητας με μεταφορά,

η διαφορά στις ανάγκες θέρμανσης / ψύξης μπορεί να φτάσει έως και ± 50%.



Abstract

In recent decades, a significant increase in the world’s urban population has been recorded. One of the

major problems of the cities’ environment is the urban overheating. Buildings and urban construction

materials play an important role in the urban overheating. Moreover buildings are responsible for

40% of the world’s primary energy consumption. Therefore, there is an urgent need to improve the

buildings’ energy performance through advanced materials.

The scope of the present thesis is to develop, test and integrate cool coatings into the built

environment. The introduction of cool coatings leads to energy saving and better living conditions for

the people.

The present thesis is structured in seven chapters.

In Chapter 1 an introduction into cool materials is given. Moreover, the state of the art, research

objective and methodology of the thesis is presented. Chapter 2 is devoted to the experimental

equipment used for the characterization, development and measurement of the cool coatings.

In Chapter 3 the development and testing of the mineral based cool coating is presented. A detailed

analysis for the raw materials used for the formulation of the cool coatings using X-ray diffraction is

presented. Twenty two cool coatings are developed, characterised and tested. Their characterization

includes the measurement of solar reflectance and infrared emittance. Finally, the cool coatings are

exposed to the environment and their ability to reduce the surface temperature is measured. The best

performing developed cool coating showed reduction of the surface temperature is up to 7.2K.

In Chapter 4 the development and testing of the thermochromic based cool coatings is presented.

Two main families of thermochromic coatings are discussed: inorganic and organic. The synthesis

and characterization of the inorganic thermochromic coatings is presented. Three commercially

available organic thermochromic coatings are developed. The solar reflectance and infrared emittance

of all thermochromic coatings is measured. Furthermore, the surface temperature of the coatings is

measured to be 5.5K compared to the conventional coating with the same colour.
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In Chapter 5 the ageing effect of the environment on the cool coatings is discussed. All coatings

are exposed to the outdoor conditions. The initial and aged solar reflectance and infrared emittance

are measured. The mineral based cool coating presented small decrease in the solar reflectance and

infrared emittance. The thermochromic coatings presented mixed results. The effect on the outdoor

conditions on the inorganic thermochromics is negligible. While significant degradation is observed

for the organic thermochromic coatings.

In Chapter 6 the changes on buildings and surrounding areas by the use of the developed cool

coatings are examined. The effects of the developed coatings on a well and poor insulated building

are calculated using advanced thermal modelling software. All coatings contribute to the energy

efficiency of both well and poor insulated buildings by 5-14% on annual basis. Moreover, the impact

of cool coatings on the urban environment is calculated. A novel method has been developed on

indirect coupling of the building advanced thermal modelling and microclimatic modelling software.

The importance of coupling the external and internal environment is presented. The microclimatic

condition of the under investigation area can lead to difference of ±10% in power for heating/cooling

needs when the local microclimatic conditions are introduced to the weather file. If the exchange of

data between the 2 domains includes the exchange of the Convective Heat Transfer Coefficient, the

difference in heating/cooling needs can be as high as ±50%.
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Chapter 1

Introduction and state of the art

1.1 Introduction

In recent decades, a significant increase in the world’s urban population has been recorded [1, 2]. One

of the major problems of the cities’ environment is the urban overheating. Overheating is attributed

to the dense urban construction which accumulates heat over time and creates the Urban Heat Island

phenomenon (UHI) [3–5]. According to this phenomenon, the air temperature in the urban areas is

higher than the air temperature of sub-urban and rural areas. The air temperature difference between

the urban and suburban areas is called the UHI intensity and may reach or exceed 10K in large cities

[6]. The causes of the UHI are:

1. Accumulation of heat from anthropogenic activities, e.g. air conditioning [7, 8].

2. Lack of green areas leading to reduced evaporative cooling.

3. Re-emission of radiation from the atmosphere to the ground due to atmospheric pollution [9, 10].

4. Urban materials with high heat capacity and low reflectivity (asphalt, brick, tiles, etc.)[11].

Buildings and urban construction materials play an important role in the urban overheating

[12]. Moreover buildings are responsible for the 40% of the world’s primary energy consumption

[13]. Therefore, there is an urgent need to improve buildings’ energy performance through advanced

materials.

The most important urban climate mitigation techniques aiming to the reduction of urban Heat

Island intensity and contribute to the improvement of the urban thermal environment are:
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• the use of highly reflective cool materials for the reduction of solar radiation absorption [14–18].

• the increase of green infrastructure within cities [19–21].

• the use of appropriate heat sink technologies [22, 23].

To this end the present thesis is focusing on cool materials’ development, evaluation and testing.

1.2 Cool materials

1.2.1 The physics behind cool materials

When a surface is exposed to the sun the following physical processes take place and determine the

surface temperature (Figure 1.1, Equations (1.1) and (1.2)).

Figure 1.1 The energy balance of a material.

Solar radiation arrives on the surface and part of it is reflected and part absorbed by the material

contributing to its heating. Consequently, the surface emits radiation in the far infrared part of the
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spectrum as radiation exchange occurs between two surfaces when one is warmer than the other and

they “view” each other. In addition, the surface exchanges energy by convection with the adjacent air.

Finally, heat is conducted through the layers within the material, Figure 1.1 (insulation etc.) from

the warmer side to the cooler side. The conduction induced heat flow through the material - Qin, and

hence the energy needed for heating or cooling, depends on the thermal resistance of the material and

the difference in temperature between the outer and inner surfaces:

Qin = Ts −Tc

R
(1.1)

where:

R Overall thermal resistance of the material (m2K

W
)

Ts Temperature of the outer surface of the material (K)

Tc Temperature of the inner surface of the material (K)

In more detail, the equation describing the thermal balance of a horizontal surface exposed to the

sun i.e. a roof [24, 25], is the following:

(1−SR)I = ϵσ(T 4
s −T 4

sky)+hc(Ts −Tsky)+Qin (1.2)

Where:

I insolation ( W

m2 )

SR solar reflectance or albedo of the surface

ϵ emittance of the surface

σ the Stefan–Boltzmann constant (= 5.6685x10−8 W

m2 K4)

hc convection coefficient ( W

m2K
)

Tsky sky temperature (K)

Ta air temperature (K)

If we consider that the roof is insulated underneath, the main factors affecting the thermal

performance of the surface are the solar reflectance (SR) and the infrared emittance (IE). During the

day the dominant factor is solar reflectance and infrared emissivity has a lower effect on the surface

temperature. However, during night-time the surface temperature and the infrared emittance are

strongly correlated which means that emissivity becomes the most important factor affecting the

thermal performance [26, 27].
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1.2.2 Cool materials properties

A cool material is characterized by:

a) High solar reflectance (SR), which is a measure of the ability of a surface material to reflect solar

radiation. The term solar reflectance designates the total reflectance of a surface, considering

the hemispherical reflectance of radiation, integrated over the solar spectrum, including specular

and diffuse reflection. It is measured on a scale of 0 to 1 (or 0-100%).

b) High infrared emittance (IE), which is a measure of the ability of a surface to release, absorbed

heat. It specifies how well a surface radiates energy away from itself as compared with a black

body operating at the same temperature. Infrared emittance is measured on a scale from 0 to 1

(or 0-100%).

These two properties result in affecting the temperature of a surface [26, 28]. If a surface with

high SR and IE is exposed to solar radiation it will have a lower surface temperature compared to

a similar surface with lower SR. If the cool surface is on the building envelope, this would result in

decreasing the heat penetrating into the building and for a surface in the urban environment this

would contribute to decrease the temperature of the ambient air as the heat convection intensity from

a cooler surface is lower (Figure 1.2).
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Figure 1.2 The basic principles of cool materials.

In Table 1.1, representative values for SR and IE are given for different conventional building

materials and the corresponding available cool option. Figure 1.3 depicts the impact of a cool roof

coating on surface temperature. The roof was initially covered by a conventional roof system consisting

of asphalt membrane with siliceous aggregates (SR=0.1, IE =0.9). The temperature of the surface

under hot summer conditions reached 65°C. On this conventional roof system a cool white elastomeric

coating has been applied (SR =0.89, IE=0.9) and the surface temperature under similar weather

conditions was reduced to 37°C i.e. a temperature difference of almost 30°C.
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Figure 1.3 The impact of solar reflectance on roof surface temperature [29].
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Table 1.1 Comparison between common hot and cool roof systems: Solar reflectance and infrared
emittance values

Hot roof systems Cool roof systems

Roof Type Reflectance Emittance Roof Type Reflectance Emittance

Built-up roof with

dark gravel
0.08 – 0.15 0.80 – 0.90

Built-up roof with

off-white gravel or

cementitious

coating

0.50 - 0.70 0.80 – 0.90

Single-ply

membrane – Black

PVC

0.04 – 0.05 0.80 – 0.90

Single-ply

membrane –

White PVC

0.70 - 0.78 0.80 – 0.90

Single-ply

membrane – Black

PVC

0.04 – 0.05 0.80 – 0.90

Single-ply

membrane painted

with coloured cool

coating

0.30 - 0.80 0.80 – 0.90

Modified bitumen

with mineral

surface capsheet

(SBA, APP)

0.10 – 0.20 0.80 – 0.90

Modified bitumen

white coating over

mineral surface

(SBA, APP

0.60 - 0.75 0.80 – 0.90

Concrete tile Dark

colour with

conventional

pigments

0.05 – 0.35 0.80 – 0.90
Cool concrete tile

Coloured
0.40 - 0.65 0.80 – 0.90

Metal roof

Unpainted,

corrugated

0.30 – 0.50 0.05 – 0.30

Metal roof painted

with couloured

cool coating

0.05 - 0.80 0.80 – 0.90

Another way to assess how “cool” a material is, is to calculate its solar reflectance index (SRI).

This is an index that incorporates both SR and IE in a single value. According to ASTM E1980-01

"Standard Practice for Calculating Solar Reflectance Index of Horizontal and Low-Sloped Opaque

Surfaces” [30], SRI quantifies how hot a flat surface would get relative to a standard black (SR=0.05,

IE=0.9) and a standard white surface (SR=0.8, IE=0.9). The calculation of this index is based on a set

of equations (ASTM 1980E-01) that require measured values of SR and IE for specific environmental
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conditions. The SRI is a value between zero (for the standard black surface) and 100 (for the standard

white surface) and is calculated as follows:

SRI = (T B −T s)
T B −T W

100 (1.3)

Where TB, TW and Ts are the steady state temperatures of the standard black, standard white and

the material surface respectively. From the definition of the SRI it is expected that very hot materials

can actually have negative values and very cool materials can have values greater than 100.

When an area is needed to be characterised, the term albedo is used. It is defined for the case

of diffuse reflection and expresses the ratio of the reflected to incident radiation at all wavelengths

of the solar spectrum. It is a measure of the reflectivity of a surface. It is dimensionless in size and

does not depend on the direction of the reflected radiation because it is considered as integral to the

entire hemisphere of the reflected rays of all directions. Albedo is measured on a scale from zero

(corresponding to a black body that absorbs all incident radiation) to one (corresponding to a body

that reflects all incident radiation).

1.3 State of the art for cool materials

The state of the art is divided into the following parts:

1. Development of cool materials (Section 1.3.1).

2. Ageing and deterioration of cool materials (Section 1.3.2).

3. Impact of cool materials in buildings (Section 1.3.3).

4. Impact of cool materials in outdoor spaces (Section 1.3.4).

1.3.1 Development of cool materials

Various techniques, materials and methods have been explored for the development of cool materials

and coatings, with increased SR and/or IE. Materials that contain transparent polymeric materials

(cool paints), such as acrylic, along with white pigment, such as titanium dioxide (rutile), to make

them opaque and reflective, have been proposed [27]. Other white pigments used are the anatase form

of titanium dioxide, and zinc oxide. These coatings typically reflect 70–85% of the sun’s energy. The

replacement of conventional inorganic pigments with complex inorganic coloured pigments (CICPs)

or metal oxide (MMO) can produce cool colour paints [31–34]. Uemoto et al. [34] developed using
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CICPs cool white, brown and yellow colours to demonstrate an increase of SR from 20 to 60% and a

reduction in air temperature under the roof sheet ranging from 10-30%. Han et al. [33] used MMO

synthesized coloured coatings with synthesized pigments to get higher SR of 61–75% compared to

conventional coating of the same colour and an indoor temperature difference reaching 4.5K.

Special design membranes for the roof can serve a dual purpose. Firstly for waterproofing the roof

and secondly to cool it down. By adding specific components, i.e. titanium dioxide (TiO2) and hollow

ceramic microspheres to ordinary white membrane, Pisello et al. [35] calculated an improvement of

the building’s year-round energy efficiency by up to 19.3%. The addition of a mixture of metal oxide

pigments i.e. CoAl, FeCr, and NiSbTi was characterized by an increased NIR SR of +0.40 compared

to dark traditional membranes [36, 37].

Cool tiles are great in replacing traditional tiles in existing and historical buildings given their

improved and architectural aesthetic. The use of ceramic or polymeric cool tiles offers better cool

roofing performance, great architectural quality and thermal-energy attributes such as good optical

properties and durability [38–40]. Colour composite tiles with relatively high SR, combined with a

thin insulating layer made of a silica-gel super-insulating material with an aluminium foil with very

low thermal emittance are proposed. The developed tiles provide a significant increase of roof thermal

resistance [41].

Another category of cool roofs materials is the natural materials, that can generate important

benefits to the buildings’ thermal-energy performance given their intrinsic optimal thermal-optical

properties. For example, gravel [42–44] is one of the most commonly used natural cool roof material

for horizontal applications, especially in the Mediterranean area, as it can be simply applied over

the existing bitumen membranes installed on the existing roofs. The specific material is consider

sustainable from both an environmental and economic perspective, especially if locally available, due

to the naturally light-coloured stones. Levinson et al. [42] developed three methods of rating the

roofing aggregates’ albedo based on pyranometer measurements. Castaldo et al. [43] exploited the use

of gravel with SR 0.62 to cover the roof of a building and decrease the indoor operative temperature

of about 3K in free-floating conditions, with respect to the traditional bitumen membrane. The

passive cooling potential of different types of gravels characterized by different grain size was assessed

in [45]. It was found that the albedo increases with decreasing grain size. In this same scenario,

also light-coloured marble has been designated as a cool natural material due to its intrinsic cool

characteristics [46, 47]. Results from experimental testing of the cooling potential of such material

showed SR values of up to 79%. Moreover dynamic simulations allowed the calculation of up to 18%

in summer cooling energy savings compared to a traditional non-cool concrete envelope.
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Aqueous dispersions of organic thermochromic pigments were used to develop thermochromic

coatings having a transition temperature of 30°C. The pigmented phase was microencapsulated

showing an average particle size of 5µm [48]. Thermochromic cement at normal temperature was

proposed by [49, 50] adding reversibly thermochromic microcapsules in white Portland cement. The

research showed that the proposed materials could warm buildings’ in winter and avoid buildings

overheating in summer.

Even though the tested coatings range from cool materials, thermochromic, phase change materials,

etc. nevertheless, weathering and corrosion can effectively diminish their performance [51]. This issue

underlines the need for further research among the various materials used.

1.3.2 Aging and deterioration of cool materials

The ability of cool materials to maintain their optical properties is an important factor to be taken

into consideration in their development. The main environmental factors that effect the aging process

of roofing materials are the following [52–54]:

1. Solar radiation and temperature: The exposure of the roofing material to solar radiation ( 1kW
m2 )

increases the temperature of the material. Temperature fluctuations damage a material due to

the stresses that develop on it due to differential thermal expansion.

2. Wind: High wind speeds can apply high pressure to the roofing material causing structural

degradation of the material.

3. Water: The optical characteristics of the roofing material can be altered by rain, hail and snow.

Rain can sometimes restore the optical characteristics of the materials by removing dust and

other pollutants.

4. Atmospheric gases and pollutants: Various oxides and hydroxides can be formed with the

reaction of atmospheric oxygen and water vapour. Furthermore other chemical compounds

formulated from combustion (CO2,CO,SOx,NOx) when dissolved into water can produce acid

that can cause material degradation. Also, other materials like dust can alter the optical

characteristics of the material.

5. Biological growth. The growth of fungus on the materials usually may alter the optical

characteristics of the material.

Paolini et al.[54] reported that on a four year period the cooling needs of a residential building

decreased due to an increase by 26% of the SR. Due to the significance and time-consuming process
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of aging the cool material, Sleiman in a series of publications [55–57] developed an accelerated aging

method for a wide range of roofing products including cool materials. The developed protocol was

evaluated by nine international laboratories and found to be credibly reproduced. According to the

protocol, specimens are sprayed with a calibrated mixture of black carbon, salts, dust and organic

surrogates. The calibrated mixture is produced using the albedos measured by Cool Roof Rating

Council natural exposure program [58].

1.3.3 The effect of cool materials on buildings’ energy performance and

indoor environmental quality

The broad use of cool materials in the built environment both at the building and city level is

beneficiary. The immediate results concerning the buildings, is the reduction of the external surfaces’

temperature thus lowering the needed power and peak loads during summer months for air-conditioned

buildings. In non air-conditioned buildings the use of cool materials can improve the thermal comfort

[59].

The introduction of the cool materials to a building has the following effects:

Decrease of the cooling energy demand: The use of cool material on a building leads to lower

surface temperatures. This leads to lower percentage of heat migrating to the interior of the building

thus reducing the cooling energy needed for the cooling of the building.

A large amount of experimental measurements has been performed in various types of buildings.

The surface temperature of roofs covered with cool materials is measured to be reduced up to 20K

[60–63]. Bozonnet at al. [60] reported a reduction of more than 10K in 87 dwellings of a four-storey

building in Poitiers, France. Romeo et al. [61] demonstrated a roof surface temperature decrease of

up to 20K on a 700m2 roof of a school building in Sicily, Italy. Kolokotroni et al. [62] evaluated a

reduction of the surface temperature at university office building in London, UK by a maximum of

7.7K and an average of 6K during working hours (7.00–17.00). Pisello et al. [63] measured a reduction

of approximately 15–18K in summer and by approximately 2–3K during winter in a traditional

building in Italy.

The reduction of the external surface temperature has a significant role in lowering the cooling

loads. Synnefa et al. [18] reported a reduction of the cooling loads by 18–93%. Romeo et al. [61]

validated a 54% reduction in the cooling energy demand of a office/laboratory building in Sicily, Italy.

Rosado et al. [64] calculated an annual cooling electricity savings per ceiling area of 2.82 kWh/m2

(26%) and annual conditioning (heating + cooling) energy cost savings of $0.886/m2 (20%) when
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compared to the standard home. Stavrakakis et al. [65] referred to a minimum 18% reduction of the

cooling energy demand and under 12% heating penalty in winter. This leads to a minimum of 1.8%

annual energy savings obtained when heat pumps are used for cooling.

Peak power decrease: The use of cool materials results in the reduction of the peak powers.

The reduction in peak load in single buildings can be as high as 40% [66, 18, 67]. Miller et al. [67]

compared dark roofs (SR=0.15) with cool roofs (SR=0.90). They found a peak demand reduction on

a hot day ranging from 10% – 40%. Synnefa et al. [18] reported a peak cooling demand reduction in

air-conditioned buildings by 11 – 27%. Akbari et al. [68] estimated that the wide use of cool roofs in

USA may have a reduction of the peak load by 7GW (2.5%). The reduction of peak loads leads to

cost savings especially in commercial and industrial buildings.

Increase of the thermal comfort: The use of cool material in buildings, contributes to the

increase of the thermal comfort. Synnefa et al. [18] reported that the thermal comfort conditions

were improved by decreasing the hours of discomfort by 9–100% and the maximum temperatures in

non air-conditioned residential buildings by 1.2 – 3.3K. Romeo et al. [61] demonstrated that the effect

of the cool coating in mitigating the thermal conditions resulted to an average operative temperature

reduction of 2.3K during the cooling season. Pisello et al. [63] reported a decrease in daily average

operative temperature in an attic by approximate 2K in June-August. In winter, the temperature

decrease was consistently less than 0.5K. Stavrakakis et al. [65] measured a reduction of the hourly

indoor air temperature below a cool roof by 1 – 2.6K in July. In addition on a warm summer operating

day the PMV in the space below the roof was reduced by at least 24% thus increasing the thermal

comfort.

1.3.4 The effect of cool materials on the urban spaces

The wide use of cool material in a town/neighbourhood has as an effect the increase of the albedo,

improvement of the thermal comfort and the mitigation of the UHI effect during the summer months.

The increase of albedo with the use of cool materials, reduces the surface temperature of pavements,

roads etc. thus reducing the ambient air temperature [69, 15]. This leads to the increase of the thermal

comfort in urban spaces [70]. The wide use of cool materials on the buildings’ outer surfaces and

on other urban surfaces is followed by a the reduction of the surface temperatures and consequently

by a reduction of air temperature near these surfaces. Multi year (1983-2006) observations reported

by Campra et al. [71], showed an important temperature reduction (0.3K/decade), because of the

massive construction of high albedo greenhouses through the Almeria area in Spain.
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The reduction in ambient air temperature in peak summer days was calculated to be up to 3K

[72–74]. Rosenzweig et al. [72] using regional climate model Fifth-Generation Penn State/NCAR

Mesoscale Model (MM5) [75] in combination with observed meteorological, satellite, and Geographical

Information System (GIS) data determine that average reduction over all hours of the day near-surface

air temperature in the New York Metropolitan Region were up to -1.7K with an average reduction at

15:00 as high as 2.9K. Millstein et al. [73] exploited a fully coupled regional climate model, Weather

Research and Forecasting (WRF) model [76], to investigate feedbacks between surface albedo changes,

surface temperature, precipitation and average cloud cover. With the adoption of cool roofs and

pavements, domain-wide annual average outgoing radiation increased by 0.16 ± 0.03 W/m2 and

afternoon summertime temperature in urban locations was reduced by 0.11 - 0.53K. Sailor et al. [74]

developed a regional climate model (MM5) for the city of Philadelphia, USA. By 0.10 increase of urban

albedo, they found large regions of depressed air temperatures with average daytime depressions of

about 0.3 - 0.5K. Santamouris [77] performed a meta-analysis of meteorological simulations performed

in many U.S. cities to demonstrate that each 0.1 rise in urban albedo decreased the average outside

air temperature by about 0.3K, and lowered the peak outside air temperature by 0.6–2.3K.

Several studies have been carried out for the effect of cool materials in city neighbourhoods with

the use of computational fluid dynamics software [78–82]. Fintikakis et al. [81] examined the use of

cool materials and other passive cooling techniques in the historical centre of Tirana, Albania. They

found a reduction in ambient air temperature and surfaces temperature of 3K and 8K respectively.

Dimoudi et al. [80] calculated a reduction in surface temperature up to 6.5K by using cool roofs and

pavements in a medium size city in Greece.

1.4 Research objectives and methodology

Based on the state of the art previously described, the use of cool materials can contribute to the

reduction of the energy consumption and to the increase of the thermal comfort. Several categories of

cool materials have been proposed, developed and tested. In this framework, the aim of the present

research has two major objectives:

1. Development and testing of a new series of cool materials and coatings using mineral based

compounds, inorganic and organic thermochromic coatings. This work shows the ability of

natural materials, such as hydraulic lime, etc. that already exist in local level, to formulate a

low-cost cool coating alternative for buildings and pavements.

2. Development of an innovative calculation methodology for the evaluation of the cool materials’

application in building, neighbourhood and city level. In this thesis a coupling mechanism is
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developed that shows the interactions between the indoor and outdoor environment as well as

the impact of cool materials in thermal comfort and energy efficiency.

The present thesis is divided into 7 chapters. The experimental equipment used for the charac-

terization and measurements of the raw materials and cool coatings is presented in Chapter 2. The

methodology followed for the first objective of the present research is illustrated in Figure 1.4. The

work performed is analysed in detail in Chapter 3, 4 and 5. The methodology followed for the second

research objective is depicted in Figure 1.5. The work performed is analysed in detail in Chapter 6

while Chapter 7 integrates the conclusions. The methodology and structure of the thesis is presented

in Figure 1.6.

Figure 1.4 Steps for the creation of the cool coating.
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Figure 1.5 Steps for simulation the developed cool coating.
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Figure 1.6 Methodology followed for the research.



Chapter 2

Experimental equipment

In the present chapter the characteristics and functionality of the experimental equipment and

instruments used throughout the thesis are presented. The chapter in structured into two sections.

The first section includes all the instruments used for the characterization of the raw ingredients. The

second section is devoted to the instruments used for the analysis of cool material’s properties.

2.1 Experimental equipment for materials’ development and

characterization

2.1.1 X-ray diffraction

X-ray diffraction enables the characterization of the structure and composition of raw ingredients used

for the development of the samples. X-rays are electromagnetic radiation with wavelength of 0.01 nm

to 10 nm. If an incident X-ray beam encounters a crystal lattice, generally scattering occurs. A regular

array of scatterers produces a regular array of spherical waves. The spherical waves interfere either

destructively or in a specific direction constructively. This is determined by Bragg’s law 2dsinθ = nλ

(Figure 2.1). Because each crystalline material has a characteristic atomic structure, it diffracts X-rays

in a unique characteristic pattern.
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Figure 2.1 X-Ray diffraction [83].

The mineralogical analysis of the aggregates in the present thesis is carried out by X-ray powder

diffraction analysis (XRD) on a Bruker D8 Advance Diffractometer (Figure 2.2), using Ni-filtered Cu

Ka radiation (35 kV 35mA) and a Bruker Lynx Eye strip silicon detector. The quantitative XRD

analysis is performed by the Rietveld method [84] using the software TOPAS from Bruker. A crystal

structure Data Base from Bruker is used for the crystalline phases, which are analysed by the Rietveld

method.

Figure 2.2 Bruker D8 Advance Diffractometer.

2.1.2 Fourier Transform Infrared Spectroscopy

The interaction between light and a sample can provide useful information about the sample’s

composition. Processes such as absorption, luminescence, emission and scattering are results of how

electromagnetic radiation interacts directly with matter.
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Infrared (IR) spectrophotometry is based on the absorption of radiation by matter in the infrared

range of the electromagnetic spectrum and is characterized as one of the most important analytical

techniques for characterizing the molecular structure and identification of organic and inorganic

compounds [85]. Infrared spectroscopy is widely applied in many research and analytical fields.

