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Ravi Anant Kishore,* Marcus V. A. Bianchi, Chuck Booten, Judith Vidal, and Roderick Jackson

National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401.

Abstract

Buildings in the United States account for nearly half of total U.S. energy use. The energy used
for space conditioning can be reduced by utilizing thermal energy storage, such as phase change
materials (PCMs), into building envelopes; however, the energy savings of PCM-integrated
building envelopes reported in the literature vary widely. In the absence of established guidelines,
thermophysical requirements of an optimal PCM, its method of application into the building
envelope, and the corresponding energy savings under various climates remain unknown. In this
study, we perform an extensive numerical investigation on the integration of PCM into building
walls to establish the key conditions required for effective utilization of PCM in reducing heat
gains in the cooling season and heat losses in the heating season. We also determine the optimal
transition temperature, optimal PCM location in the wall, and the energy-saving potential of the
PCM-integrated building walls in five U.S. cities located in different International Energy
Conservation Code climate zones. Results show that employing PCMs in building walls does not
always lead to an improvement; in fact, incorrect applications of PCMs can substantially increase
energy use in the buildings. In the climates we studied, PCMs were found effective in reducing
heat gains during the cooling season while mostly ineffective in managing heat losses during
heating season. Depending on the climate, optimized PCMs in U.S. building walls can provide
reduction in the annual heat gain in the range of 3.5% to 47.2% and the annual heat loss in the
range of -2.8% to 8.3%. Future consideration of buildings with substantial solar gains in winter
may lead to more reduction in heat losses by PCMs.

* Corresponding author: Ravi.Kishore@nrel.gov

Keywords: phase change materials; envelope; energy use; energy savings; HVAC; cooling;
heating; optimization.
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1. Introduction

Energy use in buildings contributes a significant portion of the total global energy consumption.
The building sectors in the United States annually consume about 40 quadrillion British thermal
units (BTU), which is approximately 75% of U.S. electricity consumption and 40% of total U.S.
energy consumption [1, 2]. More importantly, nearly half of the total U.S. energy consumption in
buildings is attributed to space conditioning through heating, ventilation, and air-conditioning
(HVAC) systems [3-5]. Judkoff [5] provides a detailed description of various aspects of energy-
efficient buildings and recommends that in order to radically reduce energy consumption, a holistic
optimization approach is needed. Prior studies have also indicated that building energy use can be
managed by effectively utilizing thermal energy storage (TES) to minimize the variation in energy
demand during peak and off-peak load hours [6-8].

TES stores excess energy (usually available from renewable sources) during off-peak hours and
releases it for utilization during peak hours [9]. Storing energy in TES during off-peak hours is
usually less expensive as the required energy could be supplied by more efficient power generation
sources, such as baseload and/or renewable generation plants, instead of using peaking power
plants. For thermal management in buildings, TES can either be directly integrated into building
structures such as walls, roof, and floor, or added along with auxiliary components such as HVAC
systems and solar heating units. Although several TES systems utilizing phase change materials
(PCMs) have been proposed for building applications in the literature [10-13], integrating PCMs
into building envelopes remains of interest, as they are easy to implement and could be cost-
effective. Additionally, the large surface area of the building envelope and vicinity to the interior
environment allows effective heat transfer between the PCM and the indoor air, rendering the need
for additional heat exchangers unnecessary. Finally, PCMs provide a large energy storage density
with a nearly isothermal phase transition process, delivering an appropriate TES solution without
much increase in the actual mass of the building [14]. Therefore, in this study, we focus on PCM
integration into building envelopes—more specifically the opaque walls—and aim to optimize
heat transfer through the wall to reduce heat gains during cooling season and heat losses during
heating season.

PCM-integrated envelopes have been extensively investigated in the literature. In the early 1990s,
Hawes and Feldman demonstrated the feasibility of impregnating PCM into concrete structures
[15-17]. Cabeza et al. [18] noted improved thermal inertia as well as lower indoor air temperature
by PCM-encapsulated concrete walls when compared to conventional concrete walls. Later,
studies by Algallaf and Alawadhi [19], Royon et al. [20], and Memon et al. [21] indicated that the
PCMe-incorporated concrete walls could reduce the maximum indoor air temperature by 4°C,
providing better thermal comfort to the occupants. However, it has been observed that PCM is
more effective when incorporated into lightweight constructions, such as insulated wooden walls,
than structures with heavy mass, such as concrete blocks [8, 22]. Therefore, recent studies have
focused more on developing and testing PCM-integrated insulations. Kosny et al. [23] examined
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72 the performance of 0.14 m thick insulation layer containing 30% PCM by weight on the heat flux
73 profiles at the internal surface of a south-oriented vertical wall. They observed that the PCM-
74  integrated insulation could reduce the peak load by 20% to 35% and provide load shifting of about
75 3 hours during summer days. Likewise, a numerical study by Biswas et al. [24] revealed that,
76 compared to the cellulose-only insulation, PCM-incorporated-cellulose insulation can reduce
77  buildings’ electricity consumption for space conditioning by up to 11%. In another study, Biswas
78 et al. [25] studied the performance of a nano-PCM-enhanced interior wallboard and noted up to
79 21.9% reduction in the cooling electricity. Stovall and Tomlinson [26] suggested that the influence
80 of PCM on the building energy management greatly depends on the critical interactions among
81  multiple parameters, including the exterior climate, thermostat control strategy, PCM transition
82  temperature, and PCM placement in the wall. Similarly, Neeper [27] observed that the energy
83  stored in a PCM-integrated wall during a daily cycle depends on the melting temperature of the
84  PCM, the temperature range over which melting occurs, and the latent capacity per unit area of the
85  wallboard.

