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Abstract

The application of an innovative translucent superinsulated latent heat storage wall, combining
transparent insulation material and phase change materials (TIM-PCM wall), on the envel ope of
a typical office under different climates is evaluated. Energy and economic analysis related to
this application are presented. The simulation process is carried out using an experimentally
validated numerical model. The results show that the incorporation of the TIM-PCM wall, on the
south orientation, is more efficient than the use of a double-glazed in all considered climates. The
optimum TIM-PCM wall area is evaluated economically through life-cycle cost and payback
period analysis. The purpose is to ensure an effective performance of the wall in each climate
and at the same time to ensure an economic viability. The results show that, in polar and
subarctic climates, the application of the TIM-PCM wall has a high economic value and the
investment appears to be attractive, the payback period being 10.5 years and 7.8 years
respectively. In Dras (continental climate), the use of the wall is found economically unfeasible
due to low energy prices and high discount rates. At current prices, the TIM-PCM wall
investment in Sacramento (Mediterranean climate) and Toronto (Humid continental) does not

offer economic benefits.

© 2018 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0360544218324885
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0360544218324885

Keywords: TIM-PCM wall, energy performance, climatic zones;onomic analysis, office

building envelope.



Nomenclature

COP
Cp
CSTB
EC

€

EN
ESC
fi

HVAC

LCC

("

N

PCM
PERSEE

PP
PRMSE
PWF
Qsol-trans
r

RMSE
S

Tair

TIM

Coefficient of performance

Specific heat capacity

Scientific and technical center for buildimgearch

Energy cost

Experimental values
European norm

Energy savings cost

Liquid fraction

Height of the vertical surface
Indoor convective coefficient

Outdoor convective coefficient

Heating, ventilation and air conditioner
Initial cost

Thermal conductivity

Life cycle cost

Latent heat of fusion

Lifetime

Phase change materials

center for processes, renewable energiezraargy

systems

Payback period

Percentage root mean square error
Present worth factor

Transmitted solar radiation
Discount rate

Root mean square error

Simulated values

Outdoor air temperature

Transparent insulation material

(A9

(%)

3)

(m)
(W/3K)
(W/K)

(%)
(W/RK)
$)

(J/kg)
(years)

(years)

(Whn

1E)



Tm Melting temperature
Tevap Evaporating temperature
Teond Condensing temperature
v Wind velocity
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1. Introduction

Nowadays, reducing the total energy demand of tbddwis a crucial challenge, due to global
warming, climate change effects, energy crisis, amgironmental issues. Building sector
contributes to a great part of the world’s energgsumption [1], mainly due to the heating and
cooling demands. Thus, one of the most importangswat reducing the total global energy
consumption is to decrease the energy used in H¥p&ems in buildings. One promising
solution is the integration of latent thermal eryegjorage systems based on phase change
materials in the building envelope. Phase changenmaés can store (during melting) and release
(during solidification) large amounts of energyaatalmost constant temperature. Consequently,
they can enhance building energy performance, dserduilding energy use, reduce peak
heating and cooling loads and improve thermal coinif—[6]. However, the workability of
passive PCM application in buildings depends ondinenal temperature variations that ensure
the PCM cycling. Thus, an effective use of PCM uldings requires an appropriate selection of
thermo-physical properties, quantity, and positddrthe PCM. Many studies were conducted to
find optimum PCM thickness, melting temperatured docation under different climate
conditions [7]-[9]. However, in addition to energgving and thermally efficient materials, the
ever-growing construction industries worldwide negu environmentally friendly and
inexpensive materials [10].

Trombe walls with integrated phase change matedads a passive solar technique that has
shown great potentialities [11]—-[15]. During theydthis wall is heated due to the incident solar
radiation, melting the PCM. At night, when the aaddtemperature falls below the phase change
temperature, the heat stored by the PCM is releasadning the building. However, this
technique induces a loss of visual daylight combatause it is opaque. Many studies focus on
the integration of PCM into a transparent compornj&fi [17] [18] [19] [20] [21] so that the
PCM is directly exposed to the solar radiation Whimproves the PCM charge process,
providing daylighting at the same time. Althougk thtegration of PCM in transparent or opaque
building envelope has shown a positive impact amuahcooling and heating loads and indoor
thermal comfort in various climate zones, theresiletechnical, environmental, and economic
barriers to be addressed.

Kyriaki et al. [22] analyzed the state of the drtlee existing research on the environmental and

economic performance of the application of PCMuldings by using life cycle analysis (LCA)
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and life cycle cost analysis (LCCA) methodologiksvas concluded that to minimize the overall
environmental impact, the use of PCM and the udd&bf the building should be maximized.
In addition, they concluded that very few studies found about the economic assessment of
PCM, based on life-cycle cost analysis. And that d@ipplication of PCM does not seem to be
economically viable because of their high initraléstment cost. Baniassadi et al. [23] conducted
an economic optimization of the thickness of thgulation and the PCM layer of a residential
building for different climatic regions of Iran ug life-cycle cost analysis (LCCA). The results
showed that with the current economic situationtlsd country and current energy prices,
insulation layers are more cost-effective than pradsnge materials. This is due to the relatively
high price of the BioPCM material which makes it® ot economically viable. Akeiber et al.
[10] evaluated the thermal performance and econoihaynewly developed PCM extracted from
Iragi crude petroleum waste product. Experimentswsd that the room without PCM
encapsulation consumes higher energy to maintainnithoor temperature at 2€. The energy
economy of the PCM incorporated room is simply eatdd by comparing the estimated
electricity cost with the building that contain® ttraditional air conditioning system. They found
that PCM encapsulation leads to a great amounlecfreeal energy saving and maintains better
thermal comfort in hot and dry climate conditiomn@yiotou et al. [24] evaluated the application
of macroencapsulated PCM on the envelope of adypiwelling in the Mediterranean region.
The optimum case, achieving maximum energy savings,combining the PCM with a common
thermal insulation. The results showed that theimam yearly energy savings obtained by the
combined case are 66.2%. The results were alsoogtoally evaluated using life-cycle cost
(LCC) analysis. It was shown that the use of PClBhalis not a very attractive solution in
financial terms. This is due to the combinationhagh initial cost and low annual saving cost
which results in a long payback time of 14 ¥ yesvbien the PCM is combined with thermal
insulation, the payback period is reduced to 7 ‘#&rgieKosny et al. [25] investigated a cost
analysis of simple PCM-enhanced building envelapesouthern U.S. climates. They found that
dispersed PCM in wall and attic applications carcbst-effective and payback periods for their
building applications can be less than 10 yearsoAlhe best candidates for these applications
are found where electricity cost is higher than2®kWh and in U.S. locations with cooling
degree days CDDs higher than 30000. Bland et 6]. §Bowed in their study the breakdown of
the financial viability of installing a PCM systanmto a UK home. They found that an ideal PCM



system installed into a residential building wided a service life of at least 25 years to make it
viable. The PCM systems must provide significardgrgyg savings before they become attractive
to commercial purchasers. Chan [27] evaluated lieental and the energy performance of a
typical residential building with PCM integratedtesnal walls in Hong Kong. They found that
the building integrated with PCM is economicallyfessible in Hong Kong, mainly due to the
expensive capital cost of PCM wallboard with a b period of 91 years. For economic
analysis, Mi et al. [28] used the static and theaigic payback period approach to evaluate the
application of PCM in a typical office building five different climates in China. They found
that the energy savings resulting from PCM applbcaivere the best for the office building
located in a severely cold climate, followed bydcokgion. From the economic analysis, the
application of PCM in cities having severe or colohter showed high economic value and the
investment appeared to be attractive. Howeveruaeot prices, the PCM investment in cities
having a mild and warm climate, cannot be recovaretido not offer economic benefits. Wahid
et al [29] highlighted the feasibility of PCM utiition in the households. They found that PCM
could be extensively used in building structuresetuce the electricity demand. Sun et al. [30]
presented an energy and economic analysis relatdtetapplication of phase change materials
boards (PCMBSs) in building enclosures during theliog season. Following a simple payback
period evaluation, they found that the use of PCM8&s be possibly cost-effective in occupied
buildings for moderate temperature climates. Cha$a] concluded that integration of PCM
balls within the evaporator of the air-conditiongas more beneficial than the normal air-
conditioner based on energy efficiency and econoesalts.

