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Cool materialare characterized by having a high solar reflectageéich is able to reduce heat
gains duringlaytime- and a high thermal emissivitghat enables thento dissipate the heat absorbed
throughout the dayluring night.

Despite the concept aool roofs i.e. the application of cool materials to roof surfacesvell
known in US since 1990s, mastydies focused on their performance oth residential and
commercial sectors under various climatic conditions for US countries, while only a few case studies are
analyzed in EU countries.

The present thesis work aims at analyzing the thermal bedeéto their application to existing
office buildingéocatedin EU countriesndeed, due to their weight in the existing buildings staekvell
as the very low rate of new buildings constructtbe, retrofit of office buildings is a topic of great
concern worldwide.

After an indepth characterization of the existing buildings stocthéEU the thesis gives an
insight into roof energy balance due to different technological solugbogving in which cases and to
what extent cool roofs are preferabl

A detaiked description othe physical properties of cool materials and theailability on the
market providesa solid background for the parametric analgsigied out by means of detailed
numerical models that aimat evaluating cool roofs perfoance for various climates and office
buildings configurations.

With the help of dynamic simulatigriee thermal behavior of representative office buildings of
the existing EU buildings stock is assessed in terms of thermal comfort and energpmaeds f
conditioning. The resujtsvhich consider several variations of building features that may affect the
resultingenergy balance, shoWwow cool roofs are an effective strategy for reducing overheating
occurrences and thus improving thermal comifoanyclimate On the other handgyotential heating
penaltiedue to a reduction in the heat fluxes passing through the roof are taken into account, as well as
the aging process of cool materials.

Finally, an economic analysisthe best performing models shie the boundaries for their

economic conveniee.

Kemords:cool roofs, office buildings, thermal analysis, building simulations, building energy efficiency
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Variables
A solar absorptance
COP Coefficient Of Performance
EER Energy Efficiency Ratio
G solar spectral distribution /Fvimi®)
he convective heat transfer coefficigV m? KY)
H heat flux (W)
I global horizontal solar irradiance (VWm
ITD Intensity of Thermal Discomfort Index (°C h)
K thermal conductivity (AK)
PE Primary Bergy (MWh)
PER Primary Energy Ratio
q specific heat flux (%Y m
energy needs (Wh)
r solar reflectance
R thermal resistanca{(iv?)
RWR  Roof to Walls Rat
SRI Solar Reflectance Index
T temperature (°C)
U thermal transmittance (AK)

Greek letters

h 2sh GKSNXYI f RAFTTFdzAADAGE
¢ thermal emissivity
< wavelength (nm)

-Boltzmann constant (WiK*) {0SFtL Y
GAYS o6av

relative humidity



Subscripts

f foliage

g ground

[ indoor

ir infrared
lim limit

max maximum
min minimum
o] outdoor
op operative
S summer
SO outer surface
sol solar

w winter
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The rapidly growing dding energy use has raised concerns globally. The contribution from
buildings towards total national energy consumption, both residential and commercial, has steadily
increased and reached figures as high as 40% in developed countries, and has excetsearthjor
sectors such as industrial and transportafibjn With the growing population, déy-day increasing
demand for building services and comfort levels, along with the rise in time spent inside buildings,
energy demand in buildings will surstigk to the upward trend in the future. For this reason, energy
efficiency in buildings is one of the prime objectives in design and retrofit at regional, national, and
international levelsWithin this framework, the topic of Zero Energy Buildings (@Bjeceived
increasing attention in recent years)til becoming part of the energy policy in several countries.
However, while new buildings can be constructed with high performance tegetdger buildings
representthe vastmajority of the buildingtock andare predominantly of low energy performance and
subsequently in need of renovation work. With their poteintiedrms ofenergy and C{3avings as well
as many societal benefits, energy efficient buildings can have a pivotal role in a igiainabl

The present chaptestarts with a brief discussion on ZEB definitions and issukthiendevelops
considerations on the existing EU building stock and on the potential for its energy retrofit, thus framing

the research topic of this thesis.
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ThenearlyZero Energy BuildingZEB) concept is one of many-emergy building movements
that respond to the issues of climate change and energy securitgZEBeconcept strives to reduce
demand for enagy and then to offset anysielual energy consumption witQ free technologies. The
(re-)design focus fanZEBs is to redugeimaryenergy consumptigrso aso be equal to or less than
any generated renewable energy. This is an important conceptagipaeximately 40 percent of all
energy and emissions worldwide are buildlglgted. If all buildings were designed and operated to be
nZE, the energyoaldbe used by other sectorsith a potentialncreasen energy security.

In Europe, dicle 9 of the EPBD (2010/31/UE) Recast requireg2hat

(i) by 31 December 2020, all new buildings esgln zero energy buildings;

(i) after 31 December 2018, new buildings occupied and owned by public authorities are nearly

zeroenergy buildings.
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A few exemplar nonresidential renovation projects have demonstrated that total primary
energyconsumption can be drastically reduced, together with improvements to indoor environment
quality, by means opassive and active systems. Because (pigterty) owners are ot even aware
that such savings are possible, they tend to set less ambitious:téxgjelings that areenovated to
mediocre performance can be a lost opportunity for decades.

Nevertheless, a further step towards thecatled Net Zero Ergy BuildingNZEB) ihe desire to
design buildings in a sustainable waly There is considerable debate on how to define this design
approach, particularly on how to calculate the balance between energy use and energy generation
Indeed, in principle a NZEB coudpdy be a traditionabuilding thathas its energy supplied by a very
large rengvable energy generation systenifsthese systems deliver an equal or greater amount of
energy than the building consumesrifit is a NZEB.

Obviously, this would not imply reduction of global energy demand, since it would be
theoretically possible to deliver as much energy as needed by means of renewable sources, thus
buildings must be low energyes, and have enough onsite renewable energy generation.

A graph explainingné concept of NZEB is reported in El.here it is shown how the reference
building energy needs should be first decreased (moving towards left on the energy dexiahd x
thencoveredby renewable energy sourcésis definition was universally aggle

If the energysupplyshould overcome the annual energy balance of the building, we talk of
Positive/Plus Energy Buildings

weighted supply
[kWh, COs, etc.]
&

" net zero balance line

-
- @ Net ZEB
energy i

supply reference
o ; building
X & weighted demand

B 4 [kKWh, CO, ete.]

——

encrgy efficiency

FIGUREL: Graph representing the NZEB balance corjept |

Where consensus has been harder to find is about the mettiqfinary energy, carbon
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consequence.

For example, sulation levels, HVAC system performance, photovoltaic or cogeneration system
sizing and so on are directly dependent on the NZEB balance.

The biggest dispute concexifithe zero should be measured siteor off site and which of the
four traditional erergy related units or metrics have to be uégse Figl.2 for a scheme depicting the
energy boundaries for the calculafion

Torcellini et al[5] undertook an irdepth analysis abouhese issues, identifyirige following
defintions:

(i) Net Zero Site Brgy. abuilding thafproduces at least as much eneogysiteas it uses in
ayear;

(i) Net Zero Source (Primary) Enesgyrce energy refers to the primary energy used to
generate and deliver the energy to the site. It requires the imported/exported energy t
be multiplied by appropriate site-source conversion factors;

(i) Net Zero Energy Costise amount of money the building tengpays for the energy
services should bequal to or lesthanthe amount of money the utility pays for the
building energy exptarto the grid;

(iv) Net Zero Energy Emissions/Carboiiding emissions from emissigmeducing energy
sources should be less than the equivalent ones produced by renewable energy sources

(that are emissiorfsee).

______

/,— '\\

4 on-site \\
f," renewables ‘.\ —_——— €I1EI'L;{}‘;Q.TLL|§
; - —— 3 £ gelivered energy 1 > -h'\-\
! [ t T T/ electricity “\
i I load 1 i I { district heating/cooling Y
\ - ! 1 { natural gas !.'
A\ l : / 1 exported energy ] \ bionisy /
Y 7 = 5 other fuels

. - - = / N - —

e e i | e ==

S g 1
__________ et
________ 1

Weighting system

[kWh.CO,.etc ]

Net ZEB balance

FIGURE2: Connections beken buildigs and energy grif4
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The importance of a welkveloped NZEB definition is highlighted when considering buildings
that are being refurbished: firstly, refurbishment projects are more difficult because the building
geometry, size and layout are fletermined and not necessarily optimized to save energy. Secondly,
very often all renewable energy supplies must be situated on site, and there is a lack of space for
allocating them.

Some exampteof sucessful MEBRall over the worldare given in §] where 23 selected projects
are discussed, rangirgross different functional typologies and sizes to illustrate implementation at
different scales and in different climates.

For what concerns the office buildings seaaryhich this thesis is focuset vill be explained
in the rext paragraphs), it is worthentioringthe renovation project of the WWF headquarters in Zeist
(Netherlandssee Fig. 1)3This building is regarded as the first cauvemtral administration building in
the Netherlands

It is eficiently conditioned by using exhaust heat, which is stored in the ground by means of
geothermal probes, as well as by a passive cooling syatdem.collectors cover a part of the heat
required for the provision of hot water, while the remaining hotewaind heating demands are
covered by heat pungp

The facade is clad in glazed ceramic tile supported by aewd@ine and wood panel
sheathing, which enclose a 24 cm deep air cavity and a 12 cm thick insulating layer of mineral wool. The

inner face isamprised of a vapor barrier and a 5 cm thick adobe render layer.

FIGURES: WWF headquartein Zeidinternet]

As large areas of the facade are glazed, daylight can penetrate deeply into the offices, and they
permit an almost unobstructed view ogtsurroundings. Horizontal wooden louvers shade parts of the

southfacing fagade in the office wings in the old part of the building.
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Openable windows combined with ventilation flaps in the lightweight timber construction
elements ensure natural ventilatithroughout the year. The large areas available for thermal exchange
allow homogeneous temperature shifts and help avoid sudden temperature changes. In addition, the
adobe retains moisture and improves the indoor climate.

The calculated demand parametare strongly reduced with respect to the starting point, being
now the total primangnergy demand equal to 247 KWify™* and the total primary energy generated
326 kW™,

The Pixel Building in Melbourne (Austrdfig. 1.3 gives another example thfe feasibility of
NZEB projects, in a different climdtiere, passive strategies such as sunshade and daylight optimization
reduce the need for coolingnd heating, while recyclable materials minimize the amount of CO
producedduringthe buildingconstuction The photovoltaic arrays and the micro wind turbine power
generators on the roof are sized to offset all climate gas emissions from the gas absorption heat pump

and the other building service plants.

FIGUREA4: Pixel building in Melbourne [Imet]

The reinforced concrete floor slabs rest on the walls of the solid staircase core and on three
precast concrete piers outside the insulated building envelope of the western facade. The windows
recede by about a meter to provide architectisahshae for the facade that receives a lot of sun
during working hours.

Sufficient daylight can enter through the -hdight windows while preventing direct solar
radiation from heating up the rooms excessielgddition to the intelligent exploitation ofyight, an

energyefficient lighting system (fluorescent tubes) in the office ensures low heat loads: they are
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dimmed in accordance with the amount of daylight and connected to presence sensors. In all other
rooms apart from the offices LED lighting isluse

To passively cooling the building during the night, the windows of the upper floors open
automatically on cool nights, allowing cold air to flow across the solid ceiling slabs and withdraw the heat
stored during the day.

The vertical axis wind turbinea the roof are also a unique feature that nettee theme of
renewable energy clearly visible; they are not affected by the frequent change in wind direction and
allow an even generation of 1.7 kW of electricity at a wind speed of 8 m/s. The renewajylsystem
is completed by a photovoltaic array measuring 38mounted on three solar trackers (dual axis
system that follows the sun).

The resulting primarynergy demand amounts to 123 kWwiiy™, while the primary eneyg
generation is equal to 84 k\ifiy™.

MOH 9! o0dAf RAYy3a #6207

Amongst the current political discussions at EU |Budllings Performance Institute Europe
(BPIE has undertaken an extensive survey across all EU Member States, Switzerland and Norway
reviewing the situation in terms tfe building stock characteristics and policies in place. This survey
provides an Eddiide picture of the energy performance of the building stmottis hereafter called as a
basis fodetermining existing buildings featuféks

European countries havgeen divided up into three regioragcording toclimatic, building
typolagy and market similarities

(] North & West;

(i) South;

(iii) Central & East.

Each region, together witftoor and population idtributions, is shown in FIb.




North & West AT, BE, CH, DE, DK, FI, FR, IE, LU, NL, NO, SE, UK

Central & East

Floor space distribution

Central &
East 14%
North
& West
50%
South
36%
",
,_/—/ oy
y
!
4
Va

Population: 281 million

BG, CZ, EE, HU, LT, LV, PL, RO, S, SK

Population: 102 million

South

CY, GR, ES, IT, MT, PT

Population: 129 million
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FIGURE®.EU Countries codsired within BPIE survey together with population and floor distribution breakélown [

The five most populated countries (France, Germany, ltaly, Spain and the UK) account for
approximately 65% of the total floor space, thus there is no surprise ingfiodi that the
corresponding share of population in these countries is equal to 61% of the total.

The residential stock is the biggest segment, accounting forf T8&dilding stock (see Fl);
an analysis of this seciodicates that 64% of thresidential floor area pertains singlefamilyhouses,

whereas the remaining 36% to apartment blocks.

Single family
houses
Non 64%
Residential Residential
25% 75% Apartment
blocks
36%
South North & West Central & East
14% ? 19% 17% ‘
ek 39% 48%
W pre 1960 1961-19%0 1991-2010

FIGUREG®.Breakdown of the floor space typoldigyp) and age categorizatidooftom) in Europé/7]
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The split between the two main types of desitial buildings vary significantly amongst the
countries, but share the same little rate of annual newibggdwhich approaches 1% over the period
20052010.

It isimportantto know how a great share of the stock in Europe is older than 50 yearsaynd
buildings still operating nowadays are hundreds of years old, being constructed when energy building
regulations where very limited or absent.

The BPIE report also focuses on the final energy use in the residential sector within the period
19902010,rebating that European households are responsible for the 68% of the total final energy use
in buildings, being spateating the dominant energy enre.