86  Several parametric studies have been performed to maximize the load management potential of a
87  PCM-integrated wall. Childs and Stovall [28] used the finite difference simulations to optimize
88  various parameters of a PCM-integrated wall containing uniformly distributed PCM-cellulose
89  mixture in the wall cavity. Childs and Stovall considered two climates, Phoenix and Baltimore,
90 and noted that potential savings were slightly higher when the PCM was concentrated near the
91 inside wall surface as compared to PCM uniformly distributed through the entire wall thickness.
92  However, performance of PCM placed closer to the interior wallboard was found to be very
93  sensitive to the changes in indoor temperature setpoint; therefore, they recommend a full thickness
94  PCM-cellulose mixture as the better strategy to reduce cooling electricity. Jin et al. [29, 30]
95  experimentally studied the thermal performance of walls with and without a PCM layer, using a
96 dynamic wall simulator. The PCM was encapsulated in polyethylene flat bubbles and was placed
97  between two layers of protective aluminum foil. The results showed that the optimal PCM location
98  was at a distance of 0.2L from the interior wallboard, where L was the thickness of the wall cavity,
99  providing about 41% reduction in the average peak heat flux.

100  In another study, Jin et al. [31, 32] noted that the optimal location of a PCM layer in the wall was
101  affected by the thermal properties of PCM as well as the exterior conditions. They observed that
102  the optimal PCM location in the wall shifted toward the exterior surface when PCM thickness,
103 PCM heat of fusion, or PCM melting temperature was increases, whereas the optimal PCM
104  location moved closer to the interior surface when the interior surface temperature was increased.
105  In a similar study, Lee et al. [33] experimentally evaluated the optimal PCM location for south-
106  and west-facing walls located in Lawrence, Kansas. The study found that the PCM located at 2/5
107  of the cavity thickness from the interior in the south-facing wall and 1/5 of the cavity thickness
108  from the interior in the west-facing wall resulted in maximum peak heat flux reductions. Fateh et
109  al. [34, 35] performed numerical and experimental investigation to evaluate the effect of a PCM
110  layer on the temperature and heat flux profiles of lightweight walls. The study reported that the
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111 maximum reduction of heat consumption—about 15%—occurred when the PCM was located near
112 the middle of the wall. Further study showed that PCMs in the wall were more effective when their
113 phase change temperature was close to the interior temperature [36].

114  Prior studies have indicated that along with PCM thermophysical properties, the PCM transition
115  temperature and the PCM location in the wall greatly influence the performance of a PCM-
116  integrated wall [31, 32, 37]. It has been also found that the optimal PCM location and optimal
117  PCM transition temperature vary from one climate to another [32]. However, several prior studies
118  have just focused either on the cooling season or on the heating season. In practice, however, after
119 PCM is added into the wall, it affects both. In fact, depending on PCM configuration and climates,
120 the PCM-integrated wall may positively influence one thermal aspect (such as cooling) of the
121 building, but may negatively affect the other thermal aspect (such as heating) of the building. In
122 this paper, we study the combinatory effect of various factors, including climatic conditions, PCM
123 transition temperature, and PCM location in the wall, on the energy saving potential of the PCM-
124  integrated wall in five U.S. cities. Using numerical simulations, we establish the important
125  conditions that must be fulfilled to make PCM effective in optimizing heat flow through the wall,
126 thereby minimizing heat gains in summer and heat losses in winter, simultaneously. We aim to
127  provide quantitative as well as qualitative guidelines for PCM integration in the walls that would
128  be beneficial for a broader buildings’ community. Five U.S. cities, located in different International
129  Energy Conservation Code (IECC) zones (2, 3, 4, 5, and 6) that cover a major portion of the U.S.
130  map, were selected to validate the formulated guidelines. Finally, it is important to note that we
131 primarily focus on energy savings. The effect of PCM on peak load shedding and shifting has been
132 presented elsewhere [38], and is beyond the scope of this paper.

133

134 2. Methods
135 2.1.  Description of the building wall

136  Figure 1 shows the vertical cross-sectional area of the walls considered in this study. Figure 1 (A)
137  depicts the typical wall assembly (no PCM). The heat flow through this wall at the interior surface
138  has been referred to as the baseline for comparing the thermal characteristics of the PCM-
139  integrated wall, which is shown in Figure 1 (B). As shown, a typical wall in a U.S. home consists
140  ofaninterior wallboard (usually drywall), an exterior wallboard (typically wood-based sheathing),
141  and athick layer of insulation in between [39]. The interior and exterior wallboards are connected
142 by studs (structural elements) and the exterior wallboard is usually covered or protected with some
143 type of exterior cladding. PCM can be integrated into the wall in various ways, such as imbibing
144  molten PCM into the internal pores of building materials, mixing PCM with building materials
145  such as insulation, or adding a discrete layer of PCM into the wall assembly [40, 41]. While each
146  of these methods has certain advantages and disadvantages, obtaining uniform PCM distribution
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147  in the building materials is usually difficult [24, 40]. Here, we used a discrete PCM layer placed
148  between two layers of insulation inside the wall cavity, as shown in Figure 1 (B).
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(A) Typical building wall (B) PCM-integrated wall

149

150  Figure 1. Vertical cross-section of the: (A) Typical wood-frame wall; and (B) PCM-integrated wall
151  containing a layer of PCM between insulation layers.

