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Introduction
Problem relevance

Hntiaes or quemirane, wENES

Reflective paints,

Non-structural awnings and canopies

ETLS and water sprinklers.
- Roof’s thermal load 30 % Classification of - = - /
T T— o 1 methods for reducing
A oof’s thermal load due to direct solar roof thermal load. .
: exposure and larger surface area. th\éfrggll {?tnes(t {gt?(f),n
ol 5. 5 - 4 Structural methods ———— green roofs, reflective
roofs, and EPS or
\ D PCM layers.
Window’s thermal 25 % ‘ -
L

Wall’s thermal load 35 %

gravel ballast

g paving slabs on spacer pads
——> Vegetation

Ravatherm XPS X MK filter /
——> Growth substrate water flow reducing layer ——

Ravatherm XPS X 300 SL ——=

——> Filter fabric
=3 Drainage ¢lement

2> Protection layer waterproofing layer
> Root barrier

> Insulation layer ScEed g ——  concrete slab

> Water proofing membri
> Roof deck

Figure. Distribution of thermal load contributions in a residential building (source: Shove
et al., 2014).

Figure. Classification of structural and non-structural methods for reducing roof

thermal load (source: own elaboration).
24y 25 de Octubre de 2024. 3
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Introduction —
Phase Change Materials (PCM’s)

NUT—— Phase Change Materials (PCMs) enhance thermal management in construction by
""""" ‘ ’ absorbing, storing, and releasing latent heat during phase changes, effectively

regulating indoor temperatures, especially in walls and roofs.

..... I A PCM

.................. ‘ ' Liquid

(NIGHT
~ "
PCM transition %

Temperature falls
PCM rejects heat

Tixrerar Surface I

External Wall

Temperature rises
PCM absorbs heat

Solid

Figure. Phase transition of PCM in hot climates (source: Paul et al., 2022).

Figure. Structural composition of roof and external wall incorporating Phase Change
Material Mortar and XPS insulation layers (source: Yu et al., 2023).

24y 25 de Octubre de 2024. 4
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* Pisellietal.: la » Bhamareetal.:
aplicacién de PCM la inclinacion de
en membranas para 2° de una capa
techo reduce la PCM optimiza la

temperatura carga térmica y
superficial y el flujo mejor el ciclo de
de calor. cambio de fase.

-Q-b 2021 _,l 2022 J'—/

Introduction
Literature review

Quetal.: el
grosory la
disposicion
Optimos del PCM
en envolventes
presenta ahorros
de hasta 34.8 %.

Arumugam &
Shaik: la
combinacion de
PCM en techos y
paredes reduce los
costos de aire
acondicionado y las
emisiones.

Zahir etal.: la
seleccion y el
encapsulamiento de
PCM presenta
desafios en climas
extremadamente
calidos.

Yuetal.: el PCM
reduce las horas de
sobrecalentamiento y
el consumo
energético hasta en
19.7 % y 25.7 %,
respectivamente.

2023 -

Dardouri et al.: en

climas mediterraneos,

se presentan ahorros
de hasta 46.1 % con
PCM, que depende
del espesor y nimero
optimo de las capas.

Bhamare et al.: el
espesor optimo de
una capa de aire
entre PCM es 2 cm.

Anter et al.: PCM
RT 35HC reduce la
ganancia de energia
hasta en 66 %.

24y 25 de Octubre de 2024.

nties or queirane, winEe

Refahi et al.: una
doble capa de PCM
con diferentes
puntos de fusion
ahorra un 6.6 % en
calefaccion y 2.8 %
en refrigeracion.

Tangetal.:
combinar
enfriamiento
radiativo y PCM
reduce la
temperatura interior
en1.1°Cy lacarga
de enfriamiento en
172.9 %, eficiente
para climas
extremos.

. cowantS0 IN7C on,,
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Table. Configuration overview: phases,
material composition, and PCM thickness.