From all the above mentioned, it can be stated {(igtthe studies on economic analysis of
building integrated with PCM are not comprehensanel more studies should be conducted to
evaluate the economic performance of the use of REMuildings, (2) economic analyses
related to the application of PCM in buildings aoaducted based on a life-cycle cost evaluation
or based on a payback period evaluation (3) the Rgdfems must provide significant energy
savings before they become attractive to commepiathase, (4) the economic feasibility of
PCM depends on climatic conditions, energy costsntty economic situation, (5) most previous
studies found that the application of PCM is nairemmically viable mainly due to the expensive

investment costs compared to the expected enewyygsa



The present paper investigates an innovative passiar wall, referred to as TIM-PCM wall,
providing at the same time very high insulationtied heat storage, and daylighting. The wall is
composed of a glazing facing the outside, a gdpdfiwith high insulation silica aerogels
materials (transparent insulation material-TIM)daglass bricks filled with a eutectic PCM on
the inside. The whole wall is translucent. The ggeand economic performance of the
incorporation of the TIM-PCM wall in an office rooenvelope are investigated under different
climates via an experimentally validated numerioaldel for a whole year. The annual heating
and cooling energy loads are determined for a aaiweal office room equipped with an
insulated double-glazed window and then comparéh those of the correspondent office room
equipped with a TIM-PCM wall at the south oriergati Energy savings due to the use of TIM-
PCM are evaluated. Then, the optimum TIM-PCM wadlaais assessed economically for each
climate through life-cycle cost and payback permuhlysis. The aim is to ensure a good
functioning of the TIM-PCM wall in each climate arat the same time ensure economic
feasibility. Noting that, The TIM-PCM wall is annovative solar wall, its impact on the building
thermal behavior has never been studied numeriaalier different climates for an annual basis.
Also, the feasibility of the wall application fromn economic point of view has never been
studied. The wall area was also optimized depenadimtipe climate for the first time. In addition,
in the literature, there is a lack of studies tinadluate the economic performance of the use of
PCM in buildings. The effective PCM system, in teraf reducing heating or cooling loads, does
not necessarily mean that this system can be abdido real life constructions, it must provide
significant energy savings before it becomes ditra¢o commercial purchase. The current study
represents a starting point and should be continuéature, the purpose is not only to ensure an
effective performance of the PCM application bgbaio ensure an economic viability.

2. Methodology
2.1.Description of simulated building
The energy performance of a single-story officelding equipped with TIM-PCM wall is
studied (Figure 1). The office has a height ofr®.&nd a total floor area of 32°with a slab-on-
grade foundation. The ground floor is highly ingethassuming a small heat exchange occurring
between the office room and the ground. The wadlsstruction composition and the thermo-
physical properties of used materials are summavizerable 1 and Table 2. The conventional

office room is equipped with an insulated doublazgd window on the south wall of a total area
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of 11.2 nf. The double glazing with krypton insulation ofdkiness 4/16/4 has a U value of 0.86
W/ m’K and a g value of 0.598. The annual heating ardirap loads are determined for the
conventional office room for different climate catiohs and then compared through simulation
with those of the correspondent PCM-enhanced offioen, equipped with a TIM-PCM wall at
the south orientation.

The TIM-PCM wall shown in Figure 2 is composed,nfr@mutside to inside, of a glass pane
having a thickness of 0.8 cm, a 4cm thick bed ahgtar silica aerogel, and a eutectic of fatty
acids as PCM, filled in glass bricks of dimensid@tr x 19cmx 5cm. More details about the
TIM-PCM wall can be found in [32], [33]. The therapbiysical and optical properties of the used
PCM, the silica aerogel, and the glass are sumethiiz Table 1 to Table 5. In the simulation,
the area of the insulated double-glazed window thedTIM-PCM wall is varied from 0 fito
7.532 ni. Otherwise, the ratio of the double-glazing arearahe total south wall area varies
between 0 % and 67 %, same for the TIM-PCM walb{é ®).

le

8m
0 B TR =
1O
N — TIM-PCM wall /
Office room 4 conventiona_l
53m double glazing
I T

we kitchen

= — /\
W

Figure 1: Typical plan of a simple office room.
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Figure 2: TIM-PCM wall from the outside and Schemaic of the TIM—PCM wall composition

Table 1: office room walls construction

Element Construction (inside to outside) Thicknesém) U value (W/nfK)

plasterboard 0.015

External walls Glass wool 0.085 0.419
concrete 0.20
plaster 0.013

Partitions Glass wool 0.16 0.241
plaster 0.013
plasterboard 0.013
Glass wool 0.16

Roof Wooden plate 0.012 0.163
Mousse phenol-formol 0.06
Wooden plate 0.012
tiles 0.015

Floor concrete 0.15 0.189
Expanded polystyrene 0.08

Table 2: Thermo-physical properties of the test rom materials

. . Thermal conductivit Specific heat .
Materials/properties (W/m.K) y FE kg K) Density (kg/nT)
plasterboard 0.32 800 790
Glass wool 0.041 840 12

11



concrete 2.1 800 2400

Mousse phenol-formol 0.032 1255 32
Wooden plate 0.18 1700 780
Expanded polystyrene 0.04 1380 25
tiles 1 1000 2400

Table 3: Thermo-physical properties of the fatty a@s eutectic [32]

Property value
ks (W/m.K) 0.182
k (W/m.K) 0.182

Ly (J/kg) 152000
Cps (I/kg.K) 1670
Cp (J/kg.K) 2090
ps (kg/nT) 960

pi (kg/n) 884

Tm (°C) 21.3

o (m?/s) 9.85x10°

v (m?/s) 11x10°

B (1/K) 3.1x10°

Table 4: Optical properties of the fatty acids eutetic [32]

™% p%
- Energetic (0.gm<2A <10Qum) 90 5
Liquid state Optical (0.38m<\<0.78m) 78 6
. Energetic (0.km<2A <10Qum) ~0 53
Solid state Optical (0.38m<\<0.78m) ~0 56
Table 5: Thermo-physical and optical properties ofjlass and Silica aerogel
properties/Materials glass Silica aerogel
Thickness (cm) 0.8 4
k (W/m.K) 1 0.018(at 25C)
Cp (J/kg.K) 840 1500
p (kg/nT) 2700 100
™% 80 57
a% 12 10

Table 6: Different dimensions of the TIM-PCM wall to be studied

Rest of wall area (//M-PCM wall
Bricks number TIM-PCM wall area (m? PCM volume () m) area / total wall
area) (%)
0 0 0 11.2 0
40 1.5064 0.041344 8.65 13.5%
90 3.3894 0.093024 6.77 30%

12



140 5.2724 0.144704 4.89 47%
200 7.532 0.20672 2.63 67%

Regarding internal heat gains (Table 4-7), theceffioom is occupied by three persons in light
work office activity with a constant metabolic rate115 W/person. To simulate a real-lifestyle,
the office is considered occupied during the wegkdeom 8 a.m. till 12 p.m. and from 2 p.m.
till 6 p.m. and unoccupied during weekends.