152 2.2.  Mathematical model

153  Asdescribed in Section 2.1, we have focused on examining the thermal characteristics of the wall,
154  not the entire building. Building energy simulation usually relies on one-dimensional calculations,
155  where the effect of thermal bridging due to studs cannot be accurately captured. Prior studies,
156  however, have shown that the presence of PCM can significantly alter the temperature profiles in
157  the wall assembly, including in the studs [28]. We have, therefore, employed a two-dimensional
158  model to study the heat flux through the PCM-integrated wall. Further, to reduce the computational
159  expenses, only a portion of the wall has been modeled using appropriate boundary conditions as
160  suggested in prior studies [25, 42, 43]. Figure 2 shows 2D geometries illustrating the cross-
161  sectional area in the horizontal plane of a portion of the building wall. We used symmetry boundary
162  conditions at the middle of the studs and cavity to ensure this simplified geometry physically
163  represents the heat transfer through a full-size wall. This approach has been verified to capture the
164  heat interaction between the wall and the interior and exterior surroundings in the several previous
165  publications [24, 25, 43].

166 The walls considered in this study are built of 2x6 wood studs, which result in stud thickness of
167  3.8.cm (1.5in.) and wall cavity depth of 14 cm (5.5 in.). The exterior and interior wallboards have
168  thickness of 1.3 cm (0.5 in.), resulting in total wall thickness of 16.6 cm (6.5 in.). Thickness of the
169  PCM layer considered in this study is 0.64 cm (0.25 in.), which was selected after a preliminary
170  parametric analysis. Although increasing the PCM thickness results in a larger thermal energy
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171  storage capacity of the wall, it displaces the insulation. Since the thermal conductivity of the PCM
172 is much higher than that of the insulation, adding PCM reduces the overall thermal resistance of
173 the wall, which may have a negative influence on the energy efficiency of the building. Our
174  preliminary analysis shows that energy saving potential of the PCM-integrated wall first improves
175  with increase in PCM thickness, then it nearly saturates when PCM thickness is between 0.64 mm
176  and 12.70 mm, and it deteriorates when PCM thickness is further increased.

177  Looking at Figure 2 (B), Symbol X denotes the relative distance between the PCM layer and the
178  exterior wallboard. It is defined as the distance between the PCM layer and the exterior wallboard
179  over the total thickness of the wall cavity. This implies that when X=0, the PCM is located adjacent
180  to the exterior wallboard; when X=1, the PCM is located adjacent to the interior wallboard; and
181  when X=0.5, it is in the middle of the wall, as shown in Figure 2 (C).
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(A) 2D model illustrating the (B) 2D model illustrating the (C) Variable location of PCM in
183 typical building wall PCM-integrated wall the wall

184  Figure 2. 2D geometries representing cross-sectional area of a portion of the (A) Typical building
185  wall; (B) PCM-integrated wall; and (C) Variable location of PCM in the wall.

186  2.2.1. Governing equations

187  The transient diffusion equation describing the heat transfer in a stationary solid is expressed as
188  [44]:

189 pCIL+V-(—kVT)=Q Q)
190  where p, C, and k are density, specific heat, and thermal conductivity of the medium, respectively.

191 T is the temperature at the point of measurement and Q represents the heat sources.
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192  The material properties of the wall components, except the PCM, are assumed to be constant and
193  temperature independent. The material properties of the PCM before and after the phase transition
194  are not the same. To account for the varying material properties due to changes in material
195  composition, we define the effective density and the effective thermal conductivity of the PCM as
196  [45]:

197 ppem = 01p1 + 0202 (2)
198 kpcm = 91k1 + ezkz (3)

199  where subscripts 1 and 2 denote the Phase 1 and Phase 2 of the PCM, p is density, k is thermal
200 conductivity, and 6 denotes the volume fraction, which is calculated as [45]:

201 61:2__7;’; (4)

203 where T is the average temperature, T; is the melting onset temperature, and T is the melting end
204  temperature of the PCM. 6, will be referred as melt fraction in this paper.

205  Please note that the effective density and thermal conductivity of the PCM in the mushy region is
206  weighted average of the same material property in the solid and liquid states. Therefore, as the
207  composition of the PCM changes, the volume fraction of the solid and liquid changes that leads to
208  change in the effective property of the PCM.

209  The latent heat of the PCM has been accounted by defining the apparent heat capacity, which is
210 given as [45]:

1 daq_
211 Cpem = - (01p1C1 + 0,p,C2) + Ly, % (6)

162p,-61p1
212 a = - 7
122 7 20,p1+6,p; (")

213 where C; and C, are the specific heat capacity of the two distinct states of the PCM, L, _,, denotes
214  the total latent heat capacity associated with the entire phase transformation, and «a;_,, represents
215  the fractional change in the PCM composition during the phase transition process. Please note that
216 a;., = 0,when 6;p, = 6,p,. Physically, this represents the condition when two phases of the

0a1-;
aT
218 the PCM per unit change in temperature during the phase change. The value of «,_,, varies from

219  -Y%., when 6, = 0, to 2 when 8, = 0, this infers that latent heat of the PCM has been assumed to
220  be equally distributed across the mean transition temperature.