Infrared radiation due to its low energy (12,800 - 10cm-1), does not cause electron transitions but

excitation between different energy levels of vibration and rotation of molecules, while the molecule

remains in its fundamental energy state. A molecule is capable of absorbing infrared radiation only if

its bipolar torque can be changed during vibration [86]. The absorption bands of the spectrum lead

to the identification of the chemical compounds.

The range of infrared spectroscopy has expanded considerably over the past decades due to the

development of infrared spectroscopy with Fourier Transform.

Fourier transform is the analysis of a mathematical function or an experimentally obtained curve

in the form of a trigonometric series. It is used as a method of determining the harmonic components

of a complex periodic wave [86].

In the context of the present thesis the Fourier transform infrared spectroscopy (FTIR) analysis is

performed using a FTIR Perkin-Elmer 1000 spectrometer (Figure 2.4).

Figure 2.3 Schematic sketch of a Fourier transform infrared spectrometer (FTIR) [87].
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Figure 2.4 FTIR Perkin-Elmer 1000 spectrometer.

Following the Figure 2.3 schematics, source emits infrared radiation that impinges on the beam

splitter and is divided into two equal bundles (Figure 2.3). One of the two bundles passes the beam

splitter and strikes the fixed mirror while the other is reflected to the beam splitter and strikes the

mobile mirror. After both bundles reflect on the mirrors, the two beams meet again in the beam

splitter and contribute. The merged beam that hits and interacts with the sample ends up to the

detector. Then the received signal is transformed via Fourier transformation to produce a typical IR

spectra

2.1.3 Differential Thermal Analysis

Thermal Analysis (TA) includes a set of techniques in which a physical property of a substance is

recorded as a function of temperature when it changes in a programmed manner. These analytical

techniques find application in the research and industrial sector, both for qualitative and quantitative

control [86].
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Figure 2.5 Schematic diagram of thermal analyses layout [88].

Thermal analytical techniques include more than 12 individual techniques that differ based on the

property being recorded. The most widely used analytical techniques are: Thermogravimetry (TGA),

Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC). TGA analysis is

based on the continuous recording of the sample mass as a function of temperature or time and as the

temperature increases in a controlled environment. The resulting diagram of the mass change versus

time is called thermogram or thermal decomposition curve. The change in the resulting mass relates

to both breakdown or oxidation reactions and natural processes such as evaporation, sublimation and

desorption [86]. The main parts of a thermal analyser are schematically shown on Figure 2.5.

In the context of the present thesis the Differential Thermal Analysis - Simultaneous Thermogravi-

metric (DTA-TG) analysis is performed using a Setaram LabSysEvo 1600 (Figure 2.6).
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Figure 2.6 Setaram LabSysEvo 1600.

2.1.4 Laboratory sieving machine

For the development of inorganic based cool coatings, a known grading curve is needed for the

aggregates. Grading curves of all aggregates are produced by a laboratory sieving machine, Retsch

VE 1000 (Figure 2.7). It consists of a series of standard 20cm diameter American Standard Test

Sieves (ASTM E11 [89]), having certain mesh sizes. The sieves are placed in a column, reducing the

mesh sizes from above downwards. The mesh seize used are: 500 µm, 250 µm, 125 µm and 63 µm. The

device can be used in various vibration frequencies and predetermined operating time.



Experimental equipment | 25

Figure 2.7 Laboratory sieving machine, Retsch VE 1000.

2.1.5 Scale

For the development of cool coatings, the electronic scale Shimadzu TX223L is utilized to weight all

the different ingredients (Figure 2.8).



26 | Experimental equipment

Figure 2.8 High accuracy electronic scale.

2.2 Experimental equipment used for analysis of cool materi-

als’ properties

2.2.1 Experimental equipment for measuring the thermal emittance

The thermal emittance of the samples is measured with the aid of the specialized instrument, "Device

and Services Emissometer model AE1" shown in Figure 2.9. The device measures the thermal

emittance of the sample, relative to two known reference standards. The reference standard with

high thermal emittance has a value of 0.88 while the low thermal emittance has a value of 0.06. The

detector consists of an array of thermopiles and is heated at a constant temperature of 82°C.
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Figure 2.9 Device and Services emissometer model AE1.

Initially the device is calibrated by utilised both high and low reference standards and the

calibration procedure is repeated every 20min. Since the samples have low thermal conductivity a

special procedure has to be followed as described on the technical note TN 04-1 [90] provided by the

manufacturer. The procedure is called "slide Method for high Emittance materials with low thermal

conductivity"[91]. Both the samples and the heat sink is covered with the same wide masking tape

with known thermal emissivity. A small fan is used to blow air on the surface of both the reference

and the sample in order to achieve uniform temperature. A series of nine measurements every 30sec

are taken covering the entire surface of the sample. The same procedures is used to measure the

heat sink covered with wide masking tape. For both series of measurements, sample’s and heat sink

the graph of time - emittance is drawn (Figure 2.10). Next the trend line of the linear part of the

measurements is drawn and Ro is calculated. The thermal emittance of the sample is calculated from

IEsample = Ro for sample

Ro for wide masking tape
× IEwide masking tape (2.1)
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Figure 2.10 Transient response of emmissometer [91].

2.2.2 Experimental equipment for measuring the spectral reflectance

For the measurement of spectral characteristics of the cool materials developed, the ultraviolent

(UV)/visible (VIS)/near infrared (NIR) spectrophotometer Carry 5000 by Agilent is used (Figure 2.11).

The device measures the light intensity as a function of the light wave length either transmitted or

reflected by the sample.
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Figure 2.11 Carry 5000 with DRA 2500 integrating sphere.

Figure 2.12 Schematic representation of Cary 5000.
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Cary 5000 spectrophotometer is equipped with two light sources. The first is a halogen-tungsten

lamp to generating light in visible and near infra-red spectrum. The second is a deuterium lamp

(D2) that generates light into ultraviolet spectrum (Figure 2.12). It uses two different light detectors,

Photo Multiplier Tube (PMT) for the ultraviolet and visible light (175 nm to 900 nm) and PbS for the

near-infra-red light (700 nm to 3000 nm). Depending on the placement of the sample, the measured

radiation can be translated either as the reflectance or transmittance of the sample. The optical system

of the instrument is equipped with minochromator in order to separate the continuous electromagnetic

spectrum of light into a specific narrow band.

For measuring the reflectance of the samples, intergrading sphere with a diameter of 150 µm by

Labsphere (DRA 2500) is added to the Cary 5000. The apparatus consists of a sphere with diameter

of 150 µm covered with a high reflectance material, in our case Spectralon®[92]. Spectralon is a

fluoropolymer produced by Labsphere and is an extremely white material with reflectance of 98% -

99% in the 200 nm to 2500 nm spectrum region. The material has the ability to reflect the incident

radiation into a full diffused manner, meaning symmetrical to all directions. In this way, the detector

placed at the button of the sphere will receive light regardless of the initial direction of the beam.

One of the main advantages of this instrument is its functionality of double beam measurement.

This type of measurement requires a reference standard with known reflectance. The reflected radiation

of the reference standard is continuously compared to the sample’s reflected radiation. This ensures

that any fluctuations or interferences due to the electronics, light source, detector and changes in the

sphere are removed from the measurement at each time step.

2.2.3 Standards for measurement and characterization of cool materials

properties

Various standards exist for the characterisation of cool materials [93]. Two non-profit organizations the

Cool Roof Rating Council (CRRC), in the USA and the European Cool Roofs Council (ECRC) [94],

operate to develop accurate and credible methods for evaluating and labelling the solar reflectance

and infrared emittance of roofing products. The CRRC and ECRC have published guidelines [95, 96]

in order to provide a unified and credible framework for rating and reporting the radiative properties

of roofing products. Moreover Energy Star® [97], an government-backed symbol provided by U.S.A

Environmental Protection Agency (EPA) has published cool roofs requirements [98]. Specific limits

in the initial and aged solar reflectance (SR) for a roofing product to be awarded with Energy star

logo are proposed. To measure solar reflectance of roofing materials, pyranometer, portable solar

reflectometer and spectrophotometer are used. To measure infrared emittance of roofing materials,

portable emissometers are used. The main standards for these measurements are:
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1. ASTM E903 [99] in conjunction with ASTM E891 [100] air mass 1.5 beam normal spectrum:

Standard Test Method for Solar Absorptance, Reflectance, and Transmittance of Materials

Using Integrating Sphere, provides a procedure for measuring near-normal beam-hemispherical

spectral reflectance using a spectrophotometer equipped with an integrating sphere. The

measurements of spectral near normal-hemispherical reflectance are made over the spectral

range from approximately 300 to 2500nm with an integrating sphere spectrophotometer. The

solar reflectance is obtained by calculating a weighted average of the reflectance with a standard

solar spectral irradiance as the weighting function by direct calculation of suitable convolution

integrals.

2. C1549-09 [101] in conjunction with ASTM E891 [100] air mass 1.5 beam normal spectrum:

Standard Test Method for Determination of Solar Reflectance Near Ambient Temperature Using

a Portable Solar Reflectometer. ASTM C1549-09 describes the process for determining the solar

reflectance of flat opaque materials in a laboratory or in the field using a commercial 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. Software in the instrument combines

the outputs of the four detectors in appropriate proportions to approximate the response for

incident solar radiation through air mass 1.5.

3. ASTM C1371 [102]: Standard Test Method for Determination of Emittance of Materials Near

Room Temperature Using Portable Emissometers, provides a technique for determination of

the emittance of typical materials using a portable differential thermopile emissometer. The

purpose of the test method is to provide a comparative way of quantifying the emittance of

opaque, highly thermally conductive materials, in near room temperature conditions.

2.2.4 Surface temperature data loggers

For the acquisition of surface temperature of the samples, two different types of measuring equipment

are used. For the initial measurements, a set of 2 data loggers Omega Engineering HH306A (Figure 2.13)

with K-type thermocouples (Figure 2.15a) are utilised. The measurement range of this particular

equipment is −200 ◦C to 1370 ◦C ±0.2%. With the proposed setup only 12 samples (four thermocouples

per data logger) can be measured at the same time. For the remaining of the experiments a CR850

measurement and control datalogger (Figure 2.14a) along with a AM16/32B 32-Channel relay

multiplexer (Figure 2.14b) from Campbell Scientific is used. The analogue voltage accuracy is 0.06%

of reading at 0 ◦C to 40 ◦C and the analogue resolution 0.33 µV. The multiplexer has on-board

reference junction in order to compensate and accurately calculate the temperature from the voltage
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difference of the thermocouple. Custom 10 m K-type thermocouples are constructed (Figure 2.15b).

The K-type thermocouples are made from 30 gauge double insulated Kapton thermocouple wire by

Omega engineering (product code TT-K-30-500). With the new setup a maximum of 32 simultaneous

surface measurements could be achieved. A small 1x1x1 cm white ploysterine block on the top of each

sample is placed to ensure transfer of the surface temperature to the thermocouples and eliminate the

impact of solar radiation.

Figure 2.13 Data logger HH306A.

(a) CR850. (b) AM16/32B 32-Channel relay multiplexer.

Figure 2.14 Data logger from Campbell Scientific.
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(a) K-type thermocouple Model: 5SC-KK-
K-30-36. (b) Custom K-type thermocouple.

Figure 2.15 K-type thermocouples.

2.2.5 Thermal imaging camera

The surface temperature distribution of the developed sample is measured with the thermal imaging

camera, ThermaCAM B2 by Flir Systems (Figure 2.16). In the photograph (Figure 2.17) surface

temperature is displayed in different colours depending of the temperature scale that exist on the right

side of the each thermal imaging picture. The thermal imaging camera measures the temperature

using the Stefan-Boltzmann equation (Equation (2.2)).

E = ϵσT 4 (2.2)

where ϵ is the emittance of the material, σ = 5.6703x10−8 W
m2K4 and T the temperature of the material

in K.

The technical characteristics of the thermal imaging camera are tabulated in the following Table 2.1:

Table 2.1 Basic technical characteristic of ThermaCAM B2.

Temperature range −20 ◦C to 100 ◦C

Accuracy ±2◦C

Repeatability ±1◦C

Thermal sensitivity 0.1 ◦C at 30 ◦C

Field of view/min focus distance Typical 19°x 14°/0.3 m

Detector type
Focal Plane Array (FPA), uncooled

microbolometer 160 x 120 pixels

Spectral range 7.5 µm to 13 µm
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Figure 2.16 Thermal imaging camera: Flir ThermaCAM B2.

Figure 2.17 Thermal imaging picture.



Chapter 3

Development and testing of

inorganic based cool coatings

3.1 Introduction

The aim of the present chapter is to describe the development of inorganic based cool coatings. The

development phase of the cool coatings is split into two periods. During the first period ten different

coatings are developed using locally sourced raw materials. During the second period two out of

the ten different coatings developed in the first period, used to test, different grain sizes of the raw

materials along with different surface finishing.

3.2 Materials and methods

3.2.1 Renders

In this section the materials used to create the coatings are explained. First, the render synthesis is

described. Render is a mixture of aggregate (usually sand), lime, water and binder. The ration of raw

material depends of the render type and use.

Render synthesis and preparation is done in the form of pulp which congeals and hardens under

the effect of atmospheric air or water depending on the binder type. In the first step of the synthesis,

render in the plastic state, can be formed into any shape and form without affecting its final properties.

As time passes (duration depends on the binder type and environmental conditions of temperature
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and humidity) the render starts to solidify and to transform into a solid object. The binder is filling

the space between aggregate particles, so the ratio of binder/aggregate must be correctly selected. If

the mixture has excess amount of binder, the final product will have reduced durability and higher

price. If the mixture is poor, the final product is porous and with reduced durability.

Various render types are widely used for coating various surfaces. The aim is to protect, insulate

and improve the general aesthetic appearance of the surfaces. These are called "coatings". Coatings

are distinguished into two major categories, depending on whether they are used in the inside or

outside surfaces of the building. Surface orientation, location and texture dictate the type of render to

be used in each application. For hundreds of years external renders are used on the external surface

of buildings to increase the resistance to weathering [103–105].

3.2.2 Aggregates

The term "aggregates" generally characterizes all the materials (usually stone and granulates from

natural or artificially crushed natural stone) used in conjunction with binders (cement) and welded

together to form the render. In this subsection the aggregates used to formulate the cool coatings are

described.

3.2.2.1 Dolomite marble powder

Dolomite marble is a carbonate rock that contains up to 10% calcite (CaCo3) and at least 90% mineral

dolomite. Dolomite mineral chemical formula is: CaMg(C02)3, commonly found in white colour (may

also appear as yellow, grey or even black dependently on the impurities) and a Mohs hardness of 3.5 -

4.5.

The dolomite marble powder (DMP) (Figure 3.2a) aggregate used in the experiments accord-

ing to the results of X-ray diffraction (XRD) (Bruker D8 Advance Diffractometer, Section 2.1.1)

analysis contains 92.8% dolomite, chlorite (Mg6Si4O10(OH)8) 3.3%, calcite (CaCO3) 2% and illite (

K(Al4Si2O9(OH)3 ) 1.8%. In Figure 3.1 the XRD pattern of the DMP marble powder is depicted.
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Figure 3.1 XRD spectrum of the dolomite marble powder aggregate.

(a) Dolomite marble powder. (b) Limestone marble powder. (c) Quartz sand.

Figure 3.2 Aggregates used for the development of the samples.

3.2.2.2 Limestone marble powder

Limestone marble is a metamorphic rock composed of recrystallized carbonate minerals, most commonly

calcite. Limestone marble is found to be white coloured. The limestone marble powder (LMP)

aggregate used in the experiments according to the of XRD (Bruker D8 Advance Diffractometer,

Section 2.1.1) analysis shows that the aggregate contains calcite 90%, dolomite 8.9% and quartz (SiO2)

0.2%.
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Figure 3.3 XRD spectrum of the limestone marble powder aggregate.

3.2.2.3 Quartz sand

Quartz sand (QUA) (SiO2) is an important mineral of the lithosphere and participates in the

constituents at about 12%. Quartz is the most important sand-forming mineral because it is resistant

to both physical and chemical weathering. The QUA aggregate (Figure 3.2c) used in the experiments

according to the results of XRD (Bruker D8 Advance Diffractometer, Section 2.1.1) analysis (Figure 3.4),

demonstrates that the aggregate contains quartz 96.8%, albite (NaAlSi3O8) 1.5% , calcite 1.1% and

microcline (KAlSi3O8) 0.6%.
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Figure 3.4 XRD spectrum of the quartz sand aggregate.

3.2.2.4 Glass beads

Glass beads (GB) are constructed by the pulverization of new or reclaimed glass into powder. This

powder is then poured, sprayed, or sprinkled into a large multi-storey furnace. The individual particles

are blown through several flames until they softened and sphere shaped. These spherical droplets are

cooled in the top half of the furnace and are then collected and sieved through specially designed

grading screens. The glass beads (Figure 3.5) used in the experiment have diameter from 180 nm to

850 nm, with refractive index 1.5 and Mohs hardness 6-7.
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Figure 3.5 Glass beads.

3.2.3 Lime

Lime is the conventional name of the white coloured product formed by calcification and further

treatment of limestone. It is used to describe both quicklime and the reacted product with water,

called slaked lime or hydrated lime. Limes is found in huge spectrum of applications. It is one of

the oldest binders used for making mortar. When common limestone is calcined between 800 ◦C

and 1100 ◦C, calcium carbonate (CaCO3) is decomposed to carbon dioxide gas (CO2) and the solid

calcium oxide or activated calcium (CaO).

CaCO3 → CaO+CO2 (3.1)

Calcium oxide reacts rapidly with water, releasing heat and giving hydrated lime, [Ca(OH)2]. The

hydration of lime is a reversible reaction described by following equation:

CaO+H2O → Ca(OH)2 (3.2)

3.2.4 Binders

The binders used in the present thesis are described in this section.
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3.2.4.1 Natural hydraulic lime with pozzolanic additives

Natural hydraulic lime is produced by calcining agillaceous or siliceous limestone at temperatures

from 900 ◦C to 1200 ◦C [106]. Natural hydraulic lime conforming to EN459 [107] is typically used for

repointing/rendering and building works on most masonry types. Pozzolan or pozzolanic materials

react with calcium hydroxide and form hydraulic compounds acting as binders, which enhance the

strength gain of hydrated, hydraulic and natural hydraulic lime mortars. In particular, pozzolan

additions to a lime indicated by the letter Z, following the lime designation e.g. NHL-3.5Z, are also

included in this study. Among the specific characteristics of these materials the most important are

the high water permeability and the durability to outdoor corrosion [108, 109]. With the help of the

XRD (Bruker D8 Advance Diffractometer, Section 2.1.1) the composition of the natural hydraulic

lime with pozzolanic additives (NHL) is presented in Figure 3.6.

Figure 3.6 XRD spectrum of natural hydraulic lime with pozzolanic additives.

3.2.4.2 White Portland cement

Portland cement is an artificial fine powder which is prepared by fine grinding of the clinker. Clinker

internationally is called the product resulting from heating mixture of limestone and aluminosilicate

rocks to 1450 ◦C in a kiln, in a process known as calcination, whereby a molecule of carbon dioxide

is liberated from the calcium carbonate to form calcium oxide, or quicklime, which is then blended
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with the other materials that have been included in the mix to form calcium silicates and other

cementitious compounds. Cement set and hardens when mixed with water at room temperature.

The reactions that cause setting and hardening are described as exothermic hydration reactions. It

combines large hydraulic capacity and high strength, so it is widely used in construction, as well as in

hydraulic engineering.

White Portland cement (WCM) is a special category of Portland cement. The characteristic

greenish-gray to brown colour of ordinary Portland cement derives from a number of transition

elements in its chemical composition. These are, in descending order of colouring effect, chromium,

manganese, iron, copper, vanadium, nickel and titanium. The amount of these in white cement is

minimized as far as possible. Cr2O3 is kept below 0.003%, Mn2O3 is kept below 0.03%, and Fe2O3

is kept below 0.35% in the clinker. With the help of the XRD (Bruker D8 Advance Diffractometer,

Section 2.1.1) the composition of the WCM is presented in Figure 3.7.

Figure 3.7 XRD spectrum of white Portland cement.

3.3 Development of the coatings’ samples

For the development of the samples, a metal matrix (Figure 3.8) ia fabricated. The dimensions of the

matrix are 10cm x 10cm x 3cm. These dimensions are selected so that the samples can be fit into the
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ultraviolent (UV)/visible (VIS)/near infrared (NIR) spectrophotometer apparatus. The substrate of

the coatings’ is developed by a mixture of aggregates and normal (black) Portland cement (Figure 3.8)

with a ration of 3:1. The substrate provides a base for the coatings’, providing mechanical strength

and durability that is needed for the transportation and handling of the samples. The substrate

occupies 83% (2.5cm) of the metal matrix hight. In an effort to approach as much as possible their

behaviour as coatings in building surfaces, the substrates are left to cure for seven days and once per

day a small amount of water was purred on the surface in order to prevent cracks during this process.

Figure 3.8 Metal matrix with substrate.

The ingredients of the coatings are mixed in small, plastic containers. First the aggregates, lime

and binder are weighted, put in the containers and meticulously mixed. Consequently, the required

amount of water is added to the mixture. Then all the ingredients are mixed until a uniform pulp is

created. A small amount of water is added on the top of the substrate with a help of a paintbrush

to ensure good binding with the pulp. The pulp is placed on top of substrate. A smooth and even

surface is achieved for all samples by the use of a 15cm spatula. The samples are left to cure for a

month in stable humidity and temperature conditions (RH = 50±5% and T = 22±2 ◦C).

3.4 Experimental procedure

The development of inorganic based cool coatings is performed in two phases:

Phase 1: Using dolomite marble powder (DMP), limestone marble powder (LMP), quartz sand (QUA)

with/without glass beads (GB) and binders natural hydraulic lime with pozzolanic additives -

NHL or white Portland cement - WCM).
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Phase 2: Additional samples using dolomite marble powder (DMP), limestone marble powder (LMP)

with three different grain distribution and white Portland cement (WCM) as binder, where half

of the samples surfaces are sanded.

At the first phase different materials are chosen based on their availability in the Mediterranean

region. The protocol for developing and testing the inorganic cool coatings is developed and verified

at this phase. The second phase is based on the results of the first phase. The two parameters that

are examined in the second phase, are the grain distribution and surface finishing of the samples. A

set of two identical samples are created for this phase. The surface of the first set remains untouched

while the surface of the second set is sanded using sand paper.

3.4.1 Experimental procedure of the first phase

Tabulated in Table 3.1 is the composition of the samples created during the first phase. The samples

are divided into three groups according to their raw materials. The grain size distribution for the

LMP and DMP is presented in Figure 3.9 while for the QUA in Figure 3.10. Moreover a reference

sample is created using normal Portland cement.

In the following section the solar reflectance, infrared emittance and surface temperature of the

samples are measured and discussed.

Table 3.1 Code names, composition of the samples developed in first phase.

Group Sample Code Finishing Ratio per volume

1

WCM-LMP WCM/L/LMP 1/1/2

WCM-DMP WCM/L/DMP 1/1/2

NHL -LMP NHL/L/LMP 1/1/2

NHL-DMP NHL/L/DMP 1/1/2

2
WCM-QUA WCM/L/QUA 1/1/1.8/0.2

NHL-QUA NHL/L/QUA 1/1/1.8/0.2

3

WCM-LMP-GB WCM/L/LMP/GB 1/1/1.8/0.2

WCM-DMP-GB WCM/L/DMP/GB 1/1/1.8/0.2

NHL-LMP-GB NHL/L/LMP/GB 1/1/1.8/0.2

NHL -DMP-GB NHL/L/DMP/GB 1/1/1.8/0.2

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement

Portland; DMP: dolomitic marble; LMP: limestone powered; QUA: quartz sand;

GB: glass beads; L: hydrated lime
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Figure 3.9 Grain size distribution of LMP-DMP.

Figure 3.10 Grain size distribution of QAU.

3.4.1.1 Spectral reflectance and infrared emittance of cool coatings

The results of the spectral reflectance measurements of the ten developed coatings as well as the

reference sample are presented. Figures 3.11 to 3.13 show the solar reflectance spectrum of the 1st,
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2nd and 3nd group respectively. The solar reflectance spectrum of each sample is included in Appendix

A ( Figures A.1 to A.10). The measurements are conducted using the Carry 5000 with the integrating

sphere (Section 2.2.2).

Figure 3.11 Solar reflectance spectrum of the 1st group and reference samples.

Figure 3.12 Solar reflectance spectrum of the 2nd group and reference samples.
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Figure 3.13 Solar reflectance spectrum of the 3st group and reference samples.

All developed samples demonstrate solar reflectance above the reference sample. The samples

with WCM as binder have higher solar reflectance values in the whole spectrum comparing with the

samples with NHL. Also all samples except the reference have a local minimum around 1410nm.

Based on the measurements of spectral reflectance using the Carry 5000 with the integrating

sphere, the solar reflectance (SR) is calculated for each one of the samples using the ASTM E903-12

[99] and ASTM G159-91[110] standards. The total, near infrared (NIR: 300-400nm), visible (VIS:

400-700nm) and ultraviolet (UV: 700-2500nm) SR are tabulated in Table 3.2.
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Table 3.2 Solar reflectance in near infrared, visible and ultraviolet wave-length of the
1st, 2nd, 3nd group samples.

Group No. Sample Name SR (%) SRIR (%) SRVIS (%) SRUV (%)

1

1 WCM-LMP 86 86 85 71

2 WCM-DMP 89 90 88 71

3 NHL-LMP 82 84 81 64

4 NHL–DMP 79 81 77 57

2
5 WCM-QUA 70 73 67 51

6 NHL-QUA 66 71 61 40

3

7 WCM-LMP-GB 87 86 87 76

8 WCM-DMP-GB 90 91 90 78

9 NHL-LMP-GB 83 85 81 62

10 NHL-DMP-GB 79 80 78 63

11 Portland cement 49 50 47 37

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement Portland;

DMP: dolomitic marble; LMP: limestone powered; QUA: quartz sand; GB: glass beads

Almost all samples present high SR above 0.80. The highest SR is observed for WCM-DMP-GB,

WCM-DMP, WCM-LMP. The lowest SR is observed NHL-QUA, WCM-QUA. Quartz sand is used

as aggregate giving for those samples a yellowish surface colour. The results for all samples show

increased SRIR and SR for all samples comparing to the reference one.