The following scenario is adopted:

* The heating system is always available to maintlagnindoor air temperature at a pre-
defined setpoint level. The heating set-point sokeds the same as that of the French
thermal regulations “RT 2012”, heating set-poistseet at 19°C for occupied time and at
16°C for unoccupied times [34].

* The cooling set-point is set at 26°C for occupietetand off for unoccupied times.

* The infiltration rate is taken 0.4 ACH (ASHRAE Fumdentals Handbook [35])

« The European Lighting Standard EN12464-1 [36], maguan illuminance of 500 lux in
working areas. The artificial lighting is not alvea®N since the TIM-PCM wall allows
daylighting.

Table 7: Internal heat gains in the office room (ASIRAE Fundamentals Handbook (SI) [35])

Gains Value
3 persons 115 W of which 45 W radiative 70 W cotivec
3 Computers 20 W of which 15% radiant and 85% cotive
One printer 35 W of which 20% radiant and 80% cative
3 Phones / faxes 15 W of which 30% radiant and 66ftvective
Microwave oven 28 L 400 W of convective gain
Small refrigerator 310 W of convective gain

2.2Investigated climates

The main objective of this work is to evaluate émergy performance of the TIM-PCM wall and
to find the optimum wall configuration in differeqlaces around the world. Therefore, six
climates for different cities were considered adoay to the Koppen—Geiger classification [37].
Table 8 shows the description of the different tel@ climates for this study as well as the
latitude, the longitude and the elevation for eaitr Since the main purpose of the solar TIM-
PCM wall is to provide heating to the indoor enaimeent, most of the climates are chosen with

mild, cold or severe winter season and the clincddssifications A (tropical) and B (arid) are

13



excluded from the study. The weather data fileseateacted from TRNSYS Meteonorm library.

Table 9 presents some major weather characteristieach climate.

Table 8: Selected locations and climate charactetiss according to Kdppen-Geiger classification [37]

City Climate Latitude Longitude Elevation (m)
Sacramento, California, ) )
(USA) Mediterranean climate (Csa) 38.5816° N 121.4944° W 9.1
Paris (France) Oceanic climate (Cfb) 48.8566° N 2.3522° E 36
Toronto (Canada) Humid Continental (Dfa) 43.6532° N  3892° W 76
Dras (India) Continental (Dsb) 34.4330° N 75.7670° E 6630
Kiruna (Sweden) Continental subarctic (Dfc) 67.8558° N, 0.2253° E 530
Barentsburg (Norway) Polar climate (ET) 78.0648° N 14.2835 15

Table 9: Some main weather characteristics for eactlimate

City Sacramento Paris  Toronto Dras Kiruna Barentsburg
Climate Csa Cfb Dfa Dsb Dfc ET
Max outdoor temperature (°C) 39.7 31.25 31.05 29.3 23.6 12.2
Min outdoor temperature (°C) -0.8 -7.75 -21.75 -23.4 2.78 -29.3

Max incident solar radiation on southern
833.08 84497 881.84 963.86 837.01 890.74

vertical plane (W/rh)

Total yearly solar radiation on southern
1148.54 751.48 946.92 1044.83 686.27 601.23

vertical plane (Kwh/rff year)

In general, in cooling dominant climates (Kopperigee classifications A and B) the optimum
PCM melting temperature is closer to the maximum26¥C (melting range of 24°C-28°C),
whereas in heating dominant climates (C and D)dpemum PCM melting is closer to the
minimum of 20°C (melting range of 18°C-22°C) [9heTeutectic fatty acids integrated into the
glass bricks of the TIM-PCM wall having a phasergd®temperature of 21.3°C is appropriate

for the chosen climates.

2.3 Numerical model

In this work, a one-dimensional numerical modetiéveloped considering the effect of thermal
bridges caused by the joints of the bricks. Meghsisgity analysis was carried out for the
numerical model to make sure that the resultsratependent of the numerical domain. Finally, a

total of 16 nodes were used, 2 for the glazingraydor the silica aerogel, 5 for PCM layer and
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2 nodes for each glass brick. The chosen disctetsobheme shows good accuracy within a
satisfactory computational time, and it is well-ofed with other works evaluating the annual
thermal performance of PCM applications in facd@83$-[40]. The unsteady energy equation is
written for each node and solved numerically. Tlegedoped TIM-PCM wall model computes
the temperature field and the solar radiation tratied to the test cell through the wall at each
time step, these outputs are then linked to TRN&Y Simulate the energy performance of the
whole building. More details about the developnithe numerical model can be found in [41].
For the TIM-PCM wall, the heat transfer includefadent regions, which are the outer glazing,
the silica aerogel insulation and the PCM filledglass brick. The one-dimensional unsteady
energy equation for glazing and insulation layegiiven as

PCPZ_Z:I‘ZZTZ+®501 ma 1
wherep is the density (kg/f), C, is the specific heat (J/kg. K), k is the thermahductivity

(W/m. K) and@,, (W/m?) is the absorbed solar radiation at the surfadeefayer.

In the PCM layer, the heat transfer during phasanghk is done by conduction, natural
convection in the liquid phase and shortwave ramhatThe unsteady energy equation for PCM
regions is given as [42]:

oT 0 oT af, Eq. 3
PCyo, = a(k a) —PLy 57+ Dol
where @,,; (W/m?) is the absorbed solar radiation, in the laygrijs the latent heat of fusion
(J/kg) andf; is the liquid fraction.
The absorbed solar radiati@g,, ,at a node p in the PCM layer, is then given a% [17

_ Qsol—trans ap
Q)sol - N

Qso1-trans 1S the transmitted solar radiation to the PCM lagadculated using equations given by

Eq. 4

Siegel [43],ap is the PCM absorption coefficient at the node lguwdated using the equations
proposed by Gowreesunker et al. to model combihede change and radiation problems [17].
To solve the phase change problem, a fixed-gridifieod‘enthalpy” method is used, inspired by
the work of Zivkovic et al. [44]. The convection the liquid PCM is accounted for using the

enhanced thermal conductivity approach togetheh whe scaling theory [45] [46] [47]. The
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convection effect is only considered in the uppeet pf the PCM layer of heighi and widthz,,
while the zong(z,.Hy) — (z,.z,) is controlled by conduction. Therefore, an averagkanced
conductivity for liquid nodes is used in the oneidnsional model expressed by:

ki[(z2.Hp) — (21.22)] + kl-Nuzl(Zl-Zz)-
ZZ'Hb

kenh,p = Eq.5

wherek.,; , is the liquid enhanced conductivity for the liq®®€CM node pHy, is the height of
the glass brick filled with PCM anNu, is the Nusselt number correlation given by Berkgvs

and Polevikov [48]. More details can be found ie taference [33].