217  PCM coexist and have the same mass fraction. Term L,_,, denotes the change in enthalpy of
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221 Equations (2) through (7) simplify the heat transfer calculations in the PCM by providing an
222 expression like Equation (1), which can be deduced as:

aT
223 ppemCpem ot +V- (_kpcm VT) =q (8)
224  2.2.2. Initial and boundary conditions

225  The initial temperature condition for all simulations was taken as equal to the mean transition
226  temperature of the PCM. Figure 3 depicts the boundary conditions assigned to the wall for the
227 numerical simulations.

Symmetry

&£ Radlatibin

Insulation
Insulation
Vectio

Exterior wallboard
Interior wallboard

Exterior Interior

Symmetry

228

229  Figure 3. Boundary conditions assigned to the wall for the numerical simulations.
230

231 The exterior side of the wall is exposed to solar irradiance from the sun, convection exchange with
232 the ambient air, and long-wave radiation exchange with the surrounding surfaces. The total heat
233 flux on the exterior surface (q,.) is, thus, given as [24, 25, 43, 46]:

234 q;xt & aqgolar + hext(Tout - Te,wall) + quR (9)

235 where a is the solar absorptance of the exterior surface, q,,,,, denotes the total solar irradiance on
236 the vertical surface, h,,, is the convection coefficient, T,,,, is the outside air temperature, T, ,q1;
237 s temperature of the exterior surface, and g, denotes the heat transfer due to long-wave
238 radiation. The long-wave radiation heat transfer consists of three terms: radiation exchange
239  between the exterior surface and the outside environment, radiation exchange between the exterior
240  surface and the ground, and radiation exchange between the exterior surface and the sky. This is
241  mathematically expressed as [24]:
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242 quR = eo_[Fout(T:ut - Te4,wall) + Fgrnd (Tg4rnd - Te‘l,wall) + Fsky (Ts4ky - T:wall)] (10)

243 where o denotes the Stefan-Boltzmann constant, ¢ is the infrared emittance of the exterior surface,
244 Typpq is temperature of the ground, and Ty, is sky temperature. F,,¢, Fyrng, and Fg,, are the
245  radiation view factors between the exterior surface and the outside surroundings, the ground, and
246  the sky, respectively.

247  On the interior surface, it was assumed that the HVAC system could exactly match the
248 instantaneous interior loads in the building, such that the desired interior room air temperature,
249 Ty, is immediately attained. We also assumed that the indoor air temperature is uniform,
250  providing the boundary condition at the interior surface (q;,,) as:

251 Qine = hine(Tiwan — Tine) (11)

252 where h;,; denotes the equivalent heat transfer coefficient (incorporating convection as well as
253  radiation effects) and T;,,4;; is the temperature of the interior surface of the wall. Studies have
254  reported that the average indoor air temperature is usually not fixed, but varies throughout the day,
255  with a minimum value in the early morning (3-6 a.m.) and maximum value in the afternoon (3-6
256 p.m.) [47]. In this study, for the interior boundary condition, we assumed a sinusoidal variation in
257  the indoor air temperature from 22°C at 3 a.m. to 24°C at 3 p.m.

258  Lastly, symmetry is applied at the centerline of the envelope cavity and the stud. The symmetry
259  boundary condition ensures no normal heat flux across a boundary and is represented in vector
260  form as [48]:

261 n-q=0 (12)
262  where g and n denote the heat flux vector and the unit normal vector at the boundary.

263  We used Typical Meteorological Year 3 (TMY3) data [49] to obtain the solar irradiance (gsoiqar)
264  the outside ambient temperature (To,.), and the sky temperature (T, ). The heat transfer
265  coefficients (h;,, and h,,,) on the interior and exterior surfaces were assumed to be 8.4 W/m?-K
266  and 33.4 W/m?-K, respectively (calculated using the information provided in references [50-52]).
267  The solar absorptance and the infrared emittance of the exterior surface were assumed to be 0.6
268 and 0.8, respectively [24, 25, 43]. Cooling and heating components due to heat gains and heat
269 losses through the wall can be calculated by time integrating the heat gains (qg4q4:n) Or heat losses
270 (qp0ss) OVer the given period.

t=

271 Q. = ftzor dgain dt (13)
t=

272 Qh = ftzOT Qioss dt (14)
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273 where Q. and Qy, represent the total heat gain and heat loss through the wall over the time duration
274  of 1.

275  2.3.  Material properties

276  Table 1 depicts the material properties of different components of the wall considered in this study.
277  While the mean transition temperature of the PCM has been varied between 12°C and 32°C to
278  obtain an optimal value, the transition temperature range is fixed to 4°C for all simulations in this
279  study. The latent heat of the PCM taken in this study is 100 kJ/kg, which is lower than that of the
280 commercial PCMs. It is important to note that PCMs used in building envelopes have several
281  restrictions to avoid leakage, large volume change, safety problems, etc. [22]. We focus on
282  encapsulated PCMs—such as fatty acids/glycerides trapped into high density polyethylene pellets
283  [24] or polyol blends caged inside a thermally conductive porous structures [53] —whose energy
284  density is lower, but are suitable for building applications.

285  Table 1. Material properties of different components of the wall assembly. The information was
286  taken from references [24, 25].