For the 1st group (Figure 3.11) the white Portland cement with either dolomite or limestone

marble powder samples as an aggregate have higher solar reflectance than the ones corresponding to

the hydraulic lime based samples (NHL-LMP and NHL-DMP). It is worth noting that for the same

aggregate, i.e. DMP, a difference of almost 10% in the SR is recorded when using WCM or NHL as a

binder. Analogous observations can be made for the 2nd group (Figure 3.12) where the NHL based

sample has lower SR compared to the WCM one.

The 3rd group (Figure 3.13) is composed by the 1st group coatings with the addition of an

additional component, i.e. the glass beads (GB). In the 3rd group, the addition of glass beads (GB)

increase the SR of all samples. Therefore the addition of glass beads improves the optical properties

of all samples regardless of the binders and aggregates used.

For the measurement of the infrared emittance (IE) values the "Device and Services Emissometer

model AE1" is used (Section 2.2.1). The values of IE are tabulated on Table 3.3. For the 1st group
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the hydraulic lime based samples have increased infrared emmitance compared to the white Portland

cements ones. The opposite observations can be made for the 2nd group where the NHL based sample

has lower infrared emittance compared to the WCM one. A 5%-7% different in infrared emittance is

observed comparing the two binders independently the aggregates used.

Increased infrared emittance is measured for samples of the 3rd compared to the 1st group. A

considerable increase in the WCM based samples concerning their infrared emittance is observed due

to the addition of glass beads. Therefore the addition of the glass beads and quartz in the specific

aggregates and binders enhance the cooling effect of the inorganic coatings studied.

Table 3.3 Infrared emittance of the 1st,
2nd, 3nd group samples.

Group No. Sample Name IE

1

1 WCM-LMP 0.81

2 WCM-DMP 0.83

3 NHL-LMP 0.88

4 NHL–DMP 0.88

2
5 WCM-QUA 0.90

6 NHL-QUA 0.83

3

7 WCM-LMP-GB 0.90

8 WCM-DMP-GB 0.87

9 NHL-LMP-GB 0.88

10 NHL-DMP-GB 0.85

11 Portland cement 0.78

NHL: natural hydraulic lime with poz-

zolanic additives; WCM: white cement

Portland; DMP: dolomitic marble; LMP:

limestone powered; QUA: quartz sand;

GB: glass beads

3.4.1.2 Surface temperature of cool coatings

For the first phase, 2 HH306A data loggers (Figure 2.13) are used for measuring the surface temperature

of the samples thus a total of 8 samples could be measured at any given time.
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Figure 3.14 Samples placed on the roof of the K2 building.

The samples are placed on the roof of K2 building of the School of Environmental Engineering in

Technical University of Crete. The placement of the samples on top of a wooden structure is chosen

to minimize the effect of the concrete tiles covering the building roof. The data logger is in a close

proximity to the samples inside a well-ventilated white box. The meteorological station [111] (Davis

Vantage Pro2 wireless fan-aspirated [112]) located 200m North-East of the K2 building is used to

measure the air temperature, relative humidity, air speed and solar radiation.

A series of surface measurements are performed using 2 HH306A along with K-type thermocouples.

Due to limited number of data loggers the surface temperature measurements took place during

different days of May 2013 for each of the three groups. In order to be able to compare the results, the

difference between the surface temperature of the samples and a reference sample is examined. The

reference sample used is the Portland cement. Thus the greater the difference of the temperatures

the cooler the sample under investigation is. The results of the 1st group which contain only the

binders and the different aggregates are depicted in Figure 3.15. The specific figure corresponds to

two days measurements in July 2013. The average ambient temperature was 25.53°C (max: 31.3°C

min: 21.8°C), relative humidity 70% (max: 90%, min:48%) and solar radiation 250 W/m2 (max:

822W/m2)

The samples of the 1st group with the lowest temperature difference are NHL-LMP followed by

NHL-DMP, WCM-LMP, and WCM-DMP. A difference of 3.2K is observed between the maximum
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temperatures of WCM-DMP and NHL-LMP. The highest temperature difference between the inorganic

samples and the reference sample is 5.6K for the WCM-DMP. Moreover it is worth noting that the

peak difference occurs later during the day for the NHL based samples than the WCM based samples.

Therefore the cement based sample with the dolomite aggregate has the highest reduction of the

surface temperature. This is in accordance with the optical properties measured in Section 3.4.1.1.

Figure 3.15 Surface temperature measurement of the 1st. group.

The surface measurements results of the 2nd group samples are illustrated in Figure 3.16. The

maximum temperature difference of the WCM-QUA and the reference is almost 5.5K. In this figure

the peak time of the NHL based sample occurs again later than the peak time of the cement based

sample. Moreover the temperature decrease of all samples of the 1st and 2nd group are almost of

the same levels although the measurements of the solar reflectance show some significant differences.

This can be attributed to the increased levels of the IE as measured and tabulated in Table 3.3. The

average temperature difference of the two samples is almost 2K.
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Figure 3.16 Surface temperature measurement of the 2rd. group.

The surface temperature differences for the 3rd group are depicted in Figure 3.17. The inclusion

of the glass beads enhances the cooling effect of the samples by almost 3K comparing to the ones

depicted in Figure 3.15 while the maximum temperature difference between the 3rd group samples and

the reference ones is almost 8.5K. Moreover the results are in accordance with the optical properties

measurements.
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Figure 3.17 Surface temperature measurement of the 3rd. group.
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3.4.2 Experimental procedure of the second phase

Spurred by the results presented in Section 3.4.1, an additional set of twelve samples (Table 3.4)

are developed to examine the correlation of the different grain sizes and surface finishings. The

samples are constructed using three different grain distributions: a) coarse (C), b) medium (M), c)

fine (F) (Figure 3.18) and untreated (N) or sanded (S) surfaces. Two different aggregates are used: a)

DMP, b) LMP along with WCM as binder that showed the lower surface temperatures during the

initial measurements (see Section 3.4.1). A commercial cool coating was purchased from a local store.

The application on top of the substrate is performed according to the manufacture recommendation.

Moreover the CR850 data logger with AM16/32B (Figure 2.14a) is used so up to 32 samples could be

measured.

Table 3.4 Code names, composition of samples developed in the second phase.

Group Sample Code Finishing grain distribution surface finish

4

LMP-C-N WCM/L/LMP coarse untreated

LMP-C-S WCM/L/LMP coarse sanded

LMP-M-N WCM/L/LMP medium untreated

LMP-M-S WCM/L/LMP medium sanded

LMP-F-N WCM/L/LMP fine untreated

LMP-F-S WCM/L/LMP fine sanded

DMP-C-N WCM/L/DMP coarse untreated

DMP-C-S WCM/L/DMP coarse sanded

DMP-M-N WCM/L/DMP medium untreated

DMP-M-S WCM/L/DMP medium sanded

DMP-F-N WCM/L/DMP fine untreated

DMP-F-S WCM/L/DMP fine sanded

WCM: white cement Portland; DMP: dolomitic marble; LMP: limestone powered;

L: hydrated lime; C: coarse ; M: medium ; F: fine; S: sanded; N: untreated
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Figure 3.18 Grain size distribution for coarse, medium, fine.

3.4.2.1 Spectral reflectance and infrared emittance of cool coatings

The spectral reflectance of the ten samples, the reference Portland cement and the commercial cool

coating (CCW) are performed and discussed in this section. Figures 3.19 to 3.21 shown the solar

reflectance spectrum of the 4th group samples with LMP, DMP as aggregate and two reference

samples, respectively. Individual solar reflectance spectrums are shown in Appendix A ( Figures A.12

to A.24). The measurements are conducted using the Carry 5000 with the integrating sphere.
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Figure 3.19 Solar reflectance spectrum of the LMP samples of 4st group.

Figure 3.20 Solar reflectance spectrum of the DMP samples of 4st group
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Figure 3.21 Solar reflectance spectrum of the 1st group samples.

All untreated samples (LMP/DMP - C/M/F - N) demonstrated higher solar reflectance in the

entire spectrum. Moreover a noticeable difference is observed at 1400 - 1450 nm with the absence of

the local minimum on the untreated samples.

Based on the measurements of spectral reflectance using the Carry 5000 with the integrating

sphere, the SR is calculated for each one of the samples using the ASTM E903-12 [99] and ASTM

G159-91[110] standards. The total, near infrared (NIR: 300-400nm), visible (VIS: 400-700nm) and

ultraviolet (UV: 700-2500nm) solar reflectance is tabulated in Table 3.5.

The samples of the 4th group have similar SR around 0.88. The results are in line with the

corresponding samples (WCM-LMP, WCM-DMP) from the 1st group. The sanded process decrease

the SR and SRUV by a small amount in all samples. The different grain distribution does not have any

effect on the SR values. The highest SR is observed for LMP-M-N, DMP-F-S, DMP-F-N, DMP-M-N.

For the measurements of the IE the "Device and Services Emissometer model AE1" is used. The

values of IE are tabulated in Table 3.6. For the 4th group the DMP untreated samples have significantly

higher IE (0.09) compared to the sanded ones. The same phenomenon is not observed for the LMP

samples. The DMP untreated sample with coarse grain size have higher IE followed by the medium

and fine (DMP-C-N > DMP-M-N > DMP-F-N) and the same order is observed with the sanded
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ones (LMP-C-S > LMP-M-S > LMP-F-S). This behaviour is not observed for the LMP samples.

The samples with LMP as aggregate have higher IE from the DMP ones by an average of 0.08. The

highest IE is measured for the LMP-M-N sample, IE=0.92.

Table 3.5 Solar reflectance in near infrared, visible and ultraviolet wave-length of the 4rth

group and reference samples.

Group No. Sample Name SR (%) SRIR (%) SRVIS (%) SRUV (%)

4

1 LMP-C-N 87 87 87 73

2 LMP-C-S 86 86 86 71

3 LMP-M-N 88 88 88 75

4 LMP-M-S 84 85 83 64

5 LMP-F-N 87 87 86 73

6 LMP-F-S 86 87 85 67

7 DMP-C-N 87 88 88 73

8 DMP-C-S 86 87 86 68

9 DMP-M-N 88 88 87 73

10 DMP-M-S 87 88 87 70

11 DMP-F-N 88 88 87 72

12 DMP-F-S 88 88 88 72

5
13 Commercial cool coating 84 84 88 8

14 Portland Cement 49 50 47 37

WCM: white cement Portland; DMP: dolomitic marble; LMP: limestone powered; C: coarse ; M:

medium ; F: fine; S: sanded; N: untreated
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Table 3.6 Infrared emittance of the 4rth group and
reference samples.

Group No. Sample Name IE

4

1 LMP-C-N 0.87

2 LMP-C-S 0.87

3 LMP-M-N 0.92

4 LMP-M-S 0.88

5 LMP-F-N 0.87

6 LMP-F-S 0.90

7 DMP-C-N 0.90

8 DMP-C-S 0.83

9 DMP-M-N 0.89

10 DMP-M-S 0.80

11 DMP-F-N 0.90

12 DMP-F-S 0.80

5
13 Commercial cool coating 0.89

14 Portland Cement 0.78

WCM: white cement Portland; DMP: dolomitic

marble; LMP: limestone powered; C: coarse ; M:

medium ; F: fine; S: sanded; N: untreated

3.5 Discussion of results

A total of 22 coatings, developed during the first and second phase is measured using the CR850

datalogger with the AM16/32B. The measurements’ period, June July 2017, is split into two groups:

day (7:00-20:00) and night (22:00-5:00) in order to determine the performance of the samples during

day and night. The average and maximum surface temperature of the entire measuring period is

tabulated in Table 3.7. The average day/night surface temperatures of the samples for each month

are presented in Figures 3.22 and 3.23 using box-plots.

During the course of the measurements the weather can be characterized by clear sky except

2 days that was raining in June 2017. The meteorological conditions of the measurement site are

tabulated in Table 3.7.
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Table 3.7 Meteorological condition of the measurement site during summer 2017.

Air temperature

(°C)
Relative humidity (%) Solar radiation (W/m2)

Day Night

June Average 27.7 21.9 62 293

Maximum 40.2 30.7 95 1076

Minimum 19.9 17.1 22 0

July Average 30.1 24.7 55 295

Maximum 40.2 33.2 95 1015

Minimum 22.8 20.8 15 0
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Figure 3.22 Average day/night surface temperatures of the samples for June 2017.
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Figure 3.23 Average day/night surface temperatures of the samples for July 2017.

Box plots break the data into quartiles. On the middle of the box is the average value of the

dataset. The upper and lower parts of the box represent the data with values up to 25% greater and

smaller respectively to the average value. The whisker (dotted line) represents the maximum and

minimum value found on the dataset. Outliers are represented as red crosses.

On Figures 3.22 and 3.23 the average day/night values of the ambient air (Tair) with a red

horizontal line as well as the reference sample’s (Tref) temperature with a blue horizontal line are

represented. The reference sample is ordinary Portland cement.
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Table 3.8 Daily monthly average/maximum surface temperatures of samples.

Average surface

temperature

(°C)

Maximum surface

temperature (°C)

Group Sample June July June July

1

WCM-LMP 30.10 31.32 43.53 43.51

WCM-DMP 30.28 31.65 42.72 43.22

NHL-LMP 31.19 32.32 45.28 45.69

NHL-DMP 31.48 32.45 44.87 45.05

2
WCM-QUA 31.20 33.18 46.40 46.93

NHL-QUA 31.91 33.72 49.91 48.66

3

NHL-LMP-GB 31.86 33.52 46.25 47.54

NHL-DMP-GB 31.48 32.62 46.46 46.72

WCM-LMP-GB 30.68 32.03 44.49 44.83

WCM-DMP-GB 30.84 32.07 44.57 44.99

4

LMP-C-N 31.06 32.57 44.05 45.15

LMP-C-S 31.32 32.82 45.02 46.20

LMP-M-N 30.91 32.52 44.41 45.23

LMP-M-S 30.58 32.08 43.80 44.55

LMP-F-N 30.66 31.95 44.03 44.00

LMP-F-S 30.76 32.19 44.08 44.73

DMP-C-N 30.34 32.06 43.61 44.51

DMP-C-S 30.32 32.13 44.69 44.74

DMP-M-N 30.62 32.19 43.94 44.80

DMP-M-S 30.45 32.06 43.43 44.28

DMP-F-N 30.51 32.18 44.23 45.19

DMP-F-S 29.93 31.00 42.74 42.68

5
Commercial cool coating 32.04 33.65 45.41 46.44

Portland cement 34.75 35.77 52.80 53.91

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement Portland;

DMP: dolomitic marble; LMP: limestone powered; QUA: quartz sand; GB: glass beads;

C: coarse ; M: medium ; F: fine; S: sanded; N: untreated
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Table 3.9 Nightly monthly average/maximum surface temperatures of samples.

Average surface

temperature

(°C)

Maximum surface

temperature (°C)

Group Sample June July June July

1

WCM-LMP 19.43 22.12 28.42 31.69

WCM-DMP 19.23 21.93 27.96 30.94

NHL-LMP 19.18 21.87 27.81 30.98

NHL-DMP 19.43 21.92 28.13 30.49

2
WCM-QUA 19.31 21.54 28.20 32.18

NHL-QUA 19.93 22.49 29.52 31.59

3

NHL-LMP-GB 18.34 20.96 27.01 30.23

NHL-DMP-GB 18.87 21.29 27.64 30.68

WCM-LMP-GB 19.29 21.97 27.66 31.41

WCM-DMP-GB 18.86 21.33 27.53 30.57

4

LMP-C-N 18.80 21.24 27.48 29.97

LMP-C-S 18.46 21.07 27.02 29.92

LMP-M-N 18.73 21.27 27.44 31.07

LMP-M-S 19.05 21.57 27.72 30.64

LMP-F-N 19.14 21.79 27.73 30.78

LMP-F-S 18.91 21.35 27.74 30.70

DMP-C-N 18.53 21.16 26.92 30.29

DMP-C-S 18.64 21.09 27.55 31.12

DMP-M-N 18.62 21.22 27.02 30.12

DMP-M-S 19.19 21.90 27.76 30.71

DMP-F-N 18.34 21.00 26.68 30.19

DMP-F-S 19.72 22.32 28.57 31.74

5
Commercial cool coating 18.54 21.00 26.97 30.35

Portland cement 18.29 20.65 27.44 30.34

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement Portland;

DMP: dolomitic marble; LMP: limestone powered; QUA: quartz sand; GB: glass beads;

C: coarse ; M: medium ; F: fine; S: sanded; N: untreated
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(a) Day.

(b) Night.

Figure 3.24 Difference in average day/night surface temperature sample minus reference.

The average and maximum surface temperatures for each day and each night are tabulated in

Tables 3.8 and 3.9. The day average surface temperature is from 29.93°C (DMP-F-S) to 31.86°C (NHL-

LMP-GB) and 31.32 °C (WCM-LMP) to 33.52°C (NHL-LMP-GB) for June and July respectively. The
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day maximum surface temperature for June is from 42.72°C (WCM-DMP) to 49.91°C (NHL-QUA)

and 42.68 (DMP-F-S) to 48.66°C (NHL-QUA) for July. The day maximum difference in average

surface temperature of 4.8K is observed for DMP-F-S and lowest at 2.9K NHL-LMP-GB for June and

4.5K (WCM-LMP) and 2.3K (NHL-LMP-GB) for July. A maximum deference of -1.6K is observed

for NHL-QUA and 0.0K for NHL-LMP-GB, -1.7K DMP-F-S and -0.3K NHL-LMP-GB during night

measurements for June and July.

The night average temperature for June is from 18.34 (NHL-LMP-GB) to 19.93°C (NHL-QUA)

and 20.96°C (NHL-LMP-GB) to 22.49°C (NHL-QUA). The night maximum surface temperature for

June is from 26.68 (DMP-F-N) to 29.52°C (NHL-QUA) and 29.92 (DMP-C-N) to 32.18°C (NHL-QUA)

for July respectively. The difference in maximum to minimum average surface temperature for June

is 1.6K, 1.5K for July and the equivalent when maximum surface temperatures are considered 2.6K

and 2.2K respectively.

The average surface temperature of all samples during the night is lower than the ambient air

(Table 3.9) for both months. This phenomenon is expected because during the night the main factor

that affects the change in surface temperature is the infrared emittance, if the assumption is made

that the heat transfer coefficient for all sample is the same (the sample are places close together so

thy exposed to the same air flow and over 75% of their mass is the same, Portland cement). The

night average surface temperature WCM-QUA, IE=0.90 is 19.31°C and 21.54°C versus 19.93°C and

22.09°C for NHL-QUA, IE=0.83 for June and July respectively. The same pattern is observed for the

DMP samples of the 4th group, DMP-F-N, IE=0.90 18.34°C and 21.00°C versus 19.72°C and 22.32°C

for DMP-F-S, IE=0.80 for June and July respectively. The same results are obtained from the night

maximum surface temperature. The results from the 1st, 3rd and sample with LMP from 4th are

inconclusive due to small difference in IE and average surface temperature.

The second phase of measurements confirmed some of the results from the first phase of measure-

ments. In the 1st phase of measurements, the lower surface temperature (Table 3.8) is observed for

sample WCM-LMP followed by WCM-DMP, NHL-LMP and NHL-DMP. Compared to the initial

measurements, an agreement is found on the binder with WCM producing lower surface temperatures.

On the other hand, LMP performs better than DMP for both months. A lower maximum surface

temperature is measured with DMP as aggregate for both binders and measuring periods. For the 2nd

group an agreement between the two measuring periods is observed. For the 3rd group no enhancement

on the reduction of the surface temperature is observed with the addition of the glass beads.

The analysis of the samples shows the following:

• The DMP-F-S (Table 3.4) has the lower average and maximum surface temperature from all

samples.
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• Lower average surface temperatures are linked to the samples with DMP as aggregates.

• For LMP the sanded surfaces have lower average and maximum temperature for fine (F) (0.2K,

0.5K) and coarse (C) (0.3K, 1K) grain distribution but higher for medium (M) (0.4K, 0.7K).

• For DMP the sanded surfaces have lower average (0.4K) and maximum surface (1.3K) tempera-

ture except for the course grain distribution that have higher maximum surface temperature by

0.7K.

In this chapter the development and testing of 22 inorganic cool coatings was realized. The main

results demonstrate that a coating with high solar reflectance can significantly reduce the surface

temperature during the day. The higher the SR the higher the reduction of the surface temperature

that can reach up to 7.2K.

The use of white Portland cement as binder results in samples with higher SR and eventually lower

surface temperature. Dolomite marble powder provides a higher SR than limestone marble powder

and quartz sand. The addition of glass beads improves the optical properties of all samples regardless

of the binders and aggregates used. The different grain distribution used (Figure 3.18) did not effect

solar reflectance but had demonstrated minor fluctuation in the surface temperature of the samples.

The best performing sample was white Portland cement, fine grain distribution with sanded surface.



Chapter 4

Development and testing of

thermochromic based cool coatings

4.1 Introduction

Colour changing coatings have been introduced by various researchers [113, 48]. Their ability to

contribute to the reduction of the buildings’ energy demand for cooling as well as to mitigate the

urban heat island has been tested [15].

In the framework of the present chapter two main categories of thermochromic (TC) colours

are examined: a) inorganic and b) organic. The inorganic colour changing coating used is the

bis(diethylammonium)tetrachlorocuprate(II), [(CH3CH2)2 −NH2]2CuCl4 with transition temperature

of 43-45 °C and transition colours from green to yellow. This coating is synthesised in Technical

University of Crete laboratories (Figure 4.1). Three organic thermochromic pigments are examined

chosen by New Color Chemical Co. Limited. The three pigments have different colours and transition

temperatures. The examined pigments are:

• Vermilion (red) with transition temperature at 33°C

• Turkish-blue with transition temperature at 38°C

• Brown with transition temperature at 43°C
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(a) At room temperature. (b) After phase change temperature.

Figure 4.1 Inorganic colour changing pigment.

4.2 Inorganic thermochromic coatings

In the framework of the present research various inorganic thermochromic compounds are examined.

Those are:

1. HgI2 with transition temperature 130°C

2. Tl2HgI4 with transition temperature 250°C

3. AgHgI4 with transition temperature 47 - 130°C

4. [Et2NH2]2CuCl4 with transition temperature 45°C

5. Cu2HgI4 with transition temperature 70°C

The compounds No 1, 2 and 3 are excluded due to the high transition temperature which is unsuit-

able for building materials’ applications. The compounds 3 and 5 also contain Hg which is considered

hazardous material. As a result the [Et2NH2]2CuCl4 (bis(diethylammonium)tetrachlorocuprate(II))

is selected to be tested as a inorganic thermochromic coating for the present research. The formulation

of the coating is achieved using the following chemical reaction:

CuCl2 +2(Et2NH2)Cl → [Et2NH2]2CuCl4 (4.1)

The raw materials are purchased from Sigma-Aldrich. The colour change is attributed to the

tetrachlorocuprate (II) anion (CuCl2−
4 ) due to its coordination geometry change from distorted

square-planar to distorted tetrahedral while it is heated [114].
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The colour changing pigment’s composition, verified by X-ray diffraction (XRD) is illustrated in

Figure 4.2. The XRD analysis is performed using a Bruker D8 Advance Diffractometer (Section 2.1.1).

For diethylammonium tetrachloridocuprate(II) simulated powder diffraction patterns are calculated,

based on single crystal structure data [115]. The Fourier transform infrared spectroscopy (FTIR)

analysis is performed using a Perkin-Elmer 1000 spectrometer (Section 2.1.2) with 4 cm-1 resolution

in the spectral range of 400-4000 cm-1. Prior to the FTIR analysis, the samples are homogenized

with KBr and pressed to obtain a pellet with the aid of a vacuum hydraulic press. The FTIR analysis

(Figure 4.3) of the specific pigment identified absorptions attributed to N–H stretching, such as 3524

and 3080 cm-1. Further evidence for the ammonium group is provided by the NH2 deformation bands

found at 2461 and 1560 cm-1. Typical absorptions of the ethyl group, such as the C–H stretching

occurs at 2988, 2811 cm-1, CH2 bending modes at 1455 cm-1, CH3 bending absorption at 1390 cm-1;

while the absorptions at 1198 cm-1 (CH–NH–C), 1158 cm-1(C–N–C), 1041 cm-1(C–N) and 767 (–CH2

–) confirmed the presence of ethyl and ammonium groups in the pigment (see Figure 4.3)

The thermal decomposition of the synthesized pigment is assessed by means of Differential Thermal

Analysis - Simultaneous Thermogravimetric (DTA-TG) with a Setaram LabSysEvo 1600 (Section 2.1.3);

the DTA-TG analysis is performed under air atmosphere at a heating rate of 10 °C/min from 27 °C to

1000 °C. The thermal analysis of the synthesized pigment illustrated in Figure 4.4, shows the transition

during which the coating turns from green to yellow (45 °C); this peak is very sharp [114]. The second

peak at 77 °C is the melting peak, while the peak at 350 °C corresponds to the decomposition of the

ethyl groups.

Figure 4.2 XRD spectrum of the inorganic colour changing pigment.
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Figure 4.3 FTIR spectrum of the inorganic colour changing pigment.

Figure 4.4 Thermal analysis of the synthesized pigment.



Development and testing of thermochromic based cool coatings | 71

4.3 Organic thermochromic coatings

A set of three organic thermochromic pigments are chosen by New Color Chemical Co. Limited.

Tabulated in Table 4.8 is presented the composition of the three organic thermochromic pigments.

The data are obtained by the manufacturer’s Material Safety Data Sheet.

Table 4.1 Chemical composition of organic thermochromic pigments

Pigment Chemical compunt Weight (%) CAS No.