Phase 1

Cl. (a) Ref

C2. (b) Ref+Ins

C3. (c) Ref+e10mmPCMi RT25 HC

C4. (c) Ref+e1l0mmPCMi RT35 HC*

C5. (¢) Ref+e10mmPCMi RT44 HC

C6. (d) Ref+e10mmPCMo RT25 HC

C7. (d) Ref+e10mmPCMo RT35 HC*

C8. (d) Ref+e10mmPCMo RT44 HC

C9. (e) Ref+Ins+e10mmPCMi RT25 HC

C10. (e) Ref+Ins+e10mmPCMi RT35 HC*

C11. (e) Ref+Ins+el0mmPCMi RT44 HC

C12. (f) Ref+Ins+el0mmPCMo RT25 HC

C13. (f) Ref+Ins+e10mmPCMo RT35 HC*

C14. (f) Ref+Ins+e10mmPCMo RT44 HC

Phase 2, 20mm

C14-C16, e20 mmPCM

Phase 2, 30mm

C27 - C38, e30mmPCM

Phase 3

C39. (g) Ref+PCMi RT25 HC+PCMo RT25 HC
C40. (g) Ref+PCMi RT25 HC+PCMo RT35 HC*
C41. (g) Ref+PCMi RT25 HC+PCMo RT44 HC
C42. (h) Ref+PCMi RT25 HC+PCMo RT25 HC
C43. (h) Ref+PCMi RT35 HC*+PCMo RT25 HC
C44. (h) Ref+PCMi RT44 HC+PCMo RT25 HC
C45. (i) Ref+DoublePCMi bRT25 HC + tRT35 HC*
C46. (i) Ref+DoublePCMi bRT25 HC + tRT44 HC
C47. (j) Ref+DoublePCMi bRT35 HC* +tRT25 HC
C48. (j) Ref+Double PCMi bRT44 HC + tRT25 HC
C40. (i) Ref+DoublePCMo bRT25 HC + tRT35 HC*
C50. (i) Ref+DoublePCMo bRT25 HC + tRT44 HC

oWaNES® T TRug,
o ™

.

- : Gmunin,
Evaluated roof configurations TR
PCM selection

RT25 HC, RT35 HC*, and RT44 HC PCMs were selected to optimize thermal processes based on local
temperatures.

» RT25 HC stabilizes indoor temperature at 25°C

» RT35 HC* mitigates daytime heat peaks around 35°C

» RT44 HC absorbs extreme outdoor heat near 44°C, enhancing energy efficiency and comfort.

absorbent solar
radiation

24y 25 de Octubre de 2024.
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Evaluated roof configurations

501
o0

concrete layer

PR

T,

Table. Thermophysical properties of each layer
* y y T B T T T e T e o
additional layer e
H e o e R e S e e e e e e e S e e e e e e e e e e B e S e e S e e
on the com pOS Ite roof tt ter surf e e e e i

)'l p: CP! hlS’

Material Wm~ kgm?® Jkg  Jkg* ...(a.)._ ..(b.)... © (d) concrete reinforced slab

lect lect additional layer

B ey

AN

Concrete 1.28 2200 850 - : ] Lt on the inner surface

Reinforced 174 2300 920 ] gypsum plaster
concrete

G Sum ...................................
pézter 040 1200 837 ) D reinforced concrete slab

Polystyrene gypsum plaster

insulation O polystyrene insulation
880

RT25 HC 230 [_] PCM layer (top or bottom)

22°C-26°C 770 000
D additional PCM layer (top or bottom)

| concrete layer

- (R TR [ERRRRnaa]
0 . O 3 2 8 1 8 0 0 bttt ek FEEEELEEEE ettty

RT35 HC* 860 158 : .

i k I
roe g5oc 020 0 2000 oo (i) () (k) 0
Figure. Cross section and configurations of a composite roof: reinforced concrete slab with concrete and

RT44 HC* 800 248 . : .
gypsum plaster coats. And layer materials and locations (source: own elaboration).