Thermal U-value  Specific Latent

Component Material I(Ii(er/l:]?)/ conductivity (W/m?2-K) heat heat
g (W/m-K) (kJ/kg-K)  (kJ/kg)
Insulation Expanded 24 0.037 0.3 1.214
polystyrene

Stud Wood 577 0.144 1.0 1.633
Exterior Oriented strand 640 0.130 100 1.410
wallboard board
Interior
wallboard Gypsum 550 0.153 11.8 1.089
PCM (solid) 887 0.300 46.9 2.750 100
PCM (liquid) 898 0.100 15.6 1.848 100

287 2.4, Numerical simulation

288  Simulations were performed using the commercial code COMSOL Multiphysics version 5.4. The
289  geometry was discretized using a structural quadrilateral mesh, which has an element size of 0.6
290 cm x 0.8 cm and element count of 1,800. The mesh independency tests were performed by varying
291  the element count between 500 and 4,200. The relative change in annual heat gains by varying the
292 element count from 1,800 to 4,200 was less than 0.5%, so we selected 1,800 for all simulations in
293  this study. The transient finite element equations were solved using backward differentiation
294  formula (BDF) for the time-stepping. BDF order was set with a minimum value of 1 to ensure at
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295 least one time step in each subinterval (specified as one hour) during the time-stepping process.
296  The relative tolerance was set to 0.001 to control the numerical error during calculation of various
297  physical parameters. During the startup of the time-stepping process, a shorter time step, 0.1% of
298 the first step, was used and then the step length was gradually increased until the requested step
299 length of one hour was reached. Lastly, the model was validated using experimental data available
300 in the published literature [24]. The root mean square error between the model results versus the
301  experimental data was found to be less than 1°C.

302

303 3. Results and discussion

304  We present our results in separate subsections as follows:

305 e A detailed discussion on the requirements for effective utilization of the PCM to reduce
306 the total heat gains and heat losses through the wall. We identified and analyzed various
307 important factors that influence the performance of PCM in walls, using the Baltimore
308 climate as an example. Out of various cities selected in the study, Baltimore has relative
309 moderate climate that makes it suited for the PCM-integrated wall, particularly during the
310 cooling season [28].

311 e The combinatory effect of diurnal temperature swings under different climates, PCM
312 transition temperature, and PCM location in the wall on total heat gains/losses through the
313 walls. We considered five climates: Phoenix, Las Vegas, Baltimore, Denver, and Billings,
314 which are in IECC climate zone 2b, 3b, 4a, 5b, and 6b, respectively. The transition
315 temperature of the PCM is varied in the 12°-32°C range, and the relative location of the
316 PCM in wall is varied from X=0 to X=1.0. We compare the heat gains and heat losses
317 through the PCM-integrated wall against the baseline (typical wall with no PCM) to
318 investigate the impact.

319

320 3.1. Factors influencing the performance of PCM-integrated wall

321 Figure 4 shows the effect of PCM on the heat flux through a south-facing wall in Baltimore. The
322 mean transition temperature of PCM is fixed at 23°C (with a transition temperature range of 4°C),
323 while the interior temperature varies sinusoidally in the range of 22°-24°C. The PCM is located
324  at three-fourths of the insulation cavity width from the exterior wallboard (i.e., X=0.75). Plots on
325 the left-hand side of Figure 4 ((A), (C), (E), and (G)) depict the results for June, whereas plots on
326  the right-hand side of Figure 4 ((B), (D), (F), and (H)) show the data for July. Figure 4 (A) shows
327  that, during June, the exterior temperature fluctuations occur across the interior temperature, i.e.
328 the exterior temperature is higher than the interior temperature during some part of the day,
329  whereas it is lower than the interior temperature during another part of the day. However, as shown
330 in Figure 4 (B)), the exterior temperature lies mostly above the interior temperature in July. This
331 difference in diurnal temperature swings has a major impact on the influence of PCM on heat gains

11

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



332 through the wall. If the exterior temperature always remains higher than the interior temperature,
333  no ambient cooling takes place, making the PCM ineffective in reducing the heat gains through
334 the wall. Likewise, in heating season, if the exterior temperature is always lower than the interior
335  temperature, there is no scope for ambient heating, making PCM ineffective in reducing the heat
336 losses through the wall. This effect is more evident if we look at Figure 4 (C) and (D). In June, the
337  melt fraction lies between 0% and 100%, indicating the uninterrupted phase transition throughout
338  the month. However, in July, the melt fraction is close to 100% (all melted) during a major portion
339  of the month, indicating that the PCM is not effectively utilized in July. Figure 4 (E) and (F) depict
340 the transient heat gain through the wall in June and July, respectively. The peak heat gains in June
341 are mostly lower than the peaks of the baseline. Consequently, as shown in Figure 4 (G), the
342  cumulative heat gains with PCM is lower (16.3%) than the baseline in June. In July, on the other
343  hand, the peak heat gains are mostly higher than the peaks of the baseline. This leads to 16.4%
344  higher heat gains with PCM than the baseline. This shows that adding PCM is not always beneficial
345 in reducing heat gains through the wall. In fact, PCMs could be advantageous during a portion of
346  the year while disadvantageous during other times. Therefore, the decision to incorporate PCM in
347  the building wall should be made by considering its cumulative effect for the entire year, not just
348  for a season.

349  This leads us to state the first condition for the effective utilization of PCMs in building walls:

350 1. Diurnal temperature swings should be favorable to permit free ambient cooling/heating.