Red Melamine Formaldehyde Resin 1~5 68002-20-0

3-Dibuthylamino-6-methyl-7-bromo-fluoran 2~10 117342-26-4

Bisphenol A 5~15 80-05-7

Methyl stearate 50~80 112-61-8

Blue Melamine Formaldehyde Resin 1~5 68002-20-0

6’-(ethyl(4-methylphenyl)amino)-2’-(methylphenylamino) 2~10 42530-35-8

Bisphenol A 5~15 80-05-7

Methyl stearate 50~80 112-61-8

Brown Melamine Formaldehyde Resin 1~5 68002-20-0

Spiro(isobenzofuran-1(3H),9’-(9H)xanthen)-3-one 1~4 21934-68-9

Bisphenol A 5~15 80-05-7

3-Diethylamino-6-methyl-7-(2,4-xylidino)fluoran 2~10 36431-22-8

Methyl stearate 50~80 112-61-8

4.4 Optical filters for the protection of the inorganic and or-

ganic thermochromic coatings

A major issue with the organic thermochromic coatings is their degradation when they are exposed

to solar radiation and especially to the ultraviolent (UV) part of the solar radiation [116–118]. Two

commercially available UV protection products (UV stabiliser: Eversorb and polyurethane varnish:

Ilam) are applied on top of the thermochromic coating. Using the Carry 5000 with the integrating

sphere their transmission spectrum is measured (Figure 4.5). Clear plastic film is used as substrate

and on top a thin film of the UV varnish is applied. Eversorb has a very steep descent at 434nm

(at the edge of the VIS region) with zero transmittance after 394nm. Ilam has a descent starting at

423nm and ending at 312nm, after which the transmittance is zero.
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Figure 4.5 Spectral transmittance of substrate, substrate with Eversorb and substrate with Ilam.

4.5 Experimental procedure

4.5.1 Inorganic thermochromic coatings

4.5.1.1 Preparation of inorganic thermochromic coatings

Several experiments are made in order to incorporate the

bis(diethylammonium)tetrachlorocuprate(II) (ITC) into a matrix either using water based or solvent

based white paints but were unsuccessful. The solution is found to dissolve the compound into purified

water and painting it over a plaster of Paris (Pl) covered sample holder. A set of six samples are

prepared with black Portland cement as substrate (10cm x 10cm x 2.5cm) and covered with plaster of

Paris (thickness: 0.5cm), Table 4.2. For painting the ITC on the plaster of Paris samples, 0.3g of ITC

are dissolved into 5g of purified water and then evenly spread over the whole area of the sample. To

cover the samples with the UV varnished, the samples are left into a dark chamber at atmospheric

conditions in order for the purified water to evaporate.
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Table 4.2 Composition and codename of inorganic thermochromic coatings.

No Code Type Type of UV varnish

1 ITC inorganic thermochromic title -

2 ITC_V Inorganic thermochromic sample covered

with polyurethane varnish

Ilma

3 ITC_S Inorganic thermochromic sample covered

with UV stabiliser

Eversorb

4 Pl plaster of Paris -

5 Pl_V plaster of Paris covered with polyurethane

varnish

Ilma

6 Pl_S plaster of Paris covered with UV stabiliser Eversorb

4.5.1.2 Spectral reflectance and infrared emittance of inorganic thermochromic coat-

ings

The results of spectral reflectance measurements for the inorganic thermochromic coating before and

after the transition temperature (Table 4.2) is shown at Figures 4.11 to 4.16. The measurements are

conducted using the Carry 5000 with integrating sphere (Section 2.2.2). The coatings are raised to

their transition temperature using the laboratory furnace. The UV varnish, Eversorb was not cured (a

sticky surface was created) after 5 days in room temperature and it was not possible to be measured

with the Cary 5000 without removing the varnish from the surface of the samples.
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Figure 4.6 Spectral reflectance of sample: plaster of Paris (Pl), plaster of Paris with inorganic
thermochromic (ITC) and plaster of Paris with inorganic thermochromic at transition temperature
(45°C) (ITC_45°C).
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Figure 4.7 Spectral reflectance of sample: plaster of Paris + Ilam (Pl_V), plaster of Paris with
inorganic thermochromic and Ilam (ITC_V) and plaster of Paris with inorganic thermochromic and
Ilam at transition temperature (45°C) (ITC_V_45°C).

With the addition of the inorganic thermochromic compound, the solar reflectance (SR) is increased

in 1000 - 2500nm wavelengths. When the samples are heated to 45°C, an increase is observed at

580nm (light yellow colour) and decrease at 5̃30nm (light green colour) of the solar reflectance values.

With the addition of the UV polyurethane varnish a steep decline in the solar reflectance is recorded

from 400 - 300nm (Figure 4.7). This result perfectly agrees with the previous findings in Figure 4.5.

The same results are anticipated for the UV varnish, Eversorb (_S in the samples codes) according to

the Figure 4.5.

Table 4.3 Solar reflectance in near infrared, visible, ultraviolet wave-length and infrared emittance of
plaster of Paris, plaster of Paris + inorganic thermochromic.

No. Sample Name SR (%) SRIR (%) SRVIS (%) SRUV (%) IE

1 Pl 66 70 62 52 0.85

2 ITC 67 70 65 36 0.87

3 ITC (45°C) 67 69 66 37 -

4 Pl_V 62 67 59 4 0.86

5 ITC_V 63 69 59 4 0.88

6 ITC_V (45°C) 63 69 59 4 -
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In Table 4.3 the SR in near infrared, visible, ultraviolet wave-length and infrared emittance (IE) of

plaster of Paris, plaster of Paris + ITC at room and transition temperature are shown. Moreover. the

samples covered with UV varnish Ilam are included in Figure 4.7. For the measurement of the IE the

"Device and Services Emissometer model AE1" is used. With the addition of the ITC, a small increase

is observed in the overall SR and SRVIS but significant decrease in SRUV. A small change is observed

in the SR spectrum of the ITC at change temperature only in the visible part of the spectrum. Also

the IE of the sample with the ITC is increased. With the introduction of the UV varnish a significant

reduction of the SRUV for all samples is observed as expected form the previous results (Figure 4.5).

A smaller decrease is recorded for the total SR, SRIR, SRVIS. A small increase is observed for the IE

of the samples.

4.5.1.3 Surface temperature measurement of the inorganic thermochromic coatings

A nineteen days measurement period is conducted during September 2017 to investigate the thermal

performance of the inorganic thermochromic coatings. Also a reference sample made with Portland

cement is measured. The samples are placed on top of a wooden structure at the roof of K2 building

at the Technical University of Crete campus. The CR850 datalogger along with the AM16/32B are

utilised for the measurements of the surface temperature. The measurements are split into two groups:

day (7:00-20:00) and night (22:00-5:00) in order to determine the performance of the samples during

day and night.

During the course of the measurements the weather is characterized by clear sky. Tabulated in

Table 4.4 are the meteorological conditions of the measuring period.

Table 4.4 Meteorological conditions during thermochromic coatings testing.

Air temperature (°C) Relative humidity (%) Solar radiation (W/m2)

Day Night

September Average 28.4 20.4 67 236

Maximum 36.1 28.3 89 913

Minimum 19.2 14.9 32 0

The surface temperature of the samples is presented in Figure 4.8 using box plot. The ambient air

temperature (Tair) is represented using a red horizontal line. The surface temperature of the reference

sample is denoted by a blue line. Table 4.5 includes the average and maximum surface temperatures

of the samples.



Development and testing of thermochromic based cool coatings | 77

IT
C

P
l

IT
C
_V P

l_
V

IT
C
_S P

l_
S

Sample

27

28

29

30

31

32

33

34

35

36

37

D
ay

 m
ea

n 
su

rf
ac

e 
te

m
pe

ra
tu

re
 (

°C
)

September

Tair

Tref

(a) Day.
IT

C

P
l

IT
C
_V P

l_
V

IT
C
_S P

l_
S

Sample

14

15

16

17

18

19

20

21

22

23

N
ig

ht
 m

ea
n 

su
rf

ac
e 

te
m

pe
ra

tu
re

 (
°C

)

September

Tair

Tref

(b) Night.

Figure 4.8 Average day/night surface temperature of the inorganic thermochromic samples.

Table 4.5 Average and maximum surface temperature for inorganic thermochromic samples during
day and night.

Group Sample Day Night

Average

surface

temperature

(°C)

Maximum

surface

temperature

(°C)

Average

surface

temperature

(°C)

Maximum

surface

temperature

(°C)

Inorganic ITC 30.59 42.44 18.90 27.23

Pl 30.98 43.62 19.03 27.44

ITC_V 31.51 44.41 19.26 27.83

Pl_V 32.29 45.89 18.98 27.40

ITC_S 32.47 45.62 18.75 27.18

Pl_S 32.73 46.51 18.92 27.32

Reference Portland cement 31.10 46.28 19.96 28.74

All inorganic thermochromic samples have lower average surface temperature ranging from 0.78K

for Pl_V to 0.25K Pl_S from the samples covered with plaster (Pl). The addition of the polyurethane

varnish (_V) has raised the average surface temperature by 1.12K and 1.82K for the UV stabiliser. A

reduction of the maximum surface temperature is observed from 1.48K for Pl_V to 0.89K Pl_S when
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compared with sample covered with Pl. Also the increase of the maximum surface temperature is

ranging from 2.12K to 3.04K for the samples covered with the polyurethane varnish and UV stabilizer

respectively.

4.5.1.4 Surface thermal imaging of inorganic thermochromic coatings

At the present stage of the experiment, the samples’ surface temperature is measured using a thermal

imaging camera, ThermaCAM B2 (Section 2.2.5). This procedure is repeated twice during the

measuring period to ensure reliability of the results. In particular, measurements are taken on the 4th

and 8th day, three times per day. Table 4.6 shows the average surface temperatures of the samples

based on the measurements of the thermal imaging camera. To obtain the average surface temperature,

four measurements are taken, one at each corner of the sample (Figure 4.9), using the software FLIR

Tools Software by FLIR® Systems, Inc[119]. All the thermal images are taken with the same emissivity,

IE = 0.80 and then were changed into the correct values, using the software tabulated in Table 4.3.

For the samples covered with Eversorb the same emissivity as measured for the samples covers with

Ilam UV varnish is used.

Figure 4.9 Measuring points of the sample with the use of the thermal imaging camera.

The data from the thermal imaging measurements (Table 4.6) are in line with the conclusions

obtained from surface temperature measurements with thermocouples (Table 4.5). The thermochromic

samples have lower surface temperatures than the samples covered with plaster of Paris (Pl).
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Table 4.6 Thermal imaging measurement of the inorganic thermochromic samples.

Day of mea-

surement

4 8

aaaaaaa
Sample Time 10:30 12:30 13:30 11:30 13:30 15:30

ITC 32.5 37.6 35.8 35.0 31.3 30.7

Pl 34.2 38.8 34.9 35.5 32.9 31.2

ITC_V 33.6 39.2 34.6 35.6 31.8 29.8

Pl_V 35.0 39.7 35.5 36.5 32.6 30.8

ITC_S 33.7 38.1 34.6 34.8 31.9 30.6

Pl_S 35.1 37.8 35.0 35.4 31.4 29.8

Conventional white paint 32.9 36.5 34.5 34.4 31.3 30.0

Portland cement 40.5 - 38.3 43.5 37.0 31.8

In order to compare the surface temperature (Figure 4.10) of the developed coatings a set of

thermal imaging photographs are taken on the forth day of the measuring period at 13:30. The scale

for all the photographs is set to 23°C - 53°C in order to enable the comparison.

For the inorganic thermochromic samples, (Figure 4.10) it is observed that the sample covered

with thermochromics has lower temperature than the samples covered only with plaster of Paris. The

addition of polyurethane varnish and UV stabiliser raises the surface temperature of the samples.
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Figure 4.10 Thermal imaging photographs of inorganic thermochromic samples, plaster of Paris with
varnish or UV stabilizer.
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4.5.2 Organic thermochromic coatings

4.5.2.1 Preparation of organic thermochromic coatings

According to the manufacturer’s recommendation a white alkyd (polyester modified by the addition

of fatty acids and other components) based enamel paint is used as a base. A number of tests are

performed in order to select the pigments’ mass content with the white enamel paint in order to

select the final colour. A 15% concentration by weight is selected as seen on Table 4.7. A set of

matching conventional colour coatings are developed in order to examine the effectiveness of the

organic thermochromic coatings. Sample name along with their composition are tabulated on Table 4.8.

The white base colour is poured into a single use plastic container, then the pigment is added and

thoroughly mixed. All coatings are applied on top of 10cm x 10cm x 3cm white pavement tiles.

Table 4.7 Consecration of organic thermochromic coating.

Red samples Blue samples Brown samples

White enamel paint 11.47g 11.55g 11.39g

Thermochromic pigment 1.74g 1.73g 1.71g

Concentration 15% 15% 15%
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Table 4.8 Composition and codename of organic thermochromic coatings.

No Code Type Type of UV varnish Colour

1 RTC Thermochromic sample - Red

2 RTC_V Thermochromic sample cov-

ered with polyurethane var-

nish

Ilma

3 RTC_S Thermochromic sample cov-

ered with UV stabiliser

Eversorb

4 RCO Conventional paint -

5 RCO_V Conventional paint covered

with polyurethane varnish

Ilma

6 RCO_S Conventional paint covered

with UV stabiliser

Eversorb

7 BTC Thermochromic sample - Blue

8 BTC_V Thermochromic sample cov-

ered with polyurethane var-

nish

Ilma

9 BTC_S Thermochromic sample cov-

ered with UV stabiliser

Eversorb

10 BCO Conventional paint -

11 BCO_V Conventional paint covered

with polyurethane varnish

Ilma

12 BCO_S Conventional paint covered

with UV stabiliser

Eversorb

13 BrTC Thermochromic sample - Brown

14 BrTC_V Thermochromic sample cov-

ered with polyurethane var-

nish

Ilma

15 BrTC_S Thermochromic sample cov-

ered with UV stabiliser

Eversorb

16 BrCO Conventional paint -

17 BrCO_V Conventional paint covered

with polyurethane varnish

Ilma

18 BrCO_S Conventional paint covered

with UV stabiliser

Eversorb
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4.5.2.2 Spectral reflectance and infrared emittance of organic thermochromic coatings

The results of the spectral reflectance for the thermochromic coating samples, after the transition

temperature (Table 4.1), conventional white paint (WCO) and reference sample (Portland cement) is

shown at Figures 4.11 to 4.17. The measurements are conducted using the Carry 5000 with integrating

sphere. The samples are raised to the transition temperature using the laboratory furnace.

Figure 4.11 Spectral reflectance of red thermochromic sample (RTC), red thermochromic sample at
transition temperature (33°C) (RTC_33°C) and red conventional sample (RCO).
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Figure 4.12 Spectral reflectance of red thermochromic sample covered with polyurethane varnish
(RTC_V), red thermochromic sample covered with polyurethane varnish at transition temperature
(33°C) (RTC_V_33°C) and red conventional sample covered with polyurethane varnish (RCO_V).
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Figure 4.13 Spectral reflectance of blue thermochromic sample (BTC), blue thermochromic sample at
transition temperature (38°C) (BTC_38°C) and blue conventional sample (BCO).
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Figure 4.14 Spectral reflectance of blue thermochromic sample covered with polyurethane varnish
(BTC_V), blue thermochromic sample covered with polyurethane varnish at transition temperature
(38°C) (BTC_V_38°C) and blue conventional sample covered with polyurethane varnish (BCO_V).
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Figure 4.15 Spectral reflectance of brown thermochromic sample (BrTC), brown thermochromic
sample at transition temperature (43°C) (BrTC_43°C) and brown conventional sample (BrCO).
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Figure 4.16 Spectral reflectance of brown thermochromic sample covered with polyurethane varnish
(BrTC_V), brown thermochromic sample covered with polyurethane varnish at transition temper-
ature (43°C) (BrTC_V_43°C) and brown conventional sample covered with polyurethane varnish
(BrCO_V).
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Figure 4.17 Spectral reflectance of commercial white coating and reference sample.

The solar reflectance of organic thermochromic samples display a significant increase in the

VIS part of spectrum when they are heated at their transition temperature. For the red and blue

thermochromics the solar reflectance is almost the same for the IR and UV part of the spectrum with

the conventional one. A significant difference in observed of the solar reflectance for the brown colour

between the thermochromic and the conventional. The addition of the UV varnish (Ilma) does not

change significantly the solar reflectance in th UV part of the spectrum for either the thermochromic

or the conventional samples.

Based on the measurements of spectral reflectance using the Carry 5000 with the integrating

sphere, the SR is calculated for each one of the samples using the ASTM E903-12 and ASTM G159-91

standards. The total, near infrared (NIR: 300-400nm), visible (VIS: 400-700nm) and ultraviolet (UV:

700-2500nm) SR are tabulated in Table 4.9.



90 | Development and testing of thermochromic based cool coatings

Table 4.9 Solar reflectance in near infrared, visible and ultraviolet wave-length of the organic ther-
mochromic coatings.

No. Sample Name SR (%) SRIR (%) SRVIS (%) SRUV (%)

1 RTC 67 76 58 6

2 RTC_33°C 75 76 79 5

3 RCO 66 75 57 5

4 RTC_V 67 75 60 5

5 RTC_V_33°C 74 75 78 5

6 RCO_V 68 76 59 6

7 BTC 69 77 63 6

8 BTC_38°C 75 77 77 5

9 BCO 69 74 66 5

10 BTC_V 68 75 63 5

11 BTC_V_38°C 73 75 75 5

12 BCO_V 68 74 64 4

13 BrTC 59 75 39 4

14 BrTC_43°C 70 75 67 5

15 BrCO 33 31 38 5

16 BrTC_V 61 77 41 5

17 BrTC_V_43°C 72 76 69 5

18 BrCO_V 34 33 37 5

19 Conventional white paint 85 85 90 6

20 Reference 49 50 47 37
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Figure 4.18 Conventional white paint (a), red thermochromic at room temperature (b), red ther-
mochromic at 33°C (c).

Figure 4.19 Blue thermochromic at room temperature (a), blue thermochromic at 43°C (b).

Figure 4.20 Conventional white paint (a), brown thermochromic at room temperature (b), brown
thermochromic at 43°C (c).
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As shown in Table 4.9 the red and blue thermochromics and conventional coatings have similar

values for SR, SRIR, SRVIS, SRUV. While SR, SRIR, SRVIS, SRUV for the conventional brown coatings

is almost half than the thermochromic one. A reduction from 8% (blue) to 19% (brown) in the SR

values and 23% for blue (Figure 4.19), 36% for red (Figure 4.18) and 71% for brown (Figure 4.20)

in the SRVIS values is observed when the thermochromics reach their transition temperature and

become white. The addition of the varnish slightly reduces the SR of both the thermochromic and

conventional coatings.

Table 4.10 Infrared emittance of the organic thermochromic coatings.

Sample Name RTC RCO RTC_V RCO_V BTC BCO

IE 0.92 0.87 0.93 0.93 0.91 0.87

Sample Name BTC_V BCO_V BrTC BrCO BrTC_V BrCO_V

IE 0.92 0.92 0.91 0.87 0.92 0.92

The values of IE are given in Table 4.10. For the measurement of the infrared emittance values

the "Device and Services Emissometer model AE1" is used. In all cases the conventional paint has

lower IE from the thermochromic ones. With the addition of the UV varnish, Ilma a small increase

in observed in the IE of the thermochromic samples. A small increase in the IE is measured for the

conventional samples with the additional of the UV varnish. Also all samples with the UV varnish

have almost the same IE values.

4.5.2.3 Surface temperature measurement of the organic thermochromic coatings

The same measurements setup are used for the measurement of the surface temperature of organic

thermochromic coatings as described in Section 4.5.1.3.
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Figure 4.21 Average day/night surface temperature of the organic thermochromic sample.

The surface temperature of the samples is presented in Figure 4.21 using box plot. The ambient

air temperature (Tair) is represented using a red horizontal line. The surface temperature of the

reference sample is denoted by a blue line. Table 4.11 includes the average and maximum surface

temperatures of the samples.
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Table 4.11 Average and maximum surface temperature for organic thermochromic samples during day
and night.

Group Sample Day Night

Average

surface

temperature

(°C)

Maximum

surface

temperature

(°C)

Average

surface

temperature

(°C)

Maximum

surface

temperature

(°C)

Organic RTC 30.31 40.98 19.50 27.23

RCO 31.22 42.84 19.66 27.53

RTC_V 31.28 44.50 19.79 28.19

RCO_V 31.02 42.78 19.70 27.89

RTC_S 30.50 41.78 19.53 27.23

RCO_S 31.77 44.06 19.45 27.20

BTC 31.54 43.87 19.54 27.47

BCO 31.67 44.22 19.49 27.32

BTC_V 30.73 42.13 19.26 27.23

BCO_V 31.40 43.53 19.50 27.71

BTC_S 30.80 42.32 19.26 27.23

BCO_S 31.13 43.96 19.50 28.17

BrTC 31.79 43.58 19.15 27.17

BrCO 33.89 48.91 18.78 26.86

BrTC_V 31.13 44.19 19.12 28.16

BrCO_V 33.97 49.17 18.79 27.26

BrTC_S 31.91 44.77 18.74 26.84

BrCO_S 34.54 50.36 18.47 26.56

Reference Conventional white paint 30.93 43.01 19.18 27.60

Reference 31.10 46.28 19.96 28.74

During the day, all organic thermochromic samples have lower average surface temperatures from

the conventional samples. The surface temperature reduction ranges from 0.13K (blue) to 2.10K

(brown). Higher maximum surface temperature of 0.35K to 5.33K is observed for blue and brown

thermochromics respectively. The application of the varnishes on the organic thermochromics has

mixed results in the average and maximum surface temperature comparing to the conventional ones:

• Average surface temperature:
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– A decrease from 0.96K (red) to an increase of 0.81K (brown) is observed for the ther-

mochromic samples covered with polyurethane varnish and a decrease from 0.19K (red) to

an increase of 0.73K (blue) for the thermochromic samples covered with UV stabiliser.

– A decrease from 0.07K (brown) to an increase of 0.27K (blue) is measured for conventional

samples covered with polyurethane varnish and a decrease from 0.96K (brown) to an

increase of 0.55K (red) for the conventional samples covered with UV stabiliser.

• Maximum surface temperature

– A decrease from 3.52K (red) to an increase of 1.74K (blue) is observed in the thermochromic

samples covered with polyurethane varnish and a decrease from 1.19K (brown) to an increase

of 1.55K (blue) for the thermochromic samples covered with UV stabiliser.

– A decrease from 0.26K (brown) to an increase of 0.70K (blue) is measured for the conven-

tional samples covered with polyurethane varnish and a decrease from 1.45K (brown) to

an increase of 0.26K (blue) for the conventional samples covered with UV stabiliser.

The red thermochromic samples have lower average surface temperature when compared to the

WCO sample of 0.62K. Blue and brown thermochromics have higher average surface temperature of

0.60K and 0.86K respectively. All the conventional samples have higher average surface temperatures

from 0.29K (red) to 2.96K (brown) compared to the WCO sample. For the maximum surface

temperatures, the reverse situation is recorded i.e. the thermochromics have higher surface temperature

from 0K (red) to 2.7K (blue) and conventional from 10K (blue) to -2.6K (brown) from the WCO

sample.

Approximately 84 hours during the measuring period (19 days), the red thermochromic has

changed colour from red to white. The blue thermochromic and brown thermochromic have changed

to white in approximately 17.5 hours and 1.6 hours, respectively. The colour change does not occurs

instantly when the sample reach its transition temperature but gradually and completely change when

it reaches the transition temperature.

The average surface temperature of all samples during the night is lower than the ambient air

(Figure 4.21). This phenomenon is expected because during the night the main factor that affects the

change in surface temperature is the IE. We consider that the heat transfer coefficients for all samples

are the same.

4.5.2.4 Surface thermal imaging of organic thermochromic coatings

The same measurement’s setup is followed for the measurement of the surface temperature of organic

thermochromic coatings using the thermal imaging camera as described in Section 4.5.1.4.
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The data from the thermal imaging measurements (Table 4.12) confirm the conclusions obtained

from measurements with the thermocouples (Table 4.11). The thermochromic samples have lower

temperatures than conventional ones. The red thermochromic has a slightly lower temperature than

the white, while the sample with blue and brown thermochromics coatings have a slightly higher

temperature than the white sample.

Table 4.12 Thermal imaging measurement of the organic thermochromic samples.

Day of mea-

surement

4 8

aaaaaaa
Sample Time 10:30 12:30 13:30 11:30 13:30 15:30

RTC 32.7 36.8 33.9 33.4 31.4 30.7

RCO 33.2 38.8 34.2 35.2 31.4 29.4

RTC_V 33.4 37.2 34.6 35.0 31.7 30.3

RCO_V 33.5 38.7 35.3 35.5 31.7 29.6

RTC_S 33.9 37.0 34.1 34.3 31.2 29.5

RCO_S 35.4 40.0 35.6 37.7 33.6 30.7

BTC 33.3 37.7 34.2 34.4 31.5 30.2

BCO 34.7 37.4 34.6 35.0 31.0 29.4

BTC_V 34.2 37.8 35.1 35.6 32.0 30.5

BCO_V 34.2 38.0 35.3 36.0 31.9 30.0

BTC_S 32.1 37.2 35.4 34.6 30.9 30.3

BCO_S 33.8 38.4 34.5 35.1 32.5 30.8

BrTC 33.7 39.1 34.7 34.7 32.6 31.2

BrCO 38.4 44.1 38.9 41.5 36.1 32.0

BrTC_V 33.9 38.9 35.9 35.3 32.2 30.7

BrCO_V 37.8 41.7 37.1 41.2 34.3 31.3

BrTC_S 34.6 39.3 35.1 - 32.2 30.4

BrCO_S 40.3 - 37.2 40.8 35.6 31.2

Conventional white paint 32.9 36.5 34.5 34.4 31.3 30.0

Reference 40.5 - 38.3 43.5 37.0 31.8

In order to compare the surface temperature of the developed coatings a set of thermal imaging

photographs are taken on the forth day of the measuring period at 13:30. The scale for all the

photographs is set to 23°C - 53°C in order to enable the comparison.
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Figure 4.22 Photographs of red thermochromic, conventional with varnish or UV stabilizer.



98 | Development and testing of thermochromic based cool coatings

Figure 4.23 Photographs of blue thermochromic, conventional with varnish or UV stabilizer.
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Figure 4.24 Photographs of brown thermochromic, conventional with varnish or UV stabilizer.
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For the red coloured samples, (Figure 4.22) it is observed that the sample covered with ther-

mochromic has lower temperature than all the other samples, including the WCO sample. The sample

with the conventional red colour has higher temperature than the sample with the WCO and lower

temperature than the reference sample (Portland cement). The addition of polyurethane varnish and

UV stabiliser raises the surface temperature of the samples but it is still lower than the temperature

of the conventional ones.

