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Abstract

The aim ofthis study is toset upa simplified and validated numerical platform to describe several
technologies concerning the energy performance improvenwntggazed and opaque building
envelopes. The study included the validatidrDIGITHON, a detailed simulation software and the
development of a simplifiettansient numgcal modelin respect of glazed buildings. DIGITHON

was validated against experimental data, and then a parametric study was carried out through it to
evaluate the air prhea efficiency of implementing the facade as amergy recovery unit. The
simplified model was dedicated to the thermal engineering desigieabng with projects
preliminary phases .The simplified model was validated against experimental data. Later an
extensive comparison between the detailed software DIGITHON and the simplified model was
carried out for different climatic conditions to evaluate the influence of considering indoor zones
thermal inertia.Although thesimplified model estimates thermal loadgher han DIGITHON,
nevertheless this can lsensidered a beneficial design safety aspect as long as it is implemented in
the preliminary design phases. Later an innovative locating of photovoltaic modueddatg

glazed facadesvas investigated tbugh thecommercial software TRNSYST'he methodology of
modelling double skhglazed facades combined with different strategies of ventilation applying
TRNflow software was thoroughly clarified. The results show a reduction in thermal heating loads
compare to conventional location of PV on external buildisgrfaces On the other hand the
cooling loadsareincreased, énce to improve the performance of the system in summer hot season,
the technology of phase changing material (PCM) was tackled in theaesesaa latent thermal
storage system. Aumerical investigation othe effect of PCMin building sector solely and
combined with PV modules to improve its thermal performanees been carried oufTwo
numerical modelgequivalent capacitance and enfhalinearization methods) describing the PCM
thermal and optical performanbave beemevelopedand validatedResults show that thermal loads
reductions of a system implementing PV/PCM modules reach 30% in summer season. Afterwards,
the research througaxperimental campaign and numerical heat transfedelling optimised the
selection and location of two technologiwesghin a residential roof attic: the technologies considered
were PCM modules anceflective surfacesfive transient numerical models haleen developed
andvalidated. The results claritye influence of the proper selection for meltswidification PCM

range suiting each application in order to reach optimum specific heat capacity values which could
improve the ovall thermal balancefahe inner zone. Finally, computational fluid dynamics CFD
models have been applied to different case studieledoribe the thermal performance of vertical

glazed envelopes.
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Involucro edilizio ad alta efficienza energetica.

Analisi sperimentale e numea di soluzioni innovative.
Sommario
Lo scopo di questasstudio e sviluppare evalidare una piattaforma numerica semplificata per
descrivere diverse tecnologie riguardanti i miglioramenti di prestazione energetica dell'involucro
edilizio costituito da pai vetrate e opaché.o studiocompgrendelo sviluppo e la validazione di due
modelli numerici transitori in materia di edifici vetraBuccessivamenten software commerciale
TRNSYS e stab applicato per indagare una modalita innovativa di integraziahemoduli
fotovoltaici n e invioldcro edilizio. Un altro tema promettente, affrontato in questa ricerca, e
I'indagine numericaui materialicon cambiamento di fasPCM) nel settore delle costruzioni, da
soli ed in combinazione con moduli fotovoltaicirprigliorarne le prestazioni. Due modelli numerici
(metodo dellac apacit®™ equivalente e metodo della | ir
prestazioni termiche e otticlcdeiPCM sono st at. sviluppati e va
numeri@ ha permesso di ottimizzare la selezione e la posizione di due tecnologie, moduli PCM e
superfici riflettenti, nel sotttetto di un edificio residenzial€inque modelli numerici transitori sono
stati sviluppati e validati a tal finénfine, modelli difluidodinamica computazional€FD) sono
stati applicati per descrivere le prestazioni termiche delle chiusure vetrate e analizzarle attraverso
diversi casi di studio.

Keywords
Glazed and opaque buildings, transient numerical heat transfer, PCM, Wintegrated in
buildings, TRNSYS, MATLAB, CFD fluent.

VIII



Table of contents

Page
Thesis outline 1
Chapter -1 Glazedenvelopesheat transfer analysis
1.1Introduction
1l.2CGlazedFacaded s t heor et i cal heat transfer 1 4
1.3 Numerical dynamic heat transfer1 Finite difference method 10
1.4 Classification of Multiple skin fagade 12
1.4.1Type of ventilation 12
1.4.2/entilation mode of the cavity 12
1.4.35eometrical composition 13
Nomenclature-Chapter 1 14
References Chapter 1 16
Chapter -2 Numerical heat transfer through glazed facades 19
2.1 Numerical heat transfer of glazed envelopes background 19
2.2Dynamic heat transfer models for glazed envelopes 24
2.2.1DIGITHON 24
aOverall description 24
b-Infrared solar radiation 26
c-Facade Cavity thermal balance 27
d-Glazing elementthermal balance 29
e-Validation of DIGITHON 31
f-Energy recovery evaluation through glazed fac@besestud 34
2.2.2Finite difference method/ Resistance Capacitance n{gde| 39
aResistance Capacitance models dRScriptio 39
b-Mathematical descriptiowth venetian blinds) 41
c-Mathematical description (without venetian blinds) 43
d-Validation of the simplified mathematical model 44
2.3 Simplified model Vs DIGITHON analysis 49
2.3.1Exhaust air temperature from the facade cavity 49
2.3.2Building thermal energy demand 51
a-Monthly thermal energy demand during cooling season 52
b-Monthly thermal energy demand during heating season 53
c-Simplified model implementation in TABS models 54
2.4Conclusions S5
Nomenclature-Chapter 2 57
References Chapter 2 61
Chapter -3 PV integrated in buildings by TRNSYS 65
3.1Photo voltaic integrated in buildings PVIB background 65
3.2TRNSYStransient thermal model 66
3.2.10verall approach 66



3.2.2Simulation of glazed facade surfaces 69

3.2.3MSF integration via TRNSYS 69
3.2.4Innovative PV modules integration in TRNSYS 71
3.2.5Ventilation of the cavity 74
3.2.60utdoor climate 79
3.3How the model works 80
3.4TRNSYS model \alidation 82
3.5 Parametric study through TRNSYS 83
3.5.1Facade cavity ventilation methodologies 85
3.5.2Fagade composition 87
3.5.3Weather conditions 88
3.6 Results 89
3.6.1Sensible cooling loads of the building 89
3.6.2Integrated PV system 92

3.7 Traditional integration of PV systems in buildings as external layer vs. innovative 95
installation

3.7.1Integrated thermal loads evaluation 96
3.7.2PV electrical production 100
3.8Conclusions 100
Nomenclature-Chapter 3 102
References Chapter 3 103
Chapter-4 PV/PCM Numerical Integration 105
4.1 Introduction 105
4.2 Background 105
4.3PCM thermal and optical numerical analysis 106
4.3.1Equivalentheat capacity Method 106
4.3.2Enthalpy linearization method 111
4.3.3Shortwave radiabn 113
4.4PCM Numerical Model validation 114
4.4.1Equivalent capacity method 114
4.4.2Enthalpy linearization method 115
4.5PV/PCM integration numerical heat transfer models 116
4.5.1PV/PCM building integration back ground 116
4.5.20ne dimensionahodel of the integrated DSF+PRICM system: 116
4.5.3Required hourly thermal loads 119
4.6 Numerical study parameters 120
4.6.1Climates and inside desigonditions 120
4.6.2Double skin facade (DSF) configuration 121
4.6.3Control strategy for cavity ventilation 123
4.7PCM selection 125
4.8 Results 125
4.8.1Energy demand for heating and cooling 126
4.8.2PV systemenergy production 127



4.9Discussion

4.10Linking of TRNSYS PV-PCM MATLAB model
4.10.Methodology
4.10.2PV/PCM module cavity Ventilation scheaul
4.10.3Fan electrical power estimation
4.10.4PCM proper selectian

4.11Results
4.11.1Venice city
4.11.2Helsinki city
4.11.3 Optimization of ventilationrsttegy

4.12Two dimensional model of tle integrated DSF+PV/PCM system:

Nomenclature-Chapter 4
References Chapter 4

Chapter-5 Investigation of different roof attic construction technologies.

experimental and Numericd study

5.1Introduction
5.20paque building envelopes technologies background
5.3The Five cases descriptions
5.4 Methodology
5.4.1Experimentaimethodology
5.4.2Numerical modelling
5.4.3Models validation
5.5Experimental Data analysis
5.5.10verall evaluation
5.5.2Analysis of different PCM thermal performance
5.5.3Reflective layergocation
5.6 Conclusions
Nomenclature-Chapter 5
References Chapter 5
Chapter 6 CFD modelling of glazed facades

6.1Introduction
6.2 CFD modelling Background
6.3 Governing Equationq9]
6.4 Heat transfer modes
aHeat Transfer by convection
b-Radiative Transfer Equation
c-Turbulence
d-Transport Equations for the RNG EModel
6.5 Solar load Model
6.5.1Solar ray tracing
6.5.2DO0 radiation model
6.6 Air inlet and outlets
aVelocity inlet

Xl

131
132
132
134
135
136
136
137
139
139
145
148
151
151

151
151
152
154
155
157
161
164
164
165
166
167
168
170
173

173
173
174
174
175
175
175
176
176
177
177
177
178



b-Pressure outlet
6.7 Tuning of the numerical model
6.8 Case studieglescription

a-Circular air outle{Cairo city case study)
b-Linear bar grille outletyenice and Abu Dhabi case studies

6.9 Conclusions
References Chapter6
Conclusionsand future work
List of publications
Appendix -a

Xl

178
178
180
181
185
190
191
193
195
196



Thesis outlines

In Europe, building sector consumes alone about dDfte total energy consumptioAccordingly,

the more researchers simglifthe modelling and analysing of new technologies the more
communities are close to theearly zero energyuilding prevalence in ordeto meet Europe
energetic goals of 2020’he research illustradea numerical foudation of several technologi¢s
improve the building energy performandacluding ventilated glazed facades, PV integrated in
buildings, phase changing materiadsdtheir integration in envelopes and finally theplication of
CFD modelstaking into acount the radiation heat transfer mode to simulate glezed facade

buildings

The research idivided into six chapters. Chapter one is discussing the general heat transfer modes
thorough glazed building envelopes. The finite difference and the resist@paeitance (RC)
methods have been highlighted briefly. The classification of glazed facade buildings in respect of
ventilation mode, type and geometrical compositisn added. Chapter two discusses the
methodology of developing transient numerical co@ésng into account the heat transfer through
glazed elements. Two modela detailed one represented by DIGITHON and a new simplified
mathematical model) have been explained and validated. Later a thermal energy analysis has beer
carried out to evaluatehe¢ difference between simplified and detailed models. Chapter Three
discusses the methodology of modellifgough TRNSYSa glazed facade and PV integration in
vertical envelopes. Results includecomparison of thermal loads and PV electrical production i
different climatic conditions. Chapter Four reports and validates numerical methods of modelling
PCM integration in buildings including shortwavadiationanalysis in respect of the PCM phase
change characteristic. Results include energy performanaggwa in different climatic conditions

in respect of PMandPCM modules integration in buildings. Chapter five includes an experimental
and numerical analysis of PCM and reflective surfaces integration in residential roof attic through
fives samples. PCMype selection and location of reflective surfaces optimizationllastrated.

The validation of five numerical modeis addedo expand the experimental analysis. Chapter Six
reports CFD models to simulate glazed surfaces implementing solar tracngadiation heat
transfer models. Some case studies gldhié air circulation influence on the electrical production of

integrated PV module inside the faced cavities.






Chapter -1

Glazedenvelopeseat transfer analysis

1.1 Introduction

Energy crisisand environmental pollution are the main problemscthhreating the continuity of

the mankind. Among diverseonsuming energy sectorspiin industrial, transportation to building
sector, the latter alone is considered the highest. The primary energymeshdy buildings
accounting for 23% in Spain, 25% in Japan, 28% in China, 39% in the United Kingdom, 40% in
Europe, 42% for Brazil, 47% for Swirland, and 50% for Botswana].[IThe United Nation
Environment Programme Jlalso reported that 3@0% of thewor | dés t ot al pri
experiture is consumed in buildingdkowever , buil ding envel opeds e
closely connected to the building energy performance since that most of thermal heat losses and
gains are happening through Many advanced and sustainable building materials have been
developed for building envelope applications, such as-filaeforced plastic, unfired clay bricks,
hollow bricks, concrete hollow blocks, aerated concrete blocks, sandwich panelsclagraw
mixtures, heat preservation and insulation gladselfow glasses, glass mosaic [Elhan KTet al.

[3] reported that an energffective building envelope design saves 35% of the total cooling load
and 47% of the peakooling demand respectivelysing trermatinsulation materials in building
envelopes not only reduces the energgsumption of HVAC system [4],5but also obtains a more
comfortabé indoor thermal environment [6]. Friess et a).ifiestigated the influence of insulation
materials on walperformance in Dubai. Results found that an energy saving of 30% can be achieved
with proper insulation design. There are several strategies to improve building enveloped design.
One novel strategy is to add sslfading components, including overhangshtlishelves, louvers,

etc. to glazebased envelopes to regulate solar radigi@dnLarge glazed area in modern buildings
makes the indoor environment exposed to and dependent on solar radiation, which results in large
cooling demand in heweather condibns and can help to reduce heating demand inwekther
conditions. Selshading envelopes block solar radiation in summer and permits it in winter, thus,
contributes greatly to reduce the cooling load in summer and heating load in winter. Lauf@]et al
reported a critical analysis on the effects of differentsiediding envelopes on thermal and lighting
performances. Results showed that the-sedfding envelope has a potential in improving indoor
thermal and lighhg environment. Steinar et al. [Ll@oncluded that solar shading systems are vital

for office building for the purpose of reducing the cooling demand. For $aciting facades, with a
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proper design of shading devices, the energy demand can be reducedCiy@datiet al. [1] have
mentianed that ventilated facade is subjected to dynamic behavior and adapting its working strategy
to maintain an appropriate balance between optimum interior corgigm environmental
performance. @ conclude, the challenge is to optimize the building semtergy consumption both
the newlyand oldconstructed by:

1 Comprehend building structure, heat transfer analysis and sources of energy losses.

1 Analyze dynamic energetic performance of building components.

1 Investigate the implementation of new technologied materials.

This chapter is dedicated mainlydoalyze heat transfer modes thorough glazed envelopes, different
correlations to obtain convection heat transfer coefficients and finite difference method in the

numerical heat transfer analysis.

12 CGlazedFagadéds t heoretical heat transfer modes

Thermal performance of DSF is depending on different factors such as glazing system composition,
glass technical characteristics, weather conditions and cavity ventilation type. In terms of thermo
physical paramets, transparent elements on one hand may lead to many savings due to natural
lighting; on the other hand they are still one of the weakest components of the building envelope
[12]. Accordingly, the clarified het transfer through transparent elements dasiered as the
generic heat transfer case for building envelopes since it includes all heat transfer modes of opaque

layers added to the short wave radiation term.

1.2.1 Heat transfer Modes through glazed Facades

All kind of heat transfer mechanisms cenmnto action simultaneously and overlap each other
through glazed facadebi@.1.1a). Those mechanisms include conduction, convection and radiation.
The theoretical energy balance through facade could beifidenby a thermal resistance nodal
network €ig.1.1b). Heat travels from the external layer to the inside room passing through different
resistance® represents the conduction heat flow through glass$a® represents the convection

heat flow either from the externat internal air flow or the ventilation inside the facade cg\atyd

finally 2 represent the infrared radiation heat exchange between different surfaces of the fagcade

module added to solar radiation transmitted within the facade layer.
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Conduction heat transfer occurs inside substancesThermal conductionresistance is
identified by Equatior{1.2) taking into consideration the thermal conductivabefficient is

constant, and thermal capacitances within glazger s assumed to be negligible

(1.1)

- conduction thermal resistance of the layef ' K) 1.2)

Convection heat transfer occurs in differentthermal modes (Fig.1.1b): between the
external glazed layer and ambient @ir , Equation (1.3)followed by convection transfer
between ventilation air temperature and the air inside the aavifyEquation (1.4) finally

the convection heat transfer between the inside room air and internal glazed layer

Equation (1.5)The ventilation themal loadd  is obtained from Equation (1.6)

w g 3
Y

YooY (1.4)
Y

ey (1.5)
Y



w Y Y (1.6)

Thermal convectigresistance is identified by:

'Y —  Convection thermal resistance per unit of areafit K) (1.7)

Convection heat transfer coefficients

The ®nvection heat transfer coefficient is an important parameter which is affecting thermal
performance of the fagade, hentlee unit less numbers and correlations in Equati@dn8to 1.12

were classified based on the considered glazed layer

1 Between outside ambient and external laygrl3]:

Q  uv® ¢ o (1.8)

where’ is the wind velocity (n$)

1 Between inside ambient and internal layef13]:

7 (1.9)

o} p® O p& oYY T

Where:
H is the facade height (m)

Y'Yis the difference between surface and ambierteaiperature

1 Flow inside the cavity

Charactestics of this case is a little more complicated, since the flow description inside the

cavity has severglossibilities

1 The laminar plate flow with low solar irradiance values[14]:

E Q—Oamp p8YF 04 (1.10)



1 The laminar plate flow with high solar irradiance values[15]:

N Q 1.11
E ?Eh&)n&p{ﬁ’ 043 (1.11)
1 The natural convection[16]:
. 1t o & L. (1.12)
E —-—=- — Qu 1
Oo 1
where:
“0F | T 0 i° (1.13)
T MW ¢Pid p& oupi 8

1 The flow in narrow open cavity[15]:

K o 8 (1.14)

R Q "
E - T P Y ©; 5
Dimensionless number2 Aj.e. the Reynolds number), @i.e. the Prandtl number) and then the
Nusselt number. ) Equations (1.15), (1.1&)nd (1.1 respectively
Mm 6 (1.15)
{
0o — (1.16)

2

The Prandtl number of air in building engineering applications is assumed constant with value
Pr=0.72, [17]

The correlation in Egation(1.17 is used to calculate the average heat transfericestf over the

entire plate, including laminar and bulent conditions [18]

miox2 2 YxP v pm 2 pmATHE® O om (1.17)

c- Radiation heat transfer

It does not rely upon argontact between the heat souraes masss exchanged and no medium is
required in the process. The radiation heat transfer based on the Grey surface model is the most
popular implemented method. It is defined by considering only specteahge thermoptical
properties (one value in each bawdrresponding to neaverlapping regions of the spectrum, with
spectral uniformity in each of the two considered bands: solar i.e. short wave radiation, and infrared

i.e. long wave radiation.



Long wave radiation. It is defined also as thermal radiationdaincluded in the heat exchange
between eacH"isurface, i is the generic glazing elemefthis long wave radiation is governed by

the temperature and emissivity of the surface.
Kirchhoff's Law

Real bodies radiate less effectively than black bodibe. measurement ofiti s i s t h,e e mi
defined by Equation (1.18)

% (1.18)
%

Where E is the emitted radiation.

Kirchhoff's Law which implies that good radiators are good absorbers. Hence the level of the
emittance can be related to the absorbeby Equation 1.19. It was derived for the case whepody

= Tsurroundings@nd it is not strictlytrue for all circumstances when the temperature of the body and
surrounding are different but it is true when the absorbance and emittance are not fungaee of
lengths, thisituation describes gyéody.

% (1.19)

R
%

On the other hand the rate of heat tranbtgween two surfacesepends on thecharacteristics and
geometry(Fig.1.2 [16]. The net radiated heat is evaluated in Eque(l.20 and accordingly the
radiationthermal resistanas determined by Equatiod .1).

E 01y ook Glass-1
\l‘\ /'; \l\‘a
\ JE
! "\
Air
CoPE
\ 4 \ 4
i v/
0By 0 39102E1+ Glass-2

Fig.1.2  Path of a photon between two gray surfaces
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. Y Y (1.20)

Thermal radiation resistanceabtained from Equatio(iL.21)

(1.21)
b p p

Y

18 8Y
Where:
0is theStefanBoltzmann constant (W %K)
Tavgis the mean temperature between the two opposed surfaces.
U i surfaceheenisssty for long wave radiation.

Shortwave radiation
Solar radiation (shortwave radiatiprplays an impatant role in the heat exchange phenomena
through glazed facade. It depends on the global solar radiation, incident angle, optical and technical
propertes of the glazed system. Each glasgtas identified by absorptiof , reflection ” and
transmissiont factors where:

"t op (1.22)

Generally the analysis of the solar shortwave radiasiararried out by separatirte beam solar
radiation k, diffuse solar radiationpl componentsand the beam solar incident am@l . These
components could be obtained directly from commercial soft wares such as TRNSYS or by available
online data such as world solar radiation database WRR®:/(wrdc.mgo.rssi.rij/ However,

diffuse ®lar radiation incident angle as a good approximation is assumed to be equedYd9].
Afterwards the angular/ optical properties concluded in the absorption coefficieior each glass
element are identified based aspectrum angles fro 0° to 90° and itould be obtained from many
commer ci al soft war[gop &igsch as WI NDOW 6

Hence a generalized equation for each glass taydd bederived to relatéhe hourlycoincident

with absorption coefficiemt . On the other hand, in diffuse solar radiation only one value ofs
considered which is opposed to equal to 60°, the value of the absorbed energy by each glass shall
be considered in the thermal exchabgealividing its value equally between the two thermal nodes

representing inner and oulayer of each glass layer (i).