The final energy use in the residential saatditoe Milliontonsof oil equivalent split intofuels
and electricity needs, is shown in. Eig together with heating degree days (nominal and actBgl)
analyzing this picture, it is possible to notice a decrease in the fuels needs (mainly for space heating
which represents about 70% of total fiealergy usgand a parallel increase in the electricity needs
(mainly for space cooling) likely explanation forele trendscould be found in bottthe increased
insulation levels of the building envelopes and the augmented outdoor air temperaturgsivithin

the cities (a phenomenon knownldiban Heat Island eff@ct

300 4000

250

o TS A ~—

s 3000

3500

Mtoe

150 2500

Heating degree days

100 2000

50 = L

0 T — T T T 11000

All fuels
m— Actual Heating Degree Days
_____ Electricity

FIGUREZ.Finaknergy use in the residential secidr [

For what concerns the nemesidential sectorinderstanding its energy use is complex because
enduses such as lighg, ventilation, heating, cooling, refrigeration and appliances vary greatly from
sector to sector (sport facilities, wholesale and retail, hotel & restaurants, hospitals, educational buildings
and offices).

Nonetheless, it is estimated that the averggecsic energy consumption (covering all-esds)

of this sector is 280 kWhfyabout 40% larger than the equivalent value for the residential sector.
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Moreover, the electricity demand within this sector has increased tremendously in the last 20
yearsby 74% as shown in FigB, probably due to an increasing penetration of IT equipment and air

conditioning systems.

20

jz O il e— R P

60 —

40
30
20

1 1 1 I I 1 1 1 I 1 1
A N ob ) 4
_\QDP S _\qo}" \:,,ni"\qdf’ S _‘qo?’%&? &S & S

Al Ul s Electricity

FIGURE®.Final energy use in the nsidential sectof?]

If looking at the share of total energy use per building typel @igt appears how the office and
commercial buildings sectors account for more than 50% of energy needs, thus highlighting a big
opportunity for implementing energy saving maas in this kind of buildings, especially for lowering

the electricity needs.

. offices
wholesale and retail trade
. educational
hotels and restaurants
hospitals
sport facilities
ather types of energy-consuming buildings

FIGURE%.Share of total energy use for the aeaidential sectof7]
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The increasing interest in tludfice buildings sector iderlined bya recent IEA tagfask 47:
Renovation of NeResidential Buildings towards Sustainable Stand8fplsimed atshowing how
G2GFf LINAYFNE SySNHe& O2yadzYLliaAzy OFy 06S NBRAL

The objectives of thistask ardi 2 RS @St 2 digeblase iackiding: Row joyefogaters
residential buildings towards the Net Zero Energy Building standards in a sustaineds effidient
way; ways to identify important market and policy issues; and effective masketiagies for such
renovatiy a € @

In a Europea#ibased perspective, a very comprehensive antbglate study about the EU
building stock, with a focus on office buildinggpsrted in ).

Firstly, a recognition of the size, age, type of temfirthe building stock is gnegbasedon
previous EU reports such as TABULA, ENTRANZE, BPIE and Odyssee,-sindoturesgimierviews
with research institutions.

Secondly, a detailed analysis of building types and constructions, as well as their thermal
performance and energy consumptias provided by splitting the stock analyzed sateendifferent
climate zones.

Finally, building energy models representative of different vintage periods are developed as base
cases for studying energy efficiency measures.

The information collected dag the literature review has been presented in a database
specifically created for the Inspire project in Microsoft Excel foamats attached in Appendixiere
the main findings are summarizexhd most of them are used for creating the base mddekhe
energy assessment carried out in Chapter 4 by means of dynamic thermal simulations.

Forwhat concerns the total floor area, in the-EXis approximately 1.25 billiorf rof which 0.98
billions nf are heated; the majority of it (about 70%) ifethe six biggest countries (Spain, Italy, France,
Germany, UK and Poland), and this reflects the size of the population in these countries.

Very little is known about the age of the current office stock, and in particular for those buildings
constructedore-1980. However, what is clear from #isveyis that although a large proportion of the
office stock dates before 1980, the office stock is generally younger than the residentiabstdag.
1.10for the age breakdown).
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B Fre 1945
W 1945-1960
= 1960-1970
W 1970-1980
® 1980-1990
= 1990-2000
Post 2000

Unknown

FIGUREII0: Age constrction breakdown for ERJ7 countries9)]

Most of the office stock in EXT is privately owneend this varies across all of the countries from
30% to 84%; the remaining part is publically owned. The type of tenure represents an important aspect
for refurbishing programs intended to reduce energy bills, as the costs of installing retrofit measures and
the consequent benefits apply to the same individuals.

Construction types are found to be pretty much the same in most counbéegrete structural
framewith curtain wallss the most widespreag] despite they can show different numbers of floors,
different shapes or type of offices. This last aspect makes the office stock very hard to Gategorize
nevertheless, the iINSPiRe survey found three main cdiastrigpologies based on the fact that
facadesre the components mostly affecting the building thermal behavior.

These typologies are:

(i) Brick structural walls: typically built before 1945 (end of World War 1), they are often
low~rise blocks;

(i) Concrete strotures:bricks or concrete panels are mainly used within the period- 1945
1964, while curtain walls spread during the 1970s and 1980s;

(i) Concrete structures with reinforced cement: statistics show how these structures
dominate the stock and curtain wallinghis most common type of fagcade. The majority
of them incorporate glazing.

The three categories represent the base for developing thermal models aimed at giving a broad
view of the energy needs for air conditioning (coctingating), artificial lightingnd ventilatingand
thus implementing measures for their effective refurbishménemodelsare shown in the following
data sheets and will be further discussed in Chapter 4, where the methodology for characterizing the

G U @ Lifod@luskdfor simulatio purposess detailed.
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REFERENCE OFFICE 1 LOW-RISE MASONRY OFFICE BUILDING

Sketch and picture

Attribute Cluantity Unit

Number of floors A

Fagade fveo g Bearing brick walls: Gypsum plaster; Bricks; Air gap; Bricks

materials

Floor area per floor 1180 [m?]

Ceiling height 38/3 [m] ﬂGc;g:JSnd i1 Aoove
Building width /depth 70.7 6.7 [m]

UA-value of walls and roof/ | 3 500/ 5 000 W/K]

ground floor

] Flat concrete roof with bitumised surface:
Roof type and matenals o )
Ceiling board; Wood beams: Concrete slab; Bitumen

Windows type Double glazed PVC frame
Windows—to_—wali raii{_) ! 50 /24 [%]

Frame-to-window ratio

Windows U-value / g-value 3.1/76 W/mK] / [%]

Ventilation type Natural ventilation

Shading Internal

FIGURELL Office building B[

Reference Office 1 representsategory of buildings built in pre 1970s and mostallyi during
the 1950s and 1960 however small office buildings continued to be built from masonry. dine m
construction consists of walls and floor slabs made in situ. The structure consists of brick walls. Most
buildings are constituted of usually 2 floors for an average total office of between 1800 and.3000 m

When these buildings welauilt, no legal eargy requirement existed yet as regulations only
really started to come into effect during the 1970s. The lack of insulation in the facades and roofs
contributes to a high heating demand. The heating generation is accomplished by fuel oil or gas boiler
anddistributed by radiators. The cooling demand depends on the location, so it is very variable.

The windows are double glazed and have internal shading, while the roof consists of a flat

concrete slab on wooden beams, with a bitumised surface.
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REFERENCE OFFICE 2 CONCRETE PANELS OFFICE BUILDING

Sketch and picture

Attribute Quantity Unit Note

Number of floors 5 + basement

) Concrete cladding on concrete pillars and beams:
Facade type and materials o g : ;
Skim finish; Dry walling plasterboard; Air gap; Concrete panels

Floar area per floor 793 [m?]
Ceiling height 3 [m]
Building width /depth 61 /13 [m]
UA-value of walls and roof / 10 800 / 3 200 [W/K]

ground floor

s Flat concrete roof with bitumised surface:
Roof type and materials . )
Skim finish; Concrete slab; Bitumen

Windows type / Frame ratio | Double glazed Aluminium frame
Win{icws-to_-wait raliq ! 30/20 [%]

Frame-to-window ratio

Windows U-value / g-value 311776 [W/m?2K] / [%]

Ventilation type Natural ventilation

Shading Internal

FIGUREZ2 Office building 2]

The buildingsepresented by the Reference Officav@re mainly built between 1945 and 1970,
althoughtheybecame most typical during the 1960s. There is little or no insulati@nbnildings in this
category, andhte numbe of floors is between two and sevenith an average total floor area of
approximately 4000 fn

A basement with limited parking, building services, and storage space is also present. Precast
concrete cladding panels on a concrete frame form titercenvdope of the building, whilehe

windows are double glazed and have internal shading.
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REFERENCE OFFICE 3 METAL AND GLASS FACADE OFFICE BUILDING

Sketch and picture

Attribute Quantity Unit o - Note

Number of floors 5 + basement

Facade type and materials | Aluminium and glass fagade on concrete pillars and beams

Floor area per floor 793 [m?]
Ceiling height 3 [m]
Building width / depth 61/13 [m]
UA-value of walls and roof / 10 00O / 3 200 [W/K]

ground floor

’ Flat concrete roof with bitumised surface:
Roof type and maternials | PN .
Skim finish; Concrete slab; Bitumen

Windows type / Frame ratio | Double glazed Aluminium frame
Windows-io_—wal[ ratiqf 55720 [%]

Frame-to-window ratio

Windows U-value / g-value 3.1/76 [W/m?2K] / [%]

Ventilation type Natural ventilation

Shading Internal

FIGURE13; Office building 3]

The statistics showed that concrete structures dominate the stock and curtain walling is the most
common type of facade. The jmaty of curtain walls incorporate glazing. This category is the most
recent, with buildings built between 1960 and 1980, and covers buildings with a concrete structure of
reinforced cemenfReference Office .3)

Window frames witlaluminumpanels form theouter envelope of the building, fitted between
the concrete pillars and beams. Effectively each facade has three elements to the thermal envelope:
concrete aluminum and glass. The windows are double glazed and have internal shading.

As far asenergy nedsare concernedspecific space heating consumption is highest in the
Northern Continental region (at 238 kWY year') and lowest in Southern Dry atB&/h n¥ year".

The ELP7 weighted average for space heating consumption i\BINT year* and10kWh n¥ year
' for domestic hot water.

Specific space cooling consumption is highest in Southern Dry regiok\(# 4% year") and

lowest in the Oceanic region at ktvh n¥ yea’. The EL27 weighted average for space cooling

consumption is 2BWhm?year".
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Lighting energy consumption ranges betweei7 PEWh nt yeaf', being the EX27 weighted
average approximately 89vh n¥ year".

Detailed information about the fuel use in office buildings is limited, showing a high degree of
variation in thegprimary and secondary fuels used. However, some fuels are strongly preferred in certain

countries, due to availability and geopolitical reasons:

Coal: Slovakia, Poland attiuania
Electricity: all countries, but particularly in Cyprus, Greece, Mdlt8@in;
Wood: Bulgaria, Latvia anoragal;

Gas: UK, Slovakia, Netherlands, Luxembourg, Germany, Hungary and Czech Republic;

= =/ =2 =

Oil: Belgium, Cyprus, Ireland, Spain and Slovenia.

1.4¢ & LA OF £ NB FENDRREKS yAdzA (ORI H

Several studies have foedsgenerally on the issue of refurbishing existing office buildimgs
general, they are based on the concept that the use of an eeffiggnt facade is indispensable for

reducing the energy demand for air conditiorit@11].

New Build

Strip back to building structure

Replacement of building cladding
and windows

sarbon reductions

Replacement of heating, cooling
and ventilation systems

Addition of new processes
Lighting and ICT replacement

New Building Controls

Decreasing scope and scale of works

Cosmetic fit-out

FIGURE 1.14: Relaship between refurbishment scope and ability to influence carbon emidsions [

In fact, since facades act as a physical barrier between the indoor and outdoor environments,
interventions aimed at improving its performance are considered as one obgteffective ways to
bothreduceenergy consumption in buildings and improve their indoor environmental quality.

Additional thermal insulation, installation of hjggrformance glazing systems, and passive

measures such as natural ventilation, shadintgregs and the use of daylighting are all beneficial
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interventions in that respect. Some authors suggest that an improved insulation is more important than
an insulated solar control in existipgorly insulated office buildintd].

There are, however, aater-arguments which suggetitat traditional means of improving
facade thermal performance are likely to increase cooling loads during warm/hot segjsons [1

The upgrade from standard single or dowgiezing to high efficiency double glazing to reduce
heating loads has been considered as the most effective way to reduce the negative environmental
impacts as a result of poor performance of old facade compgranteduction in space heating in

some cases has been recorded to be around 38%

FIGURE15: Example of double skin glass fagcade (a,c) and green fagide (b)

Different retrofitting strategies have also been investigated for different types of office buildings
in different climatic conditions. Among these strategies, many relatenterete of the building facade
such as the improvement of wall insulation, the replacement of windows and window frames, the use of
shading devices and the maximum deployment of natural ventilation.