For the blue coloured samples, (Figure 4.23) it is observed that the sample with the thermochromic

has higher temperature than the WCO sample and lower than the rest of the samples. The sample

with the conventional colour has higher temperature than the WCO sample but lower temperature

than the reference sample. The blue thermochromic sample with the UV stabiliser has higher surface

temperature than the sample with the polyurethane varnish but in both cases the conventional blue

samples have higher surface temperatures.

For the brown coloured samples, Figure 4.23 it is observed that the thermochromic sample has

higher surface temperature than the WCO sample and less than all the other samples. While the

conventional brown sample has higher surface temperature than all samples including the reference

sample. The addition of either polyurethane varnish or UV stabiliser on the conventional samples

kept the surface temperature higher compared to that of reference sample.



Chapter 5

Analysis of aging effect for the

developed cool coatings

5.1 Introduction

The aim of the present chapter is to describe the procedure and measurements for the aging of the

coatings developed in Chapter 3 and 4 in the outdoor environment.

5.2 Aging of inorganic based cool coatings

The solar reflectance (SR) and infrared emittance (IE) of a surface exposed to outdoor environment

can change over time due to aging, soil and dust deposition, etc [120, 54]. In the context of the study

of the characteristics and the thermal behaviour of the coatings, it is necessary to take into account

not only the initial values of the solar reflectance and infrared emittance but also their respective

values after they are exposed to the external environment. For this reason, the 22 samples that

are developed and described in Chapter 3 are placed on a horizontal surface and remained exposed

to the outdoor conditions for a period of two months in order to study the change in their optical

properties. At the end of this time, their SR and IE are measured. After the exposure of the sample

to the outdoor conditions for 2 months a new set of SR is taken. The measurements are depicted in

Figures 5.1 to 5.24.
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Figure 5.1 Initial and aged spectral reflectance of sample: WCM-LMP.

Figure 5.2 Initial and aged spectral reflectance of sample: WCM-DMP.
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Figure 5.3 Initial and aged spectral reflectance of sample: NHL-DMP.

Figure 5.4 Initial and aged spectral reflectance of sample: NHL-LMP.
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Figure 5.5 Initial and aged spectral reflectance of sample: WCM-QUA.

Figure 5.6 Initial and aged spectral reflectance of sample: NHL-QUA.
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Figure 5.7 Initial and aged spectral reflectance of sample: WCM-LMP-GB.

Figure 5.8 Initial and aged spectral reflectance of sample: WCM-DMP-GB.
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Figure 5.9 Initial and aged spectral reflectance of sample: NHL-LMP-GB.

Figure 5.10 Initial and aged spectral reflectance of sample: NHL-DMP-GB.
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Figure 5.11 Initial and aged spectral reflectance of sample: LMP-C-N.

Figure 5.12 Initial and aged spectral reflectance of sample: LMP-C-S.
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Figure 5.13 Initial and aged spectral reflectance of sample: LMP-M-N.

Figure 5.14 Initial and aged spectral reflectance of sample: LMP-M-S.
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Figure 5.15 Initial and aged spectral reflectance of sample: LMP-F-N.

Figure 5.16 Initial and aged spectral reflectance of sample: LMP-F-S.
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Figure 5.17 Initial and aged spectral reflectance of sample: DMP-C-N.

Figure 5.18 Initial and aged spectral reflectance of sample: DMP-C-S.
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Figure 5.19 Initial and aged spectral reflectance of sample: DMP-M-N.

Figure 5.20 Initial and aged spectral reflectance of sample: DMP-M-S.
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Figure 5.21 Initial and aged spectral reflectance of sample: DMP-F-N.

Figure 5.22 Initial and aged spectral reflectance of sample: DMP-F-S.
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Figure 5.23 Initial and aged spectral reflectance of sample: Portland Cement.

Figure 5.24 Initial and aged spectral reflectance of sample: Commercial cool coating.
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In all samples, a small decrease in the solar reflectance is measured. In the following samples that

have natural hydraulic lime with pozzolanic additives (NHL) as binder, NHL-LMP, NHL–DMP and

NHL-QUA an increase in the solar reflectance is measured at 1850 - 2500nm and decrease in the rest

of the spectrum.

Based on the measurements of the spectral reflectance using the Carry 5000 with the integrating

sphere, the solar reflectance(SR) is calculated for each one of the samples using the ASTM E903-12

[99] and ASTM G159-90.7 [110] standards. The total, near infrared (NIR: 300-400nm), visible (VIS:

400-700nm) and ultraviolet (UV: 700-2500nm) SR are tabulated in Table 5.1.
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Table 5.1 Initial and the difference in solar reflectance in near infrared, visible and ultraviolet wave-length of
the 22 samples.

Initial values Difference

Group No. Sample Name SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

1

1 WCM-LMP 86 86 85 71 4 2 5 12

2 WCM-DMP 89 90 88 71 5 3 8 17

3 NHL-LMP 82 84 81 64 3 1 7 19

4 NHL–DMP 79 81 77 57 4 1 6 15

2
5 WCM-QUA 70 73 67 51 6 4 8 17

6 NHL-QUA 66 71 61 40 2 1 4 8

3

7 WCM-LMP-GB 87 86 87 76 9 4 12 31

8 WCM-DMP-GB 90 91 90 78 11 9 13 29

9 NHL-LMP-GB 83 85 81 62 6 5 6 11

10 NHL-DMP-GB 79 80 78 63 6 3 9 24

4

11 LMP-C-N 87 87 87 73 3 1 5 11

12 LMP-C-S 86 86 86 71 4 1 6 15

13 LMP-M-N 88 88 88 75 6 3 9 19

14 LMP-M-S 84 85 83 64 2 0 4 12

15 LMP-F-N 87 87 86 73 3 2 5 11

16 LMP-F-S 86 87 85 67 2 1 4 11

17 DMP-C-N 87 88 88 73 1 0 3 7

18 DMP-C-S 86 87 86 68 5 3 7 19

19 DMP-M-N 88 88 87 73 5 3 7 16

20 DMP-M-S 87 88 87 70 5 3 8 18

21 DMP-F-N 88 88 87 72 3 1 5 11

22 DMP-F-S 88 88 88 72 5 2 9 21

23 Portland Cement 49 50 47 37 4 1 7 12

24 Commercial cool coating 84 84 88 8 7 5 10 1

NHL: natural hydraulic lime with pozzolanic additives; white Portland cement (WCM): white cement Portland;

DMP: dolomitic marble; LMP: limestone powered; QUA: quartz sand; GB: glass beads; C: coarse ; M: medium ;

F: fine; S: sanded; N: untreated
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Table 5.2 Initial and the difference in infrared emittance of the 22 samples.

Group No. Sample Name IE δ IE Group No. Sample Name IE δ IE

1

1 WCM-LMP 0.81 0.00

4

11 LMP-C-N 0.87 0.03

2 WCM-DMP 0.83 0.01 12 LMP-C-S 0.87 0.03

3 NHL-LMP 0.88 0.00 13 LMP-M-N 0.92 0.01

4 NHL–DMP 0.88 0.01 14 LMP-M-S 0.88 0.01

2
5 WCM-QUA 0.90 0.02 15 LMP-F-N 0.87 0.01

6 NHL-QUA 0.83 0.02 16 LMP-F-S 0.90 0.01

3

7 WCM-LMP-GB 0.90 0.01 17 DMP-C-N 0.90 0.03

8 WCM-DMP-GB 0.87 0.01 18 DMP-C-S 0.83 0.03

9 NHL-LMP-GB 0.88 0.01 19 DMP-M-N 0.89 0.02

10 NHL-DMP-GB 0.85 0.01 20 DMP-M-S 0.80 0.01

21 DMP-F-N 0.90 0.00

22 DMP-F-S 0.80 0.00

23 Portland Cement 0.78 0.02

24 Commercial cool coating 0.89 0.03

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement Portland; DMP: dolomitic marble;

LMP: limestone powered; QUA: quartz sand; GB: glass beads; C: coarse ; M: medium ; F: fine; S: sanded; N:

untreated

Decrease in solar reflectance is observed in all samples after the 2 months exposure to the

environment. The samples with the highest decrease is WCM-DMP-GB (12%), WCM-LMP-GB (10%)

and the commercial cool coating (9%). The samples with the smaller decrease in SR is LMP-M-S

(2%), DMP-C-N (0.7%). The samples from the 4th group have the higher reduction in SR due to the

fact that a portion of the initial SR is attributed to the glass beads. Overall the samples with the

WCM reported higher decrease in SR than the samples with NHL as a binder. A very important

factor for cool coatings is not the percentage of change in SR but the final values. The final value for

all samples are greater then the SR of Portland cement and in most case’s greater than the commercial

cool white.

Furthermore, it is clear from the graphs that the change in SR due to the exposure of the samples

to the external environment is not constant with the wavelength but exhibits spectral selectivity. In

all samples the reduction of the SR of the UV portion of the spectrum (300-400nm) is greater than in

the IR or VIS part of the spectrum.
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The infrared emittance (Table 5.2), is found not to change significantly (on average ∆ IE = 0.01)

during the exposure time.

5.3 Aging of thermochromic based cool coatings

The main problem of the thermochromic based cool coating is photo-degradation when exposed to the

outdoor environment. Photodegradation leads to altering of the chemical and mechanical properties

as well as loss of the reversible thermochromic effect due to the breaking and/or cross linking of the

polymer chains [121].

In order to minimize the effects of photodegradation, two commercial available UV varnishes

(Eversorb and Ilam) are applied on top of the thermochromic coating as well as on the conventional

paints (Section 4.4). To test the effectiveness of these two methods of protection, a set of samples are

created and placed to the external environment for 19 consecutive days. The meteorological conditions

of this period are tabulated in Table 4.4.

5.3.1 Aging of the inorganic thermochromic coatings

After exposure to the natural environment, the solar reflectance of the samples are measured (Fig-

ures 5.25 and 5.26). The measurements are conducted using the Carry 5000 with integrating sphere.

The samples are raised to their transition temperature using the laboratory furnace.
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Figure 5.25 Initial and aged spectral reflectance of sample: plaster of Paris (Pl), plaster of Paris
with inorganic thermochromic (ITC) and plaster of Paris with inorganic thermochromic at 45°C
(ITC_45°C).

Figure 5.26 Initial and aged spectral reflectance of sample: plaster of Paris + Ilam (Pl_V), plaster
of Paris with inorganic thermochromic and Ilam (ITC_V) and plaster of Paris with inorganic
thermochromic and Ilam at 45°C (ITC_V_45°C).
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The solar reflectance spectrum does not change during the exposure either for the inorganic

thermochromic nor for the inorganic thermochromic with the UV varnish (Ilam).

Based on the measurements of the spectral reflectance using the Carry 5000 with the integrating

sphere, the SR is calculated for each one of the samples using the ASTM E903-12 [99] and ASTM

G159-90.7 [110] standards. The total, near infrared (NIR: 300-400nm), visible (VIS: 400-700nm) and

ultraviolet (UV: 700-2500nm) SR are tabulated in Table 5.3.

Table 5.3 Initial and the difference in solar reflectance in near infrared, visible, ultraviolet wave-length
and infrared emittance of the inorganic thermochromic coatings.

Initial values Difference
IE δIE

Group Sample Name SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

Inorganic

ITC 67 70 65 36 1 1 2 14 0.87 0.01

ITC_45°C 67 69 66 37 1 0 2 14 - -

ITC_V 63 69 59 4 0 0 0 0 0.88 0.00

ITC_V_45°C 63 69 59 4 0 0 0 0 - -

Pl 66 70 62 52 0 0 0 0 0.85 0.00

Pl_V 62 67 59 4 0 0 0 0 0.86 0.00

The inorganic thermochromic samples are not strongly affected by the weather conditions. A small

decrease of the SR of UV part of the spectrum is observed and only for the sample with no protective

coating.

5.3.2 Aging of the organic thermochromic coatings

After exposure to the natural environment, the solar reflectance of the samples are measured (

Figures 5.27 to 5.32). The measurements are conducted using the Carry 5000 with integrating sphere.

The samples are raised to the transition temperature using the laboratory furnace.
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Figure 5.27 Initial and aged spectral reflectance of red thermochromic sample (RTC), red ther-
mochromic sample at transition temperature (33°C) (RTC_33°C) and red conventional sample
(RCO).

Figure 5.28 Initial and aged spectral reflectance of red thermochromic sample covered with polyurethane
varnish (RTC_V), red thermochromic sample covered with polyurethane varnish at transition tem-
perature (33°C) (RTC_V_33°C) and red conventional sample covered with polyurethane varnish
(RCO_V).
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Figure 5.29 Initial and aged spectral reflectance of blue thermochromic sample (BTC), blue ther-
mochromic sample at transition temperature (38°C) (BTC_38°C) and blue conventional sample
(BCO).

Figure 5.30 Initial and aged spectral reflectance of blue thermochromic sample covered with
polyurethane varnish (BTC_V), blue thermochromic sample covered with polyurethane varnish at tran-
sition temperature (38°C) (BTC_V_38°C) and blue conventional sample covered with polyurethane
varnish (BCO_V).



122 | Analysis of aging effect for the developed cool coatings

Figure 5.31 Initial and aged spectral reflectance of brown thermochromic sample (BrTC), brown
thermochromic sample at transition temperature (48°C) (BrTC_48°C) and brown conventional sample
(BrCO).

Figure 5.32 Initial and aged spectral reflectance of brown thermochromic sample covered with
polyurethane varnish (BrTC_V), brown thermochromic sample covered with polyurethane varnish
at transition temperature (48°C) (BrTC_V_48°C) and brown conventional sample covered with
polyurethane varnish (BrCO_V).
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In all organic thermochromic samples, an increase of the solar reflectance is observed in the entire

spectrum, in both phases of the thermochromic coatings. Furthermore, the gap in the solar reflectance

between the two phases is reduced.

Based on the measurements of spectral reflectance using the Carry 5000 with the integrating

sphere, the SR is calculated for each one of the samples using the ASTM E903-12 [99] and ASTM

G159-90.7 [110]. The total, near infrared (NIR: 300-400nm), visible (VIS: 400-700nm) and ultraviolet

(UV: 700-2500nm) SR are tabulated in Table 5.4.

Table 5.4 Initial and the difference in solar reflectance in near infrared, visible, ultraviolet wave-length
and infrared emittance of the organic thermochromic coatings.

Initial values Difference
IE δIE

Group Sample Name SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

SR

(%)

SRIR

(%)

SRVIS

(%)

SRUV

(%)

Organic

RTC 67 76 58 6 -11 -8 -17 -1 0.92 0.02

RTC_48°C 75 76 79 5 -7 -9 -6 -3 - -

RCO 66 74 57 5 0 0 0 0 0.87 0.00

RTC_V 67 75 60 5 -8 -6 -11 0 0.93 0.01

RTC_V_38°C 74 75 78 5 -4 -6 -2 -1 - -

RCO_V 68 76 59 6 0 0 0 0 0.93 0.00

BTC 69 77 63 5 -8 -7 -11 -1 0.91 0.01

BTC_73°C 75 77 77 5 -4 -6 -1 -1 - -

BCO 69 74 66 5 0 0 0 0 0.87 0.00

BTC_V 68 75 63 5 -10 -7 -16 0 0.92 0.00

BTC_V_63°C 73 75 75 4 -5 -8 -1 -1 - -

BCO_V 68 74 64 4 0 0 0 0 0.92 0.00

BrTC 59 75 39 4 -20 -8 -39 -2 0.91 0.00

BrTC_48°C 70 75 67 4 -7 -8 -4 -2 - -

BrCO 33 31 38 5 0 0 0 0 0.87 0.00

BrTC_V 61 77 41 5 -12 -3 -26 0 0.92 0.00

BrTC_V_48°C 72 76 69 5 -3 -5 0 -1 - -

BrCO_S 34 33 37 4 0 0 0 0 0.92 0.10

Reference
WCO 85 85 91 7 0 0 0 0 0.9 0.00

WCO_V 85 85 90 5 0 0 0 0 0.92 0.00
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A series of photographs are taken during the measuring period, three times per day at 9:00, 15:00

and 19:00. Each photograph includes, on the left side the thermochromic samples and on the right

the conventional one. Due to a damaged memory card, some photographs are lost. All photographs

are tabulated in Table 5.5, Table 5.6, Table 5.7 for RTC, RTC_V and RTC_S respectively. The

surface temperatures of the samples, at the time the photographs are taken, is also mentioned in the

tables. The remaining samples’ photographs are listed in Appendix B (Tables B.1 to B.6).
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Table 5.5 Red thermochromic (RTC) side by conventional sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 31.63 33.1 25.01 25.19

2 24.75 25.11 30.97 32.8 24.56 25.99

3 25.98 25.73 31.57 33.4 25.17 26.72

4 27.38 27.08 34.18 35.6 27.41 29.08

6 26.97 26.44 31.45 35.2 26.73 27.74

7 26.16 26.07 25.16 26.03

8 24.5 24.27

9 24.35 24.44

10 25.46 25.44 32.37 35.2

13 28 28.18 32 34 21.72 21.99

14 30.55 30.65
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Table 5.6 Red Thermochromic coating covered with polyurethane varnish (RTC_V) side by conven-
tional sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 33.6 32.5 25.19 25.04

2 23.93 24.52 33.95 32.2 27.91 26.98

3 24.32 25.43 34.95 33 28.06 27.24

4 25.86 26.87 35.57 35.1 30.85 30.01

6 25.62 26.61 39.37 40.2 28.14 28.04

7 25.01 26.09 27.05 26.83

8 23.77 24.1

9 23.37 24.26

10 24.4 25.53 42.13 41

13 26.71 27.95 35.45 33.4 21.37 21.7

14 29.29 30.5
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Table 5.7 Red thermochromic sample covered with UV stabiliser (RTC_S) side by conventional sample
during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 31.89 33.8 24.97 25.4

2 24.18 24.8 31.33 33.5 25.11 26.33

3 25.29 25.73 31.92 34.3 25.83 27.03

4 26.73 27.04 34.53 36.7 28.08 29.48

6 26.44 26.6 36.13 38.9 26.96 27.78

7 25.64 26.21 25.54 26.13

8 24.26 24.53

9 23.98 24.43

10 24.88 25.5 35.85 40.3

13 27.67 28.44 32.69 34.7 21.49 21.87

14 29.97 31.05
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As shown in Table 5.4, the conventional samples are not affected by the exposure to the weather

conditions. The degradation of all organic thermochromic samples due to solar radiation is significant.

The degradation changed the colour of the blue and brown thermochromic samples, permanently

to white. The red thermochromic has retained some of its thermochromic properties. The largest

increase, by 20% of the SR, was found for the brown thermochromic sample and the smallest increase,

by 8% for the blue thermochromic. Smaller increase of the SRUV is observed in all samples, followed

by an increase of almost 40% for the SRNIR and SRVIS for the brown thermochromic. A general

remark is that the degradation of the colour and SR is more intense for the initial than the transition

phase of the thermochromic samples.



Chapter 6

Contribution of cool coatings on

the energy efficiency in the built

environment: tools and calculation

methods

6.1 Introduction

The residential sector accounts for more than 20% of final energy consumption in the EU and over

36% of CO2 emissions, with an decreasing trend[122]. According to recent surveys, in residential

buildings the energy consumption for space heating accounts for 57%, while for hot water 25% of the

total energy is consumed. Simplified methods such as steady-state and steady-cyclic calculations are

not sufficient to faithfully represent the complex flowpaths that occur in real buildings. Simulation is

a more accurate tool to reflect dynamic systems, as it is an attempt to emulate the reality. It allows

users to understand the interrelation between design and performance parameters and to identify

potential problem areas. With the use of Building Energy Simulation (BES) users can alter the design

and materials of the building and receive a reliable estimation of the consequent energy performance

impact.

With the use of BES the building is isolated from the interaction with its surrounding environment.

For the investigation of the environment mesoscale or microscale, depending on the area under
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investigation, simulation software packages are used. With the use of mesoscale or microscale software

the microclimatic variations of the area can be calculated, visualised and exploited.

The aim of present chapter is to investigate the performance changes of a simple building with the

use of the coatings developed and presented in Chapter 3. Also a novel technique of coupling the BES

with microclimatic simulation of the surrounding environment is presented.

6.2 Contribution of cool coatings on the energy efficiency of

buildings

The present section is dedicated to the necessary quantitative analysis on the energy efficiency that

can be achieved by the application of the cool coatings developed in the framework of the present

thesis examined in the building envelope. A small building placed in the Technical University of Crete,

Greece Campus is simulated.

ESP-r [123–125] energy modelling tool is employed for the thermal simulation. ESP-r can simulate

complicated elements of the building envelope and electrical/mechanical equipment available. Thermal

simulation in ESP-r is based on control-volume heat-balanced approach using numerical discretisation

and simultaneous solution[125]. Specifically, ESP-r simulates the thermal state of the building by

applying a finite-difference formulation based on a control-volume heat-balance to represent all relevant

energy flows.The computational subroutines exchange information (interaction between the parameters

of the various thermal zones) in order to accurately calculate the interactions between the systems of

the building. One of the most important characteristics of ESP-r is that it co-operates with other

simulation tools to provide a wider range of very accurate results.

The input data that ESP-r needs to effective simulate the thermal characteristics of a building are:

1. Geographical location (longitude/latitude) of the building.

2. Weather file of the area. The weather file is a statistical generated file that represent the local

weather conditions. The following meteorological data are included:

(a) Ambient air temperature (°C)

(b) Relative humidity (%)

(c) Wind speed (m/s)

(d) Wind direction (°)

(e) Direct solar radiation (W/m2)
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(f) Diffused solar radiation (W/m2)

3. Design and construction characteristics of the building i.e. dimensions and orientation of building

surfaces, thermal characteristics of the building materials, thickness as well as how they are

layered to constitute constructions.

4. Internal thermal gains and occupancy.

5. Set-points for heating/cooling.

The base case building is a single room building with a flat roof of 20m2 and a North facing

window of 4.5m2. Two variations of the same building are modeled in order to examine the effect

of the developed cool coatings on a recently built well insulated and an old poor insulated building.

The building’s characteristics are included in Table 6.1. The outer (third) layer of the roof and outer

(forth) layer of all walls is replaced by the inorganic cool coatings.

Figure 6.1 3D view of the reference building in ESP-r.
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Table 6.1 Single room building characteristics.

General Information

Surface area 79 m2, 54 m2 vertical

Location 35°32’ N, 24°05’ E (Chania, Crete, Greece)

Building Envelope

Well insulated building Low insulated building

Walls Four-layer (lime cement plaster,

brick, insulation, brick) outer

walls of total U: 0.513 W/m2 K

Four-layer (lime cement plaster,

brick, air gap, brick) outer walls

of total U: 2.178 W/m2 K

Roof Tree-layer (plaster, concrete, in-

sulation) ceiling of total U:

0.813 W/m2 K

Two-layer (plaster, concrete) ceil-

ing of total U: 3.074 W/m2 K

Windows North facing (33.33% coverage)

double glazing windows with:

U = 2.81 W/m2 K

North facing (33.33% coverage)

single glazing windows with: U

= 5.570 W/m2 K

Floor Two layer (insulation, concrete)

floor with U = 0.505 W/m2 K

One layer ( concrete) floor with

U = 3.196 W/m2 K

Building services

Heating system Ideal Load 3kW (set point : 20°C) From 8:00 – 16:00

Cooling system Ideal Load 3kW (set point : 26°C) From 8:00 – 16:00

Casual Gain

Occupancy

Time Sensible (W) Latent (W)

0:00 – 8:00 0 0

8:00 – 12:00 225 165

12:00 – 14:00 150 110

14:00 – 16:00 225 165

16:00 – 24:00 0 0

Small power 8:00 – 16:00 : 258 W (Sensible)

Lights 10:00 – 14:00 : 288 W (Sensible) from November 1rst – April 30rd

Air changes per hour 0.3 ACH
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Due to the large number of different developed coatings and similar solar reflectance (SR), a set of

ten SR values are chosen to conduct the simulations. The ten coatings used are tabulated in Table 6.2.

The cooling and heating loads are calculated for the reference Portland cement (SR=49) and the

selected cool coatings (Table 6.2). The contribution of samples on the overall energy efficiency is

depicted in Figures 6.2 and 6.3. The energy efficiency achieved is in accordance with the thermal

characteristics and optical properties’ analysis performed in the previous chapters. The highest energy

efficiency is achieved by the samples with SR of 89, with 1.54 kWh/m2 and 1.49 kWh/m2 annual

reduction for poor and well insulated building respectively. A detailed comparison of the energy

reduction on a well versus a poor insulated building can be found in Figure 6.4. On a well-insulated

building the heating penalty is higher by 5% while the reduction of the cooling load is almost 4%.

Concerning the overall annual energy efficiency, the overall performance of the well-insulated building

is higher by 3.5% compared to the poor insulated building. Therefore the inorganic coatings examined

can contribute to the reduction of the buildings’ energy requirements especially during summer.

Table 6.2 Solar reflectance of selected samples.

No Solar reflectance Sample name

1 66 NHL-QUA

2 70 WCM-QUA

3 79 NHL–DMP / NHL-DMP-GB

4 82 NHL-LMP

5 83 NHL-LMP-GB

6 84 LMP-M-S

7 86 LMP-F-S / LMP-F-S / DMP-C-S

8 87 LMP-F-N / LMP-F-N /WCM-LMP-GB / DMP-M-S / DMP-C-N

9 88 DMP-M-N / DMP-F-N / DMP-F-S / LMP-M-N

10 89 WCM-DMP

NHL: natural hydraulic lime with pozzolanic additives; WCM: white cement Portland; DMP:

dolomitic marble; LMP: limestone powered; QUA: quartz sand; GB: glass beads; C: coarse ; M:

medium ; F: fine; S: sanded; N: untreated
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Figure 6.2 The pertinent energy savings of the inorganic samples used on a poor-insulated building.

Figure 6.3 The pertinent energy savings of the inorganic samples used on a well-insulated building.
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Figure 6.4 Comparison of the energy reduction on well versus poor insulated building.

Table 6.3 Comparison of peak power on well and poor insulated building.