351 During cooling season, when the exterior temperature goes below the interior temperature, the
352 PCM solidifies due to ambient cooling, which can be used to reduce heat gains during hours
353 of high temperature. Likewise, during heating season, when the exterior temperature is above
354 the interior temperature, the PCM liquifies due to ambient heating which can be used to reduce
355 heat losses during hours of low temperature.
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Figure 4. Effect of PCM on heat gains through a south-facing wall in Baltimore. (A) Exterior,
interior, and PCM temperatures in June; (B) Exterior, interior, and PCM temperatures in July; (C)
Melt fraction of the PCM in June; (D) Melt fraction of the PCM in July; (E) Transient heat gain
through the wall in June; (F) Transient heat gain through the wall in July. (G) Cumulative heat
gain in June; and (H) Cumulative heat gain in July.
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363  Another important parameter that affects the PCM performance is its transition temperature. Figure
364 5 depicts the effect of the transition temperature (T;) on the melt fraction and the cumulative heat
365 gain through wall in June. Again, the PCM is located at X=0.75 and has a transition temperature
366  range of 4°C and the interior temperature varies in the range of 22°-24°C. When the transition
367 temperature is very low (less than 20°C), the PCM remains mostly in the liquid state, providing
368  nearly no influence on the heat gains. Alternatively, when the transition temperature is high (more
369 than 26°C), the PCM stays mostly solid, thus having no positive influence on the heat flow. When
370 the transition temperature lies in the range of 22°-24°C, phase transition occurs, reducing the heat
371 gains through the wall. As shown in Figure 5 (B), an optimal transition temperature exists, where
372 the PCM is most effective in reducing the cumulative heat gain. This indicates the second condition
373  for effective utilization of PCM in building walls:

374 2. The transition temperature of the PCM should be optimized to enhance its utilization. If the

375 transition temperature is too high or too low, the PCM does not change phase, providing no
376 benefits in terms of thermal energy storage.
(A) (B)
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378  Figure 5. Effect of PCM transition temperature on: (A) Melt fraction and (B) Cumulative heat gain
379  through a south-facing building wall in Baltimore.

380  Having supportive diurnal swings is the first and the most important requirement. The presence of
381 PCM in the wall may have no benefit on heat flow, despite going through phase change. In fact,
382 incertain situations, phase transition may negatively influence the heat flow. For instance, consider
383  the case of when the PCM is located adjacent to the interior wallboard (i.e., X=1.0). Figure 6
384  depicts the heat gain through configuration in Baltimore during June. As shown in Figure 6 (A),
385  diurnal swings are supportive as external temperature variations are occurring across the interior
386  temperature. Also, as seen in Figure 6 (B), the PCM is very well utilized, as it constantly changes
387  phase throughout the month. Despite these, the heat gains, as shown in Figure 6 (C), are much
388  higher than the baseline, which contradicts the previous observations made in Figure 4. The
389  difference in the heat gains shown in Figure 4 (E) and Figure 6 (C) is due to change in the PCM
390 location. When the PCM is located very close to the interior (controlled ambient temperature), its
391 interaction with the exterior is restricted due to the large thermal resistance provided by the wall
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392 insulation, reducing the free ambient cooling. Therefore, the energy required for the PCM phase
393  transition comes primarily from the cooling system, which increases the heat gain, as seen in
394  Figure 6 (D). We also investigated placing the PCM at X=0 (adjacent to the exterior wallboard),
395  at X=0.25, and at X=0.5. At X=0, the PCM interacts very effectively with the exterior by utilizing
396 the diurnal temperature swings; however, due to the large thermal insulation between the PCM
397 and the interior, its impact on the heat flow remains very low. The heat gain is minimum when
398  X=0.5(i.e., when the PCM is located at the middle of the wall). When PCM is in the middle of the
399  wall, it effectively interacts with the exterior as well as with the interior environment, making the
400  best use of free ambient cooling in reducing the heat gains. This discussion, therefore, leads us to
401 the third important condition required for the effective utilization of a PCM-integrated building
402 wall:

403 3. Anoptimal PCM location exists in the wall where the PCM effectively interacts with exterior

404 as well as interior environments, stores energy using free ambient cooling/heating, and
405 eventually transfers the stored energy to the interior to minimize the overall heat gain/loss
406 through the wall.
35 . 100%
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408  Figure 6. Effect of PCM located close to interior (X=1.0) on heat flow through the wall. (A)
409  Exterior, interior, and PCM temperatures; (B) Phase change in PCM; (C) Heat gains through the
410 wall; and (D) Cumulative heat gain versus PCM location.

411
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412 3.2. Impact of PCM on heat flow through PCM-integrated wall in Phoenix

413  Figure 7 (A) depicts the exterior and interior surface temperatures of a south-facing wall located
414  in Phoenix. Consider the case in which the PCM is located at the middle of the wall (i.e., X=0.5).
415  From June to September, the exterior temperature is mostly higher than the interior temperature;
416  therefore, the first condition for the effective PCM utilization is not met during these months. This
417  also indicates that, irrespective of the transition temperature of the PCM, the PCM-integrated wall
418  would remain ineffective in reducing the heat gains during June, July, August, and September, as
419  shown in Figure 7 (C). The cumulative heat gain for June, July, August, and September with PCM
420 is equal or higher than the baseline. For the remainder of the year, the exterior temperature
421  fluctuates above and below the interior temperature, providing free ambient cooling/heating to the
422  PCM needed for reducing the heat gain/loss. This observation, therefore, supports the first
423  condition we formulated in Section 3.1.

