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This paper presents results of the potential thermal enharnent in building walls derived
from using phase change materials (PCMs). Typical North Amiean construction, namely,
frame walls out tted with hydrated-salt-based PCM with a mdting temperature of 29 C

were evaluated in well-controlled test houses under full wagher conditions. It was found
that PCMs produced reductions in energy gains during summerThe reductions were
assessed via total heat transfer and peak heat transfer. F@& 10 percentage by weight
(wt%) PCM concentration, the largest peak ux reduction of 3.25% was observed when

the PCM was integrated within a north-facing wall. For a 20 8 PCM concentration,

the largest peak ux reduction was 25.54% when the PCM pipes vas installed on an
east-facing wall. Doubling the amount of PCM did not producemprovement on heat
ux reduction except for the east-facing wall. The indoor wdl surface temperature and
temperature amplitude was reduced by 1.5 and 1.4C, respectively. The maximum time
lag for peak heat ux was observed on the north-facing wall, viaich was 1.5h for a 10
wt% PCM concentration and 2.25h for a 20 wt% PCM concentratio, respectively. To
achieve the maximum energy savings, it is recommended thathe PCMs be installed
within west-facing walls.

Keywords: phase change materials (PCMs), heat transfer throu gh building walls, energy management in buildings,

enhanced building enclosures, heat ux reduction

INTRODUCTION

Buildings are responsible for about 40% of US energy consumpfldrey are the major
source of green gas emission as a result of their energy andrialademands. A signi cant
fraction of the energy that is consumed is to deal with thefrtwsses or gains occurring
through building enclosures. To accomplish the proposed Architee 2030 Challengeit

is important to reduce a part of this energy consumption. Theegration of phase change
materials (PCMs) to building walls has proven to be an e ective hrodt to reduce heat
transfer through building enclosures and shift a part of the kpé@ad to other times of the
day (Kosny et al., 2007, 2012a,b, 2014; Konuklu et al., 2015; Gojoerdt al., 2018; Song
et al., 2013 PCMs work by storing relatively large amounts of heat wheeltimg without