9
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1.3  Numerical dynamic heat transferi Finite difference method

There are several computational approaches to describe numerical heat transfer. One df the mos
common is finite difference method. It is used to approximate differential equations. The result is a
set of algebraic equatierfor the nodal unknowns with information from continuum replaced by
information at discreet nodal points. The algebraic egnathave to be solved simultaneously at
discreet timestepsfor transient conditions. The simplicity of the replacement process and general
ease of the algebraic equations solution account for the popularity of such a nethsidering a
homogeneoumedum within whichthere is no motion (advectioth)e temperature distributiof(x,

y) is expressed inactesian coordinate an infinitesimallysmall (differential) control arealx, dy is

defined In the absence of motion there are no changes in mechanergly and no work being done

10



on the system. Only thermal fosnof energy need be considerdthe general equation deging

two dimersional conduction heat transfer, Equat{@r27) applies

TY 1y pt vy (1.27)

Where T igemperaturg, the thermal diffusivity of the material aidds the time
The finite difference approximation cdre created using direct approach. For the grid point (i, j) in

(Fig.1.4 the two point central difference approximations for Equation (1.28) becomes

Yr ¢ Y h % o I P Wy (1.28)
N Y& | o
AY iLj+1
=

-1, (,0)  i+1,j
AX
i,j-1

%

Fig.1.4  Five nodes grid

Where @x and @y repr esent etwheo grid zoderoradclyrid nd v er |
point this algebraic equation is formed, later a system of simultaneous equations mayhematitt

general matx form as:

[A] (T)=(B) (1.29)

Where A is a square matriX,is a column vector containing the unknowns nodal values of T and B
iIs a column vector containing the source term and prescribed boundary conditions. The inve

matrix approach is used as:
(M=[A]"* (B) (1.30)

Where [AJtis the inverse of the matrix A. The determinant of (A) mushd@zerofor the inverse

to exist.
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1.4  Classification of Multiple skin facade

MSF is classified based on different categosigsh as:

1.4.1 Type of ventilation

There are several défent typologies of ventilated DSF; they aseiaily grouped under box window
facade, shafbox facade, corridor facade, and mustibry facadeZ1,22]. The type of ventilation
refers to the air driving forces of fagade cavity ventilation system. It cmdtaracterized hy
1-Natural
2-Mechanical

3-Hybrid ventilation (mix between natural and mechanical ventilation)

1.4.2 Ventilation mode of the cavity

The ventilation mode refers to the origin and the destination of the air circulating in the ventilated
cavity. The ventilation mode is independent of the type of ventilation apphedlarified in

(Fig.1.5 there are four ventilation modes as:

I | I
Tem ‘| | Indoor Tem '. ! Indoor
! i ! !
| | l |
! i _DSF ! ' DSF
1 1 |
OLﬂdﬂﬂfi -« I Outdocnri - |
. |
I I |
T |-' 5 iﬂ—Tu
' i |
Out-Out In-Out
T
! — P len____ 1
. L= len
| 1 DSF P
i I [ 1 DSE
Outdoori * | | o
: : Outdoor | !
s -
o— > | ! }
| ! Indoor : "‘_T'
. ; | Indoor
Out-In In-In

Fig.1.5 DSF ventilating techniques
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Out-Out

In this ventilation mode, the air introduced i@ cavity comes from the outside andrnismediately
rejected towards the outside. The ventilation of the cavity therefore forms an air
curtainenveloping the outside facade.

Out -In

The ventilation otthe fagade is created with outdoor air. This air is then brought to the ofdide
room or into the ventilation system. The ventilation of the facade thus makes it possible

to supply the building with air.

In-Out

The air comes from the inside of the no@nd is evacuated towards the outside. Védilation of
the facade thus makes it possible to evacuate the air from the building.

In-In

The air comes from the inside of the room and is returned to the inside of the room or via the
ventilation system. Theentilation of the cavity therefore forms an air curtain envelopingridheor

facade.

1.4.3 Geometrical composition

The partitioning of the cavity gives the information on how the cavity situated between the glazed
layers is physically divided. There are sml types such as (Bexindow, corridor facades,
multistory facades).
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1. Nomenclature-Chapter 1

Air Flow Window

Area of facade

Plate height, (m)

Convection heat transfer coefficient (W/(m2.K))
Global vertical radiatiof\Ww/m2)

Reflective solar radiation (W/m2)

Absorbed solar radiation (W/m2)

Total solar radiation (W/m2)

Transmitted solar radiation through glass layer (i), (W/m2)
Thermal conductivity (W/m.K)

Plate length, (m)

Convection thermal resistance per unit area (m2 K)/W)
Conduction thermal resistance per unit area (m2 K/W)
Radiation thermal resistance per unit area (m2 K/W)
Heat flux caused by convection (W)

Heat flux caused by conduction (W)

Heat flux caused by radiation (W)

Heat flux caused by ventilation of the cavity (W)
Absorbed solar radiation (W)

Solar gains (W)

Solar gain (W)

Nusselt number)

Prandtl number-)

Reynolds number)

temperature (eC)

Average temperature (eC)

Airventt emper ature (eC)
Time step (S)

Flow velocity (m/s)

Glass thickness, (m)
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Absorptivity

Air density (kg/m3)

Preheat eftiiency

StefanBoltzmann constant, 5.67 x -B)(W/(m2 K4))
Transmission coefficient)

Emissivity ¢)

Dynamic viscosity (kg/(m s))

Beam Solar radiation incident angle (°)

Diffuse Solar radiation incident angle (°)
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Chapter-02

Numerical heattransfer through glazed facades

Introduction

Apart of commercial transient software, the clarification of simplified numerical heat transfer codes,
which could be used by nespecialist researchers i.e. user friendly is fibeal purpose of this
chapter Concerning glazed enveloped buildings, the code has to be able to descrdrertne
performanceaccurately andsimply withouttime consumingor high computing capabilitiesThe
chapter includes the clarification and validation versus experimental rapssuts ofwo developed
transientheat transfemodelsDIGITHON and simplified 1D model dedicated for the glazed facade
buildings. Added to expanded case studies of divelimatic conditions to evaluate double skin

facade butling energetic performance

2.1 Numerical heat transfer of glazed envelopes background
Reliability and easy to apply of the building energy simulation softivaiee ©nsidered the
cornerstones omore rigid steps towards smarter communities in the sense of estimating thermal
energy equirements. It is important to highlight that there is a lack in simulation software
concerning facades buildings general oiintegrated with other ténologies such as PV modules,
phase changing materials PCM ahdw to investigatethe influence of usig facadesdifferent
ventilation methodologieszew (or even no) regulations, standards or ‘esiablished procedures
are available d assess their performance .[1f] is well known that flow characteristics of DSF
channel play a key role in the perfornoarof the system. Grabg][developed and validated a simple
simulation algorithm based on energy transport and Bernegliiationsto study the thermal
behavior and flow characteristics of DSF. The model proves the sensitivity and the difficulty of
modelng flow resistances in the air channel. Ciampi et3Ihpve presented a numerical method
based on the electrical analogy to calculate the electrical energy savings in buildings due to the use of
ventilated facades in Southern Europe climates during sumrhe model was used to analyze two
particular cases. In the first case, inner masonry wall was given and the authors optimized the air
duct and the outer facing. On the other hand, in the second case, the outer facing was fixed, air duct
and inner masagy were parameterized. It was concluded that in all cases the energy demand
decreased with the air duct width and solar radiation. It was stated that the use-adésigried
ventilated facades in buildings can reduce the electricity consumption for swoali@g by more
than 40%.Shameri et al.4] reviewed the literature related to DSF concluding that ventilation has
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been widely studied, while lack of research has been carried out regarding to the day lighting
capacity of the envelope. The high fire hakzask of this type of envelopes and the need of more
research for better understanding of the DSF effects was also ment@adehs ] has presented
thermal performance and energy savings comparison between different facades typologies, such as
IGU; (Internal shading devices), IGl(kxternal shading device), DSF, AFW (air flow window) and

SUP (supply window). The AFW has the lowest transmission losses and the second lowest heating
demand. The order in cooling efficiency differs from the order in hgatfficiency. Nevertheless,

the IGW has been found to have the lowest cooling load; these results contradict the findings of
Haddad and Elmahd¥]. The differences are a consequence of the different climate, but can also be
attributed to the effect of ¢hinlet temperature and single zone modeling. The results further indicate
that because of the high temperatures in the cavity, natural ventilation of offices through DSFs is not
a good option in summerark et al. T,8] optimized the energy performanasésual comfort, as well

as thermal comfort of a DSF by using motorized louvers slat in the cavity and ventilation openings.
Authors have developed twdimensional lumped simulation model under different operational
modes. This numerical model, instead sing empirical correlations available in the literature, was
calibrated based on a parameter estimation technique using in situ measured experimental data. It
was demonstrated that in lumped models based on descriptions of physical processes and augmente
by calibration parameters to deal with the assumptions (surface temperatures, constant convective
heat transfer coefficients, etc.), the calibration process plays an important role in the performance of
the model and improves the accuracy of the modedsiimparison to experimental data. Balocgp |

used nordimensional analysis to determine the thermal performance of a naturally ventilated fagade.
Balocco and ColombarilD] have presented a dimensionless model of a mechanically ventilated
facade. This metidology applies the Buckingham theorem to create correlations depending on
dimensionless numberbgnce,the same parameters might describe the process at different scales.
For the naturally ventilated DSF, 14 dimensionless numbers with physical meanmimgiseel to

create a correlation based on experimental data, and to determine the heat flux transferred to the
inner environment throughout the wall. On the other hand, 12 dimensionless parameters were used to
describe the thermal performance of the medadlyi ventilated facade. Both correlations proved to

be valid for a wider range of conditions and were validated using experimental data and CFD
simulation resultsAlthough CFD would provide greater accuracy and flexibility in evaluate thermal
performanceof DSF but it would increase the runtime substantially and increase the potential for
incorrect input with users who are not familiar with itl]. The nondimensional models assume
constant thermghysical properties, except for air density, and theypaesented as basic tools to

evaluate some specific parameters which might be useful to design ventilated facades without using
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high complex simulation programs. Hensen et ] ftated that the air flow network method treats
every building component andelevant HVAC fluid flows systems as a network of nodes
representing rooms, parts of rooms, and system components, with nioded connections
representing the distributed flow paths associated with cracks, doors, pipes, pumps, ducts, fans, and
the like. Conservation of mass for the inlet and outlet flows of each node leads to a set of
simultaneous and ndmear Equationswhich are integrated over time to characterize the flows. This
airflow network modeling can provide fast useful information about Halvs without consuming

high computational resources. This method uses pressure differences and discharge coefficients for
simple cross ventilation and network flow analysis where multiple inlets and outlets and internal
flow branching occurs13]. Fallahi et al. [4] described numerically an innovative design of DSF
integrating passive thermal mass in the air channel. The airflow inside the channel was assumed one
dimensional and vertical, so no airflow modeling was needed and the given air flow ralieecthg

applied to reckon the convective heat transfer coefficients. On the other hand, when the facade is
naturally ventilated, the nodal unidirectional airflow network method is applied. The authors used the
numerical model to compare the annual heptamd cooling loads of the new system against
traditional DSF with and without thermal mass walls. The results showed that the use of the new
system could reduce the cooling load in a 27% in comparison to a traditional DSF. It was also
highlighted that theuse of any of the ventilated facades skin (inner or outer wall) as a mass
component reduces the cooling load, but increases the energy consumption during the winter period.
This is because the thermal mass increases the stack effect inside the cakiggd®andGratia

[15] analyzed the parameters that influence the green house effect in a DSF cavity (solar radiation
level, orientation and shading devices, opaque walls proportion, wind speed, color of shading
devices, depth of the cavity, glazing typadapenings). The authors concluded that the greenhouse
effect must be minimized when no natural cooling strategies are used. On the other hand if those
strategies are applied, the greenhouse effect is favorable when the DSF is south oriented. Joe et al
[16] presented a study based on measurements on actual behavior of-stanulBSF in South

Korea. The simulation model was tuned against measured data, and a case study was conductec
based on the model. Seasonal load characteristics of the DSF buikt@g@xamined in comparison

with the single skin facade (SSF) building. The DSF building resulted in 15.8% and 7.2% reductions
in heating and cooling energy consumptions respectively, compared to the SSF building. During the
heating seasons, heated air lie tavity was introduced to an outdoorrmixing box of a HVAC

system. These seasonal proposed models resulted in 28.2% and 2.3% reductions in heating anc

cooling energy consumption respectivelyrawley et al. 17,18] have presented a comparison
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betweentwenty dynamic simulation tools, showing TRNSYS is one of the best options for HVAC
systemsntegration

Todorovic and Maric 19] developed a model for evaluating the thermal performance of a DSF
system. Different methods for estimating the i#pace ai temperature and the associated
cooling/heating loads were presented. Calculations are made for the climatic conditions of Europe
mid-latitude (45° N). Results showed that in winter double fagade reduces heat losses by more than
50%, due to both the highaterspace temperature and the decreased infiltration. In summer period
air circulation is essentialhe airflow velocity strongly influences the intgpace temperature, and
hence the heat gains by transmission. Ar@@% developed a simplified numeal model of a typical

DSF. The purpose of steady state model is to predict the energy performance of multiple types of
DSF. The basic configuration for the window under study has a layer of insulating glass on the
exterior, an air cavity and a singleenior layer of glass. An inlet is assumed at the bottom and an
outlet at the top of the DSF. The model runs into difficulty with evaluating very low mass flow rates
because the difference of temperature in the channel is defined relative to the invbesenats

flow rate Stec and Paassefl] developed a complete procedure to calculate the airflow and
temperature distribution in the double skin facade using a static thermal heat balance network and
considering wind and stack effect on the airflow, a asthe wind turbulence flow in the openings.

The performance was analysed based on heat recovery efficiency andahe.gHeat recovery
efficiency for the average winter day may reach even S5R®uertheless, the yearly average
efficiency calculated ypa dynamic simulation can be much lower due to the fact that the preheated
ventilation is not always needed. Saelens ef24]. presented a numerical model that evaluates the
thermal behaviour of active envelopes and compared with in site measurenggasnént between

the measurements and the simulations is considered good for the mechanical flow active envelope,
but less so for the natural flow variant. The results were compared to those of a traditional cladding
system, active envelopes proved to hiawveer transmission losses but higher transmission gains. The
energy demand analysis shows that the energy performance strongly depends on the way the returr
cavity air is used. Manz et akJ] presented an experimental and numerical study of a mecHhgnical
ventilated DSF with integrated shading device. Optical properties are calculated and a transient 2D
computational fluid dynamic model. Simulated results are compared with data derived from an
experimental investigation of a mechanically ventilated giilmegle facade built in an outdoor test
facility it was concluded that a total solar energy transmittance of 7% means that solar energy
absorbed in the facade is removed efficiently by mechanical ventilation. The use of numerical
models to simulate the thmeal andpuid dynamic behavior of active transparent fagcade can therefore

be considered extremely wuseful to assist desi
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control and integration strategies of the facade with the building installffidjag-uliotto et al. 25|
discussed decoupling method to separate the radiative heat transfer effects on the thepmal and
features inside a ventilated DSF in order to overcome the limitation of CFD computationally
demanding modelling of radiation heaansfer models; the authors assumed that optical analysis
may be conducted septely from the thermal analyside effect of solar radiation on a DSF was
considered through a separate prografj. [

Gosselin et al.Z7] proposed a four step computatiomaéthod that uses both computational fluid
dynamics and coded radiation calculations to determine airflow and heat transfer through an airflow
window. Experimental tests on a kgitale dual airflow window system were used to obtain various
indoor and outdor air and window surface temperatures for validating the computer method. The
difference obtained between the computed air and surface temperatures and the measured data wa
less than 1 K. Jiru et al2@] presented the application of the zonal apprdachmodelling airflow

and temperature in a ventilated double skin facade (DSF). The zonal dtdjoation powerlaw,

was employed to calculate the airflow through the shading device and cavities. The zonal energy
equationwas used to evaluate the tempera distribution in the DSF system. The inbettlet
temperature difference increased as height of the DSF increased and when venetian blinds were
installed but it was found to decreaas the airflow rate increasé8uardo et al.49 evaluated, by
meansof computational fluid dynamics3()], the influence of several construction and operation
parameters of the Active Transparent Facades (ATF), such as optical properties of the materials,
geometrical relations of the facade or flow stream conditionsrimstef energy savings, measured

as a reduction of the solar load entering the building. It was seen that an increase of th®-length
depth ratio causes a decrease on the ATF efficiency in terms of solar load gains. For the tested cases
an increase on th@rbulence intensity does not lead to improvements in the reduction of solar load
gains.It is recommended that thaesign of both HVAC system and facade should be optimized to
reduce the costs and the energy consumptdh Jt is shown that it is podsie to improve the
buil dingds energy effi ci enskip fadades. ndonumately, anost b y
typologies are incapable of lowering both the annual heating and cooling demand. Only by
combining typologies or changing the system settingsording to the particular situation, a
substantial overall improvement. In order to correctly evaluate the energy efficiency, an annual
energy simulation focusing on both heating and cooling load is nece82irfacades integrated

with venetian blinds &ve been investigated with Gratia and De HeRR@. [They examined the
influence of the position and the color of the blinds on the cooling consumption. It was concluded
from the study that cooling consumption could be decreased by 23.2%. Lee.3d} ateptioned

that using single sided blinds decreased the loads 26.5%.
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2.2 Dynamic heat transfer models for glazed envelopes
Glazed facades have to be analyzed based on transient heat transfer mode, since all piwgtmeters
govern its thermal performance atgnamic. Solar radiatiomtensity solar incidence angle, external
temperature and inside design temperatéecordingly wsing a mathematical model capable of
predicting thermal performance in buildings in which the energy evaluation can be carrigd out b
means of a suitable thermbygrometric balance solved in unsteady stete been applied in two

numerical tools as follows:

2.2.1 DIGITHON
DIGITHON is building energy simulation software developed in Paddwviaersity [35:39. Based
on heat transfer functns method it can predict the energy demands and thermal loads of multiple

skin facades rooms based on defined time step by the(EggR.1) The dynamic heat conduction

transfer, i . e . eclntqueas implerseptddA, 40& Response factos are calculated
by using commercial software, namely HEA®], based on the Finite Difference Method (FDM)
technique.
Objectives:

1-ldentification of the numerical methodology to account for the facadedeggrated module in the
overall building energy balance
2-Numrical modelling clarification of different facade ventilation methodologies.

3-Evaluation of implementing the glazed facade as an energy recovery unit.

Model theory

a. Overall description
The internal structural of the dynamic code ensure the friendly user concept. It is prepared to
consider the insertion of new components without the need of interact with the main numerical initial
code. Hence the management of new fagade modules desigmwithh multiple glazed layers could
be implemented simply. The code is able to manage multiple skin facadenljtioneventilated
cavity and the rest are considered closéte venetian blinds also could be considered in the code
located specifically irthe middle of the ventilated cavity. The possibility of controlling inclination
angle in respect of horizontal position is according to user needs is avallableata concerning
glazing layers specifications, cavity, air flowing in the ventilated caaiy the venetian blinds are

provided as inp@tvia text type files.
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The code allows end user to choose between different types of MSF operation:

1-The cavity air ventilation directiomdm the bottom to the top or wac/ersa.

2- Facade ventilation typedtker outout i.e. air from outdoor or tout i.e. air from the indoor zone
(see section 1.4.1).

3- The air flow rate ventilating the cavity could be independent on the fresh air flow rate supplied to
the indoor zone in case of-out ventilation methodolyy as long as it does not exceed the

summation of the fresh and infiltration air flow rates.

Closed air cavity ¢

Active air cavity |}

Internal layer

n between glazing Elements, it

External layer

Fig.2.1 DIGITHON -GlazedFagcade composition

The discretization of room componentsté¥ral &internal walls, floor, roof andindows) in define
numbes of tiles is considered the prelstepto implement DIGITHONEach tile is characterized by
its own surface temperatur@ssuming a suitable discretisation of the time domain with an interval
Dt, the general balance for th#' subsystem that is assumheat uniform temperature may be

approximated as follows iBquation(2.1)

(2.1)

The heat fluxesgmay be either conductive, convective or radiative. The response factor technique is
used for solving dynamic conduction problemside walls, while glazing elements are solved via

simple resistances as it usually happens in dynamic energy balance software.

Mutual radiation between internal surfaces is calculated using the view factors calculated for each
couple of tiles. An illustrdon of the discretization of a room equipped with a double skin facade
schematic is shown ifFig.2.23) as for the DSF discretizatiqfig.2.20). The facade is divided into
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vertical volumes from the bottom to the top. For each element of the considered volume, the
temperature is considered uniform, ilghthe surface temperature of the internal glass is defined by

the overall balance of the room.

I\
NQR WAL
L.