424  Depending upon the transition temperature, the impact of PCM on the cumulative heat gain and
425  loss could vary. Figure 7 (B) shows that when the transition temperature (T) is less than 14°C, the
426  PCM remains in the liquid state during most of the year, bearing minimal influence on the heat
427  flow. Likewise, when T¢>32°C, the PCM remains in the solid state during most of the year, causing
428  no substantial change in the heat flow. When T=26°-30°C, phase transition occurs mostly during
429  the summer season (May-September). In the absence of free ambient cooling, the PCM has no
430  positive influence on the heat gains during this period, despite the phase change. However, when
431  T=22°-24°C, phase transition is prominent during March to May and October to November, (i.e.,
432  during the months when the diurnal temperature swings are most favorable). Therefore, the PCM
433  with transition temperatures in the range 22°-24°C provides lower heat gains in the months of
434  February—May and October—November. Figure 7 (D) depicts the heat loss versus transition
435  temperature for various months. Because the exterior temperature fluctuations permit free ambient
436  heating, we can expect lower heat loss with the PCM than the baseline. We can see that the PCM
437 is most optimally utilized during the heating season, when T=18°-24°C; however, the optimal
438  value of transition temperature varies from one month to another.

439
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441  Figure 7. Effect of PCM on the heat flow through the wall in Phoenix. (A) Exterior and interior
442  wall temperatures; (B) Melt fraction; (C) Effect of PCM transition temperature on monthly heat
443  gain; and (D) Effect of PCM transition temperature on monthly heat loss.

444

445  Figure 8 shows the effect of the PCM transition temperature and location on the annual heat gain
446  and heat loss through the wall in Phoenix. When the PCM is located at the ends (X=0 or X=1.0),
447  the heat gain and heat loss are higher than the baseline. As explained in Section 3.1, this happens
448  due to the restricted interaction between the PCM and the interior or exterior environment. The
449  heat gain and heat loss are lower than the baseline when the PCM location is varied between
450 X=0.25 and X=0.75 and has a transition temperature between 22°-24°C. The minimum annual
451  heat gain and loss occur when X=0.5 and T=22°C. The PCM with a transition temperature of 22°C
452  located at the middle of the wall can reduce the annual heat gain by 710 W-h/m? and the annual
453  heat loss by 590 W-h/m?, which are 3.5% and 8.3% of the baseline, respectively. The occurrence
454  of the optimal transition temperature and optimal PCM location in the wall supports our second
455  and third hypotheses proposed in Section 3.1.
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460 transition temperature when PCM is located at (F) X=0, (G) X=0.25, (H) X=0.5, (I) X=0.75, and
461  (J) X=1.0. Dotted red lines represent the baseline.

462 3.3. Impact of PCM on heat flow through PCM-integrated wall in Las Vegas

463  Figure 9 (A) shows the exterior and interior surface temperatures of a south-facing wall in Las
464  Vegas. During January to March, the exterior surface temperature is mostly lower than the interior
465  temperature, indicating no free ambient heating. April and May show some overlap between the
466 interior and exterior temperatures, providing free ambient heating/cooling that could lead to lower
467  heat gain/loss through the wall during this period. However, in June through August, the exterior
468  temperature is mostly higher than interior temperature, limiting the free ambient cooling.
469  September to October shows some overlap, followed by very little overlap in November and
470  December. Phase transition versus transition temperature is depicted in Figure 9 (B). The PCM
471 having T=18°C is mostly utilized in March—April and November—December; the PCM having
472 T=22°C is mostly utilized in April-May and October—November, whereas the PCM with Ti=26°C
473  isutilized in May—October. Because free ambient cooling and heating is mostly available in April—
474  May and October—November, the PCM with Ti=22°C provides lower heat gains in April-May and
475  lower heat loss in October—November, as shown in Figure 9 (C) and (D). For other months, there
476  is no substantial change in heat flow. This observation, therefore, supports the first condition in
477  Section 3.1.

478  Figure 9 (E) and (F) depict the effect of PCM transition temperature on the annual heat gain and
479  loss. For brevity, we have not shown the results for annual heat gain and loss versus PCM location;
480  however, the PCM was most effective when it is in the middle of the wall (X=0.5). Due to a lack
481  of favorable diurnal temperature swings, the impact of PCM on the building energy use in Las
482  Vegas is not as prominent as in Phoenix. The minimum heat gain occurs when Tt=22°C, providing
483  the maximum reduction of 346 W-h/m? in annual heat gain, which is 3.8% of the baseline value.
484 It is important to note that the PCM has no or negative impact on the heat loss. This is expected
485  because the exterior temperature in Las VVegas is mostly lower than the interior temperature during
486  the winter months. The occurrence of the optimal PCM transition temperature and the optimal
487  PCM location, once again, agree with condition 2 and 3 prescribed in Section 3.1.

488
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490  Figure 9. Effect of PCM on the heat gain and loss in Las Vegas. (A) Exterior and interior surface
491  temperatures of a south-facing wall; (B) Melt fraction for the PCM located at the middle of the
492  wall (X=0.5); (C) Effect of PCM transition temperature of monthly heat gain; (D) Effect of PCM
493  transition temperature on monthly heat loss; (E) Effect of PCM transition temperature on the
494  annual heat gain; and (F) Effect of PCM transition temperature on the annual heat loss. Dotted red
495 lines represent the baseline.