41°C—44°C 700 000

24y 25 de Octubre de 2024. 7
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Physical and mathematical model
The two-dimensional heat conduction process across all system d(pCpT) B 0 AaT 0 AaT
layers (concrete, gypsum plaster, reinforced concrete, insulation, and ot  ox\" ox + ay\" ox Eq. (1)
PCM) is modeled by a mathematical equation, with necessary
adjustments for the phase change in the PCM.
) P J a(,DPCMCPeffTPCM) _ i 1 0Tpcm n i 1 0Tpcm Eq. (2)
ot T ox\"PM oy AN '
Cps for T < (T,,, — AT)
Cps + C h
0" Geotar Tstey Cpefy = {22 . L ; A“T for (T, — AT) < T < (T, + AT) Eq. (3)
4 T, Cp; forT > (T, + AT)
‘ ho (Ts,o - To)
Gsolar O&c (TS“}O - TS%CJ/)

ogg (Tl-4 — Ts‘fi)

hi(T; — Ts,;)

T;

Figure. Heat transfer process on a composite roof subject to outside environmental conditions and at
constant temperature on the inside surface (source: own elaboration).

Boundary conditions include solar radiation, wind-dependent convection, and heat transfer,
with variations based on surface temperature.

aT

- @ = Q" Gsorar + ho (Ts,o - To) + go—(TsA,lo - Ts4ky) Eq. (4)
aT

e hi(T; — Ts;) + eo(T = T) Eq. (5)

24y 25 de Octubre de 2024. 8
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Decrement Factor, Time Lag and Thermal Load

» Decrement factor: the radio of the temperature fluctuation amplitude on the
interior surface to that on the exterior surface.

« Time lag: the delay between a temperature change on the exterior surface
and the corresponding change on the interior surface.

* Thermal load: the amount of heat that needs to be added or removed to
""" maintain the desired indoor temperature.

\ / TLpin = tsimin = tsomin (6)
inside A d tsid
yi N outside - _
= Eee- ;S;I;i'n'“’i‘L G g T TLmax = tsimax — tsomax (7
min T T
Figure. Schematic representation of the time lag, TL, and decrement factor, DF DF = — = 212X LR (8)
@  Tsomax = Tsomin

(source: own elaboration).

24y 25 de Octubre de 2024. 9
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Weather data

The BWKk cold desert climate of Ciudad Juarez, Mexico, was selected for this study due
to its extreme temperature variations. The analysis focused on critical days with
temperatures from -7.9°C to 46.1°C to evaluate roof thermal performance under these
conditions, ensuring relevance to similar climates in Mexicali and Hermosillo.

Mexico map
Koppen climate classification

B~ I o [ csa[] ova [ ol &7
I A (5] i [ o [ oo [ o [N
[ v [ esn [ v [ cre

[ Jesk

Warmest day

DISTRIBUCION DE LA POBLACION SEGUN EL CLIMA
POPULATION DISTRIBUTION ACCORDING TO CLIMATE

Clima Poblacion % del total

Temperature (°C)
S
|
|

~ Climate  Population % of total _ | Intermedlate d ays ]
Templado todo el afio de montafia Cwb 28,662,545  35.4% Temperate all year long highland
Célido semiarido BSh i 11,803,982 14.6% Hot semi-arid 10 . )
Sabana Aw " 1052919  13.0% Savanna
Subtropical subhiimedo Cwa " 10103 12.5% Subhumid subtropical b
Estepa fria BSk " sasos8 8.0% Cold Steppe O | \
Desierto calido BWh " sson05 7.2% Hot desert
Mediterraneo con verano cdlido Csa 2,074,662 2.6% Hot-summer mediterranean -
Monzénico Am " 1seseas 2.5% Monsoon COIdeSt day
Desierto frio BWk : 1,391,180 1.7% Cold desert _10 ! I ! I ! I ! I ! I !
sl |, wes  Ukbed 00:00 04:00 08:00 12:00 16:00 20:00 24:00
Subtropical himedo Cfa 868,014 1.1% Humid subtropical
Selva Af 227,677 0.3% Rainforest -
Time (h)
Tropical A " nmsms  157% Tropical R . .
Arido B P ensms: SR A Figure. Recorded temperature interval: comparison respect to the
Rango Templado C w2829 52.9% Temperate Range climate spectrum of the region. Source: Own elaboration.
Subtropical Ca  mosson  16.1% Subtropical
Templado todo el afio b " momms  36.7% Temperate all year long
Figure. Population distribution in Mexico according to Képpen climate 24y 25 de Octubre de 2024. 10