Such interventions resulted in significant energy reducfmrall the office types in all the climatic

regions, with values ranging from 20% up to 3@/d6).
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TABLE 1.1: Different retrofitting scenarios for open plan (Type A) and cellular (Type B) officd Buildings [

Scenario

Type A

Type B

Building
envelope

Passive
5_\‘51?]“5
and
techniques

Lighting

HVAC

Global
retrofit

e Improvement of insulation levels

* Weather stripping of windows/doors

® Replacement of window frames in bad condition

e Use of double glazing

e Use of additional shading (summer)

# Integration of passive solar and daylighting components (atriums—shaded
n summer )

» Use of additional shading devices in the st and 2nd floor (summer)
e Night ventilation (summer)

e Use of ceiling fans in the major zones (summer)

e Use of an economizer cycle {summer)

® Use of an evaporative cooler to pre-cool the fresh air (summer)

e Use of high-efficiency fluorescent lamps with electronic ballast and
daylight compensation

& Decrease of the general lighting up to 20 W/m? and use task lighting

e Use of time-scheduled control

# Improvement of luminaries and installation of reflectors

» Use of a BMS

® Decrease of the winter set-point

o Use of heat recovery of the return air

* Recovery of the waste heat from the boiler flue gases

# Possible replacement of the existing boiler

e Use of a flue gas analyzer and a compensation controller for the burner
e Recovery of heat from the condenser

All the above

e Increase of wall insulation levels
* Reduction of the air infiltration rate
* Replacement of existing windows

® Use of mechanical night ventilation (summer)
® Use of external shading devices (summer)

e Use of ceiling fans (summer)

e Use of indirect evaporative cooler (summer)

e Use of a BMS
e Use of air-to-air heat recovery system

All the above

Beneficial effects due to fatmimprovements, related to heating/cooling loads reduction, natural

ventilation and appropriate shading are echoed also by Wong &] ah{iLJin and Overendgj1

To summarize, three main conclusions related to office buildings refurbishment canvbe dra

from this brief literature review:

1 Notable energy reduction is achievable;

1 Significant carbon emissions can be saved,

1 Interventions beneficial in one season may have counter effects in other seasons.
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Within this context, the present research aims at exploring the benefits stemming from the
application of a passive cooling technology, namely the applicaimolaihaterialdo existing office
buildings roofs, in terms of improvement of thermamfort conditions and reduction in the energy
needs.

Despite the concept of cool roofssll knownn US sinc&990smanystudies focused on their
performance in theesidential/commercial sectors under varicliatic conditiongsee Chapter 3pr
US countries, while only a few exemplary case studies are analyzed in EU countries.

Given this, after the characterization of the existing buildings stock in the EU (Chaptén &)
particular focus on office buildingthe thesis work gives an ifgignto roof energy balances due to
different technological solutions (Chapter 2). Chapter 3 describes in detail the physical properties of cool
materials and their availability on the market, thus providing a solid background for the parametric
analysis eéveloped in Chapter 4 aimed at evaluating cool roofs performance for various climates and
office buildings configurations.

By using detailed numerical modéig, thermal behavior of representative office buildings of the
existing EU buildings stock iseplly assessed in terms of thermal comfort and energy needs for air
conditioning (Chapter Syinally, an economic analyssried out interms of payback timeill discuss

the convenience dhis solution for passive cooling purposes.
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ROOF TECHNOLOGIES AND THEIR ENERGY BEHAVIO
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building envelope is not correctly designed, the heat fluxes through the structures (vertical, horizontal,
transparent and opaque) are the cause of a large increase in energy consumption. Therefore it is very
important to develop alternative construction techniques that guarantee both thermal comfort and low
energy use. Generally, thermal building regulations have the aim to reduce the energy needs for air
conditioning, but usually the proposed solution isdkerinsulatiorof buildings that could reduce the
effectiveness of traditional passive strategies (thermal mass, ventilation) and create adverse effects on
indoor thermal comfort. In regions with hot climates, such as Mediterranean countries, the nogfs du
the summer receive large amounts of solar radiation and their superficial temperatures can reach values
up to 75°C [1]. Obviously, this causes a significant risk of overheating, making consequently the cooling of
the buildingvery expensive [2].

A posible way to cope with this problem is the reduction of heat fluxes through the building
envelope by using technologies sucle@s roofsgreen roof@ndventilated roofsin the following, an
overview of these solutions will be given, together withethergy balance equations that govern the

physical problem.
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G! N22F gAGK KAIK az2fl NI NBFt SOIdsiviyaBilitydol 6 A £ A
radiate heat) stays cool in the sun, reducingasehfor cooling power in conditioned buildings and
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Levinson define€ool Roofsn this way they are particular materials having a high solar
reflectancer - thus reducing heat gains during dangi- and a high thermal emissivitythat enables
them to dissipate the heat absorbed during night. However, while these are key features, other
parameters are of main interest for the energy balance of a roof, such as its extension compared to the
opague envelope (known asoofto-wall ratig and the thermal resistand® of the whole roof
components.

As stated in the introduction, traditionally building codes have focused on more roof insulation,
i.e. highRvalues, but more recently the extent of energyisgs and comfort benefits of roofs with a

high albedo in warm climates have become prominent.
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ROOF TECHNOLOGIES AND THEIR ENERGY BEHAVIO

In fact, the raise of rodRvalues- and consequently of insulation cogtseduces daytime heat
gains but at the expense of nighttime heat losses, andithfisrable from the energy balance reported

in Eq. (2.1) fosteadystate conditions, that is to say without considering the heat capacitance of the

roof:
4 4 T,-T
(I—r)-d =fa-g AT ~—L, "W AT —T )+ —2+— (2.1)
. : 2 i RS o R
Gabsorbed G i Deamvective b
qua‘red

Eq (2.]) states that the solar radiation absorbed by the roof sudasg.eds partially relased to
the outdoor environment, both by infrared radiati@@agar) and by convection (Geonvecivy The
contribution of these terms is strongly affected by the roof surface temperautdoreover, heat
transfer occurs through the roddy conduction(Qranstered: this contribution is proportional to the
difference between theutdoor air temperaturd, and the indoor temperatur&, while dependingn
the thermal resistand@associated to the roof layers and to the heat transfer on the innerearfiéte

roof.

FIGURE 2.1: View of cool roofs in Honolulu, Hawaii [Internet]

It is clear from the previous equation holetmain parameters determining the cool roof
performance are the solar reflectangeghe thermalresistanceRand thermalemissivy ¥, although a
significant contribution to the heat balance is provided also by the convective coéfficient

A very interesting study on the influence of the three parametd®ss] on the peak heat gains
and daily average cooling loads (oversixser months), per 10070f a flat roof located in Sydney, is

carried out by Gentle et al. [4] by means of dynamic simulations.
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The main results are reported in Figs-223 which show the peak cooling load in January

(southern hemisphere) and the avgeacooling load per day over the cooling season, respectively.

Eighteen different combinations of the three parameters are taken into account, with the aim of

considering reasonable values for all of them. The cooling set point is 25°C, and the &guies ref

different combinations of solar absorptanég,E& 1r), thermal emissivityeE#) and thermal resistance

®.

More in detail, Fig. 2.2 reveals how cooling loads rapidly riRdexseases at low in contrast

with the small rise with Bthat ocars at highr. It is also important to notice how the peak load is

smaller at’,= 0.2 andR= 1.63 compared to all cases with> 0.6 wherR= 3.06, thus demonstrating

how a low solar absorptance should be the dominant concern. Moreover, thesegdsikcdn be

reduced in magnitude by factors of -35 by loweringAy (i.e. by increasing), whateverR is

considered.
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FIGURE 2.2: Peak heat gains (kW) per“diGirfiat roof as a function of different combinationagfEandRvalues [4]

For the same parameter set, Fig. 2.3 shows the average cooling load per day over the six months

cooling season. It is important to pinpoint that the sensitivity to lowering @\thtie from 0.9 to 0.6

increases as both more solar energy is absorbtieligof and more is transmitted inwards.

Although higleappears less important4f,is small at alR the thermal resistance should not get

too high to enable night sky cooling to be more effective and to save costs.
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Moreover, if comparing Figs222.3 it is possible to observe how they are qualitatively similar in
shape, but for each change in thermal resist#gghave a bigger impact on average daily load than on

peak load.
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FIGURE 2.3: Daily average cooling loads pef t9a fiat roofs a function of different combinationsgf, EandRvalues [4]

In order to fully appreciate how much cool roofs can help improve building thermal performance,
it is important to focus on the values currently achievable by solar reflectdhesevalues obviously
dependon the chemical agents used to prodacepol paint, and can achieve values higher than 0.8.
However, it is well known that cool paints usually undergo soiling and weathering in the first months
after installation, which significnreduce their solar reflectance. As an example, Akbegported on
a reduction of about 10% in only two months in the solar reflectance of a white coating havingran initial
= 0.8; another field study measuring the effects of aging and weatherieg mofs in California found
that the reflectance of cool materials can decrease by as much as 0.15, due to the deposition of soot and
dust, mostly within the first year of senjég

This aging process is shown in Fig. 2.4, where the effects ohdwihis to six years of
accumulation of environmental pollutants on the albedo of different roofs is measured. The data
indicate that most of the decrease in albedo occurs in the first year, possibly in the first few months,
being the cementitious coating gravel substrate the technical solution ensuring the smallest and most
gradual decrease in albedo.

In order to assess the effects of the cool materials aging process on cooling energy savings, the

same authors assume a linear approximation for theiaeddtip between albedo and surface
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temperature as an indicator of the magnitude of the heat transfer through the roof. In this way, energy
savings are proportional to the reduction in the heat fluxes incoming through the roof.

For testing this hypothesthie cooling needs of real buildings were monitored over the summer
period, at the beginning of which the albedo of the roof was measured at 0.73, and the original value
(before the coating) was 0.18. The estimated energy savings reported are about80#(geéar).

After one year of exposure, roof albedo had dropped to 0.61, thus they estimateriong

cooling energy savings to be 20% lower than first year savings.
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FIGURE 2.4: Variations in albedo for different exposure time for various flaiCaifisrinia [6]

A slightly different message is conveyeiegz and AkbajT], whodemonstrated that washing
the roof surface could almost restore the original solar reflectance.

In the framework of an experimental campaign, most roofs were wastedoap and water,
using a mop while other were washed differently, for the sake of comparison among the different
methods.

The restoration in albedo (expressed as a percentage of recovery with respect to the original
value) resulting from the washing pess was found to be generally significant. When surfaces were
rubbed with soap, the albedo was restored to within 90% of the original value, indicating that the loss of
albedo is not permanent, and it is caused by dirt accumulation rather than by UVradytibyd

degradation (see Table 2.1 for details).

TABLE 2.1: Albedo restoration of different roofs for various washing methods [7]

Measurement Substrate type Pitch Age of coating Dirt collection Washing method Initial Albedo Albedo restoration

No. (%) (¥) y) (% of initial albedo)
NA smooth cap sheet 2 1 1 hose off 079 81
21 smooth cap sheet 2 1 1 soap and mop 0.79 92
22 smooth cap sheet 2 2 1 soap and mop 0.19 96
2 metal panels 0 1 1 soap and mop 0.69 100

26




ROOF TECHNOLOGIES AND THEIR ENERGY BEHAVIO

For further details on this phenomenon, the reader can refer to Section 3.3 where several long
term albedo assessmenteatescribed for different cool materials.

As for the values assumed by thermal emissivttgan be assumed almost constant for a great
variety of roofing materials and very close in value to that of a greyusoayly* = 0.9 can be assumed
for nonmetallic materials)

FinallyEq. .1) states thait is also important to make an appropriate choice for the convective
coefficienth,, as remarked ifB8]. Indeed, under typical summer conditions occurring in daunoid
climate such that of Southernlitd = 800 W rif, 1 I' ¢ /"2 T )K H @ paitfdr afixed value of the
thermal resistance of the rodR& 1.40 rif K W) - it is easy to notice that the choicehgfhas a strong
influence on the temperature differen&d between the roof surface temperatuiig,and the outdoor
temperatureT, (Fig. 2.5).

This is true for a low reflective coatimg=(0.25), for whiclk T differences up to 5°C should be
expected when increasihgby 5 units step (W 7K, while if looking at the high reflective coatirng (
0.8) this temperature difference is extremely less sensitikig o this case, the roof temperatures are

expected to be only few degrees above the outdoor air temperature.
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FIGURE 2.5: Difference between roof outer surface temperature and outdooictiemepes a function ok [8]

Moreover, the increase i also affects the heat fluxincoming through the roof, as shown in
Fig. 2.6 for the sanrevalues seen in the previous graph. Here both the low and high reflective finishing
layers of the roofdilow a trend very close to that shown in Fig. 2.5. This rebates how important is a

correct evaluation of the convective heat transfer coefficient, especially for low to moderate reflective
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roofs, for making reliable predictions on the potentiality of cmufs as a strategy to improve thermal
performance of existing buildings.
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FIGURE 2.6: Heat flux incoming through the roof as a fundtig8 of
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Green roofs represent a promising adaptation strategy forgfadimate changes, and the
number of green roof studies has consequently increased in recent years. The thermal effects of a green
roof mainly result from the shading, insulation, evapotranspiration and thermal mass of the plants and
their substrate, witlthe additional contribution of the high specific heat of the water contained in the
adzoaid N> GS G2 GKS OGKSNX¥YIFE AYSNIOAIF 2F GKS gK2f §

In addition, evapotranspiration from a green roof brings a cooling effect, since experiments
demonstrate thatlatent heat can override sensible heat on a green surface, and leaf transpiration
accounts for almost 30% of rooftop cooling.

Moreover, the insulation role of green roofs can mitigate indoor peak temperatures, saving both
cooling and heating loads, andcdEases the heat flux entering the roof by 60% according to the roof

design.
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FIGURE 2.7: View of green roofs in Stuttgart, Germany [Internet]

Parizotto and Lamberts [9] investigated the thermal performance of a green roof in Florianopolis
(Brazil) fodo 2 G K & N¥ FyR O2fR LISNXA2Ra o6& YSlkya 27
temperature profile and water volumetric content in substrate layer were monitored, together with
internal air temperature of rooms.

They found out that during the warnennd (£7 March 2008), the green roof reduced heat gain
by 92%97% in comparison to ceramic and metallic roofs respectively, and enhanced the heat loss to
49% and 20%. During the cold period329May 2008), the green roof reduced heat gain by 70% and
84%, and reduced the heat loss by 44% and 52% in comparison to ceramic and metallic roofs,
respectively. From the derived data, it has been confirmed that green roof contributes to the thermal
benefits and energy efficiency of the building in temperate teictnditions.

A comparison among differepassive cooling technologies under-hoamid climatic conditions
and for hignhh yadzZ + 1SR atloa KFa o6SSy OF NNASR 2dz
experimental assessment of the yearly performaned of the different technologies. The goal was to
understand whether in summer the passive cooling effects are inhibited by the low thermal
transmittance recently introduced in many southern Europe countries to meet the demands of the
energy savings refgdions for the winter heating season.