Low Insulated Well insulated

SR

Heating peak

power increase

(%)

Cooling peak

power reduction

(%)

Heating peak

power increase

(%)

Cooling peak

power reduction

(%)

66 0.73 8.94 1.80 5.92

67 1.09 9.35 1.80 6.58

70 1.09 10.57 2.70 7.24

79 1.45 14.63 3.60 10.53

82 1.82 15.85 3.60 11.84

83 1.82 16.26 3.60 11.84

84 1.82 16.67 4.50 12.50

86 1.82 17.48 4.50 13.16

87 1.82 17.89 4.50 13.16

88 1.82 18.29 4.50 13.82

89 1.82 18.70 5.41 13.82
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Another major benefit of the use of developed cool coatings is the reduction of the peak load of the

building. A reduction of almost 20% and 15% can be achieved in low insulation and well insulation

buildings, respectively(Table 6.3). This reduction has multiple benefits for both the local electricity

grid and building owner. The stress to the electricity grid is reduced and so the need upgrading

the power grid capacity. The majority of electricity distribution companies charge extra the peak

energy demand. The owner of the building in this case benefits firstly by the reduction of the base

energy usage and secondly by the reduction of the peak power demand. Tabulated in Table 6.4 is

the maximum roof temperature on well and poor insulated building. For low insulation model the

maximum temperature is slightly increased by an average of 0.4K from the well insulated model,

indicating that not only the SR of the surface coating but the insulation, solar and internal gains play

a role on the surface. A significant reduction up to 33% is achieved in the maximum roof temperature

if the developed coatings are used instead the reference coating.

Table 6.4 Comparison of maximum roof temperature on well and poor insulated building.

Low Insulated Well insulated

SR
Maximum roof

temperature (°C)

Reduction in

maximum roof

temperature (%)

Maximum roof

temperature (°C)

Reduction in

maximum roof

temperature (%)

66 45.31 14.02 45.08 14.43

67 44.87 14.86 44.63 15.28

70 43.55 17.36 43.27 17.86

79 39.56 24.93 39.17 25.65

82 38.22 27.48 37.79 28.26

83 37.77 28.33 37.33 29.14

84 37.32 29.18 36.87 30.01

86 36.45 30.83 35.95 31.76

87 36.01 31.67 35.49 32.63

88 35.58 32.49 35.15 33.28

89 35.14 33.32 34.87 33.81
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6.3 Contribution of cool coatings on the energy efficiency of

buildings coupled with microclimatic simulation

The significant shifts in climate variables projected for the 21st century, coupled with the observed

impacts of on-going extreme weather and climate events, ensure that climate change is set to remain a

pressing issue for urban areas over the coming decades [126, 127]. Urban thermal deterioration is the

combined result of the urban heat island developed mainly in cities with a positive thermal balance

and of the global warming which affects the urban climate as well. Significant effort is being put by

various researchers on the impact of the urban microclimate to the buildings’ energy consumption.

Nowadays it is evident that the increase of urban temperatures has a serious impact on the energy

demand of buildings by increasing significantly the energy consumption for cooling, while decreasing

to some extent the energy consumption for heating. Overall, the urban landscape creates a climate

which affects, human comfort, air quality and energy consumption [12, 128]. The tools that support

the quantification of the microclimatic impact on the energy consumption of buildings are the BES

combined with microclimatic models. BES is an absolutely necessary tool in integrated building

design and operation [129]. This importance can be illustrated by a large variety of BES software

that are in use today [130]. The available BES combine many empirical and first-principle models

to describe relevant energy transfer processes in buildings [131]. The modelling of urban thermal

conditions is performed in different scales, namely mesoscale or microscale, depending on the area

under investigation. For example, the climate of street canyons is primarily controlled by the micro-

meteorological effects of urban geometry rather than the mesoscale forces. There are strong microscale

variations of surface temperature that arise due to changes in radiant load with surface slope and

aspect, shading, and variations in surface thermal and radiative properties [132]. Although there are

no clear-cut distinctions between different categories, models might be classified into groups according

to their physical or mathematical principles (e.g. reduced-scale, box, Gaussian, Computational Fluid

Dynamics) and their level of complexity (e.g. screening, semi-empirical, numerical) [133]. In order to

accurately estimate the impact of urban microclimate on the energy consumption, BES tools should be

effectively interconnected to allow more sophisticated and, at the same time, more efficient calculations

that take into account the impact of the microclimatic conditions on the energy demand for buildings.

Various researchers have performed similar efforts. A simulation tool for the prediction of the effect

of outdoor thermal environment on building thermal performance (heating/cooling loads, indoor

temperature) in an urban block consisting of several buildings, trees, and other structures is proposed

by [134]. External surface temperature and mean radiant temperature are used to estimate the impact

of the outdoor environment. As underlined by [135]. the evaluation of policy measures in district level

requires the effective combination of the building geometry with possible canyon formation, along
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with local weather conditions and energy load prediction, in order to effectively manage the available

resources. To this end, the aim of the present research is to combine the building simulation tools

with microclimatic models targeting to improve the accuracy of the energy requirements’ calculations.

6.3.1 Building energy - microclimatic simulation coupling methodology

A coupling procedure is developed between BES and microclimatic conditions in order to effectively

evaluate the impact of outdoor conditions in the buildings’ energy consumption. The key parameter

for the coupling procedure is considered to be the Convective Heat Transfer Coefficient (CHTC)

between the exterior building surfaces and the external environment since it can be 3 to 4 times higher

than the radiative heat exchange [136, 137].

The CHTC is influenced by several factors, such as the orientation of the building envelope, the

geometry of the building, building’s surroundings, the building surface’s characteristics, wind speed

and wind direction, patterns of the local airflow around the building and surface to air temperature

differences [138]. The geometry and position of nearby buildings in urban areas change the airflow

patterns around the dwellings under study [139, 140], which powerfully influence their CHTC.

There are three main methods of obtaining the values for CHTC: a) analytical, b) numerical and

c) experimental. Analytical methods are only valid for specific flow patterns and simple geometries,

e.g. flat plates and cylinders [141]. Numerical methods, namely [142, 143]. Experimental methods,

both in reduced-scale and full-scale tests, are currently still the main source of CHTC data [144–147].

The procedure developed is depicted in Figure 6.5 and is described below:

1. A building thermal model is developed using ESP-r [123]. The specific tool is selected for the

specific study as it uses airflow networks which enable the calculation of the movement of air

masses inside or outside buildings, etc.

2. A microclimatic model of the area surrounding the case study is developed using ENVI-met.

More details can be found in Section 6.3.4.

3. A modified ESP-r weather file is created by the outputs of ENVI-met.

4. A set of CHTC values is calculated for each surface of the building envelope (see different surface

types in Figure 6.6). The calculation methods are described in Section 6.3.5.

5. A set of simulation results is then extracted including:

(a) The power and energy requirements extracted by ESP-r using the weather file generated

by Meteonorm [148].
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(b) The power and energy requirements extracted by ESP-r using the weather file created in

step 3.

(c) The power and energy requirements by weather file created in step 3 combined with the

CHTC values created in step 4.

Figure 6.5 The coupling methodology.
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Figure 6.6 Building Model using ESP-r.

6.3.2 Description of the case study

The case study area is situated on the Campus of the Technical University of Crete [149], in Akrotiri,

Crete. The region is characterized by a mild Mediterranean climate with low wind speeds (2014-2016

average:2.18 m/s). The Campus of the Technical University of Crete hosts five University departments,

two libraries, administrative buildings and student dormitories. The Campus is one of the major

energy consumers in the electricity grid of Crete with a peak power demand of 1.2-1.5 MW. It should
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be noted here that Crete is supported by an autonomous energy system, not interconnected with

Greece’s mainland power network [150].

Figure 6.7 depicts the building under study, the exterior spaces around them and the topography

of the area. The building K2 is located at the northern end of the campus with its main façade facing

north-west. The distance between K1 and K2 is approximately 16.20m, with K2 sited to the south of

K1. Each floor of K2 is divided in two wings, connected through an atrium. The main characteristics

of the selected building, as well as their structural material, are tabulated in Table 6.5. The building

is divided into 68 thermal zones: 32 offices/laboratories, 2 corridors, 34 plenums spaces above the

offices and corridors and one storage/mechanical room. The majority of the heating ventilation and

air conditioning (HVAC) equipment is located outside of the building. The solar gains are dynamically

calculated by the simulation software. For the present study, ideal loads are considered to calculate

the heating and cooling needs of the building. The ideal load is operating from 8:00 to 16:00 with

20°C and 26°C set point for heating and cooling respectively.
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Table 6.5 Main characteristics of the selected building.

Characteristics of Building

Location Chania, Crete, Greece

General Dimensions (m) (Length/ Width/ Height): 48.00 / 15.20 /

11.00

Number of Floors 3

Facilities on Ground floor 5 computer rooms, 1 printer room, 3 office, 1

mechanical room, elevators, stairs, WC

Facilities on 1st floor 3 laboratories, 14 offices, elevators, stairs, WC

Facilities on 2nd floor Mechanical rooms

Characteristics of Exterior

spaces

Exterior spaces Soil, marble, stone, tiles (cotto), plants, trees

Structural materials of Build-

ing

Exterior walls Ground and first floors ceilings

a) Double plasterboard

(width:18mm each)

a) Uncoated concrete: 2cm

b) Insulation: 5cm rockwool,

d=80kg/ m3

b) Insulation: 5cm rockwool, d=80kg/ m3

c) Cement board: 10mm c) Ceramic tiles: 10mm

Second floor ceilings Windows (68 windows)

a) Uncoated concrete: 2cm a) Double pane windows

b) Insulation: 10cm b) Aluminum frames

c) Asphalt membrane: 10mm c) Exterior lamellas

Floor top coating

a) Ceramic tiles: 10mm (in all

spaces)

b) Industrial flooring: 20mm

(Chemistry lab)

Building services

Heating system Ideal load 5 kW (set point: 20.0 °C) from 8:00

to 16:00

Cooling system Ideal load 3 kW (set point: 26.0 °C) from 8:00

to 16:00

Internal casual gain

0:00–8:00 0 + 0 W (Sensible + Latent)

8:00–12:00 250 + 50 W (Sensible + Latent)

12:00–14:00 150 + 30 W (Sensible + Latent)

14:00–16:00 2500 + 50 W (Sensible + Latent)

16:00–24:00 0 + 0 W (Sensible + Latent)

Small power 8:00–16:00 : 500W (sensible)

Air changes per hour 0.3 ACH
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Figure 6.7 Aerial photo of campus buildings K1 and K2.

6.3.3 Development of the thermal model of the Case Study Building

ESP-r is used for the development of the thermal model of the building. A feature not supported by

ESP-r is the import of 3D building models. Especially for buildings with complicated shapes and

forms, the modelling procedure is time consuming and requires a good knowledge of the software.

For that reason, a specific plugin is developed to simplify the process. The plugin, developed in the

programing language Ruby [151], allows the export of any SketchUp geometry to ESP-r (Appendix

C). Along with the creation of the geometry in ESP-r, the plugin also interconnects all the surfaces of

the building model. Moreover, the plugin has the ability to transform a 2D diagram of the floor plan

into thermal zones. With this functionality, the time for the development of the model is drastically

reduced. The plugin also stores data of the coordinates, edges, surfaces and construction names for

every different thermal zone of ESP-r in separate text file with the extension “.geo”.

6.3.4 Modeling of microclimatic conditions

For the simulations of the conditions in the exterior area between the buildings of the Technical

University of Crete, the three-dimensional microclimate model ENVI-met is used [152, 82]. ENVI-met
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uses the Finite Difference method to solve the multitude of partial differential equations and other

aspects in the model. An orthogonal Arakawa C-grid is used for the representation of the environment

[153]. ENVI-met though allows only straight and rectangular structures. ENVI-met requires the

following input data that are collected from a local weather station daily average air temperature,

daily average relative humidity, average wind speed, direction for the specific location and simulation

day. The parameters extracted by ENVI-met and their use are depicted in Figure 6.5.

The data input for the ENVI-met were designed using the integrated 3-D modeling software called

SPACE where buildings, trees/vegetation and surfaces are placed. Those materials are represented

as cell inside the grid. The resolution of the grid is depending on the cell size. The smaller the cell

size, tje greater is the resolution of the digitalization is. For the current digitalization, the cell size is

set at 2mx2m and the grid size (x y z) at 170x140x20 cells. The final digitalization of area under

investigation is shown at Figure 6.8 and Figure 6.9. The buildings are constructed entire by Portland

cement (represented with grey colour Figure 6.8) of the following characteristics:

• Reflectance:0.30

• Emmissivity:0.90

• Specific heat:840 J
kgK

• Thermal Conductivity:0.86 W
mK

• Density:2000 kg
m

In Table 6.6 and Table 6.7 are the surface materials (Figure 6.8) and plants (Figure 6.9) used for

representing the under investigation area.

Table 6.6 TUC campus surface material.

Surface Reflectance Emissivity Representation

Asphalt 0.2 0.90

Concrete pavement 0.4 0.9

Loam soil 0 0.98

Red brick road 0.3 0.90

Unseald Soil 0.20 0.65
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Table 6.7 TUC campus plant species.

Plant Reflectance Plant height (cm) Representation

Grass I 0.2 63

Grass II 0.2 10

Olive tree 0.5 400

Figure 6.8 Building and trees/vegetation representation of the TUC campus.
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Figure 6.9 Surfaces of the TUC campus.

A typical summer day is selected to simulate the microclimatic conditions around the buildings.

The results of the simulation at 12:00 are depicted in Figure 6.10, Figure 6.11 and Figure 6.12. The

modelled surface temperature is as expected quite high, i.e. between 38-41°C in the area between the

K1 and K2 building as well as in all areas covered with asphalt. The areas covered with soil and grass

have a surface temperature of around 35°C and 29°C respectively.
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Figure 6.10 The surface temperature of the TUC Campus for summer period at 12:00.

Figure 6.11 The air temperature around the TUC Campus Buildings for summer period at 12:00.
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Figure 6.12 The wind speed and direction around the TUC Campus Buildings for summer period at
12:00.

6.3.5 Convective Heat Transfer Coefficient Calculations

The CHTC for an external building surface (hc,ext) is defined as:

hc,ext=
qc

Ts−Ta

(
W

m2K

)
(6.1)

Where:

• qc (W/m2), convective heat flux at any exterior building surface

• Ts (oC) the surface temperature and the

• Ta (oC) the air temperature

There are three main methods of obtaining the values for CHTC:

• Analytical (Section 6.3.5)

• Numerical (Section 6.3.5.2)

• Experimental (Section 6.3.5.3)
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6.3.5.1 CHTC Calculations in Building Energy Simulation tools

The calculation of CHTC is based on Equation (6.2) reported by McAdams [154] based on the wind

tunnel experiments obtained using a vertical square copper plate (0.5 m x 0.5 m) in a uniform air

flow parallel to the plate.

hc,ext= 5.678
[
m+n

(
Vf

0.3048

)p]
(6.2)

where: m, n, p are the roughness parameters for smooth and rough surface and Vf is the free

stream wind speed. A linear expression is used by ESP-r as a more simplified approach for the

implementation of the McAdams model (see Equation (6.3)) [155]:

hc,ext= 3Vloc+2.8 (6.3)

where Vloc is the local wind speed measured at a constant distance d from the building facade and

at a contain height H from the ground and is calculated using Equations (6.4) to (6.7):

In these equations, ϕ is the vertical angle between the ground plane and the surface plane and θ

is the horizontal wind attack angle, i.e. the angle between the surface normal vector and the wind

direction. If the horizontal surface and surface with slope angle (ϕ) is in the range: 0o≤ϕ≤45o or

135o≤ϕ≤1800 then Vloc = V10. If the slope angle in between 45o≤ϕ≤135o Equation (6.5) is used: If

0◦ ≤ ϕ ≤ 45◦ or 135◦ ≤ ϕ ≤ 180◦ then:

Vloc
∼=V10 (6.4)

If 45◦ ≤ ϕ ≤ 135◦ then if windward surfaces with 0◦ ≤ θ < 10◦ then:

Vloc
∼=


0.5V10 for V10≤1m/s

0.5m
s for 1 <V10≤2m/s

0.5V10 for V10> 2m/s

(6.5)

If windward surfaces with 10◦ ≤ θ < 90◦ then:

Vloc=V10sinθ (6.6)

If leeward surface 90◦ ≤ θ < 180◦

Vloc= 0.25 V10sinθ (6.7)

Where:
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• V10 is the wind speed measured at 10m above the ground level.

• ϕ is the vertical angle between the ground plane and the surface plane.

• θ is the horizontal wind attack angle, i.e. the angle between the surface normal vector and the

wind direction.

6.3.5.2 CHTC calculations using Computational Fluid Dynamics

CHTC has been calculated in the past using wind-tunnel experiments on flat plates and bluff bodies,

full scale experiments on building and numerical Computational Fluid Dynamics (CFD) simulation.

An overview of this calculations can be found in [142], along with a short description about the

experimental procedure and setup used. Defraeye et al. [142],validate their simulation using data

from [156]. In this experiment a channel of 50mm height and 600mm depth is used along with a cube

of 15 mm height. Several Reynolds numbers ranging from 2.8 x 103 to 5.1 x 103 are utilized. Then,

the following correlations of the surface average are produced:

hc,ext=

 5.01 V 0.85
10 for 270o≤θ≤90o

2.27 V 0.83
10 for 90o>θ>270o

(6.8)

6.3.5.3 CHTC calculations from full-scale measurements

The need for more accurate estimation of CHTC in the building’s outer surface led to an extensive

amount of field measurements for building façades [145, 146] and roofs [144, 146]. Loveday and

Taki used a rectangular building with L-shaped ground floor (21m x 9m x 28m) at the campus of

Loughborough University of Technology. The experimental setup included a heated test panel (482mm

x 530mm x 65mm), an ultrasonic anemometer and wind vane. A total of 43,200 data points are

recorded and analysed. The following correlations are found:

hc,ext=

 16.15U0.397
loc for 270o≤θ≤90o

16.25U0.503
loc for 90o>θ>270o

(6.9)

Where : Uloc =

 0.2VR −0.1 for −90o < ϕ < −70o or 70o < ϕ < 90o

0.68VR −0.5 for −70o < ϕ < 70o
(6.10)

for windward (270o≤θ≤90o) and Uloc = 0.157VR −0.027 for leeward (90o>θ>270o) facades. VR

is the wind speed measured at the roof top of the building.

In Figure 6.13, the value of the CHTC are calculated for leeward wind for the above 3 cases [157].
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Figure 6.13 Comparison between the 3 difference methods calculating CHTC.

6.3.6 Coupling of indoor-outdoor models

The current BESs cannot take into account the microclimatic conditions of the buildings’ surrounding

area while usually they use weather files that contain statistically processed meteorological data.

The use of real weather data requires meteorological station installed in the surrounding area of the

building, which is not always available. Moreover, the wind velocity is considered stable at all points

of the building and its surroundings and possible variations due to the fact that the geometry of the

neighbourhood buildings and other obstacles are not taken into account.

The coupling procedure of BESs with ENVI-met is based on the following steps:

1. A library is created in the programing language Python [158] in order to extract information

from the ENVI-met domain and ESP-r geometry of the building.

2. The two models, i.e. the ENVI-met model and ESP-r geometry representation of the buildings are

deeply examined in order to avoid inconsistencies and support the interexchange of information.

3. A 3D representation of the building external surfaces is performed in Python programming

language based on ESP-r model.

4. Then the ENVI-met grid is integrated in the 3D representation using Python. The results of

the ESP-r and ENVI-met grid interconnection is depicted in Figure 6.14. Blue and red crosses

correspond to the X and Y coordinates of the ENVI-met grid respectively. Each external surface

of the ESP-r model is represented using different colour.
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5. The air temperature, wind speed and direction on each outer surface of the building are extracted

from ENVI-met domain for each ESP-r surface.

6. The CHTC on each outer surface of the model is calculated on hourly basis using Equation (6.3),

Equation (6.8), Equation (6.9) using the data extracted by step 5. On the other hand ESP-r

cannot accept changes of CHTC on hourly basis but only for seven time periods per day. For

that reason, the 24-hours are split in seven slots:

(a) 0:00 – 8:00

(b) 8:00 – 10:00

(c) 10:00 -12:00

(d) 12:00 – 13:00

(e) 13:00 – 15:00

(f) 15:00 - 17:00

(g) 17:00 – 24:00

following the occupancy schedule. For each time slot the CHTC is calculated for every external

surface and every hour, averaged over the time slot and is then fed into ESP-r. All other

interactions between the building model and the environment are dynamically calculated by

ESP-r, like long wave radiation heat transfer.

7. The weather files of ESP-r are updated with the outputs from ENVI-met, i.e. air temperature,

wind velocity, wind direction, relative humidity and solar radiation.

For step 4, due to different surface area of ESP-r surfaces and ENVI-met cell surface the following

procedure is followed. All cells that are in contact with the specific ESP-r surfaces are found and

the percentage of contact area is calculated. The outside air temperature and wind of the specific

ESP-r was calculated by the sum of the percentage times the values of all ENVI-met cells in contact.

The wind direction for the specific ESP-r surface is the wind direction of the ENVI-met cell with the

highest percentage of contact.

During the development of the above procedure, a bug was found and reported to the development

team of ENVI-met [159, 160]. The software did not export the data located on the down right corner

of the grid. Thankfully this did not affect the functionality of the procedure.
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Figure 6.14 3D representation of building and outdoor environment using Python.

6.3.7 Validation of the coupling methodology

A no-working day is selected to compare the measured internal temperature for 2 rooms of the building

with the result of the ESP-r model for 4 different cases as described below. Equipment to monitor

the indoor environmental conditions of the building was installed in the framework of the CAMP-IT

project [149]. Two rooms are selected, one (K2.001) located on the ground floor of the building facing

south-east (SE) and another (K2.120) located on the first floor facing the opposite direction. The

internal temperatures of the rooms are compared with the simulation result of the ESP-r model for

the following conditions:

1. Weather file of the region generated by Meteonorm.

2. Weather file generated by ENVI-met and combined with the external CHTC calculated for the

following 3 cases for all external surfaces:

(a) ESP-r implementation of McAdams model using the Equation (6.3).
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(b) Calculated from CFD by Defraeye using Equation (6.8).

(c) Calculated from full-scale measurements by Loveday and Taki using Equation (6.9).

Figure 6.15 Comparison of the room temperature for room K2.001.
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Figure 6.16 Comparison of the room temperature for room K2.120.

Figure 6.15 and Figure 6.16 demonstrate the comparison between the measured room temperature

against a) simulated room temperature using the ESP-r weather file generated by Meteonorm and

b) simulated room temperature using the weather file generated by ENVI-met combined with the

external CHTC calculation for the a, b and c cases of external calculated CHTC. Additionally the

outdoor temperature measured at the weather station near the building is presented as well the

outdoor temperature from the ENVI-met simulation. As we can see on Figure 6.15 and Figure 6.16

the proposed coupling, simulated more accurately the room temperature than the ESP-r weather file

without coupling for both cases. The differences in the room temperature for the 3 examined cases of

external calculated CHTC are minimal with an average measured value of room temperature for room

K2.001 of 31.82°C and a) 32.77°C, b) 33.00°C, c) 32.50°C for the weather file generated by ENVI-met

and combined with the external CHTC calculated by the a) ESP-r implementation of McAdams

model, b) calculated for CFD by Defraeye and c) calculated from full-scale measurements by Loveday

and Taki. The average room temperature for room K2.120 is 30.84°C and a) 31.68°C, b) 31.91°C, c)

30.83°C respectively. A window is found to be opened during the night of the measurements for room

K2.001, which explains the difference during the night. Moreover, we can observe that ENVI-met
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simulates the microclimatic conditions of the region and consequently around areas the buildings

quite accurately.

6.3.7.1 Simulation in four seasons

Spurred by the above accurate simulation of the rooms temperature additional three typical days

are selected, to examine the proposed coupling for different seasons of the year. The selections are

based on the meteorological data obtained by the meteorological station in the University campus.

In Table 6.8 are the initial meteorological conditions for the four different seasons obtained by the

meteorological station. The 24hour simulations are initiated at 00:00.

Table 6.8 Initial meteorological condition for ENVI-met simulations.

Period Winter Spring Summer Autumn

Air temperature (°C) 12.1 18.1 23.4 19.0

Relative Humidity (%) 80 72 60 80

Wind speed (m/s) 3.7 1.4 4.4 3.8

Wind direction (°) 135 112 135 255
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The local microclimatic conditions are used to calculate the difference in the energy consumption

of the building. Table 6.9 contains the outdoor temperature provided by the ESP-r weather file

and the outdoor temperature calculated by the ENVI-met model as a difference from the outdoor

temperature provided by the typical ESP-r weather file along with the heating/cooling rate needed for

the two cases. By using the ESP-r weather file an overestimation of 2.5% for the heating requirements

during the winter period is found. Moreover, an overestimation of 7.45% and 9.34% for summer and

autumn cooling rate respectively is calculated. An underestimation of 8.61% for the cooling power

needed for the spring period is calculated. Next a series of simulation are performed by using the

external CHTC calculated for the above three cases on all external surfaces.
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Figure 6.17 Total energy needed for heating/cooling for all period.

Figure 6.18 Difference in power needed for heating for difference external CHTC for winter period.
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Figure 6.19 Difference in power needed for cooling for difference external CHTC for spring period.

Figure 6.20 Difference in power needed for cooling for difference external CHTC for summer period.
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Figure 6.21 Difference in power needed for cooling for difference external CHTC for autumn period.

Figure 6.17 shows the total energy needed for heating/cooling for the four different periods. For three

of the four cases spring/summer/autumn the typical ESP-r implementation overestimates the cooling

energy. For the winter period the typical ESP-r implementation underestimates the heating energy needed

by the building. Figures 6.18 to 6.21 present the difference in power required for heating/cooling for the

four investigated cases and in the four seasons. The difference is calculated by subtracting the required

power when simulation is performed using the ESP-r weather file generated by Meteonorm and internally

calculated external CHTC for all external surfaces by the weather file as well as external CHTC generated

by ENVI-met data.
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Table 6.10 Comparison of difference in power needed for heating/cooling.