1“The 2030 Challenge (2018).” from Available online at: http:/#etture2030.0rg/2030/_challenges/2030-challenge/
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transferring it to the indoor environment when the outdoor for a building envelope. It was concluded that the maximum
temperature is higher than the indoor air temperature. Thisthickness of PCM panel should Be5mm in various climatic
heat is released upon solidi cation of the PCMs when theregions in China; otherwise, the PCM board would not be fully
surrounding-to-the-PCM temperatures drop below the PCMcharged at most timeLin et al. (2016)concluded that the
solidi cation point. Moreover, the utilization of PCM reduseghe  thickness of the PCM layer and PCM types should be selected
wall volume signi cantly but keeps the thermal parameterdwatt carefully to make full use of the PCM thermal storage capacity.
same level as in traditional wall structures. Thus, an iaseein  The optimization of the additional wall insulation of the ginal
the useable living area of a building is obtain€d(vieduk, 2018 house may also assist in improving the performance of PCM
For building applications, the phase changes arenhanced buildingsKarim et al. (2014)studied the energy
predominantly of the solid-liquid transitions, and PCMs performance of hollow concrete oor panels using a shape-
can be organic (e.g., parans, waxes, and oils) or inorganictabilized polymer composite PCM with a melting point of 7
(e.g., hydrated salts). There also exist PCMs that are negtaf They recommended that an optimization of the minimal PCM
organic and inorganic compounds and some that are containeduantity to Il inside the panel as a function of the climatic
within hydrophilic silica powders. The main technical causesondition should be studied since only 70% of the PCM was
that prevent PCMs from being applied widely in practiceutilized after 6 h during their tests. For the same reasofis,
are related to the conditioning of phase-change elementt al. (2005yecommended that the thickness of PCM plate used
materials. The material must be completely sealed to preveminder the oor for space heating in Beijing should not be large
leakage of the product during the melting process and materighan 20 mmMazzeo et al. (201 &nalyzed the energy behavior of
composition changes through contact with the environmentPCM layer using an explicit nite di erence numerical model to
Macro-encapsulation method, which comprises the inclusiondentify which PCM is more suitable in improving the energeti
of PCM in packages such as tubes, pouches, spheres, pammsformances of building walls in the heating or cooling period
or other receptacles, is attractiveui et al. (2017)proposed a during the year. It was found that the lowest value of energy
macro-encapsulated PCM using hollow steel balls (HSB) aed ttentering the indoor environment is obtained by a PCM with a
mechanical performance of PCM-HSB concrete was examinethelting temperature of 26C.
They found that the indoor air temperature was reduced by up Although those works brought some general suggestions for
to 6.5 C compared with standard concrete paneiéam et al. the application of PCMs in building envelope, the results are cas
(2014)investigated Australian residential buildings with pouchspeci c and cannot be generalized for the design of an integra
macro-encapsulated bio-based PCMs. Annual energy savingsilding envelope with PCM. It was found that when PCMs were
of 17-23% in space cooling were found. With the same typencapsulated using the methods mentioned above, the melting
of PCM, Ramakrishnan et al. (201%imulated the thermal process was not carried out to completion because of the low
performance of a detached single-story house without activeonductivity ofthe PCMChandel and Agarwal, 20).7The e ect
air-conditioning system using PCM as inner linings of cgjiin  of using PCM varies depending on the building construction,
and walls. High temperature within the wall was decreased aon guration, and climatic conditions. As evidenced by the
the PCM layer increasedsounni and El Alami (2017}Yested scienti c literature, the choice of the most appropriate PCM
the thermal performance of panel-encapsulated PCM. Théor a given location requirem-situ experimental testing. In the
results showed that the internal wall surface temperature wacurrent research, an experiment on building enclosure irdéspt
reduced by 2C. Vicente and Silva (2014uilt three similar wall  with PCMs encapsulated within tubes was studied under full
specimens, two with PCM encapsulated in steel rectangula. Thveather conditions. Two di erent concentrations of PCMs were
wall specimens were constituted by horizontally holloweddr tested. The outdoor and indoor air temperatures, exteriod an
clay bricks (30 20 15 cm) with insertion of macro encapsules interior wall surface temperatures, and heat ux through wall
(30 17 2.8cm format and 0.75mm thickness) lled with were monitored in well-controlled test houses. The thermal
organic PCM. It was found that the heat storage capacity waserformance of the studied walls was evaluated using peak heat
increased signi cantly, and the thermal amplitude was redlice  ux reduction, peak load shift, daily energy savings, andaod
Besides the encapsulation methods, the design parameterwéll surface and air temperature reductions. The objectivhief t
a building wall enhanced by PCM directly impact the thermalresearch is to evaluate what concentration of PCMs could peovid
dynamics of the wall. Identifying the best design parameterthe best thermal performance in the climatic conditions under
of the PCM is the other main key to apply this technologyconsideration and which wall orientation should be used il
e ectively. To realize an optimal storage e ect during a completeahe PCM tubes.
day,Kuznik et al. (2015analyzed the impact of PCM wallboard
physical properties on annual heating demand using TRNSYS. EXPERIMENTAL SET-UPS
was found that when the PCM wallboard thickness was between
10 and 20mm, the heating reduction was a at curve. WhilePhase Change Materials
the heating reduction decreased when the thickness waseaboxu et al. (2005yecommended that the thermal conductivity of
20mm. They recommended that the PCM thickness must b®CM should be larger than 0.5 W/(i€) to accelerate the
optimized for its use with an optimal storage e ect during asolar energy absorptiorsun et al. (2018found that a paran
complete day uznik et al., 2008 Similarly, Sun et al. (2016) couldn't complete its solidi cation and melting process besau
analyzed the energy e ciency of panel macro-encapsulated PCMf a low thermal conductivity [0.2 W/(mC)] (de Gracia and
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Cabeza, 2015; Guo and Goumba, 201Bo realize a fast (Figure 2A), where one house was used as a control house
phase transition process, calcium chloride hexahydrate wasd the other as a retrot house. The roof was a built-
used in this research. Calcium chloride hexahydrate has beeip roof with gray asphalt shingles, 6.8kg felt, and 1.27cm
proven to be an e ective PCM with stable phase transitionplywood sheathing. The wall assemblies were 1.11 cm plywood
temperature and latent heat of fusion after 1,000 thermasiding, 5.08 10.16cm studs, and 1.27 cm gypsum wallboard
cycles {yagi and Buddhi, 2008Moreover,Ramakrishnan et al. from outside to inside Figure 2B). Insulation ( berglass and
(2016) recommended a PCM with phase change temperatureellulose) with a thermal resistance of 1.94 KW (R-11) was

of 3-5 C higher than the average outdoor air temperature toused for both the ceiling and the walls. In each test house,
achieve higher indoor thermal comfort. The average outdooa window with an area of 0.32 frwas placed in the south-
air temperature in Lawrence, Kansas in summer is Z4.9 facing walls.