classification (source: INEGI
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\?/ Methodology

| Heattrantercosfiients: b and
i v | 60 T——F—T T T
: . 1 @ Experimental, reference 1
. J - g_) . !
! | ~ 40 - -
. | Soverforr - S
i " : 2 30
| false [ o
-
\( : ™ 10
[ !
| prinesuts T 0

— 1 T 1 T T T 7
v | 00:00 04:00 08:00 12:00 16:00 20:00 24:00

’ - Time (h)
vﬂ = Tt+At

Figure. Surface temperature validation of a referenced
roof compared to experimental data from Chagolla —

Q Aranda et al., 2017 (source: own elaboration).

Figure. Numerical simulation workflow for solving 2D heat conduction using 24y 25 de Octubre de 2024.

the finite volume method.(source: own elaboration).
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Results
Coldest day

« Configurations with PCM on the inside surface

—=— Decrement factor —o— Time lag (h) —e— Thermal load (kWhm®) (e g C3 C9) exhibit lower DF and Ionger TL
1.0 - 10 - 2.50 = ’ . L
09 ] . o making them effective under cold conditions,
081 8 [ 2.00 though PCM does not reach melting, limiting phase
0.7 L .
1® oo oee 7 - 175 change benefits.
0.6 ¢ ° ., 6 so000000e _ooee - 1.50 ) )
051 STeeeeeer] [ 125 * Increasing PCM thickness to 20 mm and 30 mm
0.4 4 - 1.00 :
0] . b m\ﬂ 3 ><\ ] [ oo (e.g., C15, C38) further improves thermal
] b/ o C Y .
02__ DX”/DD/DD‘D/D .\’./...75—555\5 o- :37E:.2 -H-E-E-EE o0 o6 jﬂigiE:Eiﬂigigiﬂ:ﬂjﬂiﬂjﬂig —050 attenuatlon and rEduceS heat IOSS.
014 w /ififlflfl D\ /lfl\ 1 \ /lfl\. - 025 ] ]
0.0 IIIIII!rlllIIIIIITIIIIIllllirllllllllllIIITIIIllzrlﬂTlllIIIIIIIIIITI#IITITITIIlllllllllérllllllIIIIIIIIIII 0.00 « Double PCM |ayerconf|gurat|0n3 (e91 C391 C45)
6003806833555 5555508 8088885588808 38558853353353335888 demonstrate the best thermal performance,
maintaining stable indoor temperatures in extreme
Figure. Comparison of the thermal performance on different roofs configurations under extreme weather cold

conditions on the coldest day (source: own elaboration).

24y 25 de Octubre de 2024. 12
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Warmest day

 On the warmest day, PCM effectively regulates

—u— Decrement factor —0— Time lag (h) —e— Thermal load (KWhm) heat gain through phase change, reducing thermal
1.0 10 - 250 load.
094 ¢ 9 - 2.25
08 8 - 2.0 » Configurations with PCM on the outside surface
074 | eo.0.0-0-0- ] 7 - 1.75 .- . -
011 | peeees 1. . . oo e (e.g., C7, C13) limit heat gain effectively.
05_. . 000 OE e 0 - [ ) .—.—.—; [ .—.—.'; ._125
04w /\ /\DM /Oy 'A’ /D\ /\D w7\ 5 wo o/ bie * Increasing PCM thickness (e.g., C28, C34) further
. O o : . -
03] "/'E\ _/ o0 . R | | D\D . D\D/u/ ) >< 075 enhances performance by reducing thermal load in
02 /D - .,.,.,.,.,. l nEEmoee 0 Y /lfl\ e 0o EEE "W wmmam - 0.50 h|gh temperatures.
O.l—_ EEEEEE EEE 1 [ B | l\ /l\ / _—0.25
0.0 +rrrrrrrrrr T T T T T T et T e e e 0.00 o DOUble PCM Iayer Conf|gurat|0ns (eg, C40, C47)
0083885882309 eNR S NN YRR AR eHANSReLRe0dyuIReRRRa N
OOOOOOOOOOOUOUOOUOOUOOUOUOOUOOUOOUOOOOOOOUOOUOOUOUOO