The results of this field study show that, despite thermal fluxes do not turn out to be very different
from those of other roof solutiondecause of low transmittance of the systemassive cooling effects
are rot negligible. This is due to the presence of fluxes going out of the slab 40% of the time during the
summer season considered, and by significant delay of incoming heat fluxes waves.

During winter, the green roof produces a further insulating effeceicdkiering that contributes

to reducing thermal dispersion also in wet or saturated conditions.
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Similar results are obtained by Lazzarin et al. [11], who performed a series of measurement
sessions on a green roof installed on the Vicenza Hospital rabé¢ndtaly), finding how relevant is
the role played by the latent flux of the evapotranspiration process. In fact, during sgiwtiethe
soil in almost dry conditiorgsthe green roof allows an attenuation of the thermal gain entering the
underneath oom of about 60% with respect to a traditional roofing with an insulating layer.

That is due to the higher solar reflection of the greenery, while the evapotranspiration
contribution is quite limited. When the sail is in a wet condition, not only theirggnrx is cancelled,
but also a slight outgoing flux is produced so that the green roof works as a passive cooler, thanks to the
cooling effect of evapotranspiration. During winter, the evapotranspiration process is driven above all by
the air vapor presure deficit, able to produce an outgoing thermal flux from the roof that is 40% higher
than the corresponding one of a high solar absorbing and insulated roof.

As briefly described above, green roofs can achieve the expected goals if properly designed, b
is necessary to simulate their effectiveness in relation to local conditions before construction.

Modeling green roofs involves the study of mass and heat transfer through the different layers, as
well as plant physiology. Several models are aeditetble literature: the simplest models only consider
the reduction of roof thermal transmittance based osiin measurementé=ig. 2.8, [10]while other

studies analyze more in detail the complex phenomena due to foladiagland evapotranspiratio

[9].
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FIGURE 2.8: In situ thermal transmittance assessment for various green roof solutions [10]
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Amang all of the models proposed in the literajulemonodimensional oneleveloped by Del
Barrio[12] divides a green roof in three different laydie canopy, the soil and the support. By
imposing the horizontal homogeneity of the roof slab, heat and mass fluxes are assumed to be mainly
vertical, so onglimensional equations can be adopted to describe the thermal behavior of each layer.
This model &s been validated through a sensitivity analysis using Athens meteorological data and a
concrete roof slab of 10 cm. Its approach represents the main reference for othgdimamsional
models, such as those developed by Kumar and KHLBjlokby Lazzar et al[11].

On the other hand, twdimensional models are much less common: an example in the literature
is given by Alexandri and Jofiel, aimed to evaluate the thermal effect of green roofs and green walls.
Anyway, nowadays the ocdanensional Ed¢®oof model developed by Sajbs] is maybe the mas
used one, and thanks to its higfiability it has been implemented in the software tool Energ{fAtys

2.9 gives a representation of the heat fluxes occurring at different layers)

Odg*(1-ay)

N\ \ 7 a,).frl Ha-ap)

~TNrE A

FIGURE 2.9: &gy balance for a green roof, including latent heat flux (L), sensible heat flux G, shortwave (I) and longwave
radiation (LW) [15]

Based on the previous work of Frankenstein and Kd&higvho developed the FASST (Fast All
Season Soil Strength) modgdilor considers two heat fluxes for the green roof, respectively at the

foliage surfac& (see Eq. 1) and at the ground surfagsee Eq. .2):

ay; e BT it o
Fr=0,[1,-(-r)+&I,~5,0 T+ L= — (T*-T))+ H, + L, 2.2)
& _— ==
radimive _sky L y  semsible  laenmt
radigive _ grournd
O i 4
B =_(1—G'J,)-[Im, J1RS 0 BoCmy R -G-Tg]—— s b N+ H. +L. + -KoF
maiezf":'s_:::; . 1 ) smrbj‘s _i'g_f,gpﬂ

radative _ foliggs conductive _soil

(2.3)
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As itis possible to observe from B@)@nd Eq.Z.3), in both cases the energy balance is st in
a radiant term, a sensible and latent heat exchange and a conductive heat flux for the soil. The radiant
term considers the heat exchange with the sky (at short and long wavelengths) and the mutual heat
transfer between foliage and grouralyers Actudly, this model does not allow the soil thermal
properties (specifically solar reflectance, thermal conductivity, specific heat capacity and density for dry
soil) to vary according to the moisture content of the soil media, because of stability issgetheurin
calculation17]. However, a simplified moisture balance that allows to consider precipitation, irrigation
and moisture transport between two soil layers (top and root zones) is already implemented; future
improvements in this direction are in ange&aecessary, as highlighted18). In fact, moisture can
leave the soil by means of evaporation, and the vegetation by evapotranspiration: these phenomena are
influenced by water runoff in the soil layer due to saturagiress and infiltratieexcesg19]. Given
this, EnergyPlus allows the user to define a series of parameters, for both the soil layer and the foliage, to
fully characterize the green roof.

Olivieri et al[20] have carried out a sensitivity analysis by varying all the parametergfihat d
the EcoRoof routine in the range allowed by the software, and have found that, for an extensive green
roof in the Mediterranean coastal climate, only four parameters have a strong influence on the roof

performance and must be carefully considered.
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FIGURE 2.10: Results of the sensitivity analysis of the EcoRoof routine on predicted thermal gain [20]

More in detall, the thermal gain entering the roof for the maximum and minimum value of each

variable is found (see Fig. 2.10), leaving the oth@bles at default values. These values are then
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compared with the value obtained using all default variables; a variation of less than 10% compared with
the default value was considered not significant.
Themost importanparameters aréound to be
1 the height of plants (f);
9 the Leaf Area Index (LAI), defined as the ratio of the projected leaf area to the overall ground
area;
1 the minimum stomatal resistance {nwhich represents the resistance of the plants to
moisture transport;

1 the dry soil conductiyi (K).

HODSY SN} f 20SNIIASY 2F +SydGAflIGSR w227F4a

Natural ventilation of a roof cavity seems to be an attractive measure to dissipate solar radiation
outdoors before excessive heat is transferred into the occupied space indoors.

The ventilation of aoof or an attic has become one of the greatest interests for building
researchers in the last several decades as a measure to decrease attic temperatures and cooling load in
an occupied space.

When naturally ventilating a roof, induced air movement kayr stadiation must be pursued in
depth, considering the buoyancy of hot air as arsdliction force acting favorably even when wind
force is not available [21].

Ventilated roofs may adapt to the geometry configuration of existing flat or tiltedseefBigure
2.11); however, in order to evacuate accumulated hot air from an attic, several studies indicates that the

most effective form of ventilation is given by a combination of ridge and soffit vents [22)].
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FIGURE 2.11: Schematic representafifiat ¢top, [21]) and pitched (bottom, [22]) ventilated roofs

The ventilation of the roof may be created by natural or forced convection: natural convection
(buoyancy effect) is generated by difference of temperatures; mechanical apparatus (@entass
forced convection.

Solar radiation heats the outdoor air within the air gap; the warm air becomes lighter and creates
an upward flow. This airflow produces advantageous effects because it reduces the heat storage in the
structure while reducinghe heat flux through the roof. This is shown in Fig. 2.12, where the upper and
lower surface temperatures of a metallic cavity roof and of a single roof are compared for the Japanese
city of Toyohashi City [21].

In daytime, the upper surface temperaturéshe cavity are significantly lower than those of the
single roof: the highest temperature difference is registered at noon, and amounts to about 20°C. During
the night, the upper surface temperatures of both roofs fell slightly below the outdoor agresmp.

Moreover, the lower surface temperature of the cavity roof was much lower than that of the

single roof in the daytime, being approximately the same during night.
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FIGURE 2.12: Comparison of upper and lower roof surface temperatures [21]

If looking at the corresponding hourly cooling load (Fig. 2.13), it can be observed how they

became negative at night for the ventilated roof, thus theoretically requesting some heating, while peak
values are almost split in half.
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FIGURE 2.13: Comparisboooling loads [21]

During the winter season, the air temperature within the ventilated roof is approximately the

same as of the outdoor environment, because the solar radiation has low intensity resulting with much
reduced stack effect.
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A study aime@t comparing the thermal performance of ventilated and traditional flat roofs for
the hotarid climate of Athens (Greece), with the help of-islllated test cells, was undertaken by
Dimoudi et al. [23].

The ventilated roof component consisted of a dPreinforced concrete slab in direct contact
with the underneath room, 5 cm thick layer of extruded polystyrene placed on top of the concrete slab,
the ventilation air gap (6 cm and 8 cm gap heights are tested) and 2.5 cm reinforced concrete slab facing
outdoor.

In the center of the ventilated roof, a circular chimney of 35 cm height and 5 cm diameter made
of metal sheet and painted black externally, was used for improving the extraction of hot air from the
gap.

A constant room temperature of 27°C was agph the interior of the test cell during the whole
testing period.

The relative difference of the heat flow for different layout configurations (Phdsese2 to an
air gap height of 8 cm, while Phaséstd an air gap height of 6 cagonsidering lso the presence of a
radiant barrier (Phases 3 and ¥)shown in Table 2.2.

Here, the percentage difference of the ventilated roofs heat fluxes with respect to the traditional

roof ones (performance indicatdy is reported for daytime, nighttime arat the whole 24 hours.

TABLE 2.2: Comparison of heat flows between ventilated and typical roofs [23]

Daytime Night-time 24 h

Performance indicator A = (O — Oy V01| (%)

Phase 2 45 -18 49
Phase 3 58 —-38 110
Phase 4 68 -33 281
Phase 5 56 —13 i1

It can be inferred that the ventilated roof performs better than the typical during summer
daytime, while the opposite is true for summer nighttimead4 h basis, the ventilated roof presents
better thermal performance than the typical one.

The radiant barrier (Phases 3 and 4) enhances the performance of the ventilated roof during
summer daytime by reducing thermal gains, while during nighttime ubfevorable for the

performance of the ventilated roof. Anyway, the overall daily performance is still favorable for both air

gaps.
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Not negligible is also the role played by roof tile permeability on thermal performance of
ventilation ducts typically us@asouth European countries under the layer of tiles.

@ FyFfelTAy3 mn RAFFSNByYy(d GeLlSa 2F NR27Fax
layer of tiles determines a certain amount of heat to be released, in addition to the releasetembn
with the stack effect, in ventilation ducts that have the same characteristics but are perfectly airtight.

The main finding of this study is that there are no substantial differences in performance between
perfectly and naeperfectly airtight veniation ducts, thereby confirming that the very high permeability
of the tiles used tends to counter the differences in the cross section of the ventilation duct.

On the other hand, the numerical study of ventilated structures is a very complex prooatiure t
requires a detailed knowledge of the airflow rate and its thermodynamic properties, thermophysical
properties of materials, convective coefficients values and outdoor boundary conditions (solar radiation
intensity, outdoor air temperature, outdoor rélee humidity, velocity and wind direction).

An example of a ventilated roof energy balance is given in Figure 2.14 [25], where the surface
temperatures of the upper and lower roofs slabs {2, Tz and Ts), the outdoor and indoor air
temperaturesT, and T; represent the nodes of the thermal network shown in Fig. 2.15; thermal
resistances are given by interior/exterior air films, slabs thicknesses and radiative/convective resistances

within the air gap.

SolarradiationE

Outdoortemperature T,

Indoor temperature T,

FIGURE 2.14: Heat fluxes across a ventilate@po

For solving these circuits, thus finding the nodal temperatures and estimating the heat fluxes
incoming through the roof, the use of Computational Fluid Dynamics (CFD) simulations is very often

employed.
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These simulations are used also to caleuls airflow and thermodynamic properties of the air
within the gap, by solving the tiraeeraged NavieBtokes equations of motion for steady, compressible

flows.

FIGURE 2.15: Two possible thermal networks for the ventilated roof: a triangulé)ciedia-ircuit (b) [25]

Based on simulation results, correlations are proposed for the convective thermal resistances
between air and cavity walls; the proposed correlations are implemented in the developed model to
predict the transferred heat fiu

It is possible to find a very close agreement between predictions and measurements for a specific
experimental setup, as shown in Fig. 2.16 when comparing air velocity and temperature within the
sloped cavity investigated by Tong et al. [25].

The mainimnitation of such an approach is that these correlations keep valid only for one specific

cavity configuration; different layouts need to be investigated separately.
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FIGURE 2.16: Comparison between simulated and measured air velocity and termptivatveatilated cavity [25]
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The present chapter provides an insight on:

()] the physical optical properties (albedo and thermal emissivity namely) to be held by cool
materials;

(if) the current techntogies and products available on the market;

@)  the aging procesdfectsontheir performance;

(v)  the policies implemented worldwide to disseminate their knowledge and use.
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As shown in Chapter 2, when a surfacé Wigh solar reflectancend thermal emissivitys
exposed to solar radiation, it will have a lower surface temperature compared to a similar one with lower
reflectance and emissivity values.

This in turns leads to a lower amount of the heat flux reldagednvection during the day and
by radiation during the night, as well as to a reduction in the conductive heat flux through the roof layers
and a faster release of the heat stored during daytime.

Both solar reflectance and thermal emissivity are phygrcglerties that depend on the
wavelength and angle of incidence of the radiative flux, as well as on the temperature of the body.

Analytically speaking, the equations for the calculation of their global values, starting from the

monochromatic ones and rlegting their spatial dependence, are the following:

=°°G( ,T)r( ,T)d
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Eq. (3.1) gives the operative formulation for global solar reflectance estimation; it is measured on
a scale of Oto 1 (or 6 L.00%) and it is calculated with reference to a solar spectral radiation distribution
D QTk Actually, different profiles are reported in literature for its estimation: for the US countries,

Levinson et al. [2] report seven different solar spectralamads specified by the American Society for
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Testing Materials (ASTM), whereas in EU countries the irradiances distribution specified by the EN 410
European Standard [3] is the most used, also because it is prescribed for the characterization of the
opticd properties of glazing.

As highlighted by Ferrari et al. [4], in principle different spectra should be used to integrate the
spectral reflectivity for surfaces having different orientation and inclination: for example, vertical and
north facing surfacemostly collect diffuse irradiance, whereas horizontal or south facing surfaces
mostly collect direct irradiance. Moreover, each spectrum is suitable for different climate conditions,
such as sky air mass (i.e. the ratio between the direct optical pathntieogigh the atmosphere to the
zenith path length) and sky clearness, as well as for different sun beam angles of incidence.