The heat balance on the outside surface is givdadjy

Ax OT 6
PCp %E = Q)COnd(t) + QLW,out(t) + Q)conv,out(t) + Q)sol(t) q
where, @.,,4(t) is the conductive heat flux ¥ /m?) is given as:

Eq. 7

k
Qcond(t) = E (Ts+Ax - Tsurf)

and@,,; (W /m?) is the solar absorption flux at the surface exgeddy:
Q)sol(t) = aWQsoi-total Eq. 8
Drw out(£) aNdB ony 0ue (t) are respectively the radiative heat exchange @Mith the outdoor

environment and the convective heat flux with thesmle.

the radiative heat exchange with the outdoor enwvirent is given as follow:

Drw,out = hrgraFgra (Tgrd - Tsurf) + hy sy Fsky (Tsky - Tsurf) Ea. 9

The sky temperaturg,, is given by Swinbank [50], function of the air teemature as follow,
assuming a clear sky:

Tsiey = 0.0552T ;> Eq. 10

For a vertical wallF,.4 andF;,, are equal to 0.5. For the usual sky and surfane¢eatures, the
coefficientsh, g, andh,. 4.4 range from 4.7 W/RK to 5.7 W/nf.K for buildings located in
temperate regions.

The convective exchange with the external enviratm® generally calculated using a linear
correlation function of the wind speed. The cotietain (W/ nfK) used here is the one
established by Sturrock [51]:
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hoyt = 5.7v + 11.4 (Windward)
hout = 5.7v (Leeward)

Eq. 11

wherev is the wind velocity (m/s)
The heat balance on the internal surface is giyen b

Ax 0T Fa- 12
PCp 7% = QCOnd(t) + Q)LW,in(t) + Qconv,in(t) + Q)SOl(t)

Conduction flux through the wallW” /m?) is given as:

k Eq. 13
Qcond(t) = E (Ts—Ax - Tsurf)
The transmitted solar radiation flux absorbed atititernal wall surface reads:

Dso1(t) = aQso1-trans Eq. 14

where @ win(t) and @.,n,in(t) are the net longwave radiant exchange flux betweame
surfaces (W/rf) and the convective heat flux with the indoor air.

The net longwave radiant exchange flux between sanfaces is given by

Drw,in = his(Tin — Tsure) Eq. 15

where hisis the internal longwave radiative exchange coeffic for standard building
temperatures it varies very little around the vau&/nf. K

The internal convection coefficient used to evaudite convection heat transfer for the TIM-

PCM wall with the interior is the one developedAlgmdari for vertical surfaces [38]:

|AT] 1/4
15—
H

whereAT is the temperature difference between the intenadll surface and the indoor air, and

6 1/6

hin = + [1.23(]aT)/3]° Eq. 16

H is the height of the vertical surface.
A one-dimensional implicit finite volume method &slished by Patankar 1980 [52] is used to
estimate the heat transfer mechanism through tNePTM wall. The computational domain is

divided into control volumes, the discretized etqurabver a typical control volume being written

as follow:
apT}E+At = awTvﬁf-'-At + aETEL:-FAt + b Eq 17
where,
Ay Ay
aw =k Jap =k Eg. 18
W W, TE T T (),
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ap = ay +ag + ab
pCpAx

At
b= apTh + Bso

ab =

The superscript indicates the values at the previous time stepAt indicates the values at the
current time stepk,, andk, are the thermal conductivities calculated at tierface.

A system of linear equations is formed from thecditzed equations and can be written in a
matrix form as:

AxT =R Eq. 19

whereA is the matrix of coefficients (tri-diagonal spanmsetrix), T is the vector of unknown
temperatures and B is the vector of known termhudieg the values at the previous time step.
The current temperature valug¥*™2t are obtained from the previously solved time step
temperatures valuegl. The system is solved using a direct non-iterathathod, the Gaussian
elimination algorithm, which produces the solutwithout explicitly forming the inverse. This
function is built in MATLAB.

The model of the heat transfer through the TIM-P@mI is then linked to TRNSYS via Type
155, whose function is to enable the use of MATLA®Bgram in TRNSYS. This link enables to
simulate the thermal performance of the test cBile MATLAB-TRSNYS model is then
validated using experimental results of a full-dizest cell located at Sophia Antipolis within the
center for Processes, Renewable Energies and ESggigms (PERSEE) of Mines Paris Tech
graduate school [32]. A good agreement is obtaitetdween the simulated and the
experimentally measured internal surface tempezadfithe TIM-PCM wall and the indoor air

temperature for seven consecutive days in sumnemanter. Table 10 shows the root mean

square erroRMSE = \/%Z?zl(si — ¢;)? and the percentage of root mean square ERMSE =

s—Q 2 . . . .
\/%Z’Ll (S‘e—le‘) (where ei and si are the experimental and the labenli values respectively) for

the hourly profile of the surface and indoor tenapere in summer and winter season. The
experimental surface temperature is an averagenef internal surface temperatures measured
away from thermal bridges, while the experimentalnn temperature is an average of three air
temperatures measured in the room. The simulatiwbimemperature is calculated as an average

temperature using the zonal model of TRNSYS.
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The validated numerical model allows to compleialestigate the abilities and the drawbacks
of the novel TIM-PCM wall under different conditienMore details on the numerical model and
its validation can be found in [41].

Table 10: RMSE and PRMSE for the hourly profile ofthe surface and indoor temperature in summer and
winter season

Season Physical quantity RMSE PRMSE
_ Surface temperature 148 6.99%
Winter _
Indoor air temperature 0.782 4.05%
Surface temperature 1.18C 3.28 %
Summer _
Indoor air temperature 0.57C 1.87 %

3. Energy Performance Analysis

In this section, the results of the annual heatind cooling loads are presented for (1) an office
with an opaque wall at the south orientation, (8hwentional office equipped with double
glazing with different areas on the south wall, §8fan office equipped with TIM-PCM wall
with different dimensions (shown in Table 6) at Hoaith orientation. The energy savings due to
the use of the TIM-PCM wall are evaluated compdecethe two cases: office with opaque wall
and office with of double-glazing on the south wall

Figure 3 and Table 11 show the annual heating loakg/h/nf(floor area)/year in each climate,
for different surface areas of the double-glazeddeiv and the TIM-PCM wall (from 0
(opaque wall) to 7.532 $ The results show that, in all climates, the as&IM-PCM wall at
the south orientation instead of an opaque waNesy effective. In fact, the heating loads
decrease with the increase of the area of the TQWARvall (blue curve). This is due to the
transmission of solar heat gains to the indoorremment (transmission of 90% when the PCM
is liquid), the storage of the heat during the dag releasing it during the night (when the PCM
works perfectly assuring diurnal cycling) and therinsulation silica aerogel that prohibits the
heat losses.

The first point on the curve (value at F)ndesignates the heating loads of the office with a
opaque wall at the south orientation of U valuel8.4v/ nfK. The integration of TIM-PCM wall

of area 7.53 fin the south wall instead of the opaque wall reduthe annual heating loads by
36.52% (from 228.54 kWh/flyear to 145.07 kWh/fyear) in Barentsburg (ET), by 38.90%
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(from 182.35 kWh/rffyear to 111.44 kWh/ffyear) in Kiruna (Dfc), by 51.69% (from 144.07
kWh/nf/year to 69.60 kWh/Afyear) in Dras (Dsb), by 54.12% (from 96.53 kWHmar to
44.29 kWh/nilyear) in Toronto (Dfa), by 62.24% (from 61.54 kWflyear to 23.24
kWh/mf/year) in Paris (Cfb) and by 90.04% (from 24.49 Wfttyear to 2.44 kWh/flyear) in
Sacramento ( Csa). This means that when the cligetie warmer, the percentage of heating
savings increase, and the passive solar wall acand® heating needs to the building.
Concerning the conventional office equipped withullle glazing, although the insulation
performance of the double glazing (U value 0.86 MiK) is inferior to that of the opaque
external wall (0.416 W/ AK), the heating loads decrease with the increasthefarea of the
double-glazing (orange curve). This reduction is duainly to the solar heat gains provided by
the transparent double glazing. However, the captis reduction in heating loads is not always
true especially in colder climates (Barentsburg)(&fid Kiruna (Dfc)), where the increase of the
double-glazing area is not beneficial exceedingeda area. The heating loads started to
increase again using a double glazing of an amgdahan 5.27 f In this case, the impact of
the U value reduction of the wall is more influahthan the effect of solar heat gains.