Therefore, the calcium chloride hexahydrate from Teappcm For space cooling purposes, a chilled water system (cooling
with a melting temperature of 29-3G is suitable for the capacity: 0.4 kW) was designed and eld fabricated and itestal
application in this city. The thermal properties of this PCM (Figure 2Q). The chilled water system included a water tank, a
are shown inTable 1 Moreover, copper was recommended todrop-in coil water chiller, a temperature controller and a sét o
encapsulate calcium chloride hexahydrate Ibgs Fernandez water pumps. Fan coil units were installed inside each house
et al. (2015) Therefore, the PCM was encapsulated in coppefext to the east-facing walls. The chilled water was citedla
pipes with an internal diameter of 1.27 crRigure 1), arranged  from a 265-L insulated plastic water tank to each fan-coiitun
horizontally in the stud walls, and placed next to the interio (FCUs) located inside each house. A temperature controllar wa
wallboard. Itwas proved by D'Alessandro etal. thatthe St&l  ,nhected to the chiller to regulate the chilled water tempeea

stability of the building was not negatively a ected flessandro in the tank, which was set at around 12.82.8 C. The pumps

et al., 2018 PCM concentrations of 10 wt% and 20 wt% .
. and the electromagnetic valves were controlled by low gelta

were investigated. The concentrations were based on thghivei S L .

Lo : X thermostats to maintain test houses' indoor air temperatures
of the interior sheathing, i.e., gypsum wallboard. For east- t approximately 21.5 05 C. This indoor air temperature
west-, and north-facing walls, the PCM quantity was 2.08 an PP y el o P

4.15kg for 10 and 20 wt% concentration, respectively. ThWas within the temperature range of 68-F6(20-24.4C),

PCM quantity for south-facing wall was less because of th\g/hich was recommended by the Occupational Safety and Health

presence of a window, resulting in 1.75 and 3.50kg or 10 anfdministration (OSHA) technical manualdccupational Safety

20 Wt%. and Health Administration, 2017 Monitoring systems were
installed to measure and collect wall heat uxes, air andesue
Experimental Apparatus temperatures. During the tests, the indoor air temperatures o

The thermal performance of walls out tted with PCMs was both houses were well-controlled and maintained to be almost
evaluated using two identical 1.831.83 1.22m test houses identical, within 1.5C of each other.

TABLE 1 | The thermal properties of calcium chloride hexahydrateZ@lba et al., 2003.

Compound Melting temperature ( C) Heat of fusion (kJ/kg) Thermal conductivity Density (kg/m 3)
[Wi(m C)]
Solid Liquid Solid Liquid
CaCh.6H,0O 29-30 171-192 1.088 0.54-0.56 1,710-1,802 1,496-1,562

T~cap

Insulation Core

™~Cap

A

Exterior Siding

— Interior
wallboard

FIGURE 1 | Schematic of PCM encapsulation and installation.
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Type T thermocouples (T/Cs) were installed to measur@aluminum tape to minimize radiation exchange e ects.
indoor and outdoor air and wall surface temperatures. FoiEach wall was instrumented with several T/Cs arranged
air temperature measurements, the T/Cs were shielded witim parallel grids. This arrangement gave a representative

FIGURE 2 | Control and experimental test houses(A) Pictures of the test houses.(B) Wall assemblies.(C) Space cooling system.