provide the best results, extending time lag and

Figure. Comparison of the thermal performance on different roofs configurations under extreme weather maintaining comfortable md_opr temperatures
conditions on the warmest day (source: own elaboration). under extreme temperature conditions.

24y 25 de Octubre de 2024. 13
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] : [
08 ° o<3>o-0-0-013{01"';0-0-0-0 150
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Results
Optimal configuration

Configuration C45, with a double PCM layer (RT25 HC inside, RT35 HC* outside), is the most efficient
for extreme cold and warm conditions. It retains heat on cold days and limits heat gain on warm days,
using phase change to manage thermal load effectively. This versatility makes C45 the best option for

thermal comfort and energy efficiency.

1. C39 (Double PCM Layer): Second-best option, balancing heat
conservation and thermal gain reduction.

2. C9 (Single PCM Layer with Insulation): Third-best, excels in
heat conservation on cold days.

3. C28 & C34 (Thicker PCM Layers): Good performance in
reducing thermal loads on warm days.

4, C3 & C7 (10 mm PCM): Acceptable but less effective in
attenuating heat loss and limiting gain.

5. C2 (Polystyrene Insulation): Moderate performance, less effective
than PCM configurations.

6. Best Overall: C45 (Double PCM Layer) shows superior

I ) )
performance under extreme conditions. LEAL CONSERVATION HEALECAR REDLCTOH

24y 25 de Octubre de 2024.
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PCM vs Polystyrene comparison

TRADITIONAL PHASE CHANGE
INSULATING MATERIAL
BARRIER

' STATIC
INSULATING
BARMIER

On cold days, PCM outperforms polystyrene in
insulation, time lag, and thermal load. On warm days, £

PCM bDetter limits heat gain, making it superior for

energy efficiency and comfort in fluctuating climates.

PCl  STATIC PHASE CHANGE PCM
CHANGES PHASE CHANGES PHASE

24y 25 de Octubre de 2024. 16
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Results L=k .

Hierarchical order to improve the thermal efficiency of the roof begins with adding a PCM layer

Configurations with a PCM layer excel in thermal regulation, as
they retain heat on cold days and limit heat gain on warm days.
An increase in PCM thickness enhances thermal storage, extends
time lag, and reduces thermal load. The addition of insulation
further improves efficiency, while an extra PCM layer
maximizes thermal performance, despite greater complexity and

cost.

CHANGE MATERIAL INSULATING BARRIER

EPS

(PIR°B38TE

PCM
(OIS TEINTS

24y 25 de Octubre de 2024. 17
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Conclusions

The results showed that PCM, especially with double
layers or increased thickness, outperformed other

methods. '

» Optimal configurations achieved a decrement factor

(DF) below 0.2, a time lag (TL) between 2 and 10 E U n B ‘ LI S i D I-I _\@/_

hours, and a thermal load under 2.5 kWh/m2.

 Configuration C45, with dual PCM layers at 25°C

\

and 35°C, proved most efficient under extreme

conditions, surpassing polystyrene

24y 25 de Octubre de 2024. 18
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Recommendations

Future studies could explore the use of PCM in combination with other
advanced materials, as well as extending their application to other types
of constructions and weather conditions, thereby widening the

possibilities for thermal optimization and energy savings

24y 25 de Octubre de 2024. 19
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