() (b)
Fig.2.2  Room discretization Scheme (a) and fagade discretization (b)

b. Infrared solar radiation
The amount of solar radiation that enters the zone dspemdhe composition of the facade, the
glazing system technical specifications such as absorption and transmission coefficients, and
existence of intermediate layers such as venetian blinds. This simplified estimation is carried out
according to an iterste process that minimizes the error and provides the solution. The method used
is based on the radiation that leaves the glass on its outef(ih@nd the one that leaves the same
glass from inner surfacex(i) as a function of the boundary conditiormd the technical
characteristics of the glass, as showhRim2.3.
Once identified the transmission coefficigntQas well asthe reflection coefficients of inn€r E

and outelO E surfaces for the generic element (i) the following Equations (2.2) to (2.4) could be

derived:

DO 0QpPpdQ 0Qp&O N (2.2)
DO 0VQp8Q 0OQpPp8&Q (2.3)
0 0Qp 0OQp 0OQ 0OQ (2.4)

Where A(i) is the absorbed solar radiation of the discretigddgade glazing element; this value

depends on the incident angle of the solar radiation as well as on the composition of the whole
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glazing packageSolar radiation, which becomes a direct load to the zone, shall be defined by
applying the abovequationsto the whole package of glass. Indan, the value of the absorbed
energy by each glass or screen shall be considered in the thermal exchange. The same rule of the
glazed elements applied on the intermediate screens. Nevertheless, the &bhesof

transmission and reflection coefficients should be changed accordingly.

_th . . th
i+1 i i-1

Glass Layer Glass Layer Glass Layer

[1(i+1) [2(i-1)
— -

Inner face(2) Quter face(1) Inner face(2) Quter face(1)

~l—A i+1
A
A i

I2(i) 11(i)
-y -

Inner face(2) Quter face(1)

Fig.2.3 Infrared Solar radiation analysis in the glass element

c. Facade Cavity thermal balance
In each volume the facade is subdivided (Figure 1.a), the glazing elemetitskadethrough a
resistance networkF{g.2.49. The surfaces of each volume simultaneously exchange heat by
conduction through the glass, by convection with the air layer in the cavity and by infrared radiation
with other surfaces. Inside eachvity, the infrared heat exchange between surfaces is supposed to

take place within thenjvolume only.
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Fig.2.4  Facade Thermal model without venetian blinds

Air node balance has to consider the convedtirat transfer on the face 2 of the glass element (i)

i hconvective heat transfer of glass element (i+1) on faag 1 , the heat transfer caused by
the ventilationry  and the change of internal energ%— associated to the air volumeygy The

following Equatiors (2.5) to (2.9)can be written at the time stép( j ) :

, y
1 i 1 5 (2.5)
where
A "Q8Y 806 o (2.6)
A "N8Y 80 0 (2.7)
A G 8y 80 o) (2.8)
Iy s 5 5 (2.9)
vz, ® at
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d. Glazing elementghermal balance
For each giss, the surface node thermal balance has to be written considering the conduction

through the elementn , the convection 1 and the infrared radiationn with

adjacent elemenEquation(2.10).

n n n n (2.10)

Considering the surface 1 of thealement (the other surface balances can be similarly written) the

following Equationg(2.11) to (2.14)are applied:

0 2.11
f CBY 8'Y Y (2.11)
i Q8Y 8°Y Y (2.12)
i v g 88 8"y y (2.13)
vyg—288 gy vy —8Y 8°Y Y Q8Y 8°Y (2.14)
Y Y 8

In the case of a screqgiresence, the air inter space shall face two possibilities. The first model
(Fig.2.5, assumes that the temperature of the air has before and after blinds the same value, this
means that air exchanges simulamgy with the surfaces of the glass facing facade cavity and the
blinds (fully mixed condition inside the cavity). The second moBgl.2.9, divides the cavity into

two parts in front of (interspace B) and behind (interepacthe screen. In this case, there is no mix

of air inside the cauvity.
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Fig.2.5 Facade thermal model with venetian blinds downward for volume j, with
uniform temperature inside the air layer
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Fig.2.6  Facade Thermal model with two different temperatures inside aitayer

In the first model (fully mixed condition) the heat balance of the surface node is again expressed by
Equation(2.10. Surface node thermal balance is representdegonationg2.15) and(2.16). The air
node balance is defined by thsuation(2.17) through the convective heat transfer between the

element (i) the element (i+1), and the venetian bliddistiie air temperature is considered the same

O in the whole volume ().
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A Q8Y 8°Y Y (2.15)

18 8Y 2.16
4 v g 8 8y "y (2.16)
L P,
T T
QO 8Y 87Y Y "0 8Y 87Y Y ¢Q 8y 8°Y Y (2.17)
Lt v : 4 Y
a 8 87Y Y w 8 &
wt

In the second model (i.e. no mixing within the air cavity), there are two air nodes: the first node (A)
is subjected to convectivieeat transfer between the element (i), the venetian blinds and half of
ventilation mass flow rate air passes through the cavity with an inlet tempe®ature in Equation
(2.18); the second node (B) depends on the convection heat exchangdseveatbment i+1, on the

venetian blinds and half of the ventilation mass flow rate entering at tempefature as

expressed iEquation(2.19).

Q8Y 8"Y Y Q8Y 8"Y Y —ab 87Y (2.18)
Y w 8 &b
0 8Y 8"Y Y 0 8Y 8°Y Y — &) 8"y "y (2.19)
® 8 &
Surface node is represented agairElyationg2.20) and 2.21)
n "Q8Y 87Y Y (2.20)
r,] v 8 pT8, 8’; 8y "y (2.21)

A

e. Validation of DIGITHON
In order to validate the DIGITHON model as a dynamic simulation softwaiatégrated facades in

buildings, experimental set of data indlgl indoor and outdoor temperatures arettical solar
radiation of double skin facadeuilding for a late measuremewoimpaign wereémplemented
[AppendixA]. The measurements have beeniedrout in a room in an existing building in Padova
(North Eastltaly) during the official heating season (i.e. from 15 October to 15 April). For checking
DIGITHON the measured weather conditions and the air temperature of the room have been used as
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input data for the model. Working hours of the HVAC system been taken into consideration to make
sure that ventilation was on. The test room is located in the third floor of an office building with an
external facade East oriented; dimensions are illustratéBign2.7a), All inner walls, ceiling and
floor were considered adiabatic. The DSF is made of three glass I&j@& D) and its thermal

properties were determined by WINDOWA] and shown ifTable2.).

6000.0 |

li -E‘t
_Facade | f4mm—=m = 140mm -
Glass layer-1—%  w—Glass layer-2 W—Glass layer-3
Adiabatic Adiabatic
Inner wall Inner wall
= Air Cavity -+—{1- . Air Cavity -2
Room Height = 3000.0 OUTSIDE INSIDE
- Adiabatic | P
Inner wall
Fig.2.7  (a) Room plan (dimensiondn mm) (b)Facade Composition
Table2.1Glazing system Technical specifications
D .
layer Type Uol I'sol1 I'sol2 1 2 Deff
mm
1 Clear glass 8 0.724 0.069 0.071 0.084 0.840 1
2 Closed Air cavity 14 - - - - - 0.302
3 Low-e glass 6 0.548 0.313 0.240 0.036 0.883 1
Mechanically
4 ventilated air 140 - - - - - 7.44
cavity
5 Clear glass 8 0.724 0.069 0.071 0.084 0.840 1

The facade air cavity is mechanicallgntilated by using the interior aifhe main input data have
been summarized iBrrore. L'origine riferimento non é stata trovata.). The comparison between
DIGITHON calculated value of the exhaust air temperatueg)(@nd the corresponding measured
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value has shown a good agreement. As show(Fig.2.8) most of DIGITHON results are in
harmony with measured valud§ig.2.9 shows in details 5 days (from 16 till 20 Decemb@t)e

evaluatedoot mean square error (RMSE) temperature o8 x h a u st
2 .
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Exhaust Air Temperature, "C
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Fig.2.8
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Table2.2Internal loads

ai

No of Persons

Ventilation air flow rate (m%hr)

240

Sensible heat gainfW)

1680

Latent heat gains (g/h)

480
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Fig.2.9  MeasuredDIGITHON Exhaust Air Temperature Comparison on 5 days

f. Energy recovery evaluation through glazed fagadeCasestudies
Thermal performance in four different cities in Europe has been investigated utilizing DIGITHON.
The main scope of this analysis was to evaluate the heating energy recoveicidrgieyel within
the facadeA further analysis has been focused on the possible benefit of using DSF, as an efficient
pre-heat recovery unit. A heat recovery system shall have at least 50% recovery effectégness |
The using of the heat recovery unit igw@émportant to reduce ventilation energy consumption. The
aim of the present work is to define greating efficiency of the DSF; hence the efficiency of the
DSF has been considered alone, without other types of heat recovery units, which may help in the
decrement of energy demands for ventilation. For this purpose two systems have been considered,
according to [19] In the first syste(fig.2.1() the power required for heating the air form outdoor

conditions (Y) to supply temperatureY) is consideredEquation (2.22).

N  &’8&8"Y Y (2.22)

In the second systenti@.2.1M) the power exchanged inside the DSF has been considetee a
temperature difference between indoor &k) @nd exhaust air from the cavityY ), Equation
(2.23).

N agh8"y Y (2.23)
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T, <= | | Indoor
T ¥+ | =T 3 ~ DsF
Electric Heater : :
‘ \
| «Ti
L
(a) (b)

Fig.2.10 Schematic representation of air flow and temperatures through Fage (a)
Electric heater (b)

Preheating efficiency- is defined as the capacity of the facade tolmrat the ventilation air flow
rate during the cold season (heating peridd] pnd it is considered as the ratio between sensible
energy of air that flowsnside the facade cavity gquation(2.23) and the sensible energy required

to heat the ventilation airgEquation(2.22).

~ Ty (2.24)

In Equation (2.24) the facade is used to exhaust the entireuamof ventilation air without

considering the zone pressurization ratio and considering tight conditions of thd4)Stefce:

1 — < 0 means that temperature of the air that exits from the ventilated fa¥adds lower
than the temperate of the indoor air, T and, as a consequence, there is no energy recovery;

T 0 — <1 means that the air that exits from the facade is preheated at a temperature which
is lower than the indoor one and the ventilation air still requires an extadnéefore being
introduced into the romu;

T -0 1, the fa-ade is able to completely pre
the ventilation losses are equal to zero.

At the same time the evaluation-ef has been calculated basmdsome assumptions
Other than the mentioned assumptions above, it was considered+Bathich indicates no benefit

of using fagade as a heat recovery.
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For the efficiency evaluation, the heating season has been considered to last from NdWMember
March; based on measured data of Padova, the monthly average preheated efficiency values are
ranging betweenl.8% in November till the maximum value of 14% in MarEig(2.17).

Using facade in thermal ergy recovery process has been estimated to be only effective for short
time of the heating season with a paréeepted efficiency. This is mainly due to foggy and cloudy
weather in Padova. In order to reach a subjective conclusionalues have ke presented in
(Table2.3 based on the ratio of the houry values to the total number of hours per each month.

The maximum value{ =1) happens in March by 9.4% with an opposite coincidence negatiues
of 79%.

| NOW. EDEC JAN W FEB. MARCH
16

14
1z

10

AveragePre-HR, np%

-

Fig.2.11  Average preheated efficiency per monttPadova city

Table2.3Percentage ratio oft || to the total hours per each month

Nov. Dec. Jan. Feb. Mar.

-P p 1.1 0.1 0.0 0.1 9.4
n —-bP p 8.3 6.2 12.0 22.9 11.6
-b 7 90.6 93.7 88.0 76.9 79.0

In any case the above results cannot be generalized so far, since only one climate and one orientatior
have been considered. For this purpose, a parametric analysis based on DIGITHON has been carriec
out considering different climates andemtations. A typical test reference year (TRY) has been used

in four European cities (Barcelona, Venice, Frankfurt and Helsinki) and for all the four orientations
(West, East, North and South). Considering five months for the heating season from Nawember
March. Average values of pfeeating efficiency- per each month and orientation are shown in

(Fig.2.12 with open venetian blinds and (fig.2.13 with close venetian blinds. This parametric
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analysis confirmed the previous measured results in PdthidyaThe only place where DSF can
work as preheating system is in Barcelona in south orientation (average value of 8%) and on west

orientation (averagealue of 6%).

10.00 W Barcelonz B Venice ¥ Frankfurt W Helsinki 10.0 1 M Barcelona 0 Venice W Frankfurt 0 Helsinki
8.00 - 8.00 -
6.00 - 6.00 -
4,00 - 4,00 -
2.00 - 2.00 -
®
?é 0.00 > 0.00
2,00 - 200 -
-4.00 - 4.00 -
-6.00 - 6.00 -
K 4 -8.00 -
8.00 North orientation
1000 ) 1000 East orientation
10.00 - B Barcelona B Venice B Frankfurt B Helsinki 10,00 -
H Barcelona u Venice B Frankfurt B Helsinki
8.00 -
6.00 -
4.00 -
2.00 -
£ 0.00
c
-2.00 -
4,00 -
.00 - 6.00 -
-8.00 - -8.00 -
West orientation South orientation
-10.00 - -10.00 -

Fig.2.12  Average preheated efficiency for four consideredities, Open venetian blinds
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In all the other cases results show poor preheating efficienDys56f Because of increment of heat
storage caused by closed blinds, preheated efficiency values have been increased at the four cities
and orientations. The maximum average value chpia efficiency happened at south orientation of

Venice in March with aalue of 10%. A parbf this case in all these locations results has been poor.

10,00 - M Barcelona M Venice B Frankfurt B Helsinki 10.00 - ¥ Barcelona  Venice ¥ Frankfurt B Helsinki
8.00 8.00 -
6.00 -
4,00 -
BE_ 2,00 -
0.00 -
-2.00 -
-4.00 -
-6.00 -
-8.00 - North orientation -8.00 - East orientation
-10.00 - -10.00 -
10.00 - B Barcelona B Venice B Frankfurt B Helsinki 10,00 - B Barcelona B Venice u Frankfurt B Helsinki
8.00 -
6.00 -
4,00 -
2.00 -
BE_ 0.00 -
Nov
-2.00 -
-4.00 -
600 600 -
-8.00 - West orientation -8.00 - South orientation
1000 1000 -

Fig.2.13  Average preheated effiagncy for four considered cities Closed Venetian blind
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2.2.2 Finite difference method/ Resistance Capacitance mod@C)
In all constretion projects the concept and preliminary phases are considered the most important
steps because usually in those phases it is expected from all designers to put the project main idea
expected work frame and budget analysis. HVAC design engineers agedolbd present a
reasonable study of air conditioning system that shall be used including expected service areas and
system energy consumption hence based on this study all other trends (Architecture, Civil,
Electrical) starts to provide the required meailsal service areas and electrical ne&dgerms of the
importance of these phases that affects both project initial and running costs, a simplified
mathematical model capable of simulate the thermal behavior of mechanically ventilated DSF was
illustrated. The model takes into accounts separately the beam and diffuses solar radiation
components with hourly basis incident angl@he model is implemented in a Visual/Basic
Microsoft Excel sheet; it does not need neither a deep scientific background itonasehigh
computing time or capabilitiesMoreover, the mathematical model was developed to estimate
roughly the thermal energy needs due to convection losses from outer facade layer, solar gains and
internal loads to help designers to take correct aegxssn project preliminary phas€alidation was
carried out by comparing numerical results with the experimental data [App&hdiso different
comparisons accomplished between the simplified and the detailed simulation model DIGITHON for

different cifes.

Objectives
1- Clarification of mathematicalascription for onalimensional dynamic model.
2- Short wave radiation analysis through glazed elements.

3- Evaluation of the building thermal energy loads.

Model Theory

a. Resistance Capacitance models R@escription
The thermal resistance is defined as the ratio of the temperature difference between two thermal
nodes, (FTi+1), to the heat transfer Q that flows between the two thermal nodes. This is analogous to
Ohm's law, in which the electrical resistance is riefi as the ratio of the voltage drop across a
resistor to the current flow across the resistor. Thermal resistahti¥s and’Y are representing

respectively conduction, convection, and radiation heat transfer between fagade layexs, wher
2 - is the conduction thermal resistance of the layer per unit of area, (2.25)

X is the layer thickness and k is its thermal conductivity, and
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2  —isthe convection thermal resistance per unit of area. (2.26)

The convection heat transfevefficiert hc correlationshave beenmentioned beforen Chapter 1.

Finally, radiation thermal resistance is:

P
2 8g (2.27)

Each element within facade composition is represented by a thermal node including air cavity in
between the double glazed cavity. The assumed DSF configuration is consists of 3 glass layers and
two cavities described ifFig.2.149.

Nevertheless it is a simplified mathematical matiel analysisof solar radiation gainwerecarried

out in a detailed procedure. The vertical beam solar radiatiand diffuse solar radiation bf west
orientation and & incident angld on hourly basis based on a typical test reference year (TRY)
were determined by using Type®5f TRNSYS §45], while diffuse solar radiation incident angle

were assumed constant and equal to 60°, which is a good approxirhatanse diffuse solar
radiation can be treated in the same manner as isotropic sky and-geflantbd diffuse radiation

[46]. On the other hand absorption solar radiatmuation(2.28 was divided equally between the

two thermal nodes representing émnand outer layer of each glass layer (i). The facade was
composed in WINDOW 642], a software used in modelling windows and shading devices, and all
optical and angular data of facade layers including absorption coeffickeaisaadas values were
obtained for spectrum angles from 0° to 90°. Afterwards a generdligaedtionfor each glass layer
derived to relate different coincident  with absorption coefficient. On the other hand, in diffuse
solar radiation only one value d@f is consideed which is opposed to equal to 60°

0 0 OOT 0 (OT (2.28)

The input data to the simplified mathematical models includes: inside room temperatutachh

could be equal to the desigoom temperatures according to the required thermal comfort, external
temperature 4 beam diffuse solar radiation based on (TRY). On the other hand the expected output
data are all glass layers temperatures and exhaust air temperatui@rii the facde which is
represented by the air node inside the cavity. In order to simplify the model the blinds have been
considered with no mass and null thickness, the total difference in estimated thermal loads in case of
considering the blinds effect in a detdilway and in a simplified way will not exceed 30% and it is

considered as an accepted safety percentage fprahinarily designing phase of projects.
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b. Mathematical description (with venetian blinds)
Basd on finite difference methoBDM and the DSF onfiguration clarified in(Fig.2.19, the
thermal resistance model is represented through 10 nodésgjaatongrom (29) till (36).

;

Te /12 123 T3/7T4 Tab1 Th _ T4b2 To//T6

I
1
I
‘
|
|
%&%ﬁ&%k‘s%%%
I
1
|
.
I
|
|
NN
I
=

7
Tes. Reel ~ Rk12
1-1\ T/ A - - /g
©H @ © © 9 © fo

Fig.2.14  DSF thermal resistance model (with venetian blinds)

In nodel and nod€l0 the thermal balance refers to convection treatsfer towards outside/ inside

Rcel Rc6i representing the convective resistances respectively and conduction through external/

internal glass panes with Rk1 Rk3 as conductive resistances.

Node: 1
o Y 2.29
Py Py Y Py Y= 0 v (2.29)
Node: 2
P Y Y p v P Y p Y Yy P v Y
(2.30)
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Convective heat transfer is only repre®gehin node3 due to its location inside the air cavity and

between nodes 2 and 3

Node: 3

p Y Y p

y Y Y y Y y YT (2.31)
Again all forms of heat transfer have been presented in node 4 and, remhéction, radiation heat

exchange and conduction heat transfer between the 2 nodes.

Node: 4
p. p
o Y Y
P v Y P v Y 0 Y
Y (2.32)

p'rQ = 0

Node 5

p vy p v p Yy Yy P v Y p 0 Y

0 w (2.33)
v Y O

Node6 illustrating thermal mass balance inside the facade cavity, ventilating mass flow rate enters

the cavity with temperature of inside room and leaves it by air node temperature of the cavity.

Node: 6
6 g’ . . s R
5 Py Py Y Py Y = Y (2.34)
Node: 7
p vy P.Y p Yy Y P.Y, Y F)Ez Y

o (2.35)
Py Y © 8

Conduction heat transfer within the third glass pane and then convection heat transfer between inner

layer and inside @mm is represented iast thermal node.
Node: 8

o v v 2.36)
Py Py Y Py O " (2.36)
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c. Mathematical description (without venetian blinds)
Thermal resistance model of this case is show(fig.2.13; the thermal balance is described from
Equation(2.37) till Equation(2.40) The nodes from 1 till 4 are exactly the same as the previous

mode.Equationsstarts to change from no&eas illustrag¢d below.

Glass-1 Glass-2 Glass-3

T45 576

B B /A /N '/

I_ab5-1 Lab&i

2
Reet Rk12

Tes- Baas:
1
d/

Reki

Fig.2.15  DSF thermal resistance model (without blinds)

Node5 and nod€’ are representing convection heat transfer inside the cavity, radiation heat
exchange between the second and the third glass panes, a@odtmonheat transfer in each glass

pane.

Node: 5
p.Y P.Y P.Y Y p.Y Y DTQ Y p.Y Y
(2.37)

Node6 illustrating thermal mass balance inside the facade cavity, ventilating mass flow rate enters

the cawty with temperature of inside room and leaves it by air node temperature of the cavity.
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Node: 6

s . . s R
5 Py Py Y Py Y 5 Y (2.38)
Node: 7
i 2.39
Py Py Py Y Py Y Py Y (2.39)

Py Y O 8
Conduction heat transfer within the third glass pane and then convection heat transfer between inner

layer and inside roonsirepresented in last thermal node.