FIGURE 3 | Experimental results on the south-facing walls before retrt (June 23). (A) Outside surface temperatures.(B) Wall heat ux.
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wall temperature, which was the average of the measurdd XPERIMENTAL RESULTS

points. The measurement range and accuracy of the T/C

was between 18 and 93C and 0.6 C. Elat heat ux The peak heat ux reduction as a result of using PCMs in the
meters (HFMs) were attached to the interior wall surfacedrame walls was calculated by using:

to measure heat uxes through the walls. The measuring

range and accuracy of the HFMs was 0-3.11CP W/m? Gem  Crm

and 1% in departure of readings. The water ow rate Was fr D @
measured using Omega FLR1001 with an accuracy of 1%. .
tripod weather station was installed, which had a wind spee?ﬂ"he"afr was the peak heat ux reduction in percentage, %; and
sensor, a pyranometer, and temperature and relative humiditflsmand drmwere the maximum heat ux through control and

2
probes. Year-round outdoor temperatures was monitored€to twalls, W/m?, respectively. _ _
and measured. Because of the energy storage during melting when outdoor

temperature increased, the time at which the heat uxes redch
their maximum values were delayed in the retro t house. Tlsat i
the peak load was shifted to later times of the day. The time lag
8aused by using PCMs was calculated by

Ocm

Calibration Tests

It was necessary to perform calibration tests before anyitstr
For this, the thermal performances of the two houses wer
compared and recorded as baseline. Wall temperatures and

h_ea} uxes were measured and cgm.pared to yerify their D rm com 2)
similarity in thermal performance. This is shown Rigure 3
During the calibration period, the control house (House A)
was kept at an average indoor air temperature of 24217
while the soon-to-be-retrot house (HOUSE B) was kept atT/—\OBLE2|Dainpeak heat ux reduction, time delay and energy savingssing 10
an average temperature of 24.22 Figure 3A shows the W PEW.

similarity in temperature of the outside surface temperagure Wall orientation North South East West
of the south-facing wallsFigure 3B shows the heat ux

through the south-facing walls. The average dierence irfakheat uxreduction (%) 82.25 2187 22.99 2123
heat ux in the walls of both houses was in the range’™edelay () L5 0 05 05
of 3% Daily energy savings (J/rﬁ) 92,266 96,042 7,258 99,479

FIGURE 4 | Heat ux through exterior frame walls with 10 wt% PCMs.(A) North-facing walls. (B) South-facing walls.(C) East-facing walls.(D) West-facing walls.
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where0 was the time delay in hours; andm and m were the Case Study for 10 Wt% PCM Concentration
times at which the heat ux reached to its peak value for cohtroFigure 4 shows the heat uxes across frame walls facing various
wall and retro t wall, respectively. directions in control and retrot houses. The peak heat ux

The heat ux through walls during daytime was reducedwas lower for the wall with 10 wt% PCMs during daytime
because of the heat storage of PCMs. Therefore, less heat gdiecause of the heat energy storage. The average reduations i
were transferred into indoor environment under this coridit.  peak heat uxes in 3 days in the north, south, east, and wedswal
During the night time, PCMs within the tubes solidi ed and were 31.25, 21.87, 22.89, and 21.23%, respectively. Thgeavera
released the stored heat both indoors and outdoors. Thesgfo di erence in peak heat uxes of the aggregate between the cbntr
the heat loss (negative valueshigure 3) was less through the walls and the walls with 10 wt% PCMs was approximately 24%.
wall with PCMs. The daily energy savings using PCMs werklowever, the absolute heat ux was smaller when it was negati
calculated using Equation (3). during night time. That is, the energy loss through the wathw

PCMs was less because of the energy release.
The daily average heat ux reduction, time delay and energy

ESD Q. Q (3) savings by using 10 wt% PCMs are summarizedTatle 2
86400 The heat ux through north-facing wall was reduced the most.
This is because the north-facing wall received the leastr sol
Qc D Qc. / d 4) o -
radiation, resulting in a lower outdoor wall surface tempera.
0 The heat transfer between outdoor and indoor environment
400 through this wall was slow (as shown Figure 4A), so was
& D q. /d (5) the PCM melting process. When the heat ux in the control
0 wall reached its peak, the PCM in retrot wall did not nish

its melting process, where the temperature was maintained at
where ESwas the daily energy savings, 3fnand Q. and Q,  its phase transition temperature. This was illustrated in the
were the daily heat transfer through control and retro t wgll relatively at peak heat ux curve inFigure 4A. For other
respectively, J/f walls receiving more solar radiation, PCM nished its mefjin

FIGURE 5 | North, south, east, and west walls inside surface temperates using 10 wt% PCM.

TABLE 3 | Reductions in inside wall surface temperatures and reduains in temperature amplitudes produced by using 20 wt% PCMs.