The percentage of heating loads reduction duedanitrease of glazing area depends mainly on
the climate and the amount of the incident solaliateon, and this reduction is found less
significant than that when the TIM-PCM wall is usddhe integration of double glazing of area
7.53 nf in the south wall reduces the annual heating bgu26.59% (from 144.07 kWh/tyear

to 105.76 kWh/iyear) in Dras (Dsb), by 28.29% (from 96.53 kWfear to 69.22
kWh/mf/year) in Toronto (Dfa), by 32.43% (from 61.54 kWfilyear to 41.58 kWh/fyear) in
Paris (Cfb) and by 79.95% (from 24.49 kWHlyear to 4.91 kWh/fiyear) in Sacramento ( Csa).
Also, when the climate gets warmer, the percentdd¢peating reduction increase.
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Table 11: Annual heating loads (kWh/n/year) for each city (climate) for an office equiped with double
glazing and PCM enhanced office for different dout# glazing or TIM-PCM wall surfaces

Annual heating loads (kWh/nf/year)
Office with Office with double glazing (U Office with TIM-PCM wall at the
opaque value=0.86 W/ 1fK) on the south . .
south orientation

south wall wall
Area of double
PCM wall (nf)
Barentsburg (ET) 228.54 225.71222.94| 221.52| 221.87 | 213.41 188.84| 167.31| 145.07
Kiruna (Dfc) 182.35 177.39173.77| 172.28| 172.38 | 167.16 146.47| 129.23| 111.44
Dras (Dsb) 144.07 133.92122.86| 113.88| 105.76 | 127.34 105.22| 87.18 | 69.60
Toronto (Dfa) 96.53 88.61 80.72 74.58 69.22 84/18 .6%8 56.21| 44.29
Paris(Cfb) 61.54 55.04 49.2F 45.15 41.58 51{61 40.1%1.29 | 23.24
Sacramento (Csa) 24.49 16.81 10.83 7.23 4.91 16.03 3.4873 2.44

Now, comparing the heating loads of the office wilthuble glazing with those of the office with
integrated TIM-PCM wall (comparing the orange cunith the blue curve at each area).

The energy performance of the office, in term cdtivgy loads, can be significantly improved in
all climates following the incorporation of the TIFICM wall instead of a conventional double
glazing, especially for larger areas. This can learty shown in Figure 3 and Table 11, where
the heating loads of PCM-enhanced office are alM@aysr than those of the conventional office
with double-glazing. For example, the integratidrihe TIM-PCM wall of 7.53r instead of the
double glazing of the same area decreases thenhdadids from 221.87 kWh/tyear to 145.07
kWh/mf/year in Barenstburg (ET) and from 105.76 kWhimar to 69.60 kWh/Afyear in Dras
(Dsb). This is mainly due to the energy storagevipled by the PCM and the superinsulation of
the silica aerogel that prohibits the heat losesgecially at night.

The annual heating savings in kWR/year and their associated percentages due to the
integration of TIM-PCM wall instead of double glagiof different areas are shown in Table 12
and Figure 4. These heating savings always incnedBehe increase of the TIM-PCM wall area.
For example, in Toronto, heating savings increasm f5.06% using a TIM-PCM wall of area
1.51 nf to 36.01% using a TIM-PCM wall of area 7.53.1m all climates, the maximum heating
savings following the integration of the TIM-PCM Miastead of the double glazing are reached
when the surface area of the TIM-PCM wall is 7.53 mand are found 34.62% (76.80
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kWh/mf/year) in Barentsburg, 35.35% (60.94 kWhiear) in Kiruna (Dfc), 34.18% (36.15
kWh/mf/year) in Dras (Dsb), 36.01% (24.93 kWH/year) in Toronto (Dfa), 44.11% (18.33
kWh/mflyear) in Paris (Cfb) and 50.32% (2.47 kWhiyear) in Sacramento (Csa). We note that,
although the PCM works better in Dras, the heatiagings in Barentsburg are found higher
(Table 12). This can be explained by the fact tiigpmance of the office with double glazing is
better in Dras due to higher solar heat gains,enhnilBraentsburg the heating loads of the office
with double glazing barely decrease with the inseeaf its area. In addition, the percentage of
heating savings is found more significant for warmlenates Csa and Cfb. The heating demand
can be almost entirely met by the solar energyeaionSacramento (Csa) using the TIM-PCM
wall.

Table 12: Annual heating savings in (kWh/riyear) by using TIM-PCM wall instead of double-glazd window
(U value=0.86 W/ niK) at south orientation

Area of double
glazing or TIM-PCM 1.51 3.39 5.27 7.53
wall (m?)

AnL AnL AnL AnL
Heating Savings | e | Liwin? | 0 | kwhme | | kwhin? |
Barentsburg (ET) 12.30| 5.45%  34.09 1529% 54.21  24.47 76.80 | 34.62%
Kiruna (Dfc) 1022 | 5769 27.29] 15.71%  43.08 24.98% .940| 35.35%
Dras (Dsb) 6.58 | 4.91%  17.64 14.36%  26./0 23.44% 536|134.18%
Toronto (Dfa) 448 | 0.1%| 12.08] 14.97% 1837 24.61% .924| 36.01%
Paris(Cfb) 3.42 | 6.229 9.11| 18.49%  13.85 30.68%  18.334.11%
Sacramento (Csa) 0.78] 4.64% 235 21.70% 249  3451%  2430.32%
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Figure 4: Percentage of annual heating savings wittespect to conventional office with insulated doule-
glazed window (U value=0.86 W/ fiK) at south orientation

Figure 5 and Table 13 show the annual cooling ldadkWh/nf/year for each climate for

different surface areas of the TIM-PCM wall or tHeuble-glazed window (from 0 mto

7.532n).

Table 13: Annual cooling loads (kWh/milyear) for each city (climate) for conventional ofice and PCM

enhanced office for different surfaces

Cooling loads (Kwh/nf/year)

é);f;c;izv\i:lr;” Office with do%t.)ilazglazing U value Office with TIM-PCM wall

?{;a:é&'w;m% 0 151 | 339| 527| 753 151 339 527 753
Barentsburg (ET) 0 0 0 0.034 0.58 0 0 0 0.17
Kiruna (Dfc) 0 0 0 | 044 227 0 0| 021 128
Dras (Dsb) 0 018| 121 320 693 022 134 313 653
Toronto (Dfa) 0.82 345| 714 1186 1908 324 651040 | 1582
Paris(Cfb) 0 054| 239 558 1144 046 213 4p5 788
Sacramento (Csa) 4.23 862 1672 27/18 43138 953 158661 | 36.84
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Figure 5: Annual cooling load for each city (climag) function of the TIM-PCM wall or the conventional
glazing (U value=0.86 W/ rfK) surface