Node: 8

. . . 2.40
Py Py Y Py Y 0O v (2.40)

d. Validation of the simplified mathematical model
The validation process was carried out in two stdpee first one was to investigate differences
between simplified simulation results and measured set of data of exhaust temperature and heat flux
throuch the facade cavityAppendixA). As illustrated in(Fig.2.19, the QQ plot of the measured
data set and calculated by simplified model results shows a fairly good agreement between calculated
and measured data, while(ifig.2.17) a more closer clarification ovewg working days is reported.
The evaluated root mean square error (RMSE) teanperature oexhaust air from the cavitis
estimateda8 ~C.
Moreover heat flux in the same period is illustratedFig.2.18 and it was calculated according to
Equation(2.41). As shown usually at the start working hours results obtained from the simplified
model are higher than measured data, since the simplified method does not consider the thermal
capacitance of the wallslowever, a good consistency is generally attained.

o &' ® Y Y (2.41)
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Fig.2.16 = Measured-Calculated exhaust air temperature
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Fig.2.17  Measured-Calculated exhaust air temperature on
five days
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t Measured Heat Flux, W @ Simplified model Heat Flux, W
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Fig.2.18  MeasuredCalculated heat flux through facade
cavity on five days

The secondstep included a numerical comparison between calculated results of a detailed dynamic
DIGITHON code and the simplified model in order to assure the validation obtained for the latter.
For the same indoor zon@ig.2.7) exhaust air temperature were comparedinvestigate the
influence ofconsidering thermal inertia of indoor zone components (walls, ceiling and floor slab )
accordingly the radiation heat exchange with indoazedl layer surface temperatwersis the
mathematical model which only considers the heat and mass transfer inside the facade. As mentioned
before, solar radiation was analyzed in a detailed ®guationg2.42) to (2.44)were derived from

facade angular data mentioned (fable2.4 and implemented into the model to determine
absorption coefficients opposed to hourly incident angles of hourly beam solar radiatginige

the west verticalacade
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Table2.4 Absorption coefficientsAngular spectrum data

Incident angle

o) 10 20 30 40 50 60 70 80" 90

a1 0.265 0.266 0.269 0.267 0.248 0.294 0.302 0.302 0.268 O
0.108 0.104 .110 0.114 0.115 0.117 0.126 .131 0.093 O
as 0.063 0.064 0.064 0.064 0.064 0.062 0.056 0.042 0.022 O

Abs.Coeff
I

W T® QU oPp O — PP O — (2.42)

H» Tty 180 S 148 (O J— (2.43)

&H R0 ® — T§O — WO —  p®0 (2.44)
— P& © —

Room irside temperaturéY values were assumed 20°C in winter season starting from October till
April and 26°C in summer season starting from May till September. Hourly test reference year of
Veniceltaly was used to determine external temperatures andrsoliation. The facade direction

was considered West oriented and specific internal loads (IL) were assumed to be?46 W/m

(Fig.2.19) outlines the comparison between the mathematical model and DIGITHON is ¢¢rm
exhaust air temperature over the entire yélaig.2.19b) shows an enlargement over five days in
summer season. Calculated values by means of the two models showed a good agreement. The
separated intervalshown in(Fig.2.1%) illustrates working hours starting from 8 am to 7 pgrhe
consistent results have increased the confidence to use the mathematical model in a more detailec
comparative study between fadifferent European cities.
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2.3 Simplified model Vs DIGITHON analysis
In order to generalize the validation result a more detailed comparisonebetixee mathematical
models and DIGITHON through different climatic conditions in Europe is presented, this

comparison included two main items:

1 Exhaust air temperature from the facade cavigy. T

1 Building thermal energy demand.

The mentioned comparisatems are fundamental for designers in the beginning of each project to
evaluate if the energy recovery system is beneficiary to use within the facade basgdromThe

cavity and to assess the HVAC system energy consumptions. A typical test refezanbas been

used in four cities (Barcelona, Venice, Frankfurt and Helsinki) and for all the four orientations
(West, East, North and South). The calculations were based on the same facade composition
illustrated in(Fig.2.7 Ti inside temperature was assumed to be equal to the design temperatures, i.e.
20°C and 26C in winter and summer respectively.

2.3.1 Exhaust air temperature from the facade cavity
The following illustrated cases based on extreme restiitned by the numerical simulation to
present a generalized overview Exhaust air temperature form the facade cavity during all summer
months is illustrated in the -Q plots between the detaikstmplified models in Fig.2.2&) and
(Fig.2.2). Values are quite close to being normally distributed in the east fagcade of Barcelona.
Also in Helsinki east facade, the distribution could be considered normal with a small pgecent
considered as outliers. These outliers are due to extreme case of Helsinki, in some summer days
external temperature values ranges by 10 °C degrees within the same 24 hours, along with the low
sun level which causes a late hour sunset with high tettital solar radiation reached in some days
of July 1000 W/ri, and because simplified method does not considers thermal storage with in walls,
this may affect the accuracy of results comparing to the detailed mbagR.21a) and Fig.2.21Db)
are showing compared values of exit temperatures through only five days from 2 to 6 July in both
south facade at Venice and Frankfurt, which emphasis the agreement betwiem tiedels All
mathematical model results in different orientations have attained an accepted level of accuracy

compared to the dynamic simulation done by DIGITHON.
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a)Venice-South Facade
Fig.2.21

b)Frankfurt -South Facade

Exhaust air temperature by DIGITHON and simplified model during the
cooling period (2July-6 July)

In winter season, alsxkaus temperature were investigatéeig.2.22, b) outlines both the detailed

and simplified models during working hours in west facade of Venice and Frankspectively

Similarly, to the summer seasongaod agreement between the two models was found.
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Fig.2.22  Exhaust air temperature by DIGITHON and simplified model during the
heating period

2.3.2 Building thermal energy demand
The mathematical model has been developed to estimate thermal energy demands as a block load fo
the facade building. The room thermal energy was calculated based on the transmitted solar gains
through facade layers according to the valued aff different layers as illustrated iBquations
(2.45 2.46 and 247) plus convection heat transfer between fagade inner glass surface temperature
and inside temperatures added to internal loads and accordimguétion(2.48. The heat fluxes

havebeen determined as:

"0 08t (2.45)
O O & (2.46)
O O & (2.47)
0 N 8Y Y O g 00 (2.48)

Where IL isthe overallinternal load inclughg people lighting, equipmentHence a comparison
between energy calculated from the two models in both summer and winter seasons for the four

cities and to all orientations is presented. To attain a more refined argument for the simplified model

51



performance, twaases of internal loads have beeretaikto consideration. Cask with 46 W/m?
and Case with 22W/ n? of internal loads as illustrated ffiable2.5.

Table2.5Internal loads

No of Equipment Light Total IL
W/person
persons w (W/m?) (W)
Casel 6 80 840 10 1680
Case?2 2 80 280 10 800

a. Monthly thermal energy demand during cooling season
Both mathematical model and DIGITHON are presenting holmdyntal loads, in order to obtain
monthly thermal energy requirement all hours within each month have been summed. The
comparison between the two models with respect to thermal energy requirements showed that
simplified model results are higher than dethil@odel either in cask or case the maximum
increment of 27% at Barcelona in August while in Venice the maximum 23% in August too
(Fig.2.23&b). On the other hand, in cagthe maximum difference percentage reached 15% at
Frankfurt in August while in Helsinki the maximum percentage reached 38% in August
(Fig.2.23%&d). This increment igonsidered as a positive point to the simplified model as long as it
is used in the preliminary phase of the construction project because it would be better to overestimate
the required loads with considerable percentage rather than underestimatediffdieisce between
the two models is due to thermal mass storage in room,wdlish is considered in DIGITHON
model while the simplified mathematical model only considers losses due to convection added to the

internal loads and solar gains.
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Monthly energy demands in cooling seas@a) Casel- High internal
loads,(b) Case2-Low internal load

b. Monthly thermal energy demand during heating season

The simplified moél withoutvenretian blinds rasbeen used in heating season, nevertheless in winter

the venetian blinds could be used to solve glare problems, but this assumption has been taken into

account in order to have a fixed conditions for the calculation for diachte

In the winter season case, there is no need for heating systems due to high internal loads and high

insulation level, instead the cooling system is working but with lower capacities compared to the

cooling season. The two models have estimatedirgpdbads to keep the design temperature of
20°C. The difference between the two models did not exceed 28% about at Helsinki and Frankfurt in
February Fig.2.24a & b). In case2 maximum difference occurs at Barcelona in February with 37%,
while in Venice the maximum difference reached 33% in Febriagy.24c & d).
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Fig.2.24 Monthly energy demands in heating seasgrfa) Casel- High internal
loads,(b) Case2-Low internal loads

c. Simplified model implementation in TABS models
Standard 1S€.18854 [47] is discussing four methis which predicting heat transfer in thermo
active building systems TABS. One of these methods is a simplified model based on Finite
Difference Method (FDM) with expected error percentage -@D%. The model is based on the
calculation of the heat balantm each thermal node defined within the slab and the room. The slab
and the room are divided into thermal nodes used to calculate the main heat flows taking place
during the day. The temperature of each thermal node during the hour under consideratids dep
on the temperatures of the other thermal nodes during the same hour. This particular method needs
that transmission losses due to convectip@ar@ solar gains loadssg¢alues have to be calculated
separately by other software with a constant roamptrature equal to the average room operative
temperature during occupancy hours, which is typically what the simplified mathematical model
calculates in complex facade. A comparison between DIGITHON and the simplified model is
presented in(Fig.2.295 based on only transmission and solar gains in summer to exaimn
accuracy level. As showrpnsistenagreemenbetween the two modelsave beerachieved. Hence
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the presented simplified mathematical model could also be used in TABS modhadrd 1ISO
118854.

Summer-Only solar gains
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Fig.2.25 Energy loadsfor only solar gains (cooling season)

2.4Conclusions

In this chapter, thellustration and validation of two numericdynamic simulatiorsoftwared $or
multiple skin facadeshave been carried ouflhe first is DIGITHON as the detailed model
implemented to evaluate these of the multiple skin fagcade as a heat recovemt. During the
heating seasomeasured air exhaust temperature data fromfab&de cavity at Padowvdtaly has
shown that préneating efficiency was10.7% in November till it reached its maximum value in
March with 14%. The seasonal average-lpgating efficiency of the total heating season did not
exceed the value of 3.2%. Thetal ratio of preheating efficiency negative values happened on
hourly basis over all heating months to the total number of ltd@8.7%. It is clear that preeating
efficiency is quite low for most of the operation time of the A€ system during the inter in
which the bilding needs to be heated comparison between four European cities (Barcelona,
Venice, Frankfurt and Helsinki) and for eactieatationhas been carried outhe facade has the
highest average pre heating efficiency (about 6%8arcelonaat March for the west orientation.
Later asimplified onedimensional model wadeveloped.The validation of the simplified model
was carried out bgomparing its resultboth withexperimental set of data aRlGITHON results
The comparisorshoweda good agreement to use the simplified mdtdedugh preliminary design
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phases The study included many comparisons with two cases of internal loads in four European
cities Barcelona, Venice, Frankfurt and Helsinki. Percentage difference betwesimgiéed to
DIGITHON model energy values in all orientations in winter with high internal loads ranges
between 33% at Barcelona, west facade in Februar58h at Frankfurt, west facade in March. In

low internal loads difference ranges between 43% at Vemest facade in February, to 10% at
Barcelona west facade in April. While in summer with the high internal loads the difference ranges
from 18% at Venice, west facade in May, to 27% at Barcelona west facade in August, in low internal
loads it ranges betwa 6% at Frankfurt, west facade in May,-89% at Helsinki, west facade in
September. The average increment percentage between detailed and simplified models is considerec
equal to 35% and g®eliminary phase anticipationdgan be considered acceptalevertheless the
mathematical model could be implemented in other dynamic simulation codes such as the simplified
method presented in ISOL8554 and this method needs a simplified dynamic model to identify
solar radiation and convection losses basedpanative inside temperature, so by comparing results

of both the simplified and detailed models in summer season without any internal loads and only
solar gains, the results showed a good consistency to depend on simplified model in such a TABS

model.
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2. Nomenclature-Chapter 2

Specific absorption heat flow (W/m2)

Air Flow Window

Solar absorption coefficient

Area of facade

Specificheat capacity at a constant pressure of thesgstem (J/(kg K))
Specificheat capacity at a constant pressure (J/(kg K))
Specificheat capacity at constant pressure of the geneeciegimass flow rate (J/(kg K
Specific Heat capacity at a constant voludiékg K))

Convection heat trafer coefficient (W/(m2. K))

Internal Glass Layer

External Glass Layer

Radiation that leaves the glass (i) on its outer face 1 (W/m2)

Radiation that leaves the glagson its inner fac (W/m2)
Internal Loads

Beam solar radiation (W/m2)

Diffuse solar radiation (W/m2)

Absorbed solar radiation (W/m2)

Total solar radiation (W/m2)

Transmitted solar radiation through glass layer (i), (W/m2)
Thermal caductivity (W/m.K)

Plate length, (m)
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Qsg
Qroom

SUP
Texh

Ti

Generic mass of the sidystem (kg)

Supply air mass flow rate to facade cavity (kg/s)
Generic entering mass flow rate (kg/s)

Convection thermal resistance per unit area (m2 K)/W)
Conduction thermal resistance per unit area (m2 K/W)
Radiation thermal resistance per unit area (m2 K/W)
Heat flux caused by convection (W)

Generic heat flux (W)

Heat flux caused by conduction (W)

Heat fluxcaused by radiation (W)

Heat flux caused by ventilation of the cavity (W)
Power required for heating ventilation air flow rate (W)
Heat exchange in Fagade for recovery (W)
Transmission heat loss (W)

Solar gains (W)

Thermal load of the room, (W)

Reflection coefficient of outer face 1 of glass)i (
Reflection coefficient of inner face 2 of glass)i (
Element surface area (m2)

Supply double skin facade

Exhaust air temperatufer om t he f a- ade

cavity

|l nside air room temperature (eC)
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Tas CavityYl air temperature (eC)

Tas CavityY-2a r temperature, in case of no bl
Tb Venetian blinds temperature (eC)
To1 Air temperature in front of Dblinds (e

Th2 Air temperature behind blinds (eC)
Tg l nner gl ass temperature (eC)
Tm Mean temperature (eC)

Yt Time step (S)
yy_ Change in internal energy o&M(W)

Vaj Air volume (m3)

\% Flow velocity (m/s)
X Glass thickness, (m)
” Air density (kg/m3)

- Preheat efficiency

StefanBoltzmann constant, 5.67 x -B)(W/(m2 K4))

Co

4 Transmission coefficient)
Emissivity €)
g Dynamic viscosity Kg/(m s))

Beam Solar radiation incident angle (°)

Diffuse Solar radiation incident angle (°)
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Chapter-3
PV integrated in buildings by TRNSYS

Introduction

The efficient integratiomf solarenergy concluded in PV modulasbuilding sector can support the
energy performance improvemen®n the other hanMSF buildingscould be a nucleus for sueim
implementation. Hoever there are obstaclesch as lackn clarificationof detailed dynamic models
carried out by commercial software TRNSYS to overlook the yearly energy consumption
Neverthelessthe input parameters that control the efficient operation of PV integmnateaade
buildings such asfagcade composition, glagechnical specifications andchde cavy ventilation
methodologiesThe main purpose of this chapierto illustrate how to model multiple skin fagade
buildings integrated with PV modules on itstieal side in TRNSYS without the need of calling an
external code .The used technique is clarified and validated by measured data. Later a detailed
compaative study was clarifietb distinguishbetweerthe energy efficiency of the PVIB system for

an office building in different boundary conditions and installation methodologiédwyee main
comparative items were considered, the fsslivers climatic conditionat (Abu Dhabi, Venice and
Wurzburg) to track performance changes in the installed Ry swdiles system, the secondtgo
composition of the inneratade glazing layer and finallyvo typologies of the facade cavity
ventilating system (i.e. natural and hybrid ventilation systems). The application of TRNflow was

clarified thoroughlyto investigag¢ different ventilation methodologies within the facade.

Objectives:

1- Explain how to mplement multiple skin facadesathin TRNSYS.

2- Discuss an innovative integration of PV modules in facade buildindsdascribe the numerical
model

3-Energy efficency evaluation throdman extensive parametric study

3.1Photo voltaic integrated in buildings PVIB background
Photovoltaic technology makes use of the abundant energy of the sun and converts it into electrical
energy with little impact on the environmefithe integration of efficientenewables systems in
buildings is a major purpose. Generally building integratib photovoltaic (PV) cells isarried out
on sloped roofs, flat roofs, facades and solar shading systems. PV cells may be mounted above or
onto the existing or traditional roofing or wall systems. However, BIPV systems replace the outer

building envelope skin, thus serving simultaneously as both a climate screen and a power source
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generating electricity1], .However so far the urban deploymeiiitsolar energy within building
sector has noget been tackled sufficientlynfield et al ] mentioned that ventilated photovoltaic
(PV) facades are a promising way to integrate photovoltaics into a building structure in that they
provide significant adtlonal benefits over and above the electricity yield. Fung and Y&hg [
presented a opdimensional transient heat transfer model, the Seansparent Photovoltaic module
Heat Gain (SPVHG) model, for evaluating the heat gain of -semsparent photovaic modules
for building-integrated applications. The annual total heat gain was evaluated by using the SPVHG
model. It was found that the area of solar cells in the PV module has significant effects on the total
heat gain, since nearly 70% of total heaihgcan be reduced if the solar cell area ratio is 0.8. Song et
al. [4] characterized the power output of PV module depending on incidence angle and the azimuth
using a transparent thitim solar cell in a mockup model at various slopes southented, & a
building integrated photovoltaic system. It was found that the PV module with a slope of 30°, facing
south, provided the best power performance in terms of annual power output (844.4 kWh/kWp
annual power output). It produced about 2.5 times higher powiput than the module with the
vertical slope. Park et al5] investigated the electrical and thermal performance of a-semi
transparent PV module that was designed as a glazing component. The experiment was performed
under both Standard Test Conditi(®BTC) and outdoor conditions. The results showed that the
power decreased about 0.48% (in STC) and 0.52% (in outdoor conditions, under 500 W/m2) per 1°C
increase of the PV module temperature. It was also found that the property of the glass used for the
module affected the PV module temperature followed by its electrical performance, confirming that
during a winter day, the module with the bronze glass had a higher temperature compared to the
module with clear glass. Li Mei et d@][presented a thermal bding model that includes sub models
of the ventilated PV facade and the éiddal solar air collectors haveeen described. Commercial
PV elements only allow transforming about-2@% of the incident solar radiation into electrical
energy. The remainingncident solar radiation is converted into sensible heat, which results in
warmingup the PV element?7]. Conversion efficiency of the PV cell is depending mainly on its
surface temperature and solar illuminati& [Commercial PV elements only allow tsdarming
about 1420% of the incident solar radiation into electrical energy. A preliminary CFD work has
been carried out in order to investigate the possible improvements by cooling the cavity with an
amount of exhaust air used for ventilating and manirtgi proper indoor air quality in each office
[9].

3.2TRNSYStransient thermal model

3.2.1 Overall approach

The building simulation program TRNSY$0] was developed at the University of Wisconisin
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Madison Solar Energy Lab and the University of Colorado Solarggmgpplications Lab. It

became commercially available in 1975. TRNSYS simulates dynamically thermal behavior of
buildings;it relies on modular approach to solzquationsdescribed by FORTRAN subroutines. A
TRNSYS project is typically setup by connectiogmponents graphically in the Simulation Studio.
Each Type of component is described by a mathematical model in the TRNSYS simulation engine
and has a set of matchiiRyoforma’'s in the Simulation Studio. Thproforma has a blackox
description ofcomponeftt inputs, outputs, parameters, etc. The nmdte building models in
TRNSYS (TYPE 56) is a negeometrical balance model with one air node per zone, representing
the thermal capacity of the zone air volume and capacities which are closely connectée waith

node (furniture, for example). Thus the node capacity is a separate input in addition to the zone
volume. The transient heat exchange through the surfaces composing a zone is calculated-with the z
transfer function method. Thetmnsfer function rathod as used in the TYPE 56 building model has
been validated by Voit et dl10]. The method of the transfer function or response factors can be
described as the method to tell the "thermal history" of the wall. The wall is considered as a black
box. Thenumber of timesteps (k) related to the tirise (defined by the user) shows whether the
wall is a heavy wall with a high thermal mass (k < 20) or if only a few-s8taps have to be
considered to describe the thermal behavior of this wall. If the-iese of the considered wall is
higher than the time constant, the calculation of the Trafisfetion matrix coefficients istapped.
Therefore such a "thin" a¥l can be replaced by a resistance definition neglecting the thermal mass.
(Fig.3.] shows a schematic representation of the most important heat fluxes in TYPE 56. At

an exterior siace, the longwave radiationr{,e) and the convective heat exchange (gconv,e) are
separated and the absorbed solar radiation (gs,e) is accéam{€de longwave radiation exchange
between the surfaces [ogi) within a specific zone is approximated by the star network method
implemented bySeem [24 The interior surface temperatures are linked to acatbed star
temperature (T star,i) by eqailent resistances (Requ,j). The star temperature in turn, is linked to the
zone air temperature (Ta,i) by means of a star resistance (R star,i). A detailed description of the

resistance calculation nietd is available from Seem [R4
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Where:
Ta,i = zone air temperature for zone i(K) Rst ar , i = star resiste

Tstar,i = star temperature for zone i(K) Requ,j = equivalent resistance for surface |
(m2-K/W)
Ts,] = surface temperature of surface j (k qcj = convective heat flux from surface j (W/m?2)

gs,j = solar radiation to surface j (W/m?2) qgrhx,j = radiative heat exchange from surface j

(W/m2)

Qinf,i = infiltration gain (W) Qv,i = ventilation gain (W)

Qcg,i = convective heat gain (W) Qcplg,i = ventiation due to coupling with other
(W)

qu,j = user defined flux to surfacéW/m?2)

3.2.2 Simulation of glazed facade surfaces
An external glazed surface is thermally considered as an external wall with no thermal mass,
partially transparent to solar, but ope to longwave internal gains. Longave absorption is
considered to occur only at the surfaces. In the energy balance calculation of the TYPE 56, the

glazed external surface is described ashad model shown ifFig.3.2
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Fig.3.2 TRNSYS Glass element heat fluxes

For each glazing element of the facade, the resulting temperature is calculated considering
transmission, absorption and reflection of incoming direct and diffuse solar radiation, diffuse short
wave radiabn being reflected from the walls of the zone or an internal shading device, convective,

conductive and longvave radiative heat transfer between the individual panes and with the inner

and outer environmenEig.3.3.