On the other hand, unique values are preferred by both manufacturers and building designers, in
order to more easily define thequluct and calculate its performance, respectively.

Ferrari et al. [4] also highlighted how for ceramic matetiaad for all materials with a flat
reflectivity spectrung discrepancies among the predicted solar reflectance values as high as a couple of
percentage points should be expected when using different spectra. This is due to different fractions of
total radiant energy that fall in the UV, Vis and NIR ranges; as an example, the AM1GH [2] and the ASTV
G1733 spectra [5] are depicted in Fig. 3.1evehit is possible to appreciate some discrepancies in the
UV and Vis fields.

In any case, the wavelength field considered spans from 250 nm to 2500 nm, where
approximately 99% of the sunlight incident on an unshaded horizontal surface illuminatedithy a zen

sun arrives, and a large consensus on this point exists.

— ASTM G173-3  ---—---- AM1GH
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FIGURE 3.1: Solar spectral irradiances according to AST8/EBA Z8VILGH spectra [Author]
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A field study aimed at determining the ogmitergetic properties of innovative waterproof
membraneshas been recently carried out Bisello et al. [§]with the help of both laboratory
measurements and full scale models. THeld experimental campaign allowed to characterize the
product under real boundary conditions (the period of the year, thelidess and the time interval of
measurement, namely), showing how it is difficult to measure #ieddralbedo with a variability less
than 1% if compared to laboratory tests.

Therefore, such ifield measurements are not suitable to detect relativetglsperformance
differences, and laboratory assessment of solar reflectance followirgonsglidated International
Standards (ASTM E9®and ASTM C13D4A) is preferred when characterizing cool materials to be
sold on the market.

For what concerribiermal emissivity, it can be defined as the fraction of energy emitted from the
surface of a material at a finite temperature following a hemispherical flux, as compared to an ideal black
body emission at the same temperature (Eq. 3.2).

Emissivity dependsn the material and on other parameters, such as temperature, surface
conditions (roughness mainly) and radiation wavelength [7]. It is measured on a scale of 0 to 1.

For the sake of characterizing building materials, the wavetargihlly investigatedre those
FLEtAYy3 Ay &id Gombiimgs AS inyhKmidy X NBE R N4my e3gecially ) = <
when dealing with historical buildings), since these materials usually emit heat at IR wavelghgths [7

Most common building materials (i.e.qi&, stone, concrete) have high emissivity values (usually
higher than 0.8), while ndreated metallic materials can present values less than 0.5.

A summary of typical values for solar reflectance (albedo) and thermal emissivity values, for

common roof overing materials, is provided in Table 3.1.

TABLE 3.1: Typical solar reflectance and thermal emissivity values for roof covering materials [8]

Roof coverings Solar reflectance Infrared emittance

Clay-cement

Clay tle - white 0.60—0.80 0.90—0.93

Clay ale - red 0.16—0.45 0.83-0.95

Concrete tile - white 0.65—0.80 0.85—-0.90

Concrete tile - red 0.10-0.12 0.85—-0.90

Metal

Unpainted 0.20—0.60 0.05-0.35

Painted - white 0.60—-0.75 0.80—0.90

Painted — red 0.25-0.45 0.80—0.90

Bitumen

Modified bitumen, 0.10-0.20 0.85—0.95
mineral surface

Shingle, white 020-0.30 0.80—-0.90

Shingle, red 025030 0.80—-0.90

Shingle, black 0.04-0.05 0.80—-0.90
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It is interesting to remark that the standard ASTM EQ289] introduces a parameter, called
Solar Refleahce Index (SRBimed to allow a direct comparison amongst different roof surfaces
exposed to the sun, in relation to the temperature potentially reached on their external surfa8&lThe
is defined so as to res@Rt100 for a standard white surfagel( 1 ¢y 00), atdBRE O for a
standard black surface<0.10,5 = 0.90).

Now, under the hypotheses of standard solar and ambient condlted§00 Wn?, T,=310 K

andTg,=300 K)the SRtan be calculated with good approximation as follows

SRI=123.97 -141.35¢0 9655 & (3.3)
where
c= (1- r -0.029 Q) (897 h,
0.52082>

(3.4)

Here,SRtepends not only on solar reflectanand on thermal emissivityvalues, but also on
the convective heat transfer coefficidmt However, as discussed by Costagtzal. [10],SRis not
sensitive to changes g - at least for very performing cool materials. As an example, in the case of a
cool paint having= 0.85 and = 0.9, the Solar Reflectance Index woulSRE 106 withh,= 5 W rif K
! andSRE 106.2with h. = 30 W it K% The two selected valuestgicorrespond to those suggested in
the standard ASTM E1980 for lowwind and higkwind condition, respectively.

Moreover, as shown in Section 2.1, roof surface temperatures and heat fluxes throwagi the
are greatly affected bi, and thus its correct evaluation is fundamental for thermal load calculation

purposes.
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The intensive research carried out in the last two decades has led to the development-of a new
generatiormaterials and techniques that present advanced thermal characteristics, able to mitigate the
UHI phenomenon.

Among these, cool materials can be divided into two main categories: cool materials for roofs and

cool materials for roads and pavements [11].

3.2.1 Cool materials for roofs
Main roof products include single ply membranes, modified bitumen, coatings (elastomeric,

acrylic), shingles and tiles (Fig. 3.2).

FIGURE 3.2: Typical cool roofs solutions: single ply membranes and modifiedrbiherfiest row, coatings in the second row
and tiles and shingles in the last row [Intemnet]

46




COOL ROOFS: STATE OF THE ART

An upto-date summary of representative optical values for each of them, in terms of solar
reflectance, thermal emissivityand Solar Reflectance Ind&iRis provided in Table 3.2.

The values reported in the table highlight a great variability in termaibies, whereasvalues
can be always assumed (except for aluminum finishing layers) greater than 0.80 and very often equal to

that of a grey body (i.equal to 0.90).

TABLE 3.2: Summary of the optical properties for cool materials to be applied to the roofs [11]

Material Solar reflectance Infrared emittance Solar reflectance index
Coatings

White 0.70-0.85 0.80-0.90 84-113
Aluminum 0.20-0.65 0.25-0.65 —-25t0 72
Conventional black 0.04-0.05 0.80-0.90 —Tto 0
Cool black 0.20-0.29 0.80-0.90 14-31
Conventional dark colored coatings 0.04-0.20 0.80-0.90 -T7to 19
Cool dark colored coatings 0.25-04 0.80-0.90 21-45
Asphalr shingles

White asphalt shingle 0.20-0.30 0.80-0.90 15-28
Black 0.04 0.80-0.90 ~Tto =1
Dark colored conventional asphalt shingles (using a two-layer process) 0.05-0.10 0.80-0.90 ~61o 6
Cool colored asphalt shingles (using a two-layer process) 0.18-0.34 0.80-0.90 11-37
Tiles

Terracotta ceramic tile 0.25-0.40 0.85-0.90 2345
White clay tile 0.60-0.75 0.85-0.90 T1-93
White concrete tile 0.60-0.75 0.85-0.90 71-93
Grey concrete tile 0.18-0.25 0.85-0.90 14-25
Dark colored concrete tile 0.04-0.40 0.85-0.90 —4 1o 45
Cool dark colored concrete tile 0.40-0.60 0.85-0.90 43-72
Membranes

White membrane 0.65-0.85 0.8-0.90 76-107
Black 0.04-0.05 0.8-0.90 ~Tto 0
Metal roof

Unpainted 0.20-0.60 0.05-0.35 —48 to 53
Painted white 0.60-0.75 0.8-0.90 69-93
Dark conventionally colored 0.05-0.10 0.8-0.90 ~6to 6
Dark cool colored 0.25-0.70 0.8-0.90 21-86
Build up roof

With asphalt 0.04 0.85-0.90 —4to -1
With dark gravel 0.08-0.20 0.8-0.90 ~2to 19
With white gravel 0.30-0.50 0.8-0.90 27-58
With white coating 0.75-0.85 0.8-0.90 93-113
Modified bitumen

With mineral surface capsheet 0.10-0.20 0.85-0.95 21
White coating over mineral surface 0.60-0.75 0.85-0.95 71

The products listed above derive from an intense laboratory research on the development of cool

products for different roofing systemsnéng them, it is wortlmentioningthe work of Levinson et al.

[12] in creating prototypical soteflective noAvhite concrete tile and asphalt shingle roofing materials.
They used a twiayer spray coating process intended to maximize both solar refleciad factory

line throughput. Each layer is a thin, qulgking pigmented latex paint based on acrylic agueous
polyvinylidene fluoride (PVDF)/acrylic technology: the first layer is a white basecoat with weak
absorption and strong backscattering fronoattb00 to 2000 nm, which spans most of the Vis and NIR

spectra. The second layer is a color topcoat with weak NIR absorption and strong NIR backscattering.
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This effort follows a previous one of Levinson et al. [13] on the development of selective non
white coatings to be applied on pitched roofs. In fact, owners of homes with pitched roofs visible from
the ground prefer nomvhite roofing products for aesthetic considerations.

Given this, six experimental NIR reflective coatings (terracotta, chocasfegrgen, blue and

black) were prepared, each similar in appearance to a conventional coating (see Fig. 3.3).

53.9°C  53.3°C [pass 50.0°C 49.4°C 48.4°C

lerracotta green chocolate |

68.3°C | §56°C 6319°C 54.4°C 56.1°C B6.1°C

FIGURE 3.3: Surface temperature reached by standard (bottom row) and cool (upper row) prototypical tiles developed by
Levinson et al. [13] uedthe same outdoor conditions

These formulations provided a reasonably full color palette; the first fowefléiiive coatings
are singldayer systems (i.e. color on gray tile), while the blue and black ones are formed by applying a
NIRtransmittinglayer of color over an opaque, highly reflective white undercoating.

The resulting specimens showed a thermal emissivity @au® and solar reflectance values
between 0.41 and 0.48.

Again, issues related to aesthetic reasasswell as to heritageulidings in most EU countries
led Libbra et al. [14] to develop a cool colored red clay tile by applying a pigmented topcoat highly
transparent in the NIR onto a basecoat highly reflective over the whole range of solar radiation.

The topcoat is basicaliyade of a material transparent to solar radiation, to which a proper
selective pigment is added; this pigment produces the desired reflection spectrum of visible radiation
but allows NIR to pass through the topcoat, be reflected by the basecoat an@gatiwdugh the
topcoat. Availability and ease of application were specifically considered in the selection of the materials,

but the color produced by the pigment is relatively unnatural for clay tiles (see Fig. 3.4).
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FIGURE 3.4: Cool clay tile (orieftleand original clay tile appearances [14]

b2y SUKSt Saaz Ay &aLAGS 2F GKS RAFFAOAAL GASa
as possible to traditional ones, solar reflectance values as high as 0.42 were achieved (the spectral
didribution is shown in Fig. 3.5); this is an excellent result for a clay tile and much better than common

terracotta surfaces with a similar or slightly darker color (see also Table 3.2 as reference).
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FIGURE 3.5: Reflectivity spectrum of coated firtletslpr increasing number of coating layers [14]

3.2.2 Cool materials for roads and pavements
Conventional pavements are usually made of concrete and asphalt (see Fig.13/@)Jusith
ranging from 0.05 to 0.45; other materials used to pave sudatss urban environment, such as
stone, rubber, granite, marble and pebble are less common, but show similar solar reflectance values.
In order to increase the solar reflectance of a pavement several methods have been proposed: for

asphalt pavement onesthnigue is to use white or light colored aggregate (gravel, white stone) or
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pigment in the asphalt mix. Other techniques, mainly used in the US, are white topping (overlaying a thin
layer of concrete over existing pavements) and chip seals (pressingipsabver an asphalt binder so

that the solar reflectance of the road is determined by the reflectance of the light color aggregate).

FIGURE 3.6: Cool pavements (on the left) and cool asphalt (on the right) [Internet]

Carnielo and Zinzi [1%ly meas of both laboratory and in situ measuremetaisieda premixed
powder made of photocatalytic cement based on titanium dioxide, with the addition of pigments to give
the products special coloration.

Moreover, increasing the albedo of pavements can cdarseigsueswhen driving for example
¢ so there is an effort to develop pavements that absorb in the visible part of the spectrum in order to be
dark in appearance but with high reflectance in the NIR part of the solar spectrum (similarly to cool
roofingmaterials).

To this aim, Kinouchi et al. [16] have developed a new type of pavement that satisfies both high
albedo and low brightness based on the application of an innovative paint coating on conventional
asphalt pavement. The pigments and coatingtira used are effective in achieving low reflectivity in
the visible part of the spectrum (23%) and high 4rdeared reflectivity (86%). Field measurements
show that the maximum surface temperature of the pair@ted asphalt pavement is about 15°C fowe
than that of the conventional asphalt pavement.

A palette of cool colored coatings has been develop&yihefa et al. [17] at the University of
Athens with the help of an industrial partner: special infrared reflecting color pigments were used for
testing 10 prototype cool colored acrylic coatings, to be applied on white concrete pavement tiles. The
final results were very promising, also for the visual appearance of the final product, if compared to that

of standard materials (see Figure 3.7).
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Standard | Cool Standard | Cool

Orange Anthracite

Light blue Brown

Blue Chocolate brown

Green Light brown

1]

Black (1) Black (2)

FIGJRE 3.7: Standard and cool coatings for pavement tiles tested at the University of Athens [17]

For the sake of comparison, Table 3.3 reports solar reflectance values for commonly used and
cool paving materials, showing how very low values have to betegkec conventional paving

materials (< 0.20) while cool ones can attain values as high as 0.75.