In polar climate and Continental subarctic climate, cooling loads are found. In all other
climates, the cooling loads increase for largelasrehis increase is more significant for the
conventional office equipped with double glazingr Both cases, the increase of cooling loads in
the hot summer season is due to higher solar la#ad.grhe maximum cooling savings following
the integration of TIM-PCM wall instead of doublizjng reach 17.07 % (3.26 kWhilyear) in
Toronto (Dfa), 22.47 % (2.57 kWhffyear) in Paris (Cfb) and 15% (6.53 kWH/gear) in
Sacramento (Csa) when the surface area of the TWM-Rvall is 7.53 M. These results show
that in a region with mild to hot summer, the TINLM wall is a better choice than a
conventional double-glazed window to maintain aldadoor temperature. In Dras (Dsb) the
cooling savings are not significant as shown inl@dld and no cooling savings are found when
the area of the TIM-PCM wall is 1.51%mand 3.39 rh However, the use of shading devices in
summer can decrease the cooling loads. The useepétdan blinds with rotatable slats of 45
degrees, allowing daylighting, reduce the cooliogds by 32% in Sacramento (Csa). The use

Overhang of 1 m projection combined with the Vemetblinds can reduce this cooling loads by
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38%. In Toronto (Dfa) the use of same blinds desgsdhe cooling loads by about 64%. This can
be explained by the fact that the cooling loadsSatramento (Csa) are not due only to the
transmitted solar radiation but also to the highdoar ambient temperature, reaching 40 °C,
while in Toronto (Dfa) cooling loads are mainly dizethe high solar radiation transmitted to the
interior with a maximum outdoor temperature of 31T@e use of Venetian blinds in Paris (Cfh)

and Dras (Dsb) reduces the cooling loads by abb#t &nd 78% respectively.

Table 14: Annual cooling savings in (KWh/m2/year) B using TIM-PCM wall instead of double-glazed
window (U value=0.86 W/ m2K) at south orientation

?{&?PO(‘;VMV"\::';;’;:% 1.51 3.39 5.27 7.53
Heating Savings Kvér:/Lm2 & Kvér(:/Lm2 & Kvér:/Lm2 Y Kvér:/Lm2 &
Barentsburg (ET) 0 0% 0 0% 0.034 - 0.41 -
Kiruna (Dfc) 0 0% 0 0% 0.22 - 0.99 -%
Dras (Dsb) -0.05 -28.39 -0.14 -11.5% 0.07 2.14% 0.405.77%
Toronto (Dfa) 0.20 5.91% 0.63 8.79% 1.46 12.31%3.26 17.07%
Paris(Cfb) 0.07 13.91% 0.26 10.83%0 0.94 16.77%.57 22.47%
Sacramento (Csa) 0.08 0.94% 0.85 5.09% 2.57 9.45% 6,53 5% 1

Figure 6 shows the annual total energy loads foeethdifferent climates (Csa, Cfb, Dfa).
Concerning other climates, the total energy loadsvary close to the heating loads due to the
respectively insignificant cooling loads.

In all considered climates, the total energy loafithe conventional office with double glazing
and the PCM-enhanced office decrease with the aseref the area except in Sacramento (Csa)
(because of high cooling loads due to high solangjaBut still, the TIM-PCM wall performs
better than the double glazing. The use TIM-PCMIlusalmore efficient than the use of a
conventional insulated double-glazed window in terof total energy loads in all considered
climates, especially for larger areas where maxintot@ energy savings are reached. The total
energy savings in kWhfffyear due to the integration of TIM-PCM wall inseaf double
glazing on the south orientation are shown in Fegixa.

On the other hand, comparing the results of tatatgy savings of the office with opaque wall at
the south orientation with those of the office withtegrated TIM-PCM wall shows that

increasing the TIM-PCM wall area increases thelteteergy savings in all studied climates
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except in Mediterranean climate (Csa), having asbhatmer, where the maximum energy savings
are reached at an area of 2.61 (figure 7-b). Above this area no savings can beemed
because the cooling loads increases significanily t higher solar gains which increases the

total energy loads. The total energy savings falhguthe integration of TIM-PCM wall instead
of an opaque wall in kWh/ffyear are shown in Figure 7-b.
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Figure 6: Annual total load for three different climates function of the TIM-PCM wall or the conventimal
glazing (U value=0.86 W/ rfK) surface

27



100 ———T— 77T 7T T 7r 7T T T T T T T T T

[ a) 3
L 7 1
80 L -
5 [ . ]
5 i
2 | SO
= [ g J
E 60 : . ~ /’—”_-:
2 ! .~ - ]
wv L - - 4
ap | P - S -4
4 | . o ]
5 © | e o
5| - N
ke [ T i S — ]
20 e e = =]
L L - = =TT 4
[ R ]
L B T e T T T eeecessssscsssessanssesnsnesessnettotttt o
0 ksZZm Mt D el - . . . .
o 1 2 3 - =) 6 7
TIM-PCM wall surface area(m?)
.............. Sacrame nto(Csa) — = = = Paris(Cfb)
— . . — Toronto(Dfa) ~— —— — Dras(Dsb)
------- Kiruna(Dfc) — - — Barentsburg(ET)
100 v v
80 -3
- / 3
= = il -
= —
£ - "_‘—/ ]
i — - = .
E o :
- PN 1
¥ 20 =" 3
g .’//”f B a———t
wv /”a — —— —.
= == .= _———-—-—— ]
S - /-_ —— - S N
— 20 L= - 4
O feef-iti . PR LEEE e ‘ —
3 a s &, 7. ]
- t TIM-PCM wall surface area(m?) ]
.............. Sacrame nto(Csa) — = — — Paris(Cfb)
- - - = Toronto(Dfa) ~— = — Dras(Dsb)
——————— Kiruna(Dfc) — - — - Barentsburg(ET)

Figure 7: Annual total savings for each city (clim&e) as function of TIM-PCM wall surface with respedt to a)
conventional office with insulated double-glazed widow and b) office with opaque wall at the south
orientation

28



4. Economic Analysis

In addition to the investigation of the thermal asmkergy performance of the innovative TIM-
PCM wall, an economic assessment is carried ouhtapplicability of this wall in building$n
previous studies, economic analyses related toath@ication of PCM in buildings were
conducted based on a life-cycle cost analysis [28] or based on a payback period evaluation
[28] [30]. The economic study in this work is basau the same concept of previous studies
[23][24][53], and both life cycle cost analysis apdyback period evaluation are conducted.
Noting that the environmental impact of PCM incagied in building envelopes can be assessed
by employing a Life Cycle Assessment (LCA) approddiany studies [54] have found that the
PCM is more environmental friendly compared to ottenventional thermal insulating material.
The life-cycle cost analysis involves the analydithe costs of a system or a component over its
entire lifetime. The optimum TIM-PCM wall area (etiwise PCM volume) corresponds to the
value that provides a minimum total life-cycle cdstdepends mainly on the yearly heating and
cooling loads, the costs of natural gas and etattyithe building lifetime, and the discount rate.

The life cycle cost or LCC is defined by:
LCC =1C +PWF.EC Eq. 19

wherelC is the initial cost for implementing the considereall (materials prices + installation +
labor cost),EC is the annual energy cost required to maintaimanccomfort within the office
building for the selected design and operatinguiest andPWF is the present worth factorhe

heating and cooling costs over the lifetime oftlnéding are evaluated as:

Qn Eqg. 20
EC, = 7 * Cng

Q Eq. 21
ECc=GopCe

whereEC, andEC, are the heating and cooling costs over the lifetohéhe building.Qy, Q.,

Cngs Ce » 1, COP respectively stand for the annual heating loaduahcooling load, natural gas
cost, cost of electricity, heating system efficigrand the coefficient of performance of the
cooling system.