Building Ambience
Zone

Longwave
Radiation

Reflected

Diffuse -~ L

Radiation e
X

Convection ‘Y
AN

| A7
| [/
Al

/ ;'J\ Convection

N

Fig.3.3 Radiation heat flux

3.2.3 MSF integration via TRNSYS
TRNSYS does not contain a specifitype) to integrate MSF to buildingEL1]. Accordingly the
facade cavity is subdivided into thernmines and theliave been included in the building model
(Type 564 based on the number of glass layers .As illustrated in the scff@gi®.4a) in case of
having double skin fagade, one thermal zone shall be implemented for each floor adjacent to the
indoor zone or it could subdivided i(Rg3dh)imor e
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between with high conductivity, negligible thermal mass and high emissivity, and the air nodes are

coupled in the airpow networ Kk

glazed layer 1

glazed layer 1 Fictitious glazed layer
glazed layer 2 glazed layer 3
[ a 1 office { a W[ a | office
.y air_node g ! air_node
| I | I I
| | d T | T rd
o —\_f_Sr fi e g3 f
f ) office | office
[ a I | a I 0 |
[ I | I |
| _ ] y—Tde I _ ] '._:_: J y—zndﬂ
[y office [ | . office
[ o I | a I 0 |
[ I | I |

\Thermal zone -1 ~ \_Thermal zone-1

Thermal zone-2

(a) (b)

Fig.3.4 Facade caity thermal zones subdivision(a) Double skin facade (b) Multiple skin
facade

The walls of cavity thermal zone are constructed from glass layers. Glazed layers technical
specifications are computed within WINDOW?2] software developed by Lawrence and Berkeley
lab-USA (Fig.3.53). The detailed calculation of reflection between individual panes is performed
hemi spherically for diffuse radiation and insteps of 10° incidence angle for direct solar radiation.
The optical properties of the glass are written to ASCII filehey WINDOW program(Fig.3.5).

The output file has a standard format which makes the results available for TRNSYS thermal
analysis. The output form is saved within TRNbuild window library by the user defiaext.n
Accordingly, the facade cavity is identified based on the saved glass elements in librangtaadr

input geometrical data.
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Fig.3.5 Window software[12], (a) pattern of a command screen(b) ASCII file

3.2.4 Innovative PV modules integration in TRNSYS
An innovative installation within the vertical facades of glazed building includes locating the semi
transparent Pvhodule inside the faced caviflyig.3.6 and by controlling properly thafade cavity
ventilation the outcome PV system energy is optimized. It is important to highlight that a
preliminary CFD work has been carried o8t ih order to investigate the possible improvements by
coolingthe cavity with an amount of freshir used for ventilating and maintaining proper indoor air
quality in each office and it has been clarified in chagger (
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Fig.3.6 TRNSYS/PV integrated in
glazed building

The PV semiransparent selected pg is a commercial amorphous silicon module with 10%

clearness(Table 3.) clarified all technical and optical specifications.

Table 3.1Semkitransparent PV module technical specifications

Cell type asi Thin film
Front glass 3mm tempered glas:
PV glass 3.2 float glass
Temp coefficenttr -0.19%°c
£, 15%
Sol. Transmission 9.4%
light Transmission 10.8%
Sol. Reflection 13.9%
Light reflection 52.9%

TRNSYS contains many Types defining photovoltaic panels, includes crystalline, PV thermal
collectors, flat plate and thin film. Whilst one of the main scopes ofrésisarch is to integrated
vertical PV modules to the buildinfacade surface, unfortunatelyis option is not available in

TRNSYS. Accordingly to solve this obstruction two steps were carriedtiwaitfirst is to create a

72



fictitious glazed layer with althe technical and angular optical propestof the PV module
estimatedoy Window [12] as clarified previouslyASCII file was created and named in the wall
library atType 56 as PV layer to be used as one of the cavity territory. Wails step particalrly is

to estimate the hourly external / internal layer surface and air cavities temperatures surrounding the
fictitious PV layer. Consequently to obtain the hourly electrical energy production the stepnd
included the linking of obtained temperatwadues as input data for the PV module Type S6&
selection of this PV Type was based on evaluatinglyimamic variation of conversion efficiency in
respect ofoperatingsurface temperature which the electrical efficiency and hence the puit
powerdepend thoughnearly but rather strongly on[i8]. Type 562 is available on TRNSYS either
glazed or unglazed photovoltaic module. Efficiency is variable, provided for reference conditions
along with coefficients that describe the effect of cell tentpegaand incident radiation changes.
The hourly produced power is estimated for the PV modideations (3.1)(3.2) based on

identifying the PV efficiency as a function of surface temperature and irradildjce [

0 G o (3.1)
- - p T Y Y (3.2)
Where:

- PV module efficiency

- PV module reference efficiency

r Temperature coefficient of PV module (°C / %)

Apv Area of PV module

PV module energy balance

The input parameters includes different terapge values moderating the heat sfan modes
through the PV panglanbient, zone and Sky temperatutep and bottom heal loss convection
coefficients, vertical solar radiation, total horizontlar radiation and Panel slop&ype562
calculates incidece angle modifiers in order to come up with the solar radiation absorbed by the PV
cells themselves. The overall incidence angle modifier is a weighted average of the component

incidence angle modifiers and is given bguation(3.3). The energy balancecbheme is larified in
(Fig.3.7).
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Fig.3.7 PV panel energy balancescheme
0 06 U006 (3.4)
0 R Q 5 07Y Y g (3.5)
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0 i QO Y Y 4 (3.8)

The only unknown in the aboVequationsis the cell temperature at which the PV is operating.
Type562performs an iterative search, repeatedly guessing and modifying the PV cell temperature

until the various terms of the energy balance sum to 0.

3.2.5 Ventilation of the cavity
a Air coupling within TYPE56

The ventilation system is essential in MSF buildingsawid air temperature increment due to
greenhouse phenomena occurring inside the cavity accordingly the undesirable overheating loads
within summer season. On the other hand in winter season it is an advantage to capture the solar
radiation and decreasleet transmission losses. Unfortunately, most Mgfologies are incapable of
lowering the heating and cooling demand simultaneously. However by combining typologies or by
changing system settings according to the particular situation, the thermal loact®redould be

achieved 13]. On the other hand the applied ventilating system whether it is forced, natural or hybrid
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is depending on many aspects such as ambient temperature, wind velocity and electrical fan
consumption. Moreover in order to reduce theface temperature of the integrated PV module
inside the cavity, different ventilain typologies were investigateich as (Out Out),(In-Out) ,
shownin (Fig.3.8.

=
1 . "
- officc < office
|| —>‘a
1l I
(a) (b)

Fig.3.8 Ventilation methodologies (a) InOut, (b) Out-Out

Since fa-adeds cavi ronesjswases\eto appydhe toapting af giowt h e r ma |
option avdable in TRNbuild in betweerThe energy balandequation(3.9) for conrective from one
zone to another

~

0 o3& Yr YR (3.9)

The coupling allows the mass flowrate to transfer from a zone to ar{btge3.9. The magnitude of

this coupling will directly affectiie zone temperature and zone humidity, but will have no effect on
the adjacent zone from which the air flowrate originates. It is up to the user to insure proper mass
balances for each zone. The mass flow rate due to coupling could be also schedulgideds Ireq

sense that coupled air flow rate is not exceeding the amount of treated fresh air supplied to the office
zone to keep the indoor air quality and not penalty the cooling system any extra loads, added to
diverse control strategies between sumraad winter seasons to assure an effective thermal

performance.
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Fig.3.9 Coupling air flow

b TRNFLOW Implementation
TRNFLOW was applied to analyze natural, forced and hybrid ventilstiategies through cavity
facade. TRNFLOW iwentilationnetwork calculation software and add on program in TRNSYS that
can iteratively solve the movement of air and heat simultaneously. The thermal and the air flow
model are linked as black boxes. For simplification, the information flow between the two msodels
represented by one room air temperature node and one air flow variable. In fact there are at least as
many air temperature nodess there are rooms in the building and each node has at least one air
flow. In the solution process, the floiv model stais with the input node temperatures: Bind
calculates the corresponding air flowsimof each node. These flows are used in the thermal model,
which calculates the output room temperatures;, Twith an iterative solver algorithm the input

temperatues set is found which matches the output temperaturésSigst. 10).
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Fig.3.10Combined thermal air flow models

The airflow model is based on a network model of the building. The air nodes keé by non

linear conductance, modelling the air paths (air flow components: cracks, openings, ducts, fans an
windows). Four classes of nodes are used to define the airflow network: constant pressure nodes,
thermal zones, auxiliary nodes, and external aodiksing air mass conservation each node, a
system of nodinear Equations is built and solved to determine the node pressures and the mass
flows. The direction from Afrom nodeo to fAto
simulate vaetilation across the two thermal zones describing the air cavity integrated with PV
module, the air links in between were assumed to be large opening or window because it is capable
of processing a two way air flow within one time step. As the pressiesatite between two zones

with different air densities is a function of the height z, the flow in a large opening has a vertical
velocity profile. A numerical integration of this profile results into an air mass flow for both flow
directions Equation (3.20

(3.10)

a7 o ¢T & JQd 0 a Qa

As the air flow pattern can reverse in natural ventilation within one time $tpCoefficient of
discharge values were evaluated for all openings by &singtiong3.11), (3.12) and (313).
o - 8 (3.11)

0 3.12
-0 (3.12)
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O $ (3.13)
0
Friction factor is described by the implicit Colebrodk#éhite Equation(3.14) [14]:

° i@y oxc @, _ o (3.14)

Natural ventilation driving forces

- Wind Pressure
The wind pressure on a facade is defined as the difference between the local pressure on the surfac
and the static pressure in the undisturbed wind on the same height. The relation factor of this
pressure difference to the dynamic pressuréefte¢ference wind velocity is known as wind pressure
coefficient or Cp value, the resulting pressure from the wind effect is expres&suaton(3.15
with wind velocity Equation(3.16 and wind pressure coefficients for external nagg45 which

depends on the type of terrain, Tal8e2.

yw o ™ " 7Y (3.15)
Y Y QiQ QjQ (3.16)
Where:

E Pylon height at meteo station (m)

E Height of boundary layer,08n for] <0.34

Uo Wind Velocity at the building site (m/s)

5 Wind velocity at the meteo station at pylon hei@ghts)

Wind velocity profile exponent at the building sitg (

Table 3.2Wind velocity exponent

Class Terrain description W
1 Seaflat terrain without obstacles  0.1-0.15
2 Open terrain with isolated obstacle 0.150.25
3 Wood, small city, suburb 0.250.35
4 City center 0.350.45
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- Buoyancy
Buoyancy or stack effect is the movement of air caused by the difference in tempeaatlires
accordingly in density. I1fFig.3.1]) a link between an external node and a thermal zone is shown.
The pressure difference between the two sides of the link is defilgpiationy3.17)to (3.19

yn n o n (3.17)
, y a0 (3.18)
n n Qo (3.19)
Where:

N I QQQiI it DIod idQ

Taking into consideration thdt have been assumed to be uniform in the inner zone and in outer

zone Therefore the vertical position of the nodes and links must be giveRNiflGw model.

Thermal zone
External node : link height on
[ ~
pyPrLHk S o, || 1TO-side

! Py h|2

h ToNode zone reference

! height

= |

Erom I‘E)I1od2mf | Building reference

level

Fig.3.11 TRNFlow definition of links heights and pressur:

3.2.6 Outdoor climate
Various weather data files are included in TRNSYS and could be uploaded in Type 16 to provide the
following parameters for each time step to runeéhergy simulatiorfFig.3.12:
-Outdoor temperature
- Relative ambient humidity level
-Fictive sky temperature

-Total solar radiation, incident beam radiation and angle of incidence for each orientation
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Fig.3.12Connections between the outputs of Type 16 andks to Type 56

3.3How the model works:
As clarified in (Fig.3.13 Type56 represents the building (2) is linked to Type 15(1) the weather
station (1) to provides the time steps values of ambient and sky tempesatar radiation based on
the test reference year (TRY). The PV panels type 562(3) and as illustrated before, the facade cavity
has been subdivided into two adjacent thermal zones, the common wall between the first and the
second thermal zones is actyahe considered PV module with its optical specifications. The input
data includes the zone and ambient temperatures which were linked respectively to the air node
temperatures of both cavities surrounding the PV panel, i.e. the two air nodes of themesl
adjacent to the PV laydFig.3.19, the vertical solar radiation of the specific orientations where PV
modules are installed west and east were linked from weather station Type 15. As for the front
tempeature which is related to radiation heat exchange between the front surtaeenuddule and
opposite surfacat was linked to the surface temperature of the front face of the outer glass layer and
the back temperature was linked to the back surfacpamature of the inner glass layer. The control
schedule (4) provides the inside id@stemperature, internal logdgentilation working hours. The
fresh air handling unit (5) was constructednfraecooling /heating coil, supplxhaust fans and
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energy recowg (ER) unit. Results of the dynamic simulation were printed including thermal

demands; PV produced electrical energy and ventilation air thermal characteristics.
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Fig.3.13PV integrated in fagade building simulation studio

Key Plan
1 Weatther station
2 Building
3 PV panels / each floor
4 (Ventilation + Thermal design control) dynamic schedule
5 Fresh Air Handling Unit equipped with Energy recovery ER unit
6 Results print
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3.4TRNSYS model \alidation
A validation of the integrated numerical model was carried out. Measuredetitégoa mechanical
ventilated double skin facadf an office room (AppendixA) and the internal loads aspecifiedin
(Table 3.3.

Table 3.3Internal loads

Ventilation air flow rate _ ) ‘
N. of Persons Sensible heat gains (W
(m3/h)

6 240 1680

The measured values of external temperature and solar radiation on the east vertical facade surface

were used as input data to the TRNSYS el@gig.3.15) by using Typel6c combined with Type9a.

Type 33e and 69b were used to identify effective sky temperature based on the measured data. The

measured exhaust air temperature values from the cavigy seenpared with TRNSYS resultssA

previously clarified air coupling technique which is implemented in Type 56 (multi zone building)

(Fig.3.1%) were used to investigate the influence of connecting both arsnotithe office and

adjacent faced cavityA good agreement between the measured data and numerical results were

attained, illustrated igFig.3.19.
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Fig.3.16 Facade Exhaust Temperature comparison within five working days from 17 till 21
December.

3.5Parametric study through TRNSYS

TRNSYS model has been implemented in a parametric study to evaluate the energy efficieacy of t
system under different circumstances concluded in

1 Facadecavity ventilation methodology
1 Fagade composition

1 Three different weather conditions Abu DhabAE, Veniceltaly and WirzburgGermany.

The considered office building consists of 5 floors, 4 dgpand ground floors. The typical floors
consist of two offices with area of each equal to 8qfig.3.17. Double skin facade starts from the
1% typical floor till the 4" floor. With an overall vertical @a of 60m per floor for PV modules

which are installed in the west and east sides of the buildir{§idr8.18 the air balance scheme for
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the fresh air supplying system is illustrated through all floorsviduate the ventilation energy
savings due to implementation of facade as an energy recovery unit. The guaintailding

specifications ishown in(Table 3.3.

Table 3.40ffice Building summary

2
Overall floor 330
3
Overall floor 111
3
Ventilationhr 261

Occupants/ flo 20

200
1 _ | | Toilet-M
p—— /N
B0
Reception office
O O Toilet-F
Ground FLPlan
o =>(N)
' m o
_ 1 |Ofc l —1
— / )
100 #
Ofc 2 U
Toilet-F
Typical Floor-1st :4th \ Glazed Facades

Fig.3.17 Office building plan
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Fig.3.18Air balance Scheme

3.5.1 Facade cavity ventilation methodologies
1 CaselA (Natural ventilation in winter , Forced ventilation in summer)
In (Fig.3.1%) the yeadly strategy of the ventilatioms illustrated In summer season the cavity is
forced ventilated while in winter it is natural ventilated. During the forced ventil@ticGgummer
months(Fig.3.1%), the (IndoorOutdoor) technique was applied. It means that a percentage of the
cold air is extracted from adjacentioff room to the fagade cavityhis amount ofair is limited by

the fresh aftow rate supplied to the zone to attain the indopgaality IAQ requirementsd].

85



Nafural Ve Nafural Vend

— —
whn e ke ForeedVent oor oroe
=

Wy dn W AG SEP

(a)
\ %% g : o3
I

(b)

Fig.3.19Case 1lventilation strategy scheme

1 Case2A (Natural ventilation all year)
In (Fig.3.2@ & b) the scheme of natural ventilation applied straisgghown Air movement within
the cavity is due to wind and buoyancy forces and it has been carried out via TRNFLOW as

previously mentione@Fig.3.2)).

e e

.
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Fig.3.20Case 2 ventilation strategy
scheme
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3.5.2 Facade composition
The initial design of the facade is a significant factor that influences not only the energy consumption
of a building but also the nieod and capacity of the HVAC system, going beyond any esthetic
choice made by the architediq] In the studies related to DSF that have been conducted thus far the
window composition of the DSF included single glazing for the outer layer and doublagglazi
(clear, lowe, solar control, etc.) for the inner layer. This is in accordance with the suggestion made
by the BBRI [L7]. Transparent double skin facades are predicted to increase cooling loads in office
buildings in hot arid areas when compared tagleiskin using reflective glazind$]. The addition
of a doubleskin always causes an increase in the cooling loads if the strategies of natural cooling are
not applied 19]. Due to controverted energy performance patterns achieved by the differer facad
composition in the same weather conditions, two different compositions of facades have been
compared to investigate the consequences on the thermal performance. Single inner layer SL
(Fig.3.222) and Double iner layer DL Fig.3.2d). Glazing Optical data and technical speeifions
were obtained from WifiL6] and illustrated irfTable 3.5.

Table 3.50ptical specification of inner glass layer

Composition U Transmissivity Absorptivity
W/m2K t a
SL 3mmclear glass 5.9 0.9 0.01

3 mm clear glas:
DL 10mm Air 2.8 0.7 0.1

3 mm clear glas
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Fig.3.22Schematic of inner glass layerga)Single inner laye SL, (b) Double inner layer DL

3.5.3 Weather conditions
Weather conditions affetiarshly the builthgs thermal demands and govéne thermal design
comfort standards. To obtain a more generalized perspective from the present study, three eities Abu
Dhabi cty-UAE, Veniceltaly and Wurzburd Germany were considered. AlRhabi city is
classified as hot arid desert precipitati@][ On the other hand weather conditions and HVAC
system designing standards are different than in the other two cities. Vensiedass fully humid
hot summer and Wurzburg as warm sumf2€}. (Errore. L'origine riferi mento non € stata
trovata.) summarizes thermal requirements for eath ci

Table 3.6Indoor /outdoor design conditions

City Abu Dhabi Venice / Wurzburg
Outdoor design conditions [15] 45.6C 33°C/3tC
Cooling inside air temp.(occupied) 23°C [21] 26°C [22]
Cooling inside air temp.(non occupiec 26°C [21] 32°C
Fresh air temp 18°C [21] 20°C [22]
Ventilation system Working 24/7 Limited to working
[21] hours

3.6 Results
The results of the building simulation are shown within two main categories and have been clarified
at the thre cities of Abu Dhabi, Venice and Wurzburg respectively.

1 Sensible cooling loads of the building.
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1 The electricaperformance of PV modules system.