Wall orientation Average surface temperature ( C) Difference ( C) Average temperature amplitude ( C) Difference ( C)
Control Retro t Control Retro t

North 23.6 225 1.1 2.2 11 11

South 241 22.8 1.3 3.7 1.9 1.8

East 24.4 21.8 2.6 4.2 14 2.8

West 23.9 22.9 1.0 3.4 3.4 0.0

Average 24.0 22.6 15 3.4 2.0 1.4
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when the outdoor temperature increased. Afterwards, the PCNs, the heat transfer rate through the south and west walls
temperature increased to store more sensible heat. The heags larger Figures 4B,D, in a way which the phase change

transfer increased until it reached its peak. This was theaeéor  process nished faster, resulting in a smaller time delay in
the time delay results. The peak heat ux was shifted to 1.5drla peak temperatures.

for the north-facing wall. In contrast to the heat ux reduoh Table 3summarizes the ndings related to the reductions in
and time delay, the maximum daily energy savings was obdervaside wall surface temperatures and in the daily temperature
on the west-facing wall. amplitudes. As stated above, the walls with PCMs were able

Figure 5 depicts how the walls out tted with PCMs were to not only lower the inside wall surface temperature, but
able to keep a more constant inside wall surface temperatudso their daily temperature amplitudes. The average redacti
and a narrower temperature uctuation than the standardof inside wall surface temperature and daily temperature
wall. Each segment shows indoor wall surface temperaturesnplitudes were 1.5 and 1@, respectively. These results
for a standard wall and for a wall outtted with PCMs. For could translate to human comfort and to an increase in
example, for the north walls the indoor surface temperatureghe life of comfort equipment with less on/o modes and
of the control house was on average 28gwhile the surface operation time.
temperature of the wall out tted with PCMs was 22&G The

temperature amplitude in the standard wall was Z2while, it 0 .

was 1.1C for the wall out tted with PCMs. It was noteworthy gasetSEUdy for 2f0 Wtd/? PCZI\(/)I Vﬁgné:g\l;lltratlont tion. It

that the temperature variation of the retrot house (House B) amgtes styverte pebr ormeth Otrtﬁ di o coni((:(;n r? on.

was di erent for walls with various orientations. On the nbrt V&S Interesting to observe that the di erence In peax Neat sixe
between the control walls and the walls out tted with PCMs

walls, the surface temperature in the retrot house had the lower than the val for the 10 wt% PCM concentration
lowest amplitudes and the temperature in the control housd'as 'oWer than the values for the 0 concentration.

was the lowest. In this case, the PCM was maintained partially

melting or in its solidi cation process. Therefore, the PCM _ o o
temperature was maintained at its phase Change temperatu@zfcu Daily peak heat ux reduction, time delay and energy savingssing 20
This phenomenon was also observed in the heat ux variation i
in Figure 4A. On the south and west walls, the temperaturewall orientation North South East West
variation in retrot and control houses followed the same

trend. However, the temperature variation was in a reversgakheat uxreduction (%) 5.60 665 254 11.32
trend for east walls. The surface temperature of the south anti™e delay () - 225 0.5 05 L5
west walls increased faster than that of the east walls. Th8gly eneray savings (J/f) 27,950 57 44398 109,093

FIGURE 6 | Heat ux through exterior frame walls with 20 wt% PCM.(A) North-facing walls. (B) South-facing walls.(C) East-facing walls.(D) West-facing walls.
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TABLE 5 | Reductions in inside wall surface temperatures and reducins in temperature uctuations produced by using 20 wt% PCMs.

Wall orientation Average surface temperature ( C) Difference ( C) Average temperature amplitude ( C) Difference ( C)
Control Retro t Control Retro t

North 23.6 22.3 1.3 2.2 0.8 1.3

South 24.2 22.7 15 4.2 2.1 21

East 24.1 21.7 2.3 3.3 11 2.2

West 23.8 22.9 0.9 3.0 2.9 0.1

Average 23.9 22.4 15 3.2 1.7 1.4

FIGURE 7 | North, south, east, and west walls inside surface temperates using 20 wt% PCM.