The present worth factor PWF converts future remirexpenses to present costs regarding the

economic outlook of the country and depends ondikeount rate and on the lifetimeéN. The
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discount rate is the general interest rate of thentry. Therefore, when evaluating the present
value of a certain investment WAVF, the discount rate should be considered in theditation.
The PWF is given by [55]:

1—(1+r)™ Eq. 22
Tr

PWF =

In addition, the simple payback period PP for th®1-PCM wall integrated into the building

envelope is calculated by dividing the total iditast by the energy savings cost [53]:

PP = IC/ESC Eq. 23
wherePP, IC,andESC are respectively the payback period, the initet@nd the cost of energy
savings including annual lighting savings costities where its value is influential.

The initial investment cost was calculated consideonly the material and installation costs
(including labor cost) related to the building elope (TIM-PCM wall). The installation cost of
the HVAC systems and other design costs were nadidered since their value was assumed to
be the same for all the cases in the same locdtmmthe same reason, only the energy costs were
considered as annual costs. To evaluate the fadakythe lifetime of the building is assumed to
be 30 years.

In each country different electricity costs, natugas prices, and different labor costs are
considered. In most projects, labor costs represpptoximately 25 to 35% of the total project
costs [56]. The labor cost is estimated in eacltglbetween these two values (lower income
countries have lower labor cost). Although the gsichange according to the location, the
material costs were assumed to be unvaried but tatdtiplied by the labor cost. The heating
system is a natural gas boiler with an efficient9@.

The cooling load is covered using a commercial tetad vapor-compression heat pump of
variable COP. A characteristic polynomial equatitorm could be obtained using the
manufacturer's data, where the compressor refrigeracapacity Q.,.,)and the actual
compressor power consumpti@R,,myressor) May be expressed as a function of evaporating

(Tevap @and condensing ¢dng temperatures [57] [58] [59] :

— 2 2 3
Qevap =0q + alTevap + aZTcond + a3Tevap + a4TevapTcond + aSTcond + aGTevap + Eq. 24
qg.

2 2 3
a7TevapTcond + aSTevapTcond + a9Tcond

30



Pcompressor = bO + blTevap + bZTcond + b3Te2vap + b4TevapTcond + bSTczond + Eq. 25
b6Te3vap + b7Te2vapTcond + bBTevapTczond + b9T030nd

Subsequently, the coefficient of performance iswaked as follow

Qevap Eq. 26

COP =

Pcompressor

The COP is calculated at each time-step for aksas each climate and the values are found to

be between 2 and 4.

The cost of electricity and the natural gas, thecalint rate and the PWF are found for each
country as summarized in Table 15. The prices sgmtethe final total cost including tax and grid
Ccosts.

Table 15: Cost of electricity, natural gas price ad discount rate for each country

City Electricity price Natural Gas price Discount rate % PWE

$ per kWh [60], [61] $ per kWh [62]-[64] [65], [66]
Barents burg (Norway) 0.1786 0.078 0.5 27.79
Kiruna (Sweden) 0.22 0.121 -0.5 32.45
Dras (India) 0.08 0.02 6 13.76
Toronto (Canada) 0.16 0.0113 1 25.81
Paris (France) 0.2 0.064 0.05 29.76
Sacramento (USA) 0.21 0.011 1.25 24.88
Table 16: Prices of materials

Materials Prices

Concrete 100 $/ m[67]
Plasterboard 15% to 20% / rh [68]
Glass wool 60-100 $ / M[69]
Fatty acid PCM product 3.23 $ /kg [70]
Silica aerogel 550$/n1 [66]
Single clear glazing 29.97%/m [54]
Insulated double glazing 102$/n7[54]

The prices of the used materials are summarizélchble 16. The price of PCM varies widely,
according to their type, melting temperature andtyy25]. Unfortunately, it is impossible to
take these factors into account to accurately eséinthe price of PCM. Cascone et al. [71]
estimated the price of PCM at about 40 £for each cm of thickness. An additional 20% was
considered for macroencapsulation [25]. The tostieated price of PCM was hence 48 € m
/cm, plus 4.36 €/ffor installation [72]. Baniassadi et al.[23] catesied that finding an exact
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price for the PCM is a challenging task. They cdestd an average price of 22.53 (US %/for

the purchase, transport, and installation of BioP@Nkh an equivalent thickness of 2.01 cm.
Saffari et al. [72] considered that the PCM cod.82 €/kg based on previous purchase and the
cost of the installation of PCM is approximated 486 €/nf. The cost of purchasing and
installing PCM was estimated at USD 3/for a 10-mm thick layer of PCM in [27] and [28].
Table 17 summarizes the price of some PCM repantéue literature.

Table 17: Cost of some phase change materials (dataurce [25], [26], [71])

Material Cost (US$/kg)

Paraffin Wax (organic) 1.88-2.00
Eicosane-technical grade (organic) 7.04
Eicosane-pure laboratory grade (organic) 53.9
Rubitherm (RT20) 16.31
Rubitherm (RT 23,25,27) 0.68
Stearic acid (fatty acid) 1.43-1.56
Palmitic acid (fatty acid) 1.61-1.72
Oleic acid (fatty acid) 1.67-1.76
Crude Glycerin (fatty acid) 0.22-0.29
M-27 (commercially available fatty acid) 14.26
M-51 (commercially available fatty acid) 11.13
Calcium chloride (inorganic-salt haydrates) 0.20
Latest”29T (commercially availabl?e salt hydrates) 4.95
BioPCM 1.30

In this study, following a discussion with ‘PCM piwcts Ltd’ company [70], the price of the
fatty acid product is approximated as 3.23 $/kg. @dditional 60% was considered for the
integration of PCM in the glass bricks and for thstallation, and 25-35% of the total cost is
added for labor cost. The average total PCM cosfitis about 54 $/ffcm in the investigated
cities.

The PCM used in this study (fatty acids filled lagg bricks) has been already integrated in a real
application in a full-sized test cell located atpBia Antipolis within PERSEE center of Mines
Paris Tech graduate school for 10 years (since )2[B2. Till now the PCM is still working,
maintaining its thermophysical properties and cliangs phase. Thus, it is possible to consider
that a payback period of 10 years is acceptabileisnstudy.

On the other hand, according to PCM manufacturmgpmanies, fatty acids PCM (as RT28HC)
are chemically stable, quite inert, and can theecsfave a lifetime of a thousand years. Avoiding

direct sun exposure, providing fresh air supply andiding overheating of the system could
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maintain the lifetime of the material. The lifetinge usually determined by other components
than the PCM itself.

The lighting price is accounted for within the tdiée-cycle cost, when the artificial lighting is
needed, and when its value is significant compaoetieating and cooling loads prices. The
European Lighting Standard EN12464-1 [36], requaesilluminance of 500 lux in working
areas. In addition, according to IESNA Lighting ldaook [73] the recommended lighting level
in offices is between 300 and 500 lux. Using a LEBEDp, the illuminance of 300 - 500 lux
corresponds to the power of 3.333 \{/m 5.555 W/ respectively, i.e. 90 - 150 W for the
considered office. Accordingly, the calculated tatanual lighting load is 6.9 kWh/tyear to 11
kWh/nf/year. The TIM-PCM wall provides at a certain tioeful daylighting without the need
for the artificial lighting, thus the annual lighg load decreases with the increase of the TIM-
PCM wall area. The illuminance provided by the walapproximated by the transmitted solar
radiation and verified based on experimental measants. For each climate, the number of
occupied hours, where the daylighting is not sidht (illuminance <500 Lux), is evaluated for
each TIM-PCM wall surface area, and the cost oh#eded artificial lighting is then calculated.
The life cycle cost and the payback period areuatell for both cases, TIM-PCM wall and
conventional insulated double-glazed window, aredrdftommendation for each climate from an
economic point of view will be discussed. In secti8, the optimum TIM-PCM wall area
showing the best energy performance in each climate determined as 7.53%rmexcept in
Sacramento (Csa). It's also necessary to find gtenam TIM-PCM wall area corresponding to
minimum life cycle cost or minimum payback periodeiach climate. Figure 8 to Figure 12 show
the initial cost, the heating and cooling consuompitost, the total cost, the energy savings cost,
and the payback period for both cases for the rdiffeclimates. From these figures, it can be
noticed that the heating costs decrease, and goobsts increase as the area of the TIM-PCM
wall or the double-glazed window area increaseg ihftial cost varies almost linearly with the
area. The total cost and payback period decreaaectstain minimum then start to increase in
some cases. The optimum area is the one that engiseninimum of the total cost or minimum
payback period. For each climate, the optimum aaeapresented in Table 18 and Table 19.