3.6.1 Sensible cooling loads of the building:
Thermal loads ar&lentified as the summation of the building loa@s(interral loads + heat transfer
losse$ and treated ventilation air loads supplied to keep the required IAQ. Since it is more realistic
and accurate to correlate the reflections induced by integration of PV cell, ventilating the cavity and
the compositin of the facade at the building envelope with the building energy performance the
energy evaluation in this part has only included building loads without considering the ventilation
energetic savings. In which will be explained in Sect®id.().

a-Abu Dhabi city case study

Daily cooling load performare is illustrated inKig.3.23y) for different considered cases. As shown
combining double inner glass layer with ventilation technique of-tastaining thdowest daily
cooling energy consumption 669kWh/day, on the other hand usinglcagl single inner layer
increasing the energy consumption to 826kWh/day. However changing the ventilation technique is
affecting the daily energy consumption, in Idase2 i.e. natural ventilation of the cavity, daily
cooling energy reached 675kWh/day while in SL easthe value of day cooling load reached 833
kWh/day. As clarified cooling energy has slightly improved in DL ehsmmpared to DL cas2

which emphasis thahcreasing thermal resistance of air conditioned glazed room has a larger effect
on the cooling loads more than the used ventilation typology. Nevertheless to investigate thermal
comfort the operative and inner glass temperature have been inspected. Dudngplete week
starting form Monday tillSaturday.Fig.3.23 is illustrating the difference between inner glass
temperature DL cask and SL casé, a range from 0.5 °C at the start working hours then reaches
the maximum of 4.5 °C at the day peak hour of 16hr. The difference in the operative temperature
between DL and SL is starting from 0.5 °C to 1.25°C at the peak hour. Within the weekend days
Saturday and Sunday it is clear that operative temperature and accordingly the inner glass

temperature are increased due to increment of design set temperhtere va
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Fig.3.23 Abu Dhabi city results (a) Building thermal energy, (b) Operative and inner glass
temperature

b- Venice city case study

According to lower average external temperature during summer months in Venice city compared to
the latter one, theanprovements in energy performance has been realized not only by changing the
composition of the facades but also by the implementation of the twoatemtitypologies. In
(Fig.3.24) the daily cooling enesgconsumption reached 452kWh/day in DL casmcreased to

538 kWh/day in SL casg. On the otherhand, energy performance in DL ca&e reached
503kWh/day while increased to 580kWh/d&dence,it could be concluded that influence of facades
ventilation sygem typology increases when the external temperature is |dlWweconsequences on

the operative temperature and inner glass layer between implementing Dlinoc&le2 is shown in
(Fig.3.2d). The maximum difference is 3.5°C and it happens within weekend. While on other

working day difference ranges between 0.5 and 2°C.
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Fig.3.24Venice dty results (a) Building thermal energy, (b) Operative and inner glass
temperature
c- Wurzburg city case study
Daily cooling energy profiles in Wurzbgiiare illustrated inKig.3.2%) . DL casel is 310kwWh/day
increased in SL caskto 394 kWh/day. While in DL casgit reached 365 kWh/day and ieased
to 445 kWhiday in SL case. In (Fig.3.2%) the weekly distribution of inner glass layer between DL
and SL in cas4 is showing the difference ranges between 1°C and 2°C during weekends and
decreases to be almost eqdafting working dayskor the operating temperature the difference is
negligible .1t is important to mention that the difference between operating temperature and inner
glass temperature did not exceed 6°C in the peak hour 17hJonlWwhich in generaleflects the
high expected thermal comfort with in the office. According to low incident ambient temperature in
16 and 17 June, the difference between casel and case?2 in the operative and inner glass layer

temperatures were not high comparing to lattersase
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Fig.3.25 Wurzburg city results (a) Building thermal energy, (b) Operative and inner glass
temperature

3.6.2 Integrated PV system
In the simulated results, ca%eof forced ventilation typology is always superior casa the two
European cities with different electrical production. However in Abu Dhabi city this pattern was not
precisely realized, in fact SL hasecededL. Due to high coincident external ambient temperature
in Abu Dhabi city the thermal resistance value of the imanger of air conditioned room is not high
in SL, accordingly it helps in decreasing surface temperature of adjacent PV layer installed inside the
cavity due to the mutual radiation heat transfer between PV surface and inner glass layer. On the
contrary inVenice and Wurzburgthe outer temperature could be lesser than inside glass layer
temperature which is related to set point temperature equals to 26°C, therefore the increasing of the
inner gl ass ther mal resi st anrmalpeifdnhaoce.i s a pri vi
In Abu Dhabi as shown inHig.3.2@&) the maximum monthly production in summer months reached
225 kWh in SL casé, the minimum is 161 kWh with DLase2. In Venice city Fig.3.2®) the
maximum summer PV electrical production occurred with DL -dageth 3016kWh the minimum
was SL cae2 with 393 kWh. In Fig.3.2&) Wurzburg the maximum electrical prodoct in DL
casel reached 6797kWh while tmeinimum was in SL case recorded as 1287kWit is important
to highlight that hot humid climates and cloudy sky of Abu Dhabi city are reducing the produced
energy from the PV system in comparing to Europeaesciti
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Fig.3.26 PV summer electrical production (a)Abu Dhabi, (b) Venice (c) Wurzburg

Summary of energy assessment results

1 Sensible building cooling loads

Different strategies which have been applied in the present study affected aartfyecensumption
(Fig.3.2&, b) and peak powerHg.3.2%, d). In Abu Dhabi city the decrement in peak power from
casel to case2 wag% while in SL the decremerédached2.3%.However the energy consumption
reduced by1.5% incasel versus casg in DL, and-1.9% lesser in SL. The improving percentages
of energy and peak power between ehsgnd cas® are continued at Venice city, Peak power

reduced by11.6%,and building thermal energt5% in DL. However in SL peak power difference
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reached8% while in energy consumption savings reacti€d5%. According to the colder ambient
temperature in Wurzburg city comparing to the latter city, all improving percenteyes been
increased. Peak power decrement within DL reachd@bo, while thehermal energy decreased by
22% On the other hand in SL the peak power reduction reachB# while-17% was attained in
the energy consumption savings.
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Building thermal energy M\Wh
Building thermal energy MWh

Abu Dhabi Venice Wuerzburg Abu Dhabi Venice Wuerzburg
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Fig.3.27Building thermal energy and peak power assessment

1 PV yearly energy production

The summary yearly results of PV integrated system at tlee tities areshow in Fig.3.2&) and
(Fig.3.28) .Abu Dhabi annual energy production increased by 2.5% in case of DL and 6% in SL. On

the contrary,in Venice city the improvermg in PV electrical production within DL reached 53%
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while in SL was 34%. The same pattern of performance happened in Wurzburg city in DL the
improvements reached 57A4tile decreased in SL to 50%.
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Fig.3.28 PV electrical produced energy assessment

3.7 Traditional integration of PV systems in buildings as external layer vs. innovative
installation

One of the beneficial aspects of integrgtthe PV modles inside the cavity is to enlarge PV life
time, decrease the risk of electtishocks occurs while rain falbe employedis a heat sink which
will enforcethe ventilationenergy recoveryeducethermal losses during winter. On the othand

to conclude an objective point of view about tR¥IB, it was essential also to evaluate the
performance of the convenient installation of PVdule as external layelFig.3.29. The same
numerical methodology in TRNSYS and previously assumed office building Figig8.07) were

implemented to evaluate the required ventilation energy and PVIB overall thermal and ¢&lectrica

performance.
Office | office| [ |
PV P
/' MODULE MODULE
—-—ty—l o] I: Cavity
(a) (b)

Fig.3.29(a) PV module on external layeif PVEXT, (b) PV module inside the cavityi PVIN
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3.7.1 Integrated thermal loads evaluation
Overall approach
The purpose of a ventilation system is to provide acceptable microclimate in the indoor space
Microclimate refers to thermal environment as well as air quaptilation flow rates which assure
the acceptable indoor air quality havelie obtained. Thes#iow rates aredetermined by many

standardsASHRAE 62, European s$gDirective 2008/50/EJ. For each indoor application, there is a

minimum value has to be supplied anspecificpretreated thermal conditions i.e. temperature and
relative humidity. Approximatdy 30% of theenergy delivered to buildings dissipated in the
departing ventilation and exfiltration air streaf#3]. The exhaustair from the facade cavity
integrated with PV system is used in a heat exchange process, sift¥é thedules works as heat
sink due to high solar radiation absorption capabilitye following section is clarifying the expected
savings due to thiinnovative integration through different climatic conditions.

Ventilation loads evaluation

The required ventilation loadithout energy recovery depending on sensible heatingUcoil
(Fig.3.3(&) and with the energy recovery unit ; (Fig.3.3M) are estimated fronEquations
(3.20) and (3.21Whilst theeffectives of the energy recovery whee$ evaluated inEquation(3.22
where.d 7 is the supplied fresh air flow rate required to attain the indoor air quality for the whole
building and it equals 3175L/4,° and’Y are the exhausted mass flow rate equals 1250L/s and
air temperature exhausted from the facade respecteel\Fig.3.18. Theeffectiveness waassumed

to be 0.7and”Y is the supply air temperature equalS§MHence by compensate Eguation(3.22),

“Y is defined foreach time step

T To- y .Texh
%ﬁ%TS T Ts

Recovery Wheel

(@) (b)

Fig.3.30 (a) heating coil schemgb)Ventilation energy recovery scheme
0 a’ 6 Y Y (3.20)
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In caseof implementing the energy recovery unit

0 7 a 6 Y Y (3.21)
G YO Y (3.22)
oAl Y Y

For each city the ventilation loads were evaluated through three possibilities, in case that PV is inside
the facade cavity PVIN, PV is the external lay®fHXT and without using energy recoveaugit. As

shown in(Fig.3.31a, band c) PVIN case is the lowest kWH/of ventilation energy consumption
during all heating season followed BYEXT. This Superiority pattern varied in\8ags percentages
depending on the climaticonditions,In Venice city PVIN savings comparing to PVEXT ranged
from 15 to 51% and compared to the convenient method ranged from 19 to 65 %. Whilst in Helsinki
city and as also the PVIN is the referesese PVEXT ventilation energy requiremengsceeded by

6 to 25% and in comparing to the convenient method ranged from 10 to 35% s&imad)y, in
Wurzburg city and PVEXTPperformance is highewith 7 to 35% and from 10 to 43%aving in case

of using heating stem without any recovery technique.

i.e. Savings were determined by considerirg—— %.

Overall thermal loads evaluation

The overall thermal enerdypr the buildingis the hourly summation of internal loads, solar gains,
convectionlosses and ventilation loads have been also clarlfiggrig.3.321) Venice city, ieyearly

overall thermal energy loadper m? betweeninstalling PV as an external layer (PVEXT cage)

higher than the other caséPV inside cavitylayer (PVIN case)within the heating months of January

until April and, then, within the cooling season thermal energy loads decreased comphengtter

case On the other hand, the same trend was followed in Helamti\Wurzburgcities. Aong the

heating season integrating of PV modules inside the cavity is lower than PV installation as external
layer. Taking into consideration that in Helsinki and due to its cold climate the summer season started
in June. Whilst in cooling seas®VEXT is betterkig.3.32 and c)
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Fig.3.31Ventilation thermal energy, (a) Venice, (b) Helsinkj (c)Wurzburg
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Fig.3.32Total building energy kWh/m?,(a) Venice,(b) Helsinki, (c)Wurzburg

In Table 3.7the percentage difference between the two studied cases as the PVIN is shown with
reference to the three cities considered. In Venice the PVIN saanegconfined in winter season by
reaching the maximum of 51% for the PVEXT, whilst in summer the PVEXT is lower with 58%
during May. However in Helsinki and Wurzburg cities PVEXT case has always lower energy
consumption in summer months with high perages per ) reaches 95%, and in winter season the

savings in PVIN case ranged between 19 to 34%.

Table 3.7 Thermal loads performance differences%

City/MonthS 5an Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec

Venice 5504 3306 399% 51% -58% -34% -24% -24% -40% 45% 31% 28%
Helsinki 1994 2196 27% 32% 67% -63% -60% -68% -81% 23% 19% 18%
WUrzburg 5504 2706 28% 34% 95% -91% -89% -90% -95% 19% 21% 20%
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3.7.2 PV electrical production
As shown in Fig.3.33, band c) the overall trend is higher for PVEX@mparing to PVIN case
with percentages ranging between 7% to 17% as anmugxipercentage in Venick Helsinki the

percentages ranges between 6% b and finally in Wurzburg city PVEXT performance was
higher by 7 to 14%.

PV electrical Production Venice-DL PV electrical Production Helsinki-DL
9.0

9.0
[ PV External -DL PV Inside -DL

(1 PV External -DL PV Inside -DL

8.0

Electrical Energy , kWh/m2
Electrical Energy , kWh/m?

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct

(a)Venice city (b)Helsinki city

PV electrical Production Wurezburg-DL

Nov Dec

9.0 4
[ PV External -DL PV Inside -DL

8.0 -

7.0 -

Electrical Energy , kWh

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(c)Wurzburg city
Fig.3.33PV electrical production, kWh/m? ,(a) Venice,(b) Helsinki, (c)Wurzburg
3.8Conclusions

The chapter has discussed the how of modelling multiple skin facade by TRNSYi&emndting of
the PV system in vertical parts of building envelopes. A detailed comparative study including several

parameters as climatic conditions, ventilation methodologidsPAhmodule system locations have
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been carried out to conclude that the ind¢ign of PV modules inside a facade cavity increases the
thermal performance efficiency within the heating months in warm temperature climates. However it
is reducing the PV system electrical production with a range of 7 to 14% during cooling season and i
is due to that radiation heat exchange between PV module and the sky surface is better than radiation
heat exchange with glazed surface inside the cavity. Nevertheless, the reduction in PV electrical
production could be neglected comparing to the savimgsuilding thermal heating energy. The
innovative integration of PV modules inside the cavity would be considered a good ecological
solution in cold climates, not only acting as an active insulating layer but also producing free energy.
On the other handn hot and humid climates, it is more complicated in summer season and some
other technologies could solve these obstructions such as applying PCM, which is dealt with in the

following chapter 4.
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3. Nomenclature-Chapter 3
A Cross setion area(m?)
a Solar absorption coefficient)(
Voc Open circuit voltage (V)
Isc Short circuit current (A)
asi Amorphous silicon
Texh Exhaust air temperature fromh e f a- ade cavity (eC)
he Convection heat transfer coefficient (WH))
Re Reynolds numbef)
Ra Rayleigh numbe(-)

P Prandtl numbe¢-)
Cq Coefficient of dischargé)
Dn Hydraulic diameter (m)

DL Double Layer

H Height of the platém)

E Reference height at the building site (m)
E Pylon height at meteo station (m)

E Height of boundary layer, 60m fpr <0.34
IL Internal Loads (W)

+ Air Thermal conductivity (W/(nK))

L Length of the platém)

DP Pressure induced byind effect (Pa)

P Cross sectional perimetén)

SL Single Layer

Uo Wind Velocity at the building site (m/s)

5 Wind velocity at the meteo station at pylon heights)
e Specific loss factor of air inside dugj

I Friction factor(-)

h Air density (kg/n¥)

| Wind velocity profile exponent at the building sftg

| Wind velocity profile exponent at the meteo statign

L Transmissiorcoefficient(-)
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Chapter-4
PV/PCM Numerical Integration

4.1 Introduction
In this chapterthe performance of a system that integrates a photaw@R&) layer and a phase
changing material (PCM) layer in a double skin facade (DSF) is investigated. A pHhysical
mathematical model is develegp to simulate the dynamic therma¢haviorof the system, and
numerical simulations are carried out for different climates (Venice, Helsinki and Abu Dhabi) in
order to evaluate the performance of the proposed solution. The numerical model combines differe
validated codes for the simulation of optical, thermal, and electrical behavior of PCM, PV and DSF.
The model is then coupled with the indoor air heat bal&wpetionto evaluate the impact of the
proposed facade system on the heating and coolingyedengandThe adoption of a PCM layer in
the DSF cavity, in combination with a setransparent PV layer, leads to a reduction in the monthly
cooling energy demand in the 20% to 30% range. This result is particularly relevant for hot climates
T where coolng loads are seen throughout the year. The improvement in terms of heating load in
more colddominated locations is limited. The smoothing of the PV module temperature leads to an
increase in the electrical energy converted by the PV, with peak valuapmivement in the range
of 5% to 8% when the DSF is equipped with the R@M configuration. Ventilation strategies of
the facade cavity, coupled with the correct selection of PCM (and of its traritase temperature
range), are the key aspects to easffective management of the proposed technology.
Objectives

1- Developmentf two numerical methods describing thermal performance of PCM

2- Analysis of shortwave radiation through PCM as a function of the substance temperature.

3- Integrationof PV/PCM systemsn buildings, and investigates the thermal and electrical

improvements due tiomplementation of the PCM layer.

4.2 Background

Ther mal energy storage (TES) systems coul d be
fuels and to contribute to a moreieint environmental energy use. The main advantage of using
TES is that it can help with matching supply and demand when they do not coincide [1]. Thermal
energy storage could be accomplished using either sensible or latent TES: sensible heat storage ha
been used for centuries by builders to store/release thermal energy, but a much larger volume of

material is required to store the same amount of energy in comparison to latent heat storage
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(LHTES). An example of this is the use of a phase change mdf@M) as a storage medium [2].

A PCM solidifies when cooling resources are available and melts through thermal energy absorption,
thus reducing cooling loads [3]. Within the building sector, the incorporation of PCMs to different
construction elements orMMAC components can increase the thermal capacity of the building and
thus contribute to reducing indoor temperature fluctuation, reducing heating and cooling loads and
lowering energy use [4]. To enhance the energy storage capacity of a transparerg buildinpe
component, Goia et al. [5,6] have compared a conventional double glass unit (DGU) with-a PCM
integrated DGU, and it was found that the higher the outdoor solar radiation, the greater the benefits
on thermal comfort and energy performance that achieved through the DGU_PCM due to
shading and energy buffering effects provided by the paraffin layer. Weinlader et al. [7] have
investigated the thermal and optical performance of fagade panels using a PCM. It was concluded
that such integration impves thermal comfort, reduces heat gains through the course of the day
while overnight, nordesired heat gains can be drawn off. Silva et al. [8] have analysed the dynamic
thermal behaviour of a latent heat thermal energy store within PCMs both numeandlly
experimentally. The study highlighted the importance of each heat transfer mechanism and
concluded that the initial charge period, and almost all discharge process are dominated by heat
conduction. Melting time is dominated by the imposed heat flux R@M thickness, while the
solidification time depends only on the number of thermal units, i.e. the convective heat transfer rate
and PCM thicknesKuznik et al. [9] have highlighted the importance of the hysteresis phenomena
and the need to take themanaccount in order to predict the thermal behaviour of the PCM
composite.

The adoption of PCM in buildings is an effective way to enhance the integration of technologies for
renewable energy conversion through a better exploitation of solar energy, tmitghtipassive
components (e.g. PCM in glazing systems and in walls) and active components (e.g. PCM in HVAC
systems or advanced building envelope systeii®. effects of the sentiiansparent property, the

PCM thicknessand the zenith angle on thermal foemance of a PCMilled doubleglazing roof

were investigated numerically by Liu et al. [10]. It was concluded that the effect of thickness of
doubleglazing roof on its thermal performance is large, with an increase in thickness resulting in an

increasen temperature time lag.

4.3PCM thermal and optical numerical analysis
4.3.1 Equivalent heat capacity Method
The equivalent sgxific heat capacity method has bé&mplemented to account for the heat storage

within the PCM layer and a oftBmensional nodal transieheat transfer model has been used. A
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linear approximation athe heat flux between nodes has bestimated according to Hgtion(4.1),
which was numerically solved using the implicit fixed gridesme that employs linearizatidnitial

conditions anchdopts an iterative procedure until convergence is obtglrigd

Y 6y (4.1)
U —

Tw Tt
The heat balance at PCM node (P) can be expressetgsation(4.2). Refer taFig.4.]) also.
U oy oy Yy ey gy Yoy (4.2)
o) o) © Vo

Fig.4.1 Thermal Node heat balance

At the start of each time step, the initial fields are set to the previously solvedstep nodal
temperatures values. Since the thermal properties of each PCM node, i.e. specific heat capacity and
density, change with respect to the nodal temperature, the approximated values are evaluated as
function of the previous time step temperatimput”Y”. Accordingly, the nodal temperatufe can

be obtained. Nevertheless, there is an iterative loop which is of key importance in the code. A
temperature correction scheme is implemented by saving the solution of the matrix in the previous
iteration and then rsolving the system until the iteration error (difference between the current
temperature evaluation and the values of the previous time step) is lower than a specified tolerance
(assumed equal to 0.1 °@)e code thus sas, and starts mew time step,Kig.4.2. The solution

domain is defined by number of grid points in which the derived likeprationsform a matrix

system as shown ikquation (4.3), where A is the matrix of coefficients, X is the vector of
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unknowns and B is the column vector of kmoterms. The system is solved by inverting the matrix
to obtain the temperature values according to the previously mentioned iterative scheme.
0 ® 0 (4.3)

undary
ondition

Y

Initial conditions,
Ti=Ti,

for time step=i

Solve and calculate T, cp ,
ro,o..etc as functions in T,

n-iteration

IF Ti{n) - T{n-1)=error
y
Mo

< Yes >

Exit
Fig.4.2 Numerical code flowchart

For each node, the'gem (Trcv) Was evaluated using a continudimear function deterined by the
physical propertiesf the PCM Y HY riY HRQ ,6 5,6 5 which are provided by
the manufacturd17]. The linear employed formulagig.43) are shown from 4.4) to (4.7.
Furthermored® , which is the maximum specific heat capacity of tumsideredPCM, is

defined byEquation(4.8), [16].
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Specific heat capacity ,j/kgK

i |
Teems Tecm,m Tecm,i

Temperature, K

Fig.4.3PCM Specific capacity /Temperature linearization

Value of specific heat capacity Temperature range
6° Y 0 Y Y i (4.4)
6 z uY 6 ﬁ ‘ VF] vﬁ "Y "Y F] "Y "Y F] (4 * 5)
h h
F‘ z
6 z uY 6 ﬁ VFI 'ﬁ "Y Y FI Y Y F] (4 * 6)
h h
v
6° Y 6 Y Yo (4.7
J| L i3 J| L s J| L 45 J| L s hL
z Jlmrr OV ] (0 Nof @0 i (0 F0
< 8 < 8 < (4.8)
Fl e Zr LA Yal ek 5T

Wher a="%T; Y

The PCM layer was discretised into five homogenouslayrs, each of 3mm thickneé8a), A

nodal sensitivity analysis was performed, and the numerical results ensugatithisation of the
five-nodes/PCM layer. Theompleteresistance capacitance RC transient model is represented in
(Ob).
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Fig.4.4PCM glazing scheme (a), complete RC model (b)

Mathematical model description:

According to the RC model and different thermal resistancgesR&and R) which were explained

before in chapter?), the set of linearEquationsdescribing the system are classified based on
similarity in (4.9) to (4.12.