This means that doubling the amount of PCM did not produceCompared with the results for 10 wt% PCM, the peak heat
improvement in peak heat ux reductionsFigure 6 shows ux reduction decreased except for the east-facing wall. The
the heat uxes through the north, south, east and west wallsieason is that the PCM did not complete its melting for the
respectively. The average daily reduction in peak heat teansf20 wt% concentration. Therefore, the total material thattes:
rates in the north, south, east and west walls were 5.6, 6.6&nder this condition was less than that in 10 wt% of cases.
25.54, and 11.32%, respectively. From these results and asMereover, the un-melted PCM served as insulation within the
from the east-facing wall, it was observed that doubling théubes. However, the thermal resistance of the PCM was much
quantity of PCM did not improve the performance. The peaklower than the R11 insulation. Therefore, the peak heat ux
heat ux reduction was lower for 20 wt% PCM than it for through retrot walls increased, resulting in a lower peak hea
10 wt% PCM for the north, south, and west-facing walls.ux reduction. For east-facing walls with similar heat ux
Compared with the heat uxes irFigure 4, the heat uxes through control walls for 10 and 20 wt% PCM cases, the peak
through control walls were much lower ifrigure 6 because heat ux reduction was improved by using more PCMs. It
of the variation of solar radiation and outdoor temperaturewas concluded that adding more PCMs improved the thermal
on these days, except for the east-facing wall where the tothéhavior of the walls as long as the PCMs completed their melting
daily heat ux was the largest. It was concluded that the PCMiluring daytime.
did not complete its phase transitions on these walls except Table 5 summarizes the indoor surface temperatures in the
for the east-facing wall. The PCM without phase transitioncontrol and the PCM-out tted walls with 20 wt% PCM. The
served as an insulation. However, its thermal resistance waverage indoor surface temperature of the four control walls
lower than the R11 insulation. Therefore, more heat gainsvas 23.9C while the indoor surface temperatures in the walls
were received when doubling the PCM. For east-facing walgut tted with PCMs was 22.4C. The average temperature
doubling the quantity of PCM improved the performance amplitude in the control walls was 32, while it was 1.7C in
by 11.58%. the walls out tted with PCMs. The surface temperature of the
The results by using 20 wt% PCM are summarizedable 4  walls out tted with PCMs was more constant than those for the
for peak heat ux reduction, time delay and daily energy sgein control walls. This is shown iRigure 7.
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CONCLUSIONS obtain the relationship between the PCM quantity and the

) ~ climatic condition.
Heat transfer through frame walls with PCM encapsulated i) The maximum daily energy savings were observed on the
copper pipes were investigated in well-controlled test houses west-facing wall for both 10 and 20 wt% concentration. PCMs

under full weather conditions. The heat ux, time delay and  \yere recommended to be installed on the west-facing walls in
energy savings were tested and compared with two PCM grgerto obtain larger energy savings.

concentrations. The following results were retrieved:

1) For a 10 wt% PCM, the largest observed peak ux reductioMUTHOR CONTRIBUTIONS
was 31.25% when the PCM pipes were installed within
the north-facing wall. However, for the 20 wt% PCM MM conceived of the presented idea. XS developed the theory
concentration, the largest peak ux reduction of 25.54% wadnd performed the experiments. YZ helped with the writing.
found when the PCM pipes were installed within the eastAll authors discussed the results and contributed to the
facing wall. The dierent peak ux reduction was mainly nal manuscript.
impacted by the outdoor air temperature and solar radiation.
To realize a larger peak heat ux reduction, the PCM shouldACKNOWLEDGMENTS
be within a phase transition state when the heat ux through
control wall reached its peaks. The authors acknowledge the funding and support of the
2) The total heat ux was reduced by approximately 24% witHollowing agencies: the National Science Foundation (06283
10 wt% PCM and 12% with 20 wt% PCM concentrationsthe California Energy Commission, ASHRAE, the University of
Doubling the amount of PCM did not produce improvement Kansas, the Kansas Geological Survey, the KU Transportation
on the heat ux reduction if the PCMs cannot complete Research Institute, the National Natural and Science Fotiola
the melting process except for the east-facing walls. Th@ghina, 51308051), the Science and Technology Department
PCM quantity should be carefully designed to realize af Hunan (2017RS3036), Hunan Association for Science
complete melting and solidi cation cycle in 1 day. More and Technology (2017TJ-Q05), and Changsha Fund for
tests under di erent weather conditions should be studied toDistinguished and Innovative Young Scholars (kq1802032).
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