TABLE 3.3: Solar reflectance values of standard and cool paving materials [11]

Materal Solar reflectance
Black conventional asphalt 0.04-0.06
Aged conventional asphalt 0.09-0.18
White topping on asphalt 0.3-045
Cool colored thin layer asphalt 0.27-0.55
Gray concrete slab 0.12-0.2
While concrete slab 0.6-0.77
Cool colored pigmented concrete tile 0.61-0.68
(grey, green, beige)
Cool colored pigmented concrete block 0.45-0.49
(red, vellow, grey)
Photocatalytic white cobcerete tile 0.77
White marble 0.65-0.75
Dark colored marble 0.2-0.4
Red rubber tile 0.07-0.1
Dark colored granite 0.08-0.12

However, it is worth to notice that the energy balance of a surfacatact with the ground is
more complex than the one for roofs and other parameters such as permeability, thermal conductivity

and heat capacity need to be taken into account for the assessment of their performance [18].

51




COOL ROOFS: STATE OF THE ART

33 ¢KS F3aAy3a SFFSOG

The solar reflectare and the thermal emissivity of a surface exposed to outdoor conditions may
change over time because of aging, weathering and soiling. For assessing¢ine lpagormance of
cool materials, changes in solar reflectance and emissivity over time amdirtoe initial values must
be taken into consideration. Synnefa [17] reports that the coatings showing thet imgia¢ solar
reflectance are the ones that demonstrate the hggliecrease in solar reflectance, while cool and
standard black coatindgave maintained their initial value. Regarding the thermal emissivity of the
samples, it was found that after three months of natural weathering, they maintained their initial values.
Kitdr and Trkeri [19] presented the assessment of long term solkactahce performance of
commonly used roof coverings in Turkey by means of field monitoring of test specimens using two

pyranometers acting as an albedometer for one year (see Figure 3.8 for the experimental apparatus).

FIGURE 3.8: Test setup for themasment of lontgrm solar reflectance used in Turkey [19]

The findings of their research can be summarized in Table 3.4, where solar reflectance values of
new and one year aged test specimens are reported for each portion of the solar spectrumaidV, Vis
NIR), as well as for the global value.

It is possible to notice how, after one year of outdoor exposure, total reflectance values are the
same (or slightly higher) for red clay tiles, for which small increase in the UV and Vis reflectance values
occur.

Other tested materials, such as white ceramic tiles, show a slight decrease of total solar
reflectance due to UV degradation of the material. Overall, no significant differences are expected for

these materials under climatic conditions of Istanbul fery@ar of exposure.
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TABLE 3.4: Solar reflectance rates for each spectral range of new and one year aged specimens [19]

Test specimens Solar reflectance, R

New (unexposed ) Aged (1-year exposed)

Spectrum (NM) Spectrum (NM)

uv VIS IR Total uv VIS IR Total

300380 380-780 7802500 3002500 300-380 380780 780-2500 3002500
Clay - cement
Clay tile, red 0.06 015 0.62 0.36 0.07 0.16 0.62 037
Ceramic tile, white, shiny 0.54 084 077 0.80 0.50 0.381 0.77 0.78
Concrete tile, red 0.07 019 0.42 0.30 0.08 019 042 030
Metal
Metal dle, red 0.03 007 0.31 0.18 - - - -
Galvanized sheet, white 0.08 084 0.68 07 - - - -
Aluminum sheet, silver 0.50 062 0.72 0.65 = - . =
Copper sheet, bronze 0.08 019 0.53 0.34 . - . ==
Titanium-zinc, black 0.06 0.06 0.07 0.07 = == = =
Titanium-zinc, silver 0.51 057 0.56 056 e - o =
Bitumen
Mineral covered membrane-red 0.06 011 0.20 015 0.06 011 0.21 0.16
Shingle, red 0.04 007 011 0.10 0.04 0.08 012 0.10
Corrugated sheet, black 0.04 004 0.04 0.04 0.05 0.05 0.07 0.05

Different results are presented in the work of Paolini et al. [20], who tested the spectral solar
reflectance of 12 roofing memdmes whose initial values range from 0.26 to 0.85, before outdoor
exposure and after 3, 6, 12, 18 and 24 months of natural aging in Rome and Milan (Italy).

In both cities, the exposures occurred approximately halfway between the city centres and the
peripheries on two noishaded roofs, and were distant from primary sources of pollution; the main
weather data needed for the assessment were collected in loco by means of a weather station (see

Figure 3.9 for the experimental setup).

FIGURE 3.9: Testip for the assessment of lotegm solar reflectance used in Milan [20]

The authors found that in Milan, after 3 months of exposure, the membranes with highest initial

solar reflectance values ¥ 0.80) lost an average of 0.13 (about 16% relative aiwyén solar
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reflectance, while low reflectivity membranes (0.20 < r < 0.30) show modest absolute variations (ranging
from 0.02 to 0.05).

All the membranes showed a standard deviation of less than 0.035 (median < 0.008) after 24
months of exposure in Miteand less than 0.017 in Rome (median < 0.010).

Although the absolute values of the reflectance of samples at the two sites were different (see
Figure 3.10), the shapes of the spectra of the aged membranes were almost the same in both cities,
suggesting tat in metropolitan areas the intensity of the deposition is different but ingredients of soiling
' NB LINBGdGeé YdzOK GKS &l YS oLINRRdzOG& 2F O2Y0dzal

The loss of reflectance also impacts the energy needdldihgs and the surface temperatures
of the roofing membranes: to quantify these aspects, representative commercial buildings in Rome and
Milan were modelled. The results of these simulations show that in all considered cases (poorly or well
insulated buiings), aging yields a reduction in annual cooling load savings from 4.1 toni7.§ ' \ér

0.1 loss in reflectance.
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FIGURE 3.10: Solar reflectance variation (aged less initial) of different roofing membranes as a function of expddore time an
two different sites [20]

Similar findings concerning the albedo variation offefigctive coatings are inferable from the
experimental campaign carried out by Mgstrapostoli et al. [21ih two school buildings in Athens
(Greece).

Here, white coatirgywere applied in 2008 (initial roofs albedo of 0.70) and a measurement
campaign for assessing how weatherization affects the optical properties of cool roofs was performed in
2012. The main findings are reported in Table 3.5, were albedo measuremdistaresihown for the

two buildings and for existing, cleaned and new cool roofs respectively.
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TABLE 3.5: Albedo measurements for the two case study buildings [21]

Albedo measurements

Existing cool roof Cleaned cool roof New cool roof
School A 0.50 0.55 0.74
School B 0.54 - 0.71

For building A the cleaning process is able to restore about 7% of the origiitalalbe, while a
new installation would increase it of about 25% compared to the aged cool roof. The last result is pretty
much the same for building B.

It is interesting to highlight how significant roof temperature differences have to be expected
amongs aged, cleaned and new cool roofs, and this is clearly shown in Figure 3.11 where surface

temperatures are compared by means of infrared thermography pictures.

FIGURE 3.11: Visible and infrared pictures of the roof depicting the different smfssatigres achieved by the aged, the
cleaned (first row) and new (second row) cool roofs [21]

The temperature difference between the aged cool roof and the cleaned part of it was about 8°C,
while the surface temperature difference between the existingnemd cool roofs reaches 12%e

outdoor dry bulb temperature during the measurement process was 24.3°C.
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surface.

The outdoor pollutants that mainly affelse degradation of albedo are found to be Quartz, lllite,
Dolomite and Epsomite, while the microbiological analysis showed high bacterial and fungi load in the
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order to fulfil the cool materials contribution in energy efficiency and indoor thermal comfort.

Finally, longerm assessment of solar reflectance for roofs coated up to 8 years before has been
tackled bylakebayashi et al. [22} 8 different cobroofs installation in Japan.

Reduction of solar reflectance is confirmed for samples several months after coating, and varies
about 0.160.25 several years after coating (see Table 3.6), depending on dirt deposition conditions.
Solar reflectance afteriping the target surface with a wet cloth is usually recovered less than 0.10, but

for most of the surfaces recovery is not able to reach the initial value, maybe due to dirt adhering to

irregularities in the coated surface.

TABLE 3.6: Field measuremehtsof albedo after several years of coating [22]

City

Kobe

Osaka

Osaka

Ryuo

Kato

Himeji

Osaka

Koriyama

Form
Initial value
Years after coating

Measurement point 1
Measurement point 2
Measurement point 3

Averaged value
Initial - averaged value

After wiping
After wiping - point 1

Flat
087
0.2

0.65
0.88
0.86

0.79
0.08

Flat
073
04

0.66
0.65
0.66

0.66
0.03

Flat
073
25

0.67
0.69
0.69

0.68
0.05
0.67
0.00

Folded
0.87

0.60
0.59
0.61

0.60
0.27

0.69
0.09

Folded
0.87

0.79
0.74
0.70

0.74
0.13

0.88
0.09

Folded
0.87
4

0.64
0.66
0.66

0.65
022

0.71
0.07

Flat
073
6

071
0.76
072

0.73
0.00

072
0.01

Folded
0.87

072
071
074

072
0.15

0.81
0.09

Interestingly, the authors suggest that it would be more appropriate to use solar reflectance
values after an aging process of three months for urban heat island and thermal load calculations, and
this is consistent with the above mentioned studies that all identify this time period as the most
representative of the aging process.

To this aim, the authors propose an accelerated laboratging test able to predict the solar

reflectance value of a caag) after 3 months and 1 year of outdoor exposure.
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A number of experimental and computational studies have been carried out to demonstrate the
benefits of cool roofs in improving summer thatmomfort as well as in the energy efficiency of
buildings.

A pioneering effort is that made by Akbari in promoting the diffusion of cool roofs in US, starting
from the hot humid climate of California [23]: six commercial buildings in California have been
monitored in terms of energy use and environmental parameters (surface temperatures and air
temperatures) for two consecutive summer months (before and after cool roof installation).

Results showed that installing a cool roof reduced the daily peakeropérature of each
building by 3242°C by using white coatings, the average peak demand for cooling is redub@d¥o 5
m? and the estimated savings in average chiller energy use span from 407 Wh8thWh nf,
depending on building typology (schoelail store or cold storage facility).

Based on these results, the authors extend the study on the applicability of this technology to all
of the 16 California climate zones by means of dynamic simulations, finding similar results but neglecting

potentid penalties for space heating (see Table 3.7 for a summary).

TABLE 3.7: Estimated annual energy savings and peak reduction in July for all the 16 California climate zones [23]

Climate zone Retail store® School hui]dingh Cold storage
facility®

kWh/m> W/m> kWh/m®> W/m?> kWh/m* W/m?

CZ01 0.6 0.6 . 2.6 45 39
cZo2 11.5 4.9 4.2 3.9 6.0 54
CZ03 4.0 29 3T 32 59 Al
CZ04 105 4.6 5.1 3.6 6.3 35
CZ0s5 59 34 3.0 32 59 552
CZ06 112 4.3 5.1 2.8 57 5.1
CZ07 99 3.6 52 2 53 47
CZ08 127 4.6 6.1 34 58 53
CZ09 11.8 4.3 54 33 55 53
CZ10 153 54 5.8 3.8 55 5.1
CZ11 108 4.8 4.5 3.6 T2 6.6
CZ12 108 4.9 4.6 3T 74 6.6
CZ13 139 58 5.3 3.8 74 6.6
CZ14 14.0 53 4.5 3.2 74 6.3
CZ15 16.4 5.5 6.5 34 6.2 4.8
CZI6 6.7 4.0 2.5 34 6.8 6.2

Ly 9! /[/2dzyuNASa> FTAOS RSY2yaliMmpravinghgrmadlINE 2 S
conditions and reducing the energy consumption in buildings (both residential and commercial) were
carried out within the framework of the project/ 22 f. w2 2 ¥a ¢

The case studies were monitored, concerning their energy performance amdandironment,

before and after the application of a cool roof. The buildings selected cover a great geographical and
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typological range, but share the same methodological approach: first an experimental monitoring is
carried out, then numerical simulat® of the same buildings with a number of variations are
performed.

In the following, a brief summary of the main findings for each of them will be given, starting from
the hottest climates of Greece and Italy and ending to moderate ones of France and UK

Kolokotsa et al. [24] investigated a building located in Iraklion, Crete (Greece), used as an
administrative office for the local technological campus. The monitoring period started in December
2008 and ended on October 2009, covering both the periddssbend after the application of a cool
white paint withr = 0.89 and = 0.89 (the starting values for the concrete slab used as a roof were
0.20 anct = 0.80).

FIGURE 3.12: The house investigated for the Iraklion case study [24]

The model calibration was performed when the cooling system was switched off, fimgawoid
add more uncertainties for the model calibration, and then used for comparing the energy efficiency
achieved by different energy conservation measures that are commonly used in that region.

To give a snapshot of the results in terms of roof suidaperatures achieved by the untreated
and painted roof respectively, Fig. 3.13 depicts the dalily trend for the months of September and October
20009.

It is possible to see how the peak values are cut by 30°C when a white coating is used instead of a

standad bitumen covering, while dynamic simulations identify this technological solution as the most
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promising for reducing annual air conditioning loads (cooling+heating), if compared to the increase of
N2E2FQa AyadAd A2y 2duei2 GKS RSONBFAS 2F GAYyR:

Surface temperature (C)
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FIGURE 3.13: Roof surface temperatures before and after cool coating [24

Another building in Greece (a school building in Athens, Fig. 3.14) was studied by Synnefa et al.
[25], where the existing grey concrete surface (.20) was replaced again watttool white paint of
solar reflectance= 0.89.

An analysis combining results from an onsite monitoring campaign and a numerical analysis were
performed with the aim to assess thermal comfort conditions and energy performance of the school
building bebre and after the application of the cool roof. The results achieved by the building in Crete
are here confirmed in terms of roof surface temperatures (investigated by using infrared pictures),
because of similar climatic conditions and of the use o&iime svhite coating. Nevertheless, the study
casts light on the effective energy needs experienced before the application of the cool coating thanks to

an analysis of heating and electricity bills.

FIGURE 3.14: The school building in Athens [25]

60




COOL ROOFS: STATE OF THE ART

Set pant for cooling is set to 26°C and for heating is set to 20°C (both are representative values for
the European Mediterranean Countries), and the results of the calculation are reported in Fig. 3.15 for
the uninsulated and the insulated cases, as welf #s=foeference roof and the cool roof.