- Nodegq1), 9)

Thermal conduction and convection resistances are moderating the thermal performance of nodes (1)
and (9).

QY — Y ‘O

v (4.9)
oy g oy m O . vo (4.10)
Nodes (2), (8)

— Y — =y v o @ . (4.11)
Y — —y —y 0o @ . (4.12)
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PCM nodes (3:7)

Each homogenous sddyer (from the five nodes comprising PCM layers) is represented by a
conductive resistance and a capacitance. The resulting thermal datpraten(4.13 is shown for
one nale only (P2).

roo . " o ro 0 (4.13)

— Y C—

oV t

Where as previously clarified ifEquation(4.2), @ is a function of the edal temperature and

evaluated in the previous time stegdue Y

4.3.2 Enthalpy linearization method

This method was proposed by Voller and Swaminafizh its key feature to assume that phase
change occurs over an arbitrarily thin temperatargye. In this way the enthalpy can related to the
temperature by piecewise continuous functiofihe implicit fixed grid scheme was also followed
here in this methodAssuming constant specific heat capacity in each phase, the gnthalde

approximaed asn Equation(4.14).

) WY YUY .
'p o o 5 I'p 414
0 Q'Y N —— — Y Y N Yoo Y Y (4.14)
G g b
I’p I'p
V3 OY ® O°Y O Y OY v

Wherej is an arbitrarily small value representing half the phase change temperature interval. The

approximate definition H(t) can be readily differentiated with respect to temperatur&ito. ob

. W YUY W,
1V 1y
. 00 "o & o IV
° QY v ¢ c N " e (4.15)
I'p I’p
VIR YUY . @
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The definitions of H(T) and can be used to linearize the discretized enthedpmationin iterative

form as

V)
G Y ® "8 Y 9r8Y 73z 0° 0 (4.16)

Where:

"0 7: Enthalpy node value of the previous time step
‘'O : Enthalpynode value of iteration-f

a:Nodal coefficients

td, Time Step

At the start of the time stethe initial iterative fields are set to the previous time step values. From
the known temperature and enthalpy fields at iteratidnafl temperatures nodes are obtained .In
order to ensure solution consistency a correction and iterative loop has tmweddy saving the
solution of the matrix in the previous iteration and thesaking the system after correcting the
nodal temperaturéy by Equation(4.17) to convergencehe code thus saves, and starts a new time
step. Furthermore, the solution domain is defined in which the derived Htwpationsform a
matrix system and solved instantaneoubly inverting the matrix to obita the temperature values

according to the previously mentioned iterative scheme.

.0 . - "
',P — O w'Y N ',"
’r @ p
’p p
kg Oy r
"Y l‘]} (b c (b c 0 "Y N "Y "Y N r}, (4' 17)
'y q N v
I’r L v
yO w W'Y 0 - Ny
Ly 7 0 Oy N Ulj
w w o
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Mathematical model description:
The same set of linedEquationsillustrated in the previous method apart of the PCM nodes

mathematicatlescription.The thermal balandéquation(4.18) is shown for one node only (P2).

— Y q— o Y — Y 0O O0—
s (4.18)
” e J
o v 3 o0

4.3.3 Short-wave radiation

The radiative heat transfer based on the grey surface model was implemented. This model is defined
by considering only spectraverage thermoptical properties (one value in each band)
corresponding to neaverlapping regions of the spectrum, witbestral uniformity in each of the

two considered bands: solar sh@md longwave radiation.

Short-wave radiation through PCM module

Within the PCM layer, the analysis of the optical performan@nd accordingly, the shewave
radiation is not simple lbause the PCM has variable optical characteristics, which depend on the
current physical status of the material. When the PCM is in solid state, the dominant transmission
mode is directo-diffuse and the scattering effect is promingt] while in liquid phase, as the
transparency increases, diréaidirect transmission takes place. While the material is within the
phase changing zone (i.e. mushy zone), the PCM optical data becomes even more complicated, since
the behaviour is somehow-bretween that o& fully solid PCM layer and that of a fully liquid PCM

layer. The modelling of the optical properties of the PCM layer therefore must include the transient
physical state of the material.

Accordingly, the optical properties such as absorption, scatteaimyfransmission, which control

the radiation propagation within the PCM, have been evaluated based on some mathematical
Equations (4.19) (4.25) which compute the nodal optical properties as a function in the liquid
fractiont . The liquid fraction value is the relative amount of liquid phase present in the PCM. The

study has been explained thoroughly in Gowreesunkera[&d4l.
If Trem<="Y, then

L (4.19)
Else if Teem>"Y,
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i P (4.20)
Else if 'Y <Tpcm<Y,

R A (4.21)
Y 'Y
Zp T (4.22)
p T
Q T, P T .5 7Y (4.23)
tz h p T (4.24)
| 77T p Q p (4.25)

Hence, by correlating the optical propesti® the liquid fraction (i.e. temperature of each node),
accurate and descriptive results are expected from the numerical model. After identifying values of
absorptivity and transmissivity for eathnode within the PCM layer, based on the state ohtiu,

these are combined with the angular optical properties of the two glass layers represented by two
nodes.In which the et radiation method is appligd5]. The method expresses the radiation that
leaves the glass on its outer face I11(i), and thatkvleaves the same glass from its inner surface
12(i), as a function of the boundary conditions and the technical characteristics of the glass (See
Section2.2.1b). The code is then able to identify the solar radiation eneatance for each time step

of the entire glazind®CM assembly. The final resultant solar radiation transmitted to the indoor
zone, (i.e. the solar gain), has been applied to the indoor energy balance to evaluate the required

hourly thermal loads.

4.4 PCM Numerical Model validation

4.4.1 Equivalent capacity method

Validation of the model was carried out by comparing the measured dft&]byegarding surface
temperature values of the inner and outer glass surfaces of the PCM glazed unit, with the numerical

resuts. As illustrated ir{Fig.4.5a) and Fig.4.%), a good agreement is reached in the model.
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Fig.4.5 Numerical Model validation, calculatedvs measured{a) Inner glass surface, (b) Outer
glass Surface

The evaluated root mean square error (RMSE) for the inner glass was 2.4 °C and within the outer
glass was 2.7°C.

4.4.2 Enthalpy linearization method

The same set of measured daié] [were used and as shown inF{g.4.6&b) there is a good

agreement between the numerical and experimental resb#sRMSE forthe inner glass reached
1.6 °C and within the outer glass as 2°C.
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Fig.4.6 Numerical Model validation, calculatedVs measured,a) Inner glass surface, (b) Outer
glass
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4.5 PV/PCM integration numerical heat transfer models

4.5.1 PV/PCM building integration back ground

One particular use of PCM in combination with other technologies for solar energy conversion is
seen in s use for moderating temperature rise in PV modules, where efficiency loss due to the
increase in module temperature can be reduced: in crystalline silicon solar cells, the associated
elevation of PV temperature reduces the solar to electrical energgrsionvefficiency by 0.40.5

%/K Batagiannis et al. [18]. Ciulla et al. [19] have presented adanensional thermal analysis of

an isothermal PAPCM model by using an explicit finkgifference approach. The numerical model
results have been validatedaatgt experimental data obtained from a test facility in Palermo, Italy.
The model can be then used to determine the thermal behaviour of a multilayer (opaque) wall in
which there is a PCM coupled with a PV module. Aelenei et al. [20] analysed a simibidieaial
network model for building integrated photovoltaic BHCM which has been developed in
MATLAB/SIMULINK and has been validated with experimental results during the heating period.
The comparison has demonstrated a good agreement, with most ahsgespoccurring when
airflow begins to flow into the gap. The maximum electrical efficiency of the PV system reached
10%. Hasan et al. [21] have investigated the economic consequences of applying PCM in a PV
system in two differentlimatic conditions. ltwas concluded that such a system is financially viable

in higher temperature and higher solar radiation environments. The numerical investigation of
PV/PCM combination has been handled through two models. The first was one dimensional heat
transfer model,the PCM thermal performance has been described based on the equivalent
capacitances method. Then théD1model has been coupled with the indoor air heat balance
Equation to evaluate the impact of the proposed facade system on the heating and coolng energ
demand. In order to develop the numerical model and to take into consideration some physical
phenomenads such as air stratification throug
transfer model using the enthalpy method to describe the PCligrmpance, and the model were
linked to TRNSYS simulation studio to describe in details the building yearly thermal demands. In
this chapter the two models have been clarified thoroughly with different cadesssand boundary
conditions.

4.5.2 One dimensionalmodel of the integrated DSF+PVPCM system:

Onedimensional transient model has been developed to include HRCRVintegration in the

building facade. The RC model is clarified(Fig.4.7) and MATLAB [30] is used to develoghe

code. The cavities (i.e., cavl and cav2) were assumed to be-Ya@mtdted by the outside air (out

out) methodology.
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Fig.4.7. PV/IPCM- RC model (a) PV/PCM configuration scheme (b) RC model

The solution domia has been covered by 15 node grid points in which the derived Eogations

form a matrix system as shown EHguation(26), where A is the matrix of coefficients, X is the

vector of unknowns and B is the column vector of known terms. The systenvesl 9 inverting

the matrix to obtain the temperature valugEe set of lineaEquationsdescribing the system are

classified based on similarity Bquationg4.26) to (4.35.
Nodes (1), (15)

Thermal conduction and convection resistances are moderaginigermal performance of nodes (1)

and (15).
e o2y P oo vy 0% oy
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Nodes (2), (4), (12) and (14)

Radiation hebexchange between surfaces appears in the energy balance between nodes (2) and (4),
and between (12) and (14).

Node?2

0 . 0 . v~ v~ I v~ @ 4.28
o Y ) Q QY Q7Y Q%Y O ( )

Node4

Y O (4.29)

Y QY QY O (4.30)

o Y » Q Q%Y Q%Y Q%Y (O] (4.31)

Node (3) and (13)

Forced convection was implemented within both cavities represbgteodes (3) and (13).

QY ¢cQ  a C(B:Y QY a c&)"y (4.32)
QY ¢CQ aadY QY G a0°Y (4.33)

Node (5) and (11)

U wr U U e U e e,

— Y — — Y — Y o) (4.34)
) ) ) ) C

v, v v, v e @

— Y — — Y — Y o) (4.35)
W W W W S

PCM nodes (6:10)

Each homogenous sdiayer (from the five nodes comprising PCM layers) is represented by a
conductive resistance and a capacitance. The resulting thermal Hatparaten(4.36) is shown for
one node only, for the sake of brevity.
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Whereaspreviously clarified inEquations (1) and (2)& is a function of the nodal temperature and

evaluate in the previous time step valugy

4.5.3 Required hourly thermal loads

The =expected I mprovements due to Il ntegratio
thermal/electrical performance and the building thermal loads. Accordingly, to reamte aigalistic
evaluation, an hourkgimplified thermal energy model is used alongside the nodal temperature
results obtained from the code in both comparative cdses.internal load$22] summarized in

Table (5), are switched on only during hours of @ancy; the schedule for which is clarified in
Table (1).It is expected that thermal loads calculated with the model herewith presented are higher
than thermal load achieved with more advanced models such as TRJ2S]YSvhich takes into
considerationthe oomdés t her mal capacity and radiation
the indoor space. However, the main scope & #ectionis to state a simplified platform for
numerical modelling concerning the FRCM integration within totally glazed fade buildings.
Hence, thezonethermal energyevaluation dependedn identifying the convection losses due to
inner glass layer, solar gains and internal Iqd@@ble 4.) on an hourly basiésee section 2.3.2The

room energy balance is evaluatedBxyuations (4.37) and @.38, where a negative sign represents

the required cooling loads and a positive sign represents the required heating loads. All affice roo

walls, except for the glazed facade wall are considedidbatic.

00 YO 6£€ &0 QddE0NE Qi (4.37)

C

6£¢0QaENE &6 Y Y (4.38)

Table 4.1Internal loads

Persons Light Equip me n
wW W/m? w
70 10 130
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The input data to the code are valmsnmarizedin the physical specification of the facade
composition: the site climatic conditions and thermal characteristics of the PCM. All climatic data
have been evaluated from TRNSYS mo@d] on the west vertical orientation, based on a 15 min
time step i.e. data extracted depends on the test reference yeaffidRiMput data are listed below:
1- Beam and diffuse solar radiation.
2- Solar radiation vertical incidence angles.
3- Mass flow rate for ta cavity ventilation (based on specific working hours, as the building
under study is assumed to be administrative).
4- External and internal temperatures. As mentioned, the internal design temperature follows a
work schedule, which is clarified in Table2
5- The angular values of the absorption coefficients for different glass layers. The method to
obtain it was previously clarified in detail {gection 2.3.2)

6- Thermal characteristics of the PCM layer.

4.6 Numerical study parameters

4.6.1 Climates and inside desigrrtonditions

The study includes three different locations to investigate thoroughly the climate influence on
implementing PCM in BIPV. The climate categories which were considered are: warm temperate,
snow fully humid, and hot arid, Kottek akt [24] represented by: Venice (ltaly), Helsinki (Finland)

and Abu Dhabi (United Arab of Emirates), respectively. Due to this diversity, (i.e. ambient
temperatures, solar radiation intensity, incident angles), the parameters for indooipaintseare

also different Those design parameters directly affe
cities of Venice and Helsinki, the summer season starts in May and finishes by the end of September.
The inside thermal design conditions for both cities are within tbepaed rangf5]. Nevertheless,

and particularly in Helsinki, certain design conditions were followed in NZEB project
Ymparistoltalo officebuilding [26] according to colder climatic conditions compared to Venice. On

the other hand, the city of Abu Dhatdboes not face a winter season as the minimum coincident
ambient temperature, with 0.4 % as an annual percentile value, equ& twaPpens in January.
Accordingly, the design temperature as [251] is considered to be 2@ and 28C at the weekends,

and hat to avoid mold formation on walls and furniture. The design temperature is assumed to be
4°C highe than that outside. InT@ble 4.2, the settings for occupancy and indoor air temperature

setpoint used in the numerical simulations are summarized.
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4.6.2 Double skin facade (DSF) configuration

The DSF tested in the simulations have two configurations: one that includes-aasesmarent

PCM-PV layer in the cavity, and one that includes only a deamsparent PV layer in the cavity.

The layer structures of the two DSF and the correspondent nodal scheme are dfaogva.8a and

b). lllustrated in Table 4.3 are some technical specifications of the glazed layers that were used.

The type of PV that was used is a séransparent amorphosslicon (asi) module(Table 4.4 lists

the technichcharacteristics of thesedmodule.

Table 4.2Summary of simulation parameters

CITY Inside Working Season
temperature hours
Occupancy 26°C 8am:7pm Summer months
(Mon. to Fri.) ( May to Sep.)
Venice31] Non occupancy 32°C
Occupancy 20°C 8am:7pm Winter nmonths
Non occupancy 15°C (Jan to April) and
(Oct to Dec.)
Occupancy 25°C 8am:7pm Summer months
Non occupancy 32°C - ( May to Sep.)
Helsinki [33] Occupancy 21°C 8am:7pm Winter months
Not occupied 15°C - (Jan. to April)
and (Oct. to Dec.
Occupancy 23°C 8am:7pm Summer months
Abu Dhabi Non occupancy 26°C - (Feb. to Nov.)
[25] Occupancy 23°C 8am:7pm Winter months

Non occupancy Toutside+4°C

(Jan. and Dec.)
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Table 4.30ptical specification of inner glass layer

Thickness U Transmissivity Absorptivity
W/m?2K t a

glassl 8mm clear glass 5.3 0.7 0.2

glass2 4mm clear glass 5.6 0.8 0.1
&

glass3

outer glass®, PV module inner glass
-91\ 42

T ., 3 L A
Extemal 2 LL5

e
—
—

-~
co”
=
=
D
&L
=
2N

(b)

Fig.4.8 PVIB- RC model (a) PV configuration scheme (b) RC model
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Table 4.4PV module technical specifications

Nominal peak 140W)
power
Voc 185(V)
Isc 1.15 (A)
Cell type asi Thin film
Front glass 3mm tempered glas:
PV glass 3.2 float glass
F -0.199%c
£, 15%
Sol. Transmission 7.4%
Sol. Reflection 10.2%

The two comparative cases of the fagade configuration areiedanif(Fig.4.%): the PVYPCM layer

and Fig.4.9): the PV layer. The facade is applied to a virtual office room, with the following
dimensions: & m width, 3.30m depth, and 3rbheight, and westriented. As suggested by Goia

[28], it is possible to find an optimal percentage of transparent area for a given location, where the
total energy use of the building is minimized. The optimal range, for a fagade with conventional
windows and walls consiction, lies in the range of 20% to 60%. In this simulation, considering the
different nature of the facade (an active facade), it is less straightforward to determine an optimal
value for the transparent surface. Considering the advantages given bgstecprof the PV in the
semitransparent part of the facade, the following configuration was used in this study: 30% fully
transparent DSF, 70% setnansparent facade (either with PERW layer or just with PV layer), see
(Fig.4.<).

4.6.3 Control strategy for cavity ventilation

As clarified previously, the effective specific heat capadity is estimated as a continuous
function of the PCM nodakmperature [16]The maximum value af* , Which is considebly

larger than § occurs when the nodal temperature reaches the PCM peak temperaturenvalue T
Accordingly, to maximize the efficiency of the PCM implementation, a certain compromise has to be
made. The surface temperature of the PV module has topbevkhin transition phase of the PCM

in order to represent an effective solution.
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The proposed ventilation scenafar the DSF cavity is to ventilate the cavity during nmorking

hours. It was concluded that if the cavity ventilation resultspigmTha is lower than 3, then the
benefit of adopting a PCM layer is reduced, since it does not accumulate heat within the transition
phase temperature range. On the contrary, it is important to avoid the PCM layer melting completely,
in which case it cannotrpperly discharge the heat accumulated during the daytime in order to be
able to regain the solid state and have the potentistore heat the following dayhe schedule of

the cavity ventilation is illustrated ifFig.4.1Q. The cooling process is starting before the end of

working hours at 7 pm and proceeds until the start of working hours on the following day.

. A A A,
A A A A
SN NN
=Y = RN B R
Inner glass Inner glass
layer layer £
Outer glass Outer glass
layer layer
PV surface
PCM layer H
glazed layer PV Module
Office 7 Outdoor Office

(@) (b)

“{Transparent area
=3.15m2

3.50m

| Semi transparent Area
) =7.35m2

()

Fig.4.9 Glazed office integrated wih PV module Scheme (a) with PCM, (b) without PCM, (c)
facade configuration optimization

1
Fan-on Fan-on |

0 1 3 5 7 9 1 13 15 17 19 21 23

Fig.4.10Day time(hours)
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4.7 PCM selection

The selection of the PCM characteristics is connected to the climate, since it is necessary that it
presents the phase change osesuitable temperature range, in order to adequately smooth the
temperature increase over the PV surface. For this reason, two different PCMs were chosen for
Helsinki and Venice, than for Abu Dhabi. The material for the first two locatiocisaisacterize by

a lower phase change transition temperature (nominal temperature 41 °C), and the one for the latter
location has a higher phase change transition temperature (nominal temperature 55 °C). The two
materials have similar latent heat of fusion. Thermaphysical properties of the two PCM layers,

based on paraffin wax¢7], are reported iffable 4.5.