Period Winter Spring

Difference in

energy needed for

heating (kWh)

Percentage

of change

(%)

Difference in

energy needed for

cooling (kWh)

Percentage

of change

(%)

McAdams -57.13 33.66 40.10 13.97

Defraeye -52.64 31.01 35.50 12.37

Loveday and Taki -61.93 36.49 57.05 19.88

Period Summer Autumn

Difference in

energy needed for

cooling (kWh)

Percentage

of change

(%)

Difference in

energy needed for

cooling (kWh)

Percentage

of change

(%)

McAdams 151.55 25.06 163.31 33.01

Defraeye 147.46 24.39 159.17 32.17

Loveday and Taki 162.51 26.87 184.66 37.32

Tabulated in Table 6.10 is the difference in energy needed for heating/cooling. An underestimation of

31-36% is calculated by the ESP-r for heating energy needed during winter. An overestimation of 12–19%,

24-26% and 32–37% is calculated for the cooling energy needed in spring, summer and autumn periods

respectively. Especially for the spring period, despite the underestimation of 8.61% for the cooling energy

if only the ENVI-met weather file is used, an overestimation of 12 – 19 % is calculated when the external

calculated CHTC is included in the model. In all of the cases, greater difference is observed by using

the Loveday and Taki equations followed by McAdmas and Defraey. These results also agree with the

calculated CHTC values for the 3 methods as shown in Figure 6.13 and for low wind speeds that exist in

the case study area as seen in Table 6.8. The influence of the combination of weather file generated by

ENVI-met and external calculated CHTC is 2 to 4 times greater than running the BES simulation only

with the weather file generated by ENVI-met.

6.3.8 Integration of developed cool coatings to the case study

The next step in the investigation is to introduce to the coupling methodology the developed coatings

from Chapter 3. The cool coating will replace the outer layer of the buildings external walls for both

ESP-r and ENVI-met domains. The large number of different (22 values) SR values that are developed in

Chapter 3 and long computation time for ENVI-met simulation (6̃0 hours of actual running time with a

Intel i7-3770 per 24 hours of simulation) resulted to the reduction of different SR values to three. The

biggest, smallest and an intermediate SR values are chosen.
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Firstly, the ENVI-met simulation is performed. A total of 16 simulations are performed (4 different

SR values * 4 seasons) for the following SR values:

• 0.90 (WCM-DMP-GB)

• 0.79 (NHL–DMP, NHL-DMP-GB)

• 0.66 (NHL-QUA)

• 0.30 (Portland Cement, ENVI-met default value)

The impact of the use of the developed cool coatings is investigated below. The difference in average

air temperature (at 1.8 m hight) from the reference SR value is calculated. As shown in Figure 6.22 around

the K2 building 20 points are used to calculate the average air temperature. Tabulated on Table 6.11 is

calculated the deference between the average air temperature of the different SR values and the IE.

Table 6.11 Difference in average air temperature around the K2 buildings (°C).

Periode Solar Reflectance

0.9 0.79 0.66

Winter 0.010 0.008 0.006

Spring 0.047 0.038 0.027

Summer 0.028 0.023 0.017

Autumn 0.006 0.007 0.005
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Figure 6.22 Point for calculating the temperature change around the building.

The methodology described in Section 6.3.6 is used to couple the two domains, ESP-r and ENVI-met

for the four different SR values. Two different cases for each one of the four different SR values and three

CHTC calculation methods are developed for the ESP-r domain. For the first case, only the SR value of

the outer layer of the external envelope (both vertical wall and roof) of the K2 building is changed. For

the second case, the SR value of the outer layer of the external surface is changed, a updated weather file

is used generated from the ENVI-met simulation (Item 7) and one of the three different CHTC calculation

methods with the use of ENVI-met data is used to generate the CHTC values (both vertical wall and

roof) for all external surfaces are included. A total of 64 ESP-r simulations (4 different SR values * 4

seasons + 4 different SR values * 4 seasons * 3 different CHTC calculation methods) are conducted.
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Figure 6.23 Total energy needed for heating/cooling different SR values and all seasons.
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Figure 6.24 Percentage of change in total energy needed for heating/cooling for different SR values and all
seasons.

Figure 6.23 shows the total energy needed for heating/cooling for the four different SR values and four

seasons. The results confirm the initial conclusions for all four different SR values where three of the four

seasons spring/summer/autumn the typical ESP-r weather file overestimates the cooling energy.

Figure 6.24 presents the percentage of change in total energy needed for heating/cooling for different

SR values and periods. The difference is calculated by subtracting the required energy when the simulation

is performed by ESP-r weather file generated by Meteonorm and internally calculated external CHTC

for all external surfaces by the weather file as well as external CHTC generated by ENVI-met data. In

Table 6.12 is the difference in peak power needed for heating /cooling and the percentage of change. The

percentage difference in total energy for heating by the three methods of external calculating the CHTC

depends on the SR value. The column labelled ’Total’ is determined by aggregate the heating/cooling

energy for the four seasons.

For the winter season and SR=0.30 the maximum difference is calculated by using Loveday and Taki

equation while for SR= 0.90 by McAdams equation the lower difference. An underestimation of 10 -

20% for the heating energy is calculated. For the spring season for all SR values the smaller difference is

calculated by using the Defreaye equation, followed by McAdams and Loveday and Taki. For the summer

period the smaller difference is calculated by using the McAdams equations, followed by Defreaye and

Loveday and Taki. For the autumn season and SR=0.30, 0.78 the minimum difference is calculated using

the Defreaye equation while for SR=0.66, 0.90 by using the McAdams equation. An underestimation of 14

- 20%, 30 - 41 % and 39 - 47% for the cooling energy is calculated for spring, summer and autumn period
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respectively. In most cases the biggest difference in total energy is calculated by using the Loveday and

Taki equation. The SR values effects the calculation of the total energy needed for heating/cooling using

external calculated CHTC in a no predictive manner although with no substantial difference between the

three methods of external calculated CHTC.
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Chapter 7

Conclusions and further research

In the present thesis a series of cool and thermochromic coatings are developed and tested.

Concerning the inorganic cool coatings, their thermal and optical properties, as well as their contribution

to energy conservation is examined. The main results demonstrate that the higher the solar reflectance,

the higher the surface temperature reduction during the day. This surface temperature reduction can be

almost 7K compared to conventional samples. More specifically, the coatings that are composed by either

dolomite or limestone marble powder with the addition of glass beads can reduce significantly the surface

temperature of the samples when exposed to the outdoor conditions. The use of hydraulic lime enhances

the infrared emittance of the coatings contributing to a considerable reduction of the surface temperature

of samples with lower solar reflectance. All coatings contribute to the energy efficiency of both well and

poor insulated buildings by 5-14% on annual basis.

As far as the thermochromic coatings is concerned, all developed coatings demonstrate higher solar

reflectance, higher infrared emittance and lower surface temperatures compared to conventional samples.

The surface temperature of the thermochromic samples can be up to 5.5K lower than the conventional

samples with the same colour. Solar reflectance and infrared emittance are coatings’ properties that

may change over time as a result of ageing, soil and dust deposition. The testing of the cool inorganic

coatings developed in the present thesis showed a limited reduction of solar reflectance and infrared

emittance. The same applies for the cool inorganic thermochromic coatings. The only coating that

aged solar reflectance is more than 10% lower than the initial one, is the one where glass beads are

included. Overall the samples with white Portland cement reported higher decrease in solar reflectance

than the samples with natural hydraulic lime with pozzolanic additives as a binder. On the other hand all

organic thermochromic coatings demonstrate severe ageing when exposed to solar radiation. Moreover,

the coverage of the inorganic thermochromic samples with the polyurethane varnish reduced the ageing

effect by 50% compared with the samples with no protecting coverage.

Finally the indoor – outdoor environment coupling mechanism presented in Chapter 6 showed the

importance of the inclusion of microclimatic conditions in the buildings’ energy simulations. A difference

of ±10% in power for heating/cooling needs are pinpointed when the weather file typically used in building
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simulations is replaced by the local microclimatic conditions’ file. In addition if Convective Heat Transfer

is calculated based on the microclimatic conditions, the difference in heating/cooling demands extracted

can be as high as ±40%.

Finally, further future research effort should be put in:

• Examine the structural properties of the developed coating, mechanical compressive strength and

tensile strength.

• Develop colour mineral based cool coatings with the addition on inorganic colour dyes.

• Use spectrally selective filters and design thermochromic coatings’ filters.

• Test the coupling mechanism for different climate conditions, buildings topologies and locations

(inside high populated city, rural area).
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Appendix A

Spectral reflectance of mineral based

cool coating

Figure A.1 Spectral reflectance of sample: WCM-LMP.
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Figure A.2 Spectral reflectance of sample: WCM-DMP.

Figure A.3 Spectral reflectance of sample: NHL-DMP.
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Figure A.4 Spectral reflectance of sample: NHL-LMP.

Figure A.5 Spectral reflectance of sample: WCM-QUA.
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Figure A.6 Spectral reflectance of sample: WCM-DMP-GB.

Figure A.7 Spectral reflectance of sample: WCM-LMP-GB.
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Figure A.8 Spectral reflectance of sample: NHL-QUA.

Figure A.9 Spectral reflectance of sample: NHL-DMP-GB.
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Figure A.10 Spectral reflectance of sample: NHL-LMP-GB.

Figure A.11 Spectral reflectance of first phase samples.
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Figure A.12 Spectral reflectance of sample: LMP-C-N.

Figure A.13 Spectral reflectance of sample: LMP-C-S.
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Figure A.14 Spectral reflectance of sample: LMP-M-N.

Figure A.15 Spectral reflectance of sample: LMP-M-S.
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Figure A.16 Spectral reflectance of sample: LMP-F-N.

Figure A.17 Spectral reflectance of sample: LMP-F-S.
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Figure A.18 Spectral reflectance of sample: DMP-C-N.

Figure A.19 Spectral reflectance of sample: DMP-C-S.
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Figure A.20 Spectral reflectance of sample: DMP-M-N.

Figure A.21 Spectral reflectance of sample: DMP-M-S.
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Figure A.22 Spectral reflectance of sample: DMP-F-N.

Figure A.23 Spectral reflectance of sample: DMP-F-S.
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Figure A.24 Spectral reflectance of sample: Portland Cement.

Figure A.25 Spectral reflectance of sample: Cool White.
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Appendix B

Aging process of thermochromic

samples

Table B.1 Blue thermochromic (BTC) side by conventional sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 33.78 33.8 25.69 25.73

2 24.75 24.52 33.09 33.2 26.77 27.58

3 23.95 23.05 33.83 34.1 27.22 27.94

4 25.3 24.56 36.69 36.7 29.79 30.56

6 26.12 24.92 42.68 43 27.93 28.47

7 25.78 25.47 37.6 38 26.2 26.59

8 24.64 24.39

9 24.07 23.87

10 24.63 23.48 42.84 43.4

13 28.11 28.06 34.41 34.7 21.82 21.84

14 30.22 30.13
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Table B.2 Blue thermochromic tile covered with polyurethane varnish (BTC_V) side by conventional
sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 32.31 33.9 24.82 25.4

2 24.82 24.335 32.05 33.3 25.02 27.31

3 25.86 23.97 32.13 34.1 25.51 27.38

4 27.17 25.69 34.87 36.6 27.92 30.51

6 26.96 25.67 39.39 41.2 26.56 27.95

7 26.4 25.7 36.03 37.8 25.17 25.955

8 24.41 24.26

9 24.64 24.09

10 25.62 24.33 39.62 41.8

13 28.5 28.11 32.56 34.4 21.18 21.745

14 30.89 30.585



200 | Aging process of thermochromic samples

Table B.3 Blue thermochromic tile covered with UV stabiliser (BTC_S) side by conventional sample
during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 32.9 34 25.14 25.07

2 24.32 24.15 32.12 33.5 25.95 27.04

3 24.41 24.89 32.57 34.1 26.69 26.82

4 26.3 26.82 35.37 36.6 29.04 30.46

6 26.34 26.42 39.04 39.4 27.61 27.43

7 25.17 25.93 36.52 37.7 25.83 25.32

8 24 24.13

9 23.69 24.31

10 24.38 25.18 38.84 40.2

13 27.62 28.16 33.36 34.1 21.64 21.65

14 29.84 31.04
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Table B.4 Brown thermochromic (BrTC) side by conventional sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 34.81 37.4 25.8 25.57

2 24.96 25.83 34.01 37.4 26.1 25.24

3 24.83 26.56 34.89 37.5 27.01 25.04

4 26.64 28.08 37.79 41.3 29.65 27.77

6 26.69 27.64 42.56 43.5 27.4 26.84

7 25.91 27.03 38.67 42.8 25.74 24.63

8 24.73 24.87

9 24.25 25.23

10 24.84 26.27 42.61 41.1

13 28.73 31.21 34.79 37.3 21.45 22.07

14 30.82 34.53
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Table B.5 Brown thermochromic tile covered with polyurethane varnish (BrTC_V) side by conventional
sample during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 34.34 37.3 24.74 25.46

2 24 25.53 33.49 36.9 24.97 26.91

3 24.78 26.09 33.87 38.1 25.28 27.28

4 26.5 27.64 36.91 40.9 27.91 30.1

6 26.33 27.33 38.41 42.8 25.89 27.85

7 25.73 26.83 38.52 42.6 24.24 25.7

8 23.97 24.82

9 24.12 25.05

10 24.93 26.13 40.22 43.7

13 28.26 30.65 34.23 37.7 20.66 21.53

14 31.28 33.79
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Table B.6 Brown thermochromic tile covered with UV stabiliser (BrTC_S) side by conventional sample
during the measuring period.

Hour of Day

09:00 15:00 19:00

Surface Temperature (°C) Surface Temperature (°C) Surface Temperature (°C)

Day Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

Ther-

mochromic

Con-

ven-

tional

1 35.53 37.6 25.12 25.42

2 24.62 24.32 34.5 37.1 24.07 26.55

3 24.48 24.68 35.27 39.9 24.45 26.95

4 26.51 26.94 38.28 43 27 29.77

6 26.45 26.98 39.3 43.7 26 27.78

7 25.16 25.62 39.07 44.3 24.25 25.45

8 24.08 24.41

9 23.66 24.02

10 24.25 24.62 40.09 44.9

13 28.62 30.21 35.11 39.2 20.88 21.48

14 31.11 32.89





Appendix C

Source code of Sketchup-ESP-r

plug-in

#Sketchup To ESP−r Geometry Exporter

#

# >>>.rb

# Copyright 2014 Kostas Gompakis

#

# kgobakis at i s c . tuc . gr

#

# This program i s f r e e so f tware : you can r e d i s t r i b u t e i t and/ or modify

# i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

# the Free Software Foundation , e i t h e r v e r s i on 3 o f the License , or

# ( at your opt ion ) any l a t e r v e r s i on .

#

# This program i s d i s t r i b u t e d in the hope that i t w i l l be us e fu l ,

# but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

# MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the

# GNU General Publ ic L i cense f o r more d e t a i l s .

#

# You should have r e c e i v e d a copy o f the GNU General Publ ic L i cense

# along with t h i s program . I f not , s e e <http ://www. gnu . org / l i c e n s e s />.

#

# Al l un i t s i n to Ruby API i s in inch

#

#

# copy the 2 generated f o l d e r cfg , zones to the a prev ious generated Esp−r p r o j e c t f o l d e r .
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# The . skp and the esp−r model must have the same name . De lete the l a s t l i n e o f

#the c f g / projectname . c f g

# " sed − i ’ $d ’ f i l e n a n e " , append at the end o f the . c f g the c fg1

#"cat projectname . c fg1 >> projectname . c f g "

# Open the projectname . c f g and change the ∗ indx 0 to ∗ indx 1 .

#Run dos2unix ∗ command on the zones and c f g d i r e c t o r y

#

#

#

#

#

#

r e q u i r e ’ sketchup . rb ’

# Access the main View menu

view_menu = UI . menu " Plug ins "

# Add a separa to r and a submenu

sub_menu = view_menu . add_submenu ( " Esp−rV2 " )

# Add two menu items to the submenu

i t 1 = sub_menu . add_item ( "2 d to 3d " ) {

r e su l t ado=d2tod3

UI . messagebox ( r e su l t ado )

}

i t 2 = sub_menu . add_item ( "3 d to geo " ) {

r e su l t ado=sku2espr

UI . messagebox ( r e su l t ado )

}

# Class d e f i n i t i o n s

c l a s s Zone

de f i n i t i a l i z e ( )

@id=0

@name= ’ ’

@faces =[ ]

@pnt l i s t =[ ] #holds a l l the ver tex o f the zone

@group= ’ ’

end
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at t r_acce s so r : id , : name , : f a ce s , : p n t l i s t , : group

end

c l a s s Sur face

de f i n i t i a l i z e ( )

@id=0

@type= ’ ’

@name= ’ ’

@normal =[ ]

@area=0.0

@points =[ ]

@material =[ ]

@parent=’−’

@facing =’UNKNOWN’

@fac ingzone id=00

@facingzonename = ’ ’

@ fa c i ng su r f a c e i d =00

@facingsurfacename = ’ ’

end

at t r_acce s so r : id , : type , : name , : area , : normal , : po ints , : mater ia l , : parent ,

: f ac ing , : f a c ingzone id , : facingzonename , : f a c i n g s u r f a c e i d , : f ac ingsur facename

end

c l a s s Node

de f i n i t i a l i z e ( )

@id=0

@x=0.0

@y=0.0

@z=0.0

end

at t r_acce s so r : id , : x , : y , : z

end

c l a s s Mater ia l_loc

de f i n i t i a l i z e ( )

@name= ’ ’
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@alpha= ’ ’

end

at t r_acce s so r : name , : alpha

end

c l a s s S t r ing

de f j u s t _ l a t i n ?

! ! s e l f . match (/^ [ a−zA−Z_\−+]+$ /)

end

end

# Function that export s geometry de f ined with in Sketchup in to ESP−r . geo format

de f sku2espr

puts ( "HERE" )

mater ia l s InModel =[ ]

model=Sketchup . active_model

e n t i t i e s=model . e n t i t i e s

# facesNamePoints=F i l e . new ( ’ facesNamePoints . txt ’ , ’w’ )

# checking adding a l l groups to an array

groupError =[ ]

f o r group in e n t i t i e s

i f group . is_a ? Sketchup : : Group

groupError . push ( group )

puts ( group , group . name)

end

end

# check i f a l l zones have name otherwi se e x i t

# saves a l l the s e l e c t e d items and then c l e a r s them .

# I f a zone has not name the p lu in s e l e c t s i t

# so i t i s easy f o r the user to i d e n t i f y i t .

s e l=model . s e l e c t i o n

s e l . c l e a r

f o r group in groupError
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i f group . name==’’

s e l . add group . group

end

end

i f s e l . length >0

return ’One or more zones have not names \n The zones with no name are s e l e c t ed ’

end

# check i f a l l the group names are Engl i sh Characters

#

# TO be f i x e d

#

s e l . c l e a r

f o r group in groupError

i f ( group . name . j u s t _ l a t i n ?)

s e l . add group . group

end

end

i f s e l . length >0

return ’One or more zones have not Engl i sh c h a r e c t e r s \n

The zones with no Engl i sh c h a r e c t e r s are s e l e c t ed ’

end

# check i f a l l the zone have p o s s i t i v e volume

s e l . c l e a r

f o r group in groupError

i f ( group . volume <=0.1)

s e l . add group

# puts ( group , group . volume )

end

end

# i f s e l . length >0

# return ’One or more zones have smal l volume ’

# end

# check i f 2 zones have the same name
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dup l i ca tedgroups =[ ]

s e l . c l e a r

f o r group in groupError

count=0

f o r group2 in groupError

i f ( group . name==group2 . name)

count=count+1

i f ( count >1)

dup l i ca tedgroups . push ( group . name)

s e l . add group

s e l . add group2

end

end

end

end

i f dup l i ca tedgroups . length >0

errormessage = ’ ’

f o r duplgroup in dup l i ca tedgroups

errormessage=errormessage+" "+duplgroup

end

return ’ Dupl i cate zones : ’ + errormessage +". Dupl i cate zones are s e l e c t e d "

end

#get the f i l e name in order to name the . cnn and . c f g f i l e s

modelPath = Sketchup . active_model . path

f i l ename = F i l e . basename ( modelPath , ’ . ∗ ’ )

zones =[ ]

warning =""

zone_id=1

f o r group in e n t i t i e s

i f group . is_a ? Sketchup : : Group

pnt_id=1

s fc_id=1

#to check i f 2 zones have the same or no name to g ive an e r r o r to user

zone=Zone . new ( )
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zone . id=zone_id

zone_id=zone_id+1

zone . name=group . name

po in t s =[ ]

f o r sk_face in group . e n t i t i e s

i f sk_face . is_a ? Sketchup : : Face

f a c e=Sur face . new ( )

f a c e . area=sk_face . area ∗0 .0254∗0 .0254 #Converts area in to square meters

f a c e . normal=sk_face . normal

f a c e . type=set_type ( f a c e . normal )

f a c e . id=s fc_id

s f c_id=s fc_id+1

# Ass igns a mate r i a l to the f a c e with in Sketchup in case i t has not been

# p re v i o u s l y de f ined

i f sk_face . mate r i a l==n i l

sk_face . mate r i a l =’red ’

warning="\nRed s u r f a c e s have been as s i gned a mate r i a l "

end

f a c e . mate r i a l=Mater ia l_loc . new ( )

f a c e . mate r i a l . name=sk_face . mate r i a l . name

mater ia l s InModel . push ( sk_face . mate r i a l . name . to_s )

# Def ines the mate r i a l t ransparency accord ing to the mater ia l ’ s alpha value

i f sk_face . mate r i a l . alpha !=1

f a c e . mate r i a l . alpha=’TRAN’

e l s e

f a c e . mate r i a l . alpha=’OPAQUE’

end

f o r i in sk_face . v e r t i c e s

e x i s t s =0

po int=i . p o s i t i o n

# Transformation to g l o b a l coo rd ina t e s

x_loc=point . x

y_loc=point . y

z_loc=point . z
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xaxe=group . t rans fo rmat ion . xax i s

yaxe=group . t rans fo rmat ion . yax i s

zaxe=group . t rans fo rmat ion . z a x i s

po int . x=group . t rans fo rmat ion . o r i g i n . x+x_loc∗xaxe . x+y_loc∗yaxe . x+z_loc ∗ zaxe . x

po int . y=group . t rans fo rmat ion . o r i g i n . y+x_loc∗xaxe . y+y_loc∗yaxe . y+z_loc ∗ zaxe . y

po int . z=group . t rans fo rmat ion . o r i g i n . z+x_loc∗xaxe . z+y_loc∗yaxe . z+z_loc ∗ zaxe . z

#

f o r j in 0 . . . zone . p n t l i s t . l ength

i f po int . x==zone . p n t l i s t [ j ] [ 1 ] and po int . y==zone . p n t l i s t [ j ] [ 2 ] and po int . z==zone . p n t l i s t [ j ] [ 3 ]

e x i s t s =1

id2=zone . p n t l i s t [ j ] [ 0 ]

end

end

i f e x i s t s==0

zone . p n t l i s t . push ( [ pnt_id , po int . x , po int . y , po int . z ] )

id2=pnt_id

pnt_id=pnt_id+1

end

pnt=Node . new ( )

pnt . id=id2

pnt . x=point . x

pnt . y=point . y

pnt . z=point . z

f a c e . po in t s . push ( pnt )

end

# Set ing the name o f the s e r f a c e . the name conver s i on i s zone name

#fo l l owed by the s e r f a c e number . I f no name i s g iven to a zone => surface_+surfacenumber

i f zone . name . to_s==’’

f a c e . name=’ surface_ ’+ s fc_id . to_s

e l s e

i f f a c e . normal [2]==1

f a c e . name=zone . name+sfc_id . to_s+’CEIL ’

e l s i f f a c e . normal [2]==−1
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f a c e . name=zone . name+sfc_id . to_s+’FLOR’

e l s e

f a c e . name=zone . name+sfc_id . to_s

end

#hold only the l a s t 12 cha ra c t e r s o f the f a c e . name

i f f a c e . name . s i z e >12

f a c e . name=f a c e . name [ ( f a c e . name . s i z e −12) , f a c e . name . s i z e ]

end

end

# show f a c e name and how many po in t s

#facesNamePoints . p r i n t f ("%10 s %1f \n " , f a c e . name , f a c e . po in t s . l ength )

zone . f a c e s . push ( f a c e )

end

end

zone . group=group

zones . push ( zone )

end

end

#facesNamePoints . c l o s e ( )

# to make the connect i ons

f o r zone in zones

check_fac ing ( zone , zones )

end

i f ( ! F i l e . d i r e c t o r y ? ( ’ zones ’ ) )

Dir . mkdir ( " zones " )

end

f o r zone in zones

write_geo ( zone )

end

i f ( ! F i l e . d i r e c t o r y ? ( ’ c fg ’ ) )

Dir . mkdir ( " c f g " )

end
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#w r i t e s connect ion f i l e

write_cnn ( zones , f i l ename )

#w r i t e s c o n f i g u r a t i o n f i l e ! ! ! ! needs to be placed at the end o f the o r i g i n a l f i l e o f Esp−r

wr i te_cfg ( zones , f i l ename )

# wite s mate r i a l f i l e

wr i t e_mater ia l s ( mater ia lsInModel , f i l ename )

# Return message

i f zones . l ength==0

return " There are no v a l i d zones to be exported "

e l s i f zones . l ength==1

return "1 zone exported"+warning

e l s e

re turn zones . l ength . to_s+" zones exported"+warning

end

end

# Function to wr i t e a l l the d i f f e r e n t con s t ru c t i on on the f i l e

de f wr i t e_mater ia l s ( mater ia lsInModel , f i l ename )

# remove a l l d u p l i c a t e s

mater ia l s InModel . uniq

matFile=F i l e . new ( ’ zones /’+ f i l ename . to_s + ’.mat ’ , ’w+ ’)

f o r mate r i a l in mater ia l s InModel

matFile . puts ( mate r i a l . to_s )

end

matFile . c l o s e ( )

end

# Function that wr i t e s . geo f i l e s

de f write_geo ( zone )