The application of the cool roof results to a decrease in the annual cooling load by 40% for the
reference uninsulated building, being 35% the reduction for the insulated buildingedligible
heating penalties shuld be expected for the uninsulated (10% increase) and insulated building cases
(+4%): as expected, the cool roof application has a larger impact on uninsulated buildings than on the

insulated ones.
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FIGURE 3.15: Annual heating (red bars) and cohliadpérs) loads of the school building in Athens [25]

Moving to Italy, Romeo and Zinzi [26] considered a school located in Trapani (Sicily) covered by
concretetlesi’ n®Hp0 | YR o0& | ¢ KD8)imaSvidgof thFodigigsee &8 ¢ O
Fig. 3.16).

The procedure followed was putting up the cool roof application in the middle of the cooling
season and monitoring the building behavior before and after the roof coating.

The outdoor monitoring included air temperature, relative huypidjlobal horizontal solar
radiation and roof surface temperatures, while indoor monitoring recorded air temperature, mean

radiant temperature, relative humidity and air velocity.
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A simulation and calculation work was needed in order to have extensite at®ut the
building performance through the whole cooling season and longer; the software TRNSYS was selected

to perform such calculations.

FIGURE 3.16: Cool roof application in a school building in Trapani [26]

Looking at the thermal comfort catidns in summertime, the cumulative distribution of the
number of hours during which the operative temperature is above threshold values (25°C, 27°C and
29°C namely) is reported in Fig. 3.17. Here one can see the strong reduction of discomfort leoars in ro
2 (northeast oriented) and room 3 (soutiast oriented), since a temperature of 27°C was reached for
less than 15% of the period. Worse results were obtained for room 5 (west oriented) because of the high
solar gains through wide windows in the aftemmo

If considering the yearly energy performance, a parametric study considering various albedo
values for the roof has been performed and the results pinpoint how the actual scexdabed
building is still heating dominated. In this case, the useatings with solar reflectance values higher
thanr = 0.70 is counterproductive, since heating penalties would overcome cooling savings. On the
other hand, by insulating the building shell, the lowest energy needs pertain to the paint with the highest
albedo €= 0.82).
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FIGURE 3.17: Cumulative distribution of the operative temperature in different rooms of the school building in Trapani before
and after the application of a cool coating [26]

Bozonnet et al. [27] considered typical continentahatlc conditions by assessing the
performance of a collective dwelling in Poitiers (France).

Following the current specifications in France, the highly insulated building envelopes are
designed for winter conditions with few solar radiations and few aamder summer comfort, thus
cool selective surfaces should be evaluated accurately.

The terrace roof before the refurbishment was covered by asphal0@0), while after the
application of a white elastomeric coating the roof albedo reached the v&i880

What is important to highlight from this study is that, even for a moderate climate like the central
part of France, the cool roof decreases the mean outside surface temperature by more than 10°C, with
low differences for lower temperatures buttebag impact on the highest temperatures.

The effect on the indoor operative temperature appears to be very low for the building in
guestion, due to the strong insulation consistent with building standards in France for all new

constructions.
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FIGURE B1Collective dwelling studied by Bozonnet et al. in Poitiers [27]

Finally, Kolokotroni et al. [28] assessed the performance of the estates office at Brunel University
(London), located at the topfloor of a four storey building (see Fig. 3.19). Thg exddtiinishing layer
shows a very low solar reflectance vatuee(.10), while after the coating process it is increased hy 0.5 (
= 0.60); the envelope is well insulated, by means of 4 cm thick insulation layer on top of the roof slab and
18 cm on theuter face of the walls.

One aspect highlighted in this work, which is strictly related to roof thermal stress, is the analysis
of surface temperature differences between roof and ceiling before and after the application of the cool
coating.

As depictedn Fig. 3.20, during early morning and evening the roof is cooler than internal ceiling
while during mietlay the opposite occurs. However, after coating the roof internal ceiling surface
temperatures are always higher than roof surface temperatures, tindithe cooling effect of cool

paint on the external roof surface.

FIGURE 3.19: External view of the case study building in London [28]
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A parametric analysis was also carried out using the case study as the reference building and by
varying roof aledo in the range 0-1, setpoint temperatures in summer (23°C or 25°C) and winter
(21°C or 23°C) and air changes per hour (2 or 4).

The results, in terms of energy needs forcanditioning, shows how the optimal albedo value
should fall within the rang@6-0.7, with air change rate of 2 ACH and by maintaining the existing levels
of insulation. In this optimal configuration, an overall energy needs reductic6%fi8 expected,
depending on the sqioint temperature.

Increasing insulation levels wouldcrease potential energy benefits in heating and cooling
demand, and this is consistent with the other case studies for which energy benefits are higher for lower

insulation of the roof.

Daytime surface temperature difference trends
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FIGURE 3.20: Measured daytime surface temperature differertesdrioer roof surface temperatures) for the building in
London [28]
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In much of the world, the design, construction, and materials used for residential and commercial
buildings are guided by building codes. The btitlesé codes are dedicated to ensuring the integrity of
the building from a health and safety perspective, but they also cover energy use and recently have
become inclusive of requirements that are both ensaypng and cosiffective. Because building
cades are focused on the energy savings potential of individual buildings, they do not consider the
climate benefits of cool roofs or the miarimate benefits stemming from the reduction of the urban
heat island.

Akbari and Matthews [29] reviewed cool f®atandards, building codes, rating and labeling

programs in the US (see Table 3.8), as well as in other parts of the world.
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The process for updates and level of enforcement of building codes vary greatly by country. For
example, in China there is justaingle national code with three climate zones, in India there is a single
national code too but it is voluntary, in the EU building codes are determined at country level. Because of
large population and significant economic growth, China and India reagniprthe greatest

opportunities for promoting the adoption of cool roofs through building codes.

TABLE 3.8: Summary of US policies prescribing or suggesting the use of cool roofs [29]

Standards, codes, labeling programs Remarics

ASHRAE Standard 9001-2007 Prescribes cool materials for
low-sloped roofs on man
residential buildings in somes
US climate zones

ASHRAE Standard 90U1-2004 and 1959 Offer credits for cool materials
for low-sloped roofs oo non
residentiz] buildings in some
US climate zones

ASHRAE Standard 902-2004 Offers credits for cool
muterizls for all roofs on
resident izl buildings in some
UA climate zones

Galifornia Title 24 Standands 2008 Prescribes cool materials for
2l roofs on residential and
non residential buildings in
Galifornia by climate zone

Galifornia Title 24 Standards 2005 Prescribes cool materials for
low-sloped roofs on nam
residential buildings and
affers credits for all other
roofs on residential and non
residential buildings by
climate rone

California Title 24 Standards 2001 Offers credits for cool
materizls for all rocés on
resident izl buildings in
California by climate zone

Imt=rnational Energy Conservation Code 2003 Allows cornmercial buildings
o comiply with the 2003 [ECT
by satisFying the requirements
of ASHRAE Standard 90.1,
whiich offers cool-roof credits

Chicago, IL en=rgy comservation code Prescribes a minimum solar
reflectance and thermal
emittance for low-sloped
roofs

Florida code 2004 Prescribes cool materials for
all roofs on non residential
buildings that are essentially
the same as those in ASHRAE
Stamdard 80.1-2004

Haweait In 2001, 2002, and 2005,
respectively, the counties of
Honolulu, Kauai, and Mauwi
adopbed cool-roof credits for
commercial and high-rise
residential buildings bassd on
ASHRAE Stamdard 90.1-1559

LIS, EPA Energy Star™ label Reguires that low-sloped
roofing products have initial
and three-year-aged solar
reflectances not less than 0L.65
amnd 0.50, respectively.
Sirep-shoped roofing products
must have initial and
three-year-ansd solar
reflectances not less than 0.25
and (.15, respectively

LEED gres=n building rating syst=m Assigns ane rating paint for
the u=e af a cool roof inits
Sustainable Sites Credit

Cool Roof Rating Council Develops accurate and
credible methods far
evaluating and labeling the
solar reflectance and thermal
emittance of roofing products
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However, US countries have played a pioneering role in the dsgifiasion of the cool roof
technology, as demonstrated by the several codes/prescriptions reported in Table 3.8.

Among them, it is worth to notice the role played by the Cool Roof Rating Council (CRRC) in
evaluating and labeling the radiative propertégoofing products and to disseminate the information
to all interested parties [30].

By browsing their website, it is possible to access to a rated products directory sorted by product
type, color and minimum radiative properties that allows to choasédodist performing solution for
every roof configuration.

An example of the rating label that certifies the optical properties of the product, both initial and

after 3 years of weathering, is given in Figure 3.21.

Initial Weathered
Solar Reflectance 0.88 0.68 3 year aged
Thermal Emittance 0.87 0.89 3 year aged

Rated Product ID Number 0001

COOL ROOF Licensed Seller ID Number 0896
RATING COUNCIL  ®

Classification Production Line

Cool Roof Rating Council ratings are determined for a fixed set of conditions, and may not be appropriate
for determining seasonal energy performance. The actual effect of solar reflectance and thermal emittance
on building performance may vary.

Manufacturer of product stipulates that these ratings were determined in accordance with the applicable
Cool Roof Rating Council procedures.

FIGURE 3.21: Measured Cool Roof Ratimqcil label for test cool roof products [30]

In EU countries, a similar body has been established in 2011 with the name of European Cool
Roofs Council (ECRC). It merges all the driving forces for the promotion and adoption of cool roofs in the
EU, targting to accelerate the transfer of knowledge, to remove the market barriers, to help
manufacturers to develop cool roofs products, to educate the public and develop incentives and
programs [31].

CKS 9/ w/ Qa 6S06aAldsS 27T 7T Suilibus aspedsDCEoyraol ludage,3 f 2
publications related to this technology and a database of rated cool roofing materials sorted by country
and product type.

It is important to highlight that till now a labeling mechanism, comparable to that implenbgnted

the CRRC in the US, is not in use.
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In order to generalize as much as possible the findings of the cool roof assessment proposed in
this thesis, a representative geometrical building model of the existing EU officgbsiiock is derived
from an extensive empirical survey.

Several climates are investigated, from the hot Mediterranean to the cold north European one,
with the aim of exploring if or to which extent winter heating penalties may overcome summer cooling
benefits stemming from the application of cool roofs.

Within each climate, and each vintage period, the thermal characterization of the outer shell
(both opaque and glazed components) is varied according to their typical features.

Then, a parametric analyg that takes into account different cool roof design features (roof shape,
optical properties and thermal resistance) is performed by means of dynamic simulations. The outcomes
of this analysis are reported in terms of thermal comfort conditions andyemezeds for air
conditioning, taking into account the expected aging process of the cool paint due to weathering and

soailing.

nom AG8LIAOFEE 2FFAOS o0dAf RAYI Y2RSE T2

The definition of a typical building geometrical model, aimed akdiiag the largest possible
' Y2dzyi 2F RAFTFSNBYyG SEA&aGAYy3T O2yFAIdN) GA2yasz
given the huge amount of building layouts observed.

In general,referenced dzA f RAy 34 NBLINB & Sy i e modeleS/dhua&is o d:
specifically for estimating heating and cooling consumption.

In this thesis, based upon an empirical survey on the existing buildings stock in the Bpdd], an
plan office building of three stolisyused as reference for modeglipurposes.

In reality, the INSPiRe project [1] (see also Chapter 1) proposes a cellular office building layout
where six zones are considered: two ol office cells with one external wall and one cell in each
corner of the building with two externallls, while all internal walls are assumed adiabatic. The mid
row cells are thus multiplied in pgsbcessing to obtain results for the whole building, and the number
of floors is varied (up to seven) by multiplying results for the entire floor. AllcafiiE are of the same

size and shape (rectangular).
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The floors considered are the bottom floor, a middle floor and the top floor, by assuming no heat
transfer between two identical floors above and below.

However, two important notes suggest not follogvsuch an approach:

0 It is well known that cool roofs represent an effective ergmging solution for buildings
with up to twethree storey (lowise buildings). For tall buildings, the benefits deriving
from cool roofs application is negligible. Morepites found that the vast majority of the
existing office buildings in EU-B &torey (see Table 4.1);

(if) The use of an open plan layout is consistent with the models proposed by another
extensive survey carried in the US [2], especially when talking rabdiumto-arge
office buildings (about 1000%per floor). These are the floor dimensions most diffused in
the EU, and allow comparison with the corresponding ones in the US also in terms of
construction period (see Table 4.2), thus extending theityabfl the proposed
methodology to existing office buildings in the US.

TABLE 4.1: Share of floor area for climate zone, construction period and number of floors [1]

OFFICES - Period OFFICE - nr floors
pre 1945 |1945-1970 (1970-1980 [1980-1990 {1990-2000 | post 2000 2-3 4-5 >5
32% 21% 11% 11% 12% 12% 76% 13% 11%
25% 20% 9% 14% 16% 16% 76% 13% 11%
Southern Continental 5% 53% 11% 10% 10% 12% 58% 38% 3%
Oceanic 24% 22% 13% 19% 9% 12% 93% 7% 0%
Continental 20% 16% 15% 12% 20% 17% 60% 20% 20%
20% 22% 14% 15% 11% 19% 78% 20% 2%
19% 30% 20% 16% 6% 9% 80% 10% 10%

TABLE 4.2: Amount of floor area built within each reference pefipd [1

Pre-1980 Post1980 New
construction
(after 2000)
EU 56% 28% 16%
us 46% 38% 16%
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Under these premises, the reference building has each floor rectangular in shape and 1000 m
large (67 x 15 ) is glazed on the two main facades (oriented due north ant, sespectively) and
show a Window to Wall Ratio (WWR) of 0.4, a typical value for this building typology [3]. The Roof to
Walls Ratio (RWR), defined as the ratio of roof area to walls area, is 0.70. A sketch of this base
configuration is given in Fig. 4.1

For what concerns building fabric, the survey revealed that the main material used in the
structure of office buildings across the-EUs concrete, with a brick or concrete fagade. Curtain walls
are also diffused, especially for buildings construdied 260s, when prefabricated sandwich walls
were introduced. Glass curtain walls and/or aluminum panel became fairly typical during and after the
1980s.