Table 4.5PCM Table of properties

City Venice/ Helsinki Abu Dhabi
Name RT42- Organic material RT55 Organic material
Solid temperature 38C 51C

(lower limit of phase

change range)

Nominal melting 41°C 55C
temperature
Liquid temperature 43C 57C

(upper limit of phase

change range)

Specific heat Capacity 2 kJ kgtK? 2 kJ kgt K1
Latent heat of fusion 175 kJ kgt 170 kJ kgt
4.8 Results

The numerical study results are divided into two main sections. The first reports the office thermal
performance and highlights the specific monthly energy usage of the glazed office as a block load in
the two comparative cases (expressed in kVihfan the three cities. The second section reports PV
modul esd6 ther mal i mpr ov e me n yearly solarrenergpcorveysepon fors  a
the two dfferent fagade configurations.
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4.8.1 Energy demand for heating and cooling

(Fig.4.11:) shows the specific monthly thermal energy demand in Venice. As shown during the
heating seasonhé demand is almost the same between having the integration of PCM layer and not
having it. When starting from the cooling season, the trend starts to change as cooling energy
demand is reduced by an average of 29% for the case where the PCM layer msemtgde In

Helsinki (Fig.4.1Db) the heating demand is, in general, higher than in Venice, but a similar trend is
shown: in summer season the PCM layer has a positive influence and provides a decrease in the
cooling energy demand in the range of 20% to 23%. As showhRig¥.1X), Abu Dhabi is the

location where the integration of PCM shows the largest potentials, due to the higher cooling energy
demand. The overall average cooling load improvement reaches 22%. The energy saving percentages

for dl months of tle year are reported iff&ble 4.§.

20 2 -
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] - Y F 4
0 TLE LE L mE MAY JUN O JULOAUG SEP o Lo L g fib Lol L MAY JUN JULAUG P L
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-10 1 Cooling NE -10 — Cooling
20 £a0
-E 1 2 ;
£ ] = r
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Fig.4.11Monthly thermal loads - kWh/m?(a) Venice City, (b) Helsinki city, (c) Abu Dhabi City
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Table 4.6 Summary of manthly reduction of energy use, for different locations

City Venice Helsinki Abu Dhabi
Months kKWh/m? - Decrement %
Jan 3% 0% 25%
Feb 4% 1% 24%
Mar 4% 1% 23%
Apr 3% -1% 22%
May 29% 22% 21%
Jun 30% 21% 21%
Jul 29% 20% 20%
Aug 29% 20% 20%
Sep 29% 23% 21%
Oct 5% 1% 21%
Nov 4% 0% 23%
Dec 4% 1% 25%

4.8.2 PV system energy production

The study investigated the thermal and electrical influence of applying a PCM layer behind PV
modules. (Fig.4.12 a,b and ¥ shows the weekly temperature profilesrfprmance in cities for
Venice, Helsinki andAbu Dhabirespectively The overall trend in all cases is that PV module
average surface temperature was lower in cases that used PCM. A more fdatifiedtion is

shown in(Fig.4.13, where the temperature peak shifith and without the PCM layer is shown,
highlighting the temperature curve accretion/decay due to irradiance. The daily temperature profiles
for the thee cities are illustrated, and it is clear that by combining a PCM layer with the PV module

one guarantees a smoother temperature profile, especially when it reaches its peak value.
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Fig.4.12PV average surface temperature comparison, (a) Venice, (b) Helsinki, (c) Abu Dhabi

As shown in(Fig.4.13), in Venice, the comparison between average surface temperature with and

without a PCM layer is illustrated in #4f August. The PCM worked as a heat sink, and its effect

started by 7 am in the morning, causing a divergence of 5°C c@&us&veen the two compared

cases, i.e. with and without PCM, the PV module surface temperature differences have continued

steadily until they reached the peak region between 3pm and 6pm. As was mentioned previously, a

west orientation was used, and so it wgseexed that the solar radiatiomhich maximizedthe PCM

performancewould be around this time of the day. The PCM has allowed an almost constant surface

temperatue, while without the PCM layahe gradient of the PV module surface temperature was

increasing. The temperature profile of the PV module without PCM started to cool down rapidly

compared to the PCM case with a divergence that reaches 10°C degrees as a maximum value until

the end of the PCM solidification phase. However, the higher temperdttire BV layer when not
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irradiated, or with low irradiation, has no influence on the module performance, since electrical
energy conversion is, at that time, very low or fihe utilization of the cavity forced ventilation
strategy after that peak regibas been shown to be an effective means to cool down the PCM layer
and take it back to the solid state before the start of a newndiglsinki, due to the early sunrise in
summer season, (sdédg.4.1d), corresponding to 19July), the overall pattern of the surface
temperature profiles is repeated with different divergence values seen in Venice, and reaches its peak
with about 20°C degrees difference. In Abu Dhdfig{.13), corresponding t6&™" August), the

PCM performs as in the previous cases with lower divergence values between the configurations

with and without PCM application. The maximum peak reached wa&sdegrees difference.
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Fig.4.13Temperature daily profile of the PV PCM module, for a givensummer day, in (a)
Venice, (b) Helsinki, (c) Abu Dhabi
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The hourly produced power was estimated for the PV module using a correlation between the PV

efficiency, the surface temperature, and thedianceaccording to Equationg(39) and (4.4(29]:

0 O b (4.39)
_ S Yty (4.40)

where0 was assumed to equal 7.2n is the hourly total component of the solar radiation,
calculated by the ae that is impinging the PV module, and the efficiency of the-PV decreases

as the temperature of the module increases. As showigume (Fig.4.14, the overall trad in the

three case studie®, b and c)was highe in PV-PCM than for the PV module alone from the
produced electrical power per unit area because of the improved temperature conditions of the PV
modules which is due to the presence of the PCM, as previously described. These difference values
per daygP ranged from-0.2 to 1.8 (W/r). The difference in energgonverted power between the

two configurations has been magnified by a factor of 10 for the sake of readability. In Venice, the
maximum percentage of improvement exceeded 5%, in Helsinki it wastadftosnd in Abu Dhabi

it was a little less than 5%. Negative values appeare@Fgyd.14c) with lower solar radiation
values, due to the PV layer getting cooler sooner without PCM. However, this small worsening of
energy conversion performance under those specific conditions was greatly outweighed by the higher

energy conversion f€iency during the remaining time.
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Abu Dhabi

4.9 Discussion

In this chaptera physicdalmathenatical model for a DSF with PCIRV layer has been conceived

and developed in order to carry out numerical simulations to evaluate the integration of a PCM layer
into a ventilated transparent facaddée study shows that the integration of PCM layers bt

skin fagades, in combination with PV modules, can be effective to significantly reduce the cooling
load of an indoor space and to increase the solar energy to electrical energy conversion efficiency.
Results of the simulations have revealed that tbhathty cooling load is always reduced, regardless

of the climate, in the range from 20% to 30%, while the implication of the use of PCM in the cavity
on the heating energy demand is limited. However, this latter result might be connected to the
selected wetilation strategy for the DSF cavity (i.e. emtit throughthe-night methodology). It is

reasonable to assume that a different ventilation path (e.g. indoor air curtain) might result in a
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reduction of the heating load too, especially for climatbsractezed by notextremecold
conditions (e.g. Venice).

The study highlights that the correct choice of the transition temperature of the PCM, coupled with
the ventilation strategy, are the key features to ensure the effectiveness of this solution. Dedicated
contr ol al gorithms to ensure a proper managem
enable future development of this technology. In particular, it is important that the PCM layer is
maintained, as much as possible, within its transition preagge. Ventilation therefore becomes a
powerful tool to cool down the PCM when it is reaching the upper limit of the transition phase, and
to assure that the PCM layer is restored to the solid state before the solar irradiation appears on the
following day. On the other hand, it is important to avoid overcooling of the PCM layer, which might
lead to a worse performance.

With the use of a simplified control for the ventilation, the simulations presented in this paper have
shown the possibility of reducing éhPV module temperature by up to 20°C C, with small
differences among the different locations. This is a particularly promising result that has a dual
impact, both on the thermal load of the room, and on the conversion efficiency of the PV module.
Implicatons on thermal comfort were not assessed in this research, but bgsedions studies in
literature;it is reasonable to foresee an improvement in thermal comfort conditions when a PCM

layer is adopted in the DSF.

4.10 Linking of TRNSYS- PV/PCM MATLAB modd

Thermal inetia of building components has an influemon the overall energy balancecodrdingly
to expand and enforedee PV/PCM modulémplementatiorstudy, he MATLAB code wadinked to
TRNSYS modeklarifying the yearly thermal loads of a fictitis building As previously clarified;

TRNSYS takes into account the stored heat in the building components.

4.10.1Methodology

The interaction between Nlaab and TRNSYS simulation studio is carried out using TYPE 155 from
TRNYS library. This type is dedicated tead external codes executed by MATLAB. The numerical
solution as clarified in Kig.4.19 starts by reading the requir@kather condition from TYPE 16,

which includes:

-Ambient temperature
-Vertical beam and diffuse solar radiation
-Incident solar radiation

These are considered the boundary conditions for both the Facade PV/@dii¢ mnd the building.
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Fig.4.15Matlab TRNSYS linkage simulation studio

As Clarified previously in the PV/PCMLD model the numerical code estimates the surface nodal
temperature for each of the module components till the last node whiesers the inner surface
layer temperature. However in the linking process between the PV/PCM module the MATLAB code
delivers only the air noda and the estimated transmitted so&tiation in cavity 2Kig.4.19 to be

as user defined transient values for the room inner layer.

TRNSYS Matlab_ ______ TRNSYS . __
r ar ar 1

Input Data
Weather conditions

Room

g

[ORGESRSRGN

NP
J\ AT - B
\Inner Glass layer

Transmitted solar radiation

Air Node-a

Air Cavity -2
PV/PCM
Air Cavity -1

Fig.4.16 Matlab TRNSYS scheme

The reason behind not considering the output temperature of the inner glass layer calculated by
MATLAB is that the complete room struectiaccordingly the radiation heat exchange and thermal
storage of the room components which will contributes in the energy balance of the inner glass layer
and its final surface temperature are taken into account in TRNSYS simulation model. the inner glass
layer been identified in TRNbuild TYPES6 library with the following specificationBable (4.7)
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Table 4.7Glazed layer specifications

Density (Kg/n¥) 2500
Heat Capacity kJ/(Kg.K) 0.84
Conductivity kJ/(h m.K) 0.27

4.10.2 PV/PCM module cavity Ventilation schedué

The influence of the facade cavity ventilation schedule is considered prominent card through the
building energy performance, especially after PCM integration since the ventilation stimtegy
controllingthe pattern of phase changifgcompromise evalation throughhreestrategies has been
analyzed Strategyl assumes the ventilatahyear at dayme, Strategy during the winter season

the ventilation has stopped entirely whitethe summer season it was daring nighthours The

third strategys venilation off all year Fig.4.17.

Ventilation control strategy-1 On A" day
The ventilation system of the facade cavity

On all year during working hours only Off

|
s@‘% ‘{\@v‘%@“ ‘JB& ¥ @QO"\&%

Ventilation control strategy-2 On|y nlght tlme
This strategy invedgjates the ventilatior O_n 8pmt0 7am

influence through summer season during ¢ (ff
night hours from 8pm to 7am of the ne» J J J J J J J j j
morning While in heating season the cavi QJQJ ¢ & * ‘J& 8 oA G
0
N\‘b ?‘Q@‘b 3\\ \ V‘\} (OQ,QO é()o@

)
left without ventilation ) <<

No ventilation i Strategy-3 On

was facal to consider the PCM Iayer withot Oi _

any passive or active cooling system.
&~ v
5’(}((% N@*S\) 5\)\*)0“‘ @Q00$00®

To investigate the PCM discharge phage

Fig.4.17Different ventilation strategies
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4.10.3 Fan electrical power estimation

Another important aspecto objectively evaluate the energetic performance of the systetime
ventilation system energy consumption. For each strategy the hourly fan power were estimated by
Equation(4.41).

Fan Power W =—— (4.41)

Where:
0 volume flow rate rifs
Pt Total pressure increase in the fan (Pa)

d: Fan efficiency

4.10.4 PCM proper selection

Although the focal point behind implementing The PCM layers within buildings envelopes is to
increase building components thernrartiaand improve the energetic behavior lauvrong type
selectioncould worsen this energetic performance in compaoingot implementing PCM at all.
Temperature working ranges, specific heat capacity value, the expected heat flux and the strategy of
discharging absorbed heat aregmaeters which contrdhe efficient and successful integration of

PCM. The preliminary sfein PCM selection within PV modules integration is to determine the
average daily surface temperature without PCM. In the present case the average surface temperature
without PCM reached 306, hence the nominal melting PCM temperature selection range wa

assumed to be3’C. Clarified in(Table 4.8the two types of PCM have been examined.

Table 4.8PCM types technicalspecifications

Name RT-28 Organic material RT- 350rganic material
Solid temperature 27C 29C
(lower limit of phase

change range)

Nominal melting 28C 33C
temperature
Liquid temperature 29C 36C

(upper limit of phase

change range)

Specific heat Capacity 2 kJ kgtK? 2 kJ kgtK?
Latent heat of fusion 250 kJ kgt 160 kJ kgt
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As shown in Fig.4.19 the overall pttern of RF35 is smoother than R28, especially after the end

of working hours and the start of the cavity free ventilation and discharging process. PV module
integrated with R128 surface temperature is lower than-8 until the ventilation starts oven the
following day. The sudden changestemperature profiles appesr the RT28 of lower melting
temperature thoughhigher specific heat capacityAccordingly the decision was made up to
implement RT35.
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Fig.4.18 Temperature profile for RT28, and RT 35PCM types
4.11 Result

The aboveclarified model was applied in two different climationditions,Venice as per Koppen
classification 4] it is warm temperate fully humid and warm summer. On the dthrd,Helsinki

is the secoa City and it § classified asrow fully humid and cool summer.

411.1 Venice city

As shown in Fig.4.1%) in Venice city thermal energy loads were clarified for the two ventilation
strategies and also for the case without PCM. Ventilating the cavity all day working hours is worsen
the thermal performance of the PCM specially duringhéeging seaon while the second strategy

was sufficient for obtaining higher performance durinthideeating and cooling seasons. In the third
stratey of not ventilating the cavitythermal loadsequirementshave increased within summer
season as a result of ineféency of PCM solicitation procesblowever not applying PCM at all is
recording the highest trend in summer mongpecifically. (Fig.4.1%) illustrated the hourly PV

surface temperaturngrofile, as shown both strategies are close. Apart of day peakbstimer pm
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with the highest solar radiation intensity rate in which the-ventilated PCM is transformed into
liquid.
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Fig.4.19Yearly thermal loads vs. cavity ventilation strategies

Venice energy evaluation

The air volume flow rate wasonsidered 200L/s for the cavjtyotal pressure of 300PA and fan
efficiency of 0.75 and by substituting in Eqaion (4.41) the fan yearly electrical energy
consumption was evaluated for easthategy.In both strategies 1 and 3 the electrical energy was
estimated by35GkWh/yr.. While in strategy 2 the fan electrical energy consumptieached
19kWh/year. Although expected electrical energy savings duentd ventilating the cavity in
strategy 3 buton the other handhe increment of thermal load®ached60% as an average
percentagéhrough summer season.

4.11.2 Helsinki city

Due to the cold climatic conditions i.e. amge low coincident external temperatures in
HelsinkiFig.4.2@), the possibility of not having forcedventilationsysteminside the cavitwll year

have beerinvestigated It was noticedthat althoughventilating the cavity ismproving thePCM
dischargeprocess during night howevduring daytimethe peformanceis almostthe same as mho
ventilating the cavitysystemduring winter season. Whilst implementing forced cavity ventilation
system has recorded the highest consumption followed by the without PCMHmasgever, in
summer thermal consumption trendad aifferent order. Forced ventilating the cavity all working
hours(strategy 1had recorded the lowest thermal eneirgynonths of May till September and the
heating requirements appeared in first and last summer season months could be ignoteé since

HVAC system in this case could be totally turned off. Trenaliswed by forced ventilation of the
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cavity during night hours. Almost not ventilating the cavity thermal energy requirements was equal
to the without PCM case. Taking into consideratitmat without PCM case is always forced
ventilated during working hoursaé to 7pm, accordinglyhe electricalenergyfan savings is the
articulateditem in the overall systerenergy evaluation(Fig.4.2®) is illustrating average surface
temperature of integrated PV module inside the facade cavity implementing the ventilation
strategiesAlthough strategy 2 has a better thermal energy performance in comparing to strategy 3
but both strategieshad the highesprofiles and it occurred during the peak time of the west facade
direction. It is important to highlight that is duegmwopagation of solar radiation PCM module starts

to totally transform into liquid phase amacordinglysensiblesurfacetemperature of the P¥as
increasedHence,due to the dynamic and variable phases of PCM performance the overall energy

evaluation has to be carried out to comprehend objectively the pros and cons of the system.

5 - +- Strategy 1(PCM_vent all year

10 Strategy 2(PCM_vent only summer night hours)

s Cooling v - « -Strategy3(PCM _no vent all year)
T AN FEB MAR ARR ,Qﬂ u; oCcT NOV DEC & ¢ —— W/ PCM [vent all year |
S O T TR I IV T AOR 0T UG 7)sER 7 [ IE BH: 1 E
i e § ¢
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; { |I EH 2 H H Heating E
.10 ] [ : v
v 1 [ K} @
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(a)Yearly thermal loads vs. cavity ventilation (b)Average PV surface temperature

strategies

Fig.4.20Helsinki Energy evaluation

Strategyl has the highest electrioahergy consumption of 38Wh/yr., followed by strategywith
19kWh/yr. Howeverin the yearly thermdoads evaluation strategy 1 has the higliesing winter
season with an average increment of 60 % compared to strategies.draadrBmer seasand due

to high solar radiation intensity and cooler external temperatures during night Strategy 1réeorded
lowest thermal energy inquires almost zero. While not ventilating the cavity at all or ventilating it
through the nightodés hours were not the right

latent thermal storage.
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4.11.3 Optimization of ventilation strategy

Study included different strategies to reach an optimum combination of ventilation system capable of
achieving the highest efficiency of PCM implementation. For climates similaretoc¥ city it is
recommended tamplement PCM, not ventilate ¢hcavity during heating season and ventilate it
through summer season during night to improve the PCM discharge efficidéosgver,in Nordic

climatesit is preferable to implememkaytimeventilation during only summer season

4.12 Two dimensional model of tle integrated DSF+PV/PCM system:

The reason behindleveloping the model into two dimensional is to ingede the stratification

effect abng the facade height especially that integrating the PV/PCM inside the cavity might create
draught causedybair dengy differences. Nevertheless, the conduction heat fltemains in one
dimensional 1D but the 2D heat transfer has been illustrated to support the comprehension of any

future improvements includes the heat conduction in the y axis.

Introduction:
The phystal system is represented by nodal scheme. The double skin facade is divided into

increments in the x anddirections denoted by andYw (Fig.4.2))

y() T

ST T T

q | |
T

Fig.4.212D heat transfer

For each node the energy balafmpiationis determined and by solving these linEguations the
unknown nodal temperatures are determined. The governing 2D trahemntransfefEquation
(4.42is

T Y 1Yy TY (4.42)
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The thermal coupling between the mesh nodes is described by thermal resistances in between the
considered temperature nodg dnd all neighbour nodefki.4.29 where (i) is the number of nodes

in horizontal directiorand () in vertical direction{32].

I ij+1

Ti.j

Ti.j—1
Fig.4.222D /RC scheme

Accordingly to form the 2D mesh with erdnsxpect
direction described previously in the 1D model and by digtngtthe fagade into number of (j) iR y
direction the obtained set of line&quations "Q Qi.e. Fig.4.23 .

In the developed model PV/PCM , the daotion heat transfer is only along x direction as
illustrated in  Fig.4.29 the PV/PCM facade integration mesh schemdewever the vertical

interaction is happening through fagade cavity air nodes to take into considénatisimatification
effect.
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Fig.4.232D node scheme
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Fig.4.24PV/PCM facgadesubdivision

Heat balanceEquationsfor the 2D- PV/PCM mode

The PV/PCM facade is discretized into ¢plumes, (Fig.4.25 ard in each volume the glazing
elements, PV module, PCM layer are linkdatough resistance network .The surfacdéseach
volume simultaneously exchange heat by conduction through the glass, by convection with the air
layer in the cavity and by infrareddiation with other surfaces. Inside each cavity the infrared heat

exchange between surfaces is supposed to take place wittirvtiare only.
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Fig.4.25PV/PCM facade 2D scheme

For outer and inner glass elemengts and g3 outer and inner surface nodspedvely, the surface

node heat balance is related mainly donvectionheat transfer n through ambient or
boundary conditions and conductio through the element itself, the energy balance for outer

glass elementodes is as follows Equation (4.43) to (4.45)similar energy balance for inner gkas

element could be considered):

n n N f (4.43)
; LIy v (4.44)
n Q 8 87Y Y (4.45)
Where:

The CHTC values whether in outeonditions 'Q  or "Q has been clarified before shapter

).

For glazed (glg2, g3) andPV module elementsvhich ae adjacent to the air cavitieshe node

heat balance has considered the conduction through the el§ment, the convectionr) and

the infrared radiationn) with opposed e@mentEquation (4.46)

n n n N & (4.46)
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