In colder climates (Figure 8 and Figure 9), Bareatg (ET) and Kiruna (Dfc), the use of TIM-
PCM wall is more cost-effective than the use of doeble-glazed window, the optimum TIM-

PCM wall area providing minimum LCC and minimum B&ing 7.532 rh Due to the high
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heating loads in these climates and the relatitagdin natural gas prices and PWF, the total cost
depends mainly on the heating costs and theregsrgotential to reduce energy consumption
costs through enlarging the TIM-PCM wall area. Thi@imum payback periods found are 10.5
years and 7.8 years in Barentsburg (ET) and Kir(lDfr) respectively, showing that the
application of TIM-PCM wall is economically feasgbin these climates. In these cities, the cost

of lighting is neglected since it is marginal comgzhto heating costs.
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Figure 9: a) Life cycle cost and b) payback periofor both cases for Kiruna (Dfc)

In Dras (Dsb), in spite of the high heating loaddsl @nergy savings due to the use of the TIM-

PCM wall, the double-glazed window proves to be encost-effective than the TIM-PCM wall
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(Figure 10-a). The initial cost controls the tditfd-cycle cost due to the very low energy prices
(2 cents/kWh for natural gas) and relatively low P\(tigh discount rate). The optimum TIM-
PCM wall area is found 1.51 4mith a minimum LCC of 2002$ while the optimum doesbl
glazed window area is 2.45°mvith a minimum LCC of 1892$ (Table 18). Concernithg
minimum payback period, it is found about 35 ydarsan optimum TIM-PCM wall area of 4.57
m? (Table 19). The PP is relatively high because dbst of energy savings is insignificant
compared to the initial cost, which makes the us&@IM-PCM wall economically unfeasible.

Higher natural gas prices and lower PCM investngests are required in Dras (India).
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Figure 10: a) Life cycle cost and b) payback periofbr both cases for Dras (Dsb)

In Paris (Cfb), the use of TIM-PCM wall is more teffective than the use of the double-glazed
window, giving lower LCC and PP (Figute). The optimum TIM-PCM wall area is found 5m
with minimum LCC of 4100 $ (Table 18). Concernihg fpayback period, the minimum value is
found 22 years corresponding to 3.87 (able 19). To be more economically feasible, the
reduction of the initial cost of the TIM-PCM wall heeded in Paris (France).
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In Sacramento (Csa) and Toronto (Dfa) having aduwhmer season (Figure 12), the use of
double-glazed window is more efficient economicdtyan the use of the TIM-PCM wall. In
Sacramento (Csa), the optimum TIM-PCM wall arefoisnd 1.5 m with a minimum LCC of
1833$ while the optimum double-glazed window asefouind 1.5 riwith a minimum LCC of
1675 $ (Table 18). In Toronto (Dfa), the heatingisgs cost is low due to the low natural gas
prices in Canada (1.1 cents/ kwh), which makestdked cost depending mainly on the initial
cost. The optimum TIM-PCM wall area is found 1.51with a minimum LCC of 2106$ while
the optimum double-glazed window area is 1%with a minimum LCC of 1988 $ (Table 18).
Concerning the minimum payback period, the investnmoost of the TIM-PCM wall can be
recovered in Sacramento after 45 years and in Tormfter 51 years (Table 19), which makes the

application of such a wall economically unfeasiuhel not recommended in such climates.
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Table 18: Minimum life cycle cost and optimum areaf the TIM-PCM wall and the double-glazed window in

each climate

Double-glazed window TIM-PCM wall

Minimum LCC ($) Optimum area @ Minimum LCC ($) Optimum area
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()

Barentsburg (ET) 15384 3.28 11494 7.532

Kiruna (Dfc) 21317 4.22 15240 7.532
Dras (Dsb) 1892 2.45 2002 151
Toronto (Dfa) 1988 15 2106 1.51
Paris(Cfb) 4188 3.48 4100 5
Sacramento (Csa) 1675 15 1833 15

Table 19: Minimum payback period and optimum area é the TIM-PCM wall and the double-glazed window
in each climate

Double-glazed window TIM-PCM wall
erz;rgzg)PP Optnz:;;zr)n area Minimum PP (years) Optnz:;;zr)n area

Barentsburg (ET) 61.72 4.63 10.51 7.532
Kiruna (Dfc) 27.11 4.34 7.87 7.532
Dras (Dsb) 35.95 4.75 35 4.57
Toronto (Dfa) 48.66 151 51.1 1.51
Paris(Cfb) 22.69 3.88 22 3.87

Sacramento (Csa) 31.3 151 43.26 151

Moreover, in Toronto (Dfa) and Sacramento (Csa, uke of external Venetian blinds with an
estimated price of 40$/nj74], [75] added to the initial cost, has no effen the life cycle cost
and slightly decreases the minimum payback pefiodsacramento (Csa), the use of double-
glazed window still more cost-effective than thee wf the TIM-PCM wall and do not offer

economic benefits in such a climate.

5. Conclusion

In this work, energy and economic analysis of thpliaation of a TIM-PCM wall on a typical
office building envelope was investigated undefedént climates for a whole year. The results
showed that, in all studied climates, the energjopemance of the office, in terms of heating and
cooling savings, can be significantly improved witie incorporation of the TIM-PCM wall
instead of a conventional insulated double-glazetlow. In addition, the total loads decrease
with the increase of the area of the TIM-PCM wadtept in Mediterranean climate. From an
economic point of view, the following conclusiorencbe drawn:
* In ET and Dfc climates, the application of TIM-PGa4ll is economically feasible.

* In general, when the climate gets colder, the aptnTIM-PCM wall area increases.
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* The heating savings for the office building locatedDras (Dsb) are not sufficient to
recover the investment, due to the low energy praced high discount rates.

* In Paris (Cfb), the use of the TIM-PCM wall is falumore cost effective than the use of
double-glazed window in terms of minimum life-cyclest and payback period.

* In Csa and Dfa climates, the TIM-PCM wall is noseeffective at current energy and
investment prices.

* The best candidates for the TIM-PCM wall applicatase found where energy prices for
heating (natural gas in our study) are relativeighh making the initial capital cost
relatively insignificant compared to the heatingisgs cost.

» The economic viability of the application of theM-PCM wall depends on different
factors, mainly climatic conditions, energy saving®ergy costs (natural gas prices,
electricity prices, etc.), the economic situatioh tbe country (discount rate) and

investment costs.

Finally, further research should focus on the dgwelent of industrially scalable low-cost PCM,
to decrease investment costs for buildings integgasuch walls and as result make them

economically viable.
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