Table 4.3 summatrizes the construction types for each vintage period shown in Table 4.2, and city
representative of different climates within the EU. The choice of the cities will be discussed in detalil in
section 4.3 thanks to an-@repth climatic analysis. The thermophysical properties of the materials
forming the various constructions are listed in &dbt, while the resulting-alues are summarized in

Table 4.5.

FIGURE 4.1: Prospective view of the reference office building model (base configuration) [Author]
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TABLE 4.3: Construction types for vintage period [1]

Pre1980 Post1980 New construction
(after 2000)

Walls  Concrete cladding or Concrete claddingo  Aluminum and
concrete pillars and concrete pillars and  glass facade on

beams beams concrete pillars anc
beams
Roof Flat concrete roof  Flat concrete roof  Flat concrete roof
with bitumised with bitumised with bitumised
surface surface surface
Floors As for roof, but with  As for roof, but with  As for roof, but
tiles in place of tiles in place of with tiles in place
bitumen bitumen of bitumen
windows Doubleglazed with Dauble-glazed with Doubleglazed with
PVC frame aluminum frame aluminum frame

(thermal cutting)

TABLE 4.4: Thermophysical properties of opaque construction materials [Author]

Materials Thickness Density Specific hea Conductivity

[em] kotn®] [Rg'E] (W'

Walls¢ concrete cladding

Lightweight concrete 10 1280 840 0.53
Wall insulation variable 90 840 0.043
Gypsum board 2 800 1100 0.16

Wallsc aluminum facade
Aluminum 3 7820 500 45
Wall insulation variable 90 840 0.043
*Air gap R=0.15 MK W*
Gypsum board 2 800 1100 0.16
Roof
Roof membrane 1 1120 1460 0.16
Roof insulation variable 265 840 0.057
Concrete 10 2250 840 1.311
Stucco 2 1860 840 0.69

*the air gap is modelled by means of its thermal resistBnce
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It is important to noticghat the Uvalues listed in Table 4.5 are achieved by properly varying the
insulating layer thickness of the constructibor the complete list of values reported in [1], the reader
can refer to Appendix I.

For what concerns the windows, they are inputiscsimple glazing systems by detailing their U
value and Solar Heat Gain Coefficent (SHGC), as gathered from the ASHRAE Handbook of Fundament:
[4] for the typologies detailed in Table 4.3.

TABLE 4.5:\4lues for construction types, vintage period aity [1]

Walls Roof Windows

Athens 2.20 2.70 5.00

Madrid 2.20 1.40 5.80

Rome 1.20 1.30 5.50

Pre1980 Lyon 2.10 1.80 5

London 1.70 1.80 4.90

Stuttgart 1.50 1 2.90

Athens 0.80 0.70 3.70

Madrid 1.80 1 3.30

Rome 0.80 0.80 4.20

Post1980 Lyon 1.20 0.80 3.40
London 0.70 0.50 4.60

Stuttgart 0.90 0.50 1.90

Athens 0.60 0.60 2.80

Madrid 0.90 0.60 2.80

New

construction Rome 0.60 0.60 3.60
(after 2000) Lyon 0.40 0.30 2.70
London 0.40 0.20 1.80

Stuttgart 0.40 0.30 1.30

NG YdE FGA2y A FAadzYLXIA2ya FYR LI NFYS{SE

The assessment of the thermal comfort conditamd of the energy performanege carried out
using the dynamic thermal analysis software EnergyBIU5|:.

The solution of the thenal field inside the walls in EnergyPlus is based on the Conduction Finite
Difference algorithm. As concerns the discretization of the time variallis, work a time stept = 3

minutes was adopted, as additional simulations permitted to verify tratarmmes in the results occur if
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using smaller time steps. On the other hand, the space inRngdetermined by the software itself

for each material as a function of thigace discretization constat

C= 4.1)

whereais the thermal diffusivity.

The value of this coefficient can be introduced by the user, and corresponds to the inverse of the
Fourier number. In this work, C = 2 was chosen, to assure a good stability of the&olution [

The man simulation assumptions, regarding internal heat gains (people + electric appliances +
artificial lighting), infiltrations and ventilation rates and occupancy period of the offices, are provided in

Table 4.6 and are desumed from [1].

TABLE 4.6: Commmsimulation assumptions for all of the models [1]

People Appliances Atrtificial Infiltrations Ventilation Occupancy
lighting period
10 12.5 W/nt 10.8 0.15ACH  40n’/h  Weekdays:
m?/person) wim? () person from 8:30-12:30
outside air and 13:30
17:30

* the ofiginal value of 16 W/mvas changed to 10.8 Wfmwvhichis consideredhore suitable fonalogen incandescent bulbs
typically used in officekights are supposed to be on only during the occupancy period

For grounetontact surfaces, it is important to egjify appropriate ground temperatures,
especially when modelling levge buildings with extended plant shapes. To accurately predicting the
surface temperature of the ground floor, the Slabgmeessor embedded within EnergyPlus is used. In
this way, aerage monthly surface temperatureslifferent for each climate according to the weather
files - are used for the floor surface in contact with the ground, and not a simplistic constant value
throughout the year.

As for the estimation of the energy miseit is necessary to define both heating and cooling set
point temperatures. This is a very hard task, since the choice of set points would strongly affect the
energy consumption for air conditioning.

Moreover, when taking into account different climatmnditions, a too low cooling set point

temperature would be detrimental for the cooling needs of a hot climate, while not significantly
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affecting those of a cold climate. Vice versa, a too high heating set point temperature would worsen the
heating needsf a cold climate while those for a hot one would remain quite the same.

Finally, the choice of different set point temperatures for each climate would mask the
performance achieved by cool roofs, thus not allowing for a genuine comparison among several
dimates.

For all these reasons, a heating set point of 18°C and a cooling one of 26°C are used everywhere,
according to the default values used in [iijorder to compare the energy needs due to different set
points, and with the aim of assessing the sthess of the simulation results presented in the next
chapter, the reader can refer to Appendix Il where energy needs of the models used in [1] are reported.

With the aim of assessing to what extent a cool roof may improve the thermal performance of
exiding buildings, a parametric analysis about key roof features is carried out.

The main parameters to be varied, listed in Table 4.7, are:

0 Insulation levels: these values are gathered from Table 4.5, according to the construction

age and climate;

(i) Roof to Wis Ratio (RWR): by retaining a floor area of 106@en storey, floor
dimensions are varied (67x15,r60x20 rfiand 40x25 1), and thus different RWR
values are obtained;

(iii) Roof solar reflectance (r): values between 0.3 andiitB a step of 0.%, are onsidered
for modelling both traditional roofing materials (low reflective) and cool roofing materials
(high reflective), as well as the aging process of them;

vy w22F (GKSNXIf SYAaargAade ov Qdep @ednayded NI y

for studying the role of the long wave radiative heat exchange.

TABLE 4.7: Building features used for the parametric analysis [Author]

Parameters Values Variations
Roof insulation levels pre 1980; Post 1980; New (post 2000) 3
Roof to Walls Ratio (RWR) RWR=0.7; RWR=0.8; RWR=0.9 3
Roof solar reflectance (r) From r=0.3 to r=0.8, with 0.1 step 6
w22F (GKSN)I f CNRY sT'ndy (2 sl 6
Number of models per citg free running
324
models
Number of models per citywith HVAC 324
system

Total number of models per city 648
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43/ EAYFGS FyFfeaars

In order to study the climatic parameters that affestl roofperformancef cities representatey
of different EUclimate zones have den chosen: Athens (mixed dry), Madrid (hot dry), Rome (hot
humid), Lyon (mixed humid), London (marine) and Stuttgart (cold).

The updated KoppeBeiger climate classificatio s too simplistic for comparing theesfts of
the climates of different cities scattered all over the world on passive building performance.-Kdppen
Geiger focuses on the outdoor environment very much from a plant physiology viewpoint; what is
needed in building physics is a focus on the Hffdgt of the Air Temperature, Humidity, Wind Speed
and Solar Radiation on the performance of a particular building. For example, if a building is a small
house, with a small internal heat gain from people and lights, and a high heat loss surfacdiezda rel
its surface area, then a cool climate might well require mostly heating; but if it is large office building with
a large internal heat gain from people and lights and a small surface area relative to its conditioned
volume, the same KoppéBeiget?O2 2t Q Of AYIF S g2dd R adAatf €SIFR
get rid of the internal heat gains.

For the sake of comparison, a combined approach that takes into account both the Ecotect
psychometric classificatioB] [and the summer monthlyvaraged values of dry bulb temperature,
relative humidity, wind speed and global horizontal radigtas gathered from TMY2 weather fiigks
has been adopted. TalleB lists the cities selectetigir latitude (LAT), longitude (LOMNBatingDegree
Days (HDD) an@oolingDegreeDays (CDD) amsoshown. The HDD and CDD were calculated on a
baseline of 18.3 °C, according to the Climate Design Data 2009 ASHRAE Hantidaek 9lists the
summer monthly (from June to September) and winter (JanoaMatch) averaged values of a

selection of representative climate variables.

TABLE 4.8: Cities representative of differerdatiidde climates wittiKépperGeiger style classifications [Author]

Mixed dry Hot dry Hot humid  Mixed humid Marine Cold

Athens Madrid Rome Lyon London Stuttgart

LAT: 37.90N LAT:40.27N LAT:41.47N LAT:45.43N LAT:51.90N LAT: 48.40N
LON: 23.73E LON:3.32W LON:12.13E LON:540E LON:0.10W LON:9.13E
HDD: 1534°C HDD: 2023°C HDD: 1525°C HDD: 2588°C HDD: 2968°C HDD: 349¢C
CDD:9942C CDD: 612 CDD:55% CDD: 30%C CDD44°C  CDD: 108C
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TABLE 4.9: Climatic characteristics of different sites (summer and winter daily averages) [Author]

Standard Weather station Dry bulb Relative Global Wind
temperature humidity horizontal speed
ayz2 L (°C) radiation
DSA3E (%) (ms?)
style (Wh n* hr?)
Classes
SUMMER
. Athens Eleftherios
Mixed dry Intl Arpt 25.2 51.7 493.2 2.7
Hotdry  adrid Bargjas Int 23.6 45.6 487.4 2.7
Arpt
Hothumid ~ome Flumicinointl 5 5 76.0 437.2 3.3
Arpt
Mixed = o1 Satolas Intl Arp 20.3 69.4 378.2 2.7
humid
Marine ~ -ondon Gatwickint g 5 73.8 307.7 2.9
Arpt
Stuttgart
Cold Echterdingen Intl 17.2 68.8 338.3 2.3
Arpt
WINTER
. Athens Eleftherios
Mixed dry Intl Arpt 10 66.3 272.7 3.0
Hotdry  adrid Bargjas Int 6.1 75.2 209.9 2.6
Arpt
Hothumig ~ome FiumicinoIntl g 4 79.4 196.0 3.8
Arpt
Mlxe_d Lyon Satolas Intl Arg 3.4 86.1 124.0 2.8
humid
Marine ~ -ondon Gatwick Ind 4.5 84.8 94.3 3.3
Arpt
Stuttgart
Cold Echterdingen Intl 0.9 81.9 1133 3.3
Arpt

Part of the classification of the climates involved visual examination of the Typical Meteorological
Year (TM)Ydata for each city on a psgchetric chart using the Climate Consultant softwa@k [t is
clear from these charts that the much apex extremes of climate that the Koppéeiger approach is
intended to document are not found in Eurgpieus he simplistic climate typologies are at best
indications.

By analyzing Figs. 4iZ, where a psychometric representation of the outdoor aidiions

(temperature and relative humidity) and the frequency distribution of annual values of global horizontal
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radiation and wind velocity is given for each city, it is possible to notice the peculiarities of the different
climates.

Indeed, Athens (mixedry), Madrid (hot dry) and Rome (hot humid) share a very similar outdoor
air temperature and global horizontal radiation distributions, but a different relative humidity range (the
GOf 2dzRé¢ 2F LRAyGaA F2N ! {KSy &antheMudridiehey. Mordoder, Of 2 :
Athens is characterized by lower wind speeds than Madrid and Rome.

These three cities represent the hottest climate conditions found within EU countries, and thus
are potentially the places in which cool roofs applicatioidcbe most beneficial for reducing
overheating issues.

As for Lyon (mixed humid) and London (marine), they share similar values of outdoor air
temperature and global horizontal radiation, but different humidity levels since Lyon experiences a wider
rangeof humidity values (the points are more scattered within the chart than for London).

These two climates are considered for representing mild conditions typical of-Buduje
countries.

Finally, the low outdoor air temperature ranges in Stuttgart akibwharacterize this city as
NELINBASYGlFGA®S 2F | 02t R¢ OfAYIGSET RAFFSNBY
Poland, Norway and Sweden are not considered because they are clearlydosaitiaged, and the
application of cool roofs taxesting buildings would likely increase the energy needs for air conditioning,

while improving summer comfort to a negligible extent.
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Traditionally, the PM®PD model for comfort proposed by Fanger [11] is considered the first
endeavorinpredicA Y3 o0dZAf RAYy3 200dzZJ yiaQ O2YF2Nl aSyal
Thisapproach, based on a steastgte energy balance on the humawdy, allows the prediction
of thermal sensation and comfort satisfactminthe human body as a function folur parameters
related to the indoor environment (internal temperature, air velocity, humidityean radiant
temperature) andwo parameters relatetb the occupants (activity arabthing) No correlation with
the external environmentatonditionsare taken into accountThis model, devgbed by using the
results of interviewsarried out under controlled miclimatic conditions (typical biildings provided
with HVAC systems), is not suitable to matiagéransient state that occurs, for instance, in naturally
ventilatedbuildings, irbuildings without HVAC systems or where occupams their behavior and
activity. This means that for most bioclimbtiddings as well as for a large number of renewed buildings
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On the other hand, in the same years the adaptive model propgdsitol and Humphreys
aidlr G6SR GKIF G wmihahelex®ralzand ngriabeNdircbmekt 2liws a rangehefmal
comfort conditions which is wider than that admittecalsteadystate model. Actually, people can react
to changes in thenvironment by taking appropriate actions or by changingdkigirdes, in ader to
restore a comfortable condition even if tie@vironment where they are placed has undergone

appreciablechanges. ® Dear and Braget3] also underlined that people witiee or work in naturally
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