# puts ( zone . name)

# i f ( F i l e . e x i s t ? ( ’ zones /’+zone . name+ ’. geo ’ ) )

# puts ( ’ Error ’+zone . name)

# end
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g e o f i l e=F i l e . new ( ’ zones /’+zone . name+ ’. geo ’ , ’w’ )

g e o f i l e . puts ( ’∗ Geometry 1 . 1 ,GEN, ’+ zone . name+’ # tag vers ion , format , zone name ’ )

g e o f i l e . puts ( ’∗ date ’+ setDate ()+ ’ # l a t e s t f i l e mod i f i ca t i on ’ )

g e o f i l e . puts ( ’ Zone de s c r i p t i on ’ )

wr i te_vertex ( g e o f i l e , zone . p n t l i s t )

write_edges ( g e o f i l e , zone . f a c e s )

wr i t e_sur f a ce s ( g e o f i l e , zone . f a c e s )

w r i t e _ i n s o l a t i o n ( g e o f i l e )

w r i t e _ b a s e l i s t ( g e o f i l e , zone . f a c e s )

g e o f i l e . c l o s e ( )

end

# Write v e r t i c e s ’ c oo rd ina t e s

de f wr i te_vertex ( o u t f i l e , pnts )

o u t f i l e . puts ( ’# tag , X co−ord , Y co−ord , Z co−ord ’ )

f o r i in pnts # zone . p n t l i s t [1]−>x coord inate , zone . p n t l i s t [2]−>y coord inate , zone . p n t l i s t [3] −Z coord inate

o u t f i l e . p r i n t f ( "∗ vertex ,%.5 f ,%.5 f ,%.5 f # %1d\n " , i [ 1 ] . to_m, i [ 2 ] . to_m, i [ 3 ] . to_m, i [ 0 ] ) #

. to_m a value in meters i f s u c c e s s f u l

# o u t f i l e . p r i n t f ( "∗ vertex ,%.5 f ,%.5 f ,%.5 f # %1d\n " , i [ 1 ] , i [ 2 ] , i [ 3 ] , i [ 0 ] )

end

o u t f i l e . puts ( ’# ’)

end

# Write zone ’ s edges

de f write_edges ( o u t f i l e , f a c e s )

o u t f i l e . puts ( ’# tag , number o f v e r t i c e s f o l l owed by l i s t o f a s s o c i a t e d vert ’ )

f o r i in 0 . . . f a c e s . l ength

nv=f a c e s [ i ] . po in t s . l ength

s t r = ’ ’

f o r j in f a c e s [ i ] . po in t s
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s t r=s t r + ’ , ’+ j . id . to_s

end

o u t f i l e . puts ( ’∗ edges , ’+nv . to_s+s t r +’ # ’+( i +1). to_s )

end

o u t f i l e . puts ( ’# ’)

end

# Write zone ’ s s u r f a c e s

de f wr i t e_sur f a ce s ( o u t f i l e , f a c e s )

o u t f i l e . puts ( ’# s u r f a t t i b u t e s : ’ )

o u t f i l e . puts ( ’# s u r f name , s u r f p o s i t i o n VERT/CEIL/FLOR/SLOP/UNKN’ )

o u t f i l e . puts ( ’# c h i l d o f ( s u r f a c e name ) , useage ( pa i r o f tags ) ’ )

o u t f i l e . puts ( ’# con s t ruc t i on name , o p t i c a l name ’ )

o u t f i l e . puts ( ’# boundary cond i t i on tag f o l l owed by two data items ’ )

f o r i in 0 . . . f a c e s . l ength

check_parent ( i , f a c e s )

# o u t f i l e . puts ( ’∗ sur f , ’+ f a c e s [ i ] . name+’ , ’+ f a c e s [ i ] . type + ’ , ’+ f a c e s [ i ] . parent +’,− ,− ,− , ’+ f a c e s [ i ] . mate r i a l . alpha + ’ ,UNKNOWN,00 ,00

#’+( i +1). to_s )

#o u t f i l e . puts ( ’∗ sur f , ’+ f a c e s [ i ] . name+’ , ’+ f a c e s [ i ] . type + ’ , ’+ f a c e s [ i ] . parent +’,− ,− , ’+ f a c e s [ i ] . mate r i a l . name+’ , ’+ f a c e s [ i ] . mate r i a l . alpha + ’ ,UNKNOWN,00 ,00

#’+( i +1). to_s )

o u t f i l e . p r i n t ( ’∗ sur f , ’+ f a c e s [ i ] . name+’ , ’+ f a c e s [ i ] . type + ’ , ’+ f a c e s [ i ] . parent +’,− ,− , ’+ f a c e s [ i ] . mate r i a l . name+’ , ’+ f a c e s [ i ] . mate r i a l . alpha +’ , ’+ f a c e s [ i ] . f a c i n g + ’ , ’ )

o u t f i l e . p r i n t f ("%02d,%02d , # %d " , f a c e s [ i ] . f a c ingzone id , f a c e s [ i ] . f a c i n g s u r f a c e i d , ( i +1))

i f f a c e s [ i ] . f a c i n g==’ANOTHER’

o u t f i l e . p r i n t ( " | | < "+ f a c e s [ i ] . f ac ingsur facename + ’: ’+ f a c e s [ i ] . facingzonename )

o u t f i l e . p r i n t f ( " \ n " )

e l s i f f a c e s [ i ] . f a c i n g==’EXTERIOR’

o u t f i l e . p r i n t ( " | | < e x t e r n a l \n " )

e l s e

o u t f i l e . p r i n t f ( " \ n " )

end

end

o u t f i l e . puts ( ’# ’)

end

# Write data r e l a t e d to the i n s o l a t i o n c a l c u l a t i o n

de f w r i t e _ i n s o l a t i o n ( o u t f i l e )

o u t f i l e . puts ( ’∗ i n s o l , 3 , 0 , 0 , 0 , 0 # d e f a u l t i n s o l a t i o n d i s t r i b u t i o n ’ )

o u t f i l e . puts ("#\n# shading d i r e c t i v e s " )
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o u t f i l e . puts ( ’∗ shad_calc , none # no temporal shading requested ’ )

o u t f i l e . puts ("#\n∗ i n so l_ca l c , none # no i n s o l a t i o n reques ted \n#")

end

# Write b a s e _ l i s t l i n e

de f w r i t e _ b a s e l i s t ( o u t f i l e , f a c e s )

area =0.0

l i s t = ’ ’

num=0

f o r i in f a c e s

i f i . type=="FLOR"

num=num+1

l i s t=l i s t+i . id . to_s + ’ , ’

area=area+i . area

end

end

i f num==1

o u t f i l e . puts ( ’∗ base_l i s t ,0 , ’+ area . to_s + ’ ,1 ’)

e l s e

o u t f i l e . puts ( ’∗ base_l i s t , ’+num. to_s +’ , ’+ l i s t+area . to_s+’ 0 ’ )

end

end

# Set type o f s u r f a c e

de f set_type ( normal )

i f normal [2]==1

type=’CEIL ’

e l s i f normal [2]==−1

type=’FLOR’

e l s i f normal [2] <=0.001 and normal [2]>=−0.001

type=’VERT’

e l s e

type=’SLOP’

end

return type

end

# Checks whether or not the s u r f a c e has a parent
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de f check_parent ( i , f a c e s )

f o r j in 0 . . . f a c e s . l ength

i f j != i and f a c e s [ i ] . normal==f a c e s [ j ] . normal and f a c e s [ i ] . po in t s . length<f a c e s [ j ] . po in t s . l ength

count=0

f o r pnt1 in f a c e s [ i ] . po in t s

f o r pnt2 in f a c e s [ j ] . po in t s

i f pnt1 . id==pnt2 . id

count=count+1

end

end

end

i f count<f a c e s [ j ] . po in t s . l ength and count>=f a c e s [ i ] . po in t s . l ength

f a c e s [ i ] . parent=f a c e s [ j ] . name

end

end

end

end

# Checks where the s u r f a c e f a c i n g

de f check_fac ing ( zone , zones )

t o l e r a n c e =0.5

cZoneName=zone . name

#search a l l the zones in order to f i n d i f the re are s u r f a c e s that are ad ja t i on

f o r cZoneSurface in zone . f a c e s

f o r a l lOhterZones in zones

# do not cont inue i f the zone s e l e c t e d from zones i s the zone under i n v e s t i g a t i o n

i f a l lOhterZones . name!=cZoneName

f o r a l lOtherZoneSur face in a l lOhterZones . f a c e s

# f i r s t check the 2 s u r f a c e s have the same number o f point−v e r t i c e s and the f a c e under i n v a s t i g a t i o n i s no s e t to UNKNOWN

countAdjat ionVert i c e s=0

i f cZoneSurface . po in t s . l ength==al lOtherZoneSur face . po in t s . l ength #and a l lOtherZoneSur face . f a c i n g==’UNKNOWN’

#checking a l l the po in t s in the s u r f a c e under i n v e s t i g a t i o n

f o r i in cZoneSurface . po in t s

f o r j in a l lOtherZoneSur face . po in t s

# the 2 po in t s are very c l o s e <t o l e r a n c e i f a l l po in t s o f the 2 s u r f a c e s are very c l o s e so the 2 s u r f a c e s are s i d e by s i d e
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i f ( i . x−j . x ) . abs<t o l e r a n c e and ( i . y−j . y ) . abs<t o l e r a n c e and ( i . z−j . z ) . abs<t o l e r a n c e # a v e r t i x from one s u r f a c e i s equal to a v e r t i x from another

countAdjat ionVert i c e s=countAdjat ionVert i c e s+1

end

end

end

# the 2 s u r f a c e s have are s i d e by s i d e

i f countAdjat ionVert i c e s==cZoneSurface . po in t s . l ength

# s e t the nes sasey arguments f o r t h i s s u r f a c e

cZoneSurface . f a c i n g =’ANOTHER’

cZoneSurface . f a c i n g z o n e i d=al lOhterZones . id

cZoneSurface . facingzonename=al lOhterZones . name

cZoneSurface . f a c i n g s u r f a c e i d=al lOtherZoneSur face . id

cZoneSurface . fac ingsur facename=al lOtherZoneSur face . name

# s e t the nes sasey arguments f o r other s u r f a c e

a l lOtherZoneSur face . f a c i n g =’ANOTHER’

a l lOtherZoneSur face . f a c i n g z o n e i d=zone . id

a l lOtherZoneSur face . facingzonename=zone . name

a l lOtherZoneSur face . f a c i n g s u r f a c e i d=cZoneSurface . id

a l lOtherZoneSur face . fac ingsur facename=cZoneSurface . name

end

end

end

end

end

# s e t a l l s u r f a c e s that they are not s i d e by s i d e as EXTERIOR

# SOS the ground s u r f a c e s needs to be a l t e r e d i n s i d e Esp−r

i f cZoneSurface . f a c i n g==’UNKNOWN’

cZoneSurface . f a c i n g =’EXTERIOR’

cZoneSurface . fac ingsur facename =’External ’

end

end

end

# Function that wr i t e s . cnn f i l e

de f write_cnn ( zones , f i l ename )

cnnFi l e=F i l e . new ( ’ c f g /’+ f i l ename . to_s + ’. cnn ’ , ’w+ ’)
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cnnFi l e . puts ( ’∗ connect i ons f o r ’+ f i l ename . to_s )

cnnFi l e . puts ( ’∗ Date ’+ setDate ()+ ’ # l a t e s t f i l e mod i f i ca t i on ’ )

# count the number o f s e r f a c e s i n s i d e the model

countNumberofSurfaces=0

f o r zone in zones

countNumberofSurfaces=countNumberofSurfaces+zone . f a c e s . s i z e ( )

end

cnnFi l e . puts ( countNumberofSurfaces . to_s+’ # number o f connect ions ’ )

countNumberofSurfaces=1

f o r zone in zones

f o r s u r f a c e in zone . f a c e s

#see ??? documentation f o r exp lanat ion

cnnFi l e . p r i n t ( ’ ’+zone . id . to_s+’ ’+ s u r f a c e . id . to_s+’ ’ )

i f s u r f a c e . f a c i n g==’ANOTHER’

cnnFi l e . p r i n t ( ’ 3 ’ )

e l s i f s u r f a c e . f a c i n g==’EXTERIOR’

cnnFi l e . p r i n t ( ’ 0 ’ )

e l s e

cnnFi l e . p r i n t ( ’ −1 ’)

end

cnnFi l e . p r i n t ( ’ ’+ s u r f a c e . f a c i n g z o n e i d . to_s+’ ’+ s u r f a c e . f a c i n g s u r f a c e i d . to_s+’

# ’ )

cnnFi l e . p r i n t f ( ’%4d ’ , countNumberofSurfaces . to_s )

i f s u r f a c e . f a c i n g==’ANOTHER’

cnnFi l e . p r i n t ( s u r f a c e . name . to_s+’ in zone >|< ’+ s u r f a c e . f ac ingsur facename . to_s+’ in ’+ s u r f a c e . facingzonename . to_s )

e l s i f s u r f a c e . f a c i n g==’EXTERIOR’

cnnFi l e . p r i n t ( s u r f a c e . name . to_s+’ in zone i s External ’ )

e l s e

cnnFi l e . p r i n t ( s u r f a c e . name . to_s+’ in zone not yet de f ine ’ )

end

cnnFi l e . puts ( ’ ’ )

countNumberofSurfaces=countNumberofSurfaces+1

end

end

cnnFi l e . c l o s e ( )

end
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# Function that wr i t e s . cnn f i l e

# needs to be placed at the end o f the c f g f i l e o f the p r o j e c t

de f wr i te_cfg ( zones , f i l ename )

c f g F i l e=F i l e . new ( ’ c f g /’+ f i l ename . to_s + ’. c fg1 ’ , ’w+ ’)

# count the number o f s e r f a c e s i n s i d e the model

c f g F i l e . puts ( ’∗ Building ’ )

c f g F i l e . puts ( f i l ename +’ exported from Google SketchUp ’ )

i=0

f o r zone in zones

i=i+1

end

c f g F i l e . puts ( i . to_s+’ # no o f zones ’ )

countNumberofSurfaces=1

f o r zone in zones

c f g F i l e . puts ( ’∗ zon ’+zone . id . to_s+’ # IE f o r ’+zone . name . to_s )

c f g F i l e . puts ( ’∗ opr . . / zones /’+zone . name . to_s + ’. opr # schedules ’ ) #c f g F i l e . puts ( ’∗ opr UNKNOWN

# schedules ’ )

c f g F i l e . puts ( ’∗ geo . . / zones /’+zone . name . to_s + ’. geo # geometry ’ )

c f g F i l e . puts ( ’∗ con . . / zones /’+zone . name . to_s + ’. con # cons t ruc t i on ’ ) #c f g F i l e . puts ( ’∗ con UNKNOWN

# const ruc t i on ’ )

i f ( checkZoneIfHasTransparenr ( zone ) )

c f g F i l e . puts ( ’∗ tmc . . / zones /’+zone . name . to_s + ’. tmc # transparent ’ )

end

# c f g F i l e . puts ( ’∗ i h c . . / zones /’+zone . name . to_s + ’. htc # convec t ive hc coe f ’ )

c f g F i l e . puts ( ’∗ zend ’ )

end

c f g F i l e . puts ( ’∗ cnn ’+ f i l ename . to_s + ’. cnn # connect ions ’ )

c f g F i l e . puts ( ’0 # no f u i l d f low network ’ )

c f g F i l e . c l o s e ( )

end

de f checkZoneIfHasTransparenr ( zone )

f o r f a c e in zone . f a c e s

i f ( f a c e . mate r i a l . alpha==’TRAN’ )

re turn TRUE
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e l s e

puts ( f a c e )

re turn FALSE

end

end

end

de f setDate ( )

t = Time . now

return t . s t r f t i m e ("%a %b %H:%M:%S %Y" ) . to_s

end

# c r e a t e s any 2d s u r f a c e s in to a 3d− not extrude i t

de f d2tod3

a l l v e r t i c e s =[ ]

a l l f a c e s =[ ]

model = Sketchup . active_model

e n t i t i e s = model . e n t i t i e s

mat e r i a l s=model . mat e r i a l s

f a c e s = [ ]

e n t i t i e s . each do | e |

i f e . is_a ?( Sketchup : : Face )

f a c e s << e

e l s i f e . is_a ?( Sketchup : : Group )

re turn " There i s one/more group/ s i n s i d e model . \ n Explode the groups in order to prossed "

end

end

f o r f a c e in f a c e s

f o r i in 0 . . f a c e . v e r t i c e s . s i z e −1

i f f a c e . v e r t i c e s [ i ] . p o s i t i o n . z >0.1

re turn " Error one/more s u r f a c e s have high "

end

end

end



Source code of Sketchup-ESP-r plug-in | 223

# making the d ia l ogue

inputdata= inputbox [ " Hight o f the rooms " , " External Walls " , " I n t e r n a l wa l l s " , " Floor " , " C e i l i n g " ] , [ " 3m" , " extr_wal l " , " int_wal l " , " dapedoendiam " , " room_cell " ] , " Make Rooms from 2D"

zonehigh= inputdata [ 0 ] . to_l

ext_mater ia l=inputdata [ 1 ]

in t_mater ia l=inputdata [ 2 ]

f l o o r_mate r i a l=inputdata [ 3 ]

c e i l i n g _ m a t e r i a l=inputdata [ 4 ]

# f l a g s f o r check ing i f in the . skp are a l l the mat e r i a l s

f l ag_ext=0

f l ag_ in t=0

f l a g _ f l o=0

f l a g _ c e l=0

# checking i f the mat e r i a l s are a l r eady e x i s t s

f o r mate r i a l in mat e r i a l s

# puts ( mate r i a l . name . to_s )

i f mate r i a l . name . to_s == ext_mater ia l . to_s

f lag_ext=1

end

i f mate r i a l . name . to_s == int_mater ia l . to_s

f l a g_ in t=1

end

i f mate r i a l . name . to_s == f l oo r_mate r i a l . to_s

f l a g _ f l o=1

end

i f mate r i a l . name == c e i l i n g _ m a t e r i a l . to_s

f l a g _ c e l=1

end

end

# e r r o r messages f o r miss ing mate r i a l

e r ro routput =""

i f f l ag_ext==0

er roroutput ="External wa l l mate r i a l "

end

i f f l a g_ in t==0

er roroutput=er roroutput +" , i n t e r n a l wa l l mate r i a l "

end
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i f f l a g _ f l o==0

er roroutput=er roroutput +" , f l o o r mate r i a l "

end

i f f l a g _ c e l==0

er ro routput=er roroutput +" , c e l i n g mate r i a l "

end

i f e r ro routput !=""

re turn er ro routput + " does not e x i s t ! ! ! ! \n Right c l i c k on mate r i a l Add to model "

end

# f i l e=F i l e . open ( ’ t e s t 2 . out ’ , ’ a ’ )

# you need 4 v e r t i c e s to make a s u r f a c e ( p1 , p2 , p3 , p4 ) so we take a l l the v e r t i c e s o f the buttom s u r f a c e 2 at eatch time

# in order to make the wa l l s o f the room .

# p1 ( ppr iv ) the p r i v i o u s v e r t i c e

# p2 (p) the cur rent v e r t i c e

# p3 (p) p2+zonehigh

# p3 ( ppr iv ) p1+zonehigh

f o r f a c e in f a c e s

a l l f a c e s =[ ] # s t o r e the a l l the s u r f a c e s in order to c r e a t e a group at the end

a l l f a c e s . push ( f a c e )

f a c e . mate r i a l=f l oo r_mate r i a l . to_s

f o r i in 0 . . f a c e . v e r t i c e s . s i z e

# the f i r s t v e r t i c e s o f the s u r f a c e we cannot make a wa l l

i f i==0

p=f a c e . v e r t i c e s [ i ] . p o s i t i o n

a l l v e r t i c e s . push (Geom : : Point3d . new(p . x , p . y , p . z+zonehigh ) )

next

e l s i f i >0 and i<f a c e . v e r t i c e s . s i z e

p=f a c e . v e r t i c e s [ i ] . p o s i t i o n

a l l v e r t i c e s . push (Geom : : Point3d . new(p . x , p . y , p . z+zonehigh ) )

ppr iv=f a c e . v e r t i c e s [ i −1] . p o s i t i o n

e l s i f i==f a c e . v e r t i c e s . s i z e # we run out o f v e r t i c e s we need to take the f i r s t and the l a s t in order to " c l o s e " the room

#i n i t i a l po int o f the s u r f a c e

p=f a c e . v e r t i c e s [ i −1] . p o s i t i o n

ppr iv=f a c e . v e r t i c e s [ 0 ] . p o s i t i o n

end

s i z e a l l v e r t i c e s=a l l v e r t i c e s . s i z e

p1=Geom : : Point3d . new( ppr iv . x , ppr iv . y , ppr iv . z )
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p2=Geom : : Point3d . new(p . x , p . y , p . z )

i f i != f a c e . v e r t i c e s . s i z e

p3=a l l v e r t i c e s [ s i z e a l l v e r t i c e s −1]

p4=a l l v e r t i c e s [ s i z e a l l v e r t i c e s −2]

e l s e # f o r the l a s t v e r t i c e o f the button s u r f a c e we need to c l o s e i t so we take the i n i t i a l v e r t i c e o f the buttom s u r f a c e

p4=a l l v e r t i c e s [ s i z e a l l v e r t i c e s −i ]

p3=a l l v e r t i c e s [ s i z e a l l v e r t i c e s −1]

end

c f a c e=e n t i t i e s . add_face p1 , p2 , p3 , p4

a l l f a c e s . push ( c f a c e )

i f i==f a c e . v e r t i c e s . s i z e #time to add the top−c e i l i n g o f the room

c f a c e=e n t i t i e s . add_face a l l v e r t i c e s [ s i z e a l l v e r t i c e s −i . . . s i z e a l l v e r t i c e s ]

a l l f a c e s . push ( c f a c e )

end

end

#c r e a t e s a group o f the cur rent room

e n t i t i e s . add_group a l l f a c e s

end

setmater ia lToAl lFace ( ext_materia l , int_mater ia l , f l oo r_mater i a l , c e i l i n g _ m a t e r i a l )#, f i l e

# f i l e . c l o s e

re turn "OK"

end

#s e t the mate r i a l to the f a c e

de f se tmater ia lToAl lFace ( ext_materia l , int_mater ia l , f l oo r_mater i a l , c e i l i n g _ m a t e r i a l )

t o l e r a n c e =0.1

model = Sketchup . active_model

e n t i t i e s = model . e n t i t i e s

# get again a l l s u r f a c e s in order to g ive them mate r i a l

f a c e s =[ ]

f a c e s 2 =[ ] #in order to i t e r a t e a l l the f a c e s

groups =[ ] # s t o r e the group in order to make the c o r r e c t t rans fo rmat ion

e n t i t i e s . each do | e |

i f e . is_a ?( Sketchup : : Group )
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g roupEnt i t i e s=e . e n t i t i e s

f o r ee in g roupEnt i t i e s # i f a group i s c r ea ted on Google Sketchup a l l the f a c e s are l i v e i n s i d e the group and they are hiden from the r e s t o f the model

i f ee . is_a ?( Sketchup : : Face )

f a c e s . push ( ee )

f a c e s 2 . push ( ee )

groups . push ( e )

end

end

end

end

countercFace=0

f o r c f a c e in f a c e s

# f i l e . puts ( ’ f a c e ’+ c f a c e . to_s+’ ’+ f a c e s . s i z e . to_s )

counterFace=0

f o r f a c e in f a c e s 2

# f i l e . puts ( ’ c f a c e ’+ f a c e . to_s )

i f f a c e != c f a c e

# f i r s t check the 2 s u r f a c e s have the same number o f point−v e r t i c e

i f c f a c e . v e r t i c e s . l ength==f a c e . v e r t i c e s . l ength

#checking a l l the po in t s in the s u r f a c e under i n v e s t i g a t i o n

countAdjat ionVert i c e s=0

f o r i in c f a c e . v e r t i c e s

# Every group in GS has i t s own c o r d in a t e s system so i t needs a t rans fo rmat ion in order a l l i t s c oo rd ina t e s to match up and can be compaired

f o r j in f a c e . v e r t i c e s

#making the t rans fo rmat ion

c f a c e V e r t i c e=trans format ionToOrig in ( groups [ countercFace ] , i )

f a c e V e r t i c e=trans format ionToOrig in ( groups [ counterFace ] , j )

disX=( c f a c e V e r t i c e [0] − f a c e V e r t i c e [ 0 ] ) . abs

disY=( c f a c e V e r t i c e [1] − f a c e V e r t i c e [ 1 ] ) . abs

disZ=( c f a c e V e r t i c e [2] − f a c e V e r t i c e [ 2 ] ) . abs

# the 2 po in t s are very c l o s e <t o l e r a n c e i f a l l po in t s o f the 2 s u r f a c e s are very c l o s e so the 2 s u r f a c e s are s i d e by s i d e

i f disX<t o l e r a n c e and disY<t o l e r a n c e and disZ<t o l e r a n c e

countAdjat ionVert i c e s=countAdjat ionVert i c e s+1

# f i l e . puts ( ’ countAdjat ionVert i c e s=’+countAdjat ionVert i ce s . to_s )

break

end

end
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end

# the 2 s u r f a c e s have are s i d e by s i d e so they are i n s i d e s u r f a c e s

i f countAdjat ionVert i c e s==c f a c e . v e r t i c e s . l ength

c f a c e . mate r i a l=int_mater ia l . to_s

f a c e . mate r i a l=int_mater ia l . to_s

# f i l e . puts ( ’OK’ )

break

e l s e #c e i l i n g

i f c f a c e . normal [2]==1 #z cord ina t e

c f a c e . mate r i a l=c e i l i n g _ m a t e r i a l . to_s

e l s i f c f a c e . normal [2]==−1 #f l o r

c f a c e . mate r i a l=f l oo r_mate r i a l . to_s

e l s e #a l l other s u r f a c e

c f a c e . mate r i a l=ext_mater ia l . to_s

end

end

end

end

counterFace=counterFace+1

end

countercFace=countercFace+1

end

end

# Give a Point3d and return g l o b a l i n to an array

de f t rans format ionToOrig in ( group , po int )

x_loc=point . p o s i t i o n [ 0 ]

y_loc=point . p o s i t i o n [ 1 ]

z_loc=point . p o s i t i o n [ 2 ]

xaxe=group . t rans fo rmat ion . xax i s

yaxe=group . t rans fo rmat ion . yax i s
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zaxe=group . t rans fo rmat ion . z a x i s

x=group . t rans fo rmat ion . o r i g i n . x+x_loc∗xaxe . x+y_loc∗yaxe . x+z_loc ∗ zaxe . x

y=group . t rans fo rmat ion . o r i g i n . y+x_loc∗xaxe . y+y_loc∗yaxe . y+z_loc ∗ zaxe . y

z=group . t rans fo rmat ion . o r i g i n . z+x_loc∗xaxe . z+y_loc∗yaxe . z+z_loc ∗ zaxe . z

re turn [ x , y , z ]

end
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