496 3.4. Impact of PCM on heat flow through PCM-integrated wall in Baltimore

497  Figure 10 (A) shows the exterior and interior surface temperatures of a south-facing wall in
498  Baltimore. Diurnal swings in Baltimore are favorable during the summer. The exterior temperature
499  lies mostly below the interior temperature in January—March and October—December, resulting in
500 nearly no reduction in heat loss (Figure 10 (D)). Again, as shown in Figure 10 (B), a transition
501 temperature close to 22°C appears to be optimal, as the phase transition occurs during May—
502  September, that is, when free ambient cooling is readily available. This results in lower heat gain
503 in summer months, which is evident from Figure 10 (C). Figure 10 depicts the effect of PCM on
504  annual heat gain and heat loss in Baltimore. The PCM with a transition temperature of 24°C placed
505  at location X=0.5 provides an annual heat gain reduction of 297 W-h/m?, which is 13.1% of the
506  baseline. The PCM, however, negatively affects the annual heat loss, increasing it by 327 W-h/m?,
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507  which is 1.4% of the baseline. We can note that observations in this section are also in agreement
508  with the three conditions formulated in Section 3.1.
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510 Figure 10. Effect of PCM on the heat gain and loss in Baltimore. (A) Exterior and interior surface
511  temperatures of a south-facing wall. (B) Melt fraction for the PCM located at the middle of the
512  wall (X=0.5). (C) Effect of the PCM transition temperature on the monthly heat gain. (D) Effect
513 of the PCM transition temperature on the monthly heat loss. (E) Effect of PCM transition
514  temperature on the annual heat gain in Baltimore. (F) Effect of PCM transition temperature on the
515 annual heat loss in Baltimore. Dotted red lines represent the baseline.

516
517 3.5. Impact of PCM on heat flow through PCM-integrated wall in Denver and Billings

518  Figure 11 (A) and (B) show the exterior and interior surface temperatures of a south-facing wall
519 in Denver and Billings, respectively. The exterior temperature swings are mostly lower than
520 interior temperature during the winter months like January to April and November to December.
521  During May-October, the exterior temperature fluctuations occur across the interior temperature,
522  providing free ambient cooling, which is favorable for minimizing heat gains. As noted in Figure
523 11 (C)and (D), the PCM with a transition temperature close to 24°C provides maximum heat gain
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524  reduction of 758 W-h/m? in Denver and 831 W-h/m? in Billings, which are 35.6% and 47.2% of
525 the baseline, respectively. However, the heat losses with the PCM are higher than the baseline for
526  both cities. Annual heat loss with the PCM increases by 148.6 W-h/m? in Denver and 696.6 W-
527 h/m?in Billings, which are 0.5% and 2.1% of the baseline. The observations are aligned with the
528  three conditions formulated in Section 3.1.
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529

530 Figure 11. Effect of PCM on the heat gain and heat loss in Denver and Billings. Exterior and
531 interior surface temperatures of a south-facing wall in (A) Denver and (B) Billings. Effect of the
532  PCM transition temperature on the annual heat gain in (C) Denver and (D) Billings. Effect of the
533 PCM transition temperature on annual heat loss in (E) Denver and (F) Billings. Dotted red lines
534  represent the baseline.

535

536 3.6. Summary and comparison with published literature
537
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538  Table 2 summarizes the optimal PCM transition temperature and optimal PCM location for various
539  U.S. cities investigated. The maximum estimated reduction in annual heat gain and annual heat
540 loss are also listed. It is interesting to note that the optimal transition temperature is in the range of
541  22°-24°C, which is close to the interior temperature range. This finding agrees with several other
542  prior studies. Stovall and Tomlinson [26] noted mean transition temperature of 19°C during the
543  winter, when the thermostat dead band varies from 19.65°C to 21.3°C, and 24.5°C during the
544  summer, when the thermostat dead band varies from 22.8°C to 23.9°C. Neeper [27] reported that
545 the maximum diurnal energy storage occurs when the PCM mean melting temperature
546  approximately equals the average of the room temperature. On a similar note, Fateh et al. [35]
547  showed that PCM layer in the wall is more effective when its transition temperature is close to the
548 indoor air temperature. Likewise, Biswas and Abhari [24] used PCM with mean transition
549  temperature of 21.5°C when heating and cooling temperature setpoint was 20°C and 23.3°C,
550  respectively, and Ferster et al. [54] utilized PCM with mean transition temperature of 23°C when
551 the thermostat setpoint was between 21°C and 23°C.

552  Prior researchers have diverse opinion regarding the optimal location of PCM in the wall. Childs
553  and Stovall [28] noted only a minor advantage when the PCM was concentrated in the inner half
554  of the wall over when PCM was uniformly distributed through the entire wall thickness. However,
555  because performance of PCM placed closer to the interior was found to be sensitive to the changes
556 in indoor temperature setpoint, they recommended a full-thickness PCM-cellulose mixture as the
557  more practical strategy to reduce cooling electricity. Biswas and Abhari [24] noted similar
558  performance between the two cases, when the PCM is concentrated in inner half of the wall versus
559  when PCM is distributed over the entire thickness, during the cooling season. However, during
560 heating season, Biswas and Abhari noted an adverse impact on heating load when PCM is
561  distributed in the full cavity. Therefore, they suggested adding PCM to only the inner section of
562  wall to yield better thermal performance at lower cost.

563  In above two studies, PCM was added to cellulose insulation in the cavity. A few researchers have
564 also attempted to optimize the location of concentrated PCM layer in the cavity, as in our current
565  study. Jin et al. [29, 30] reported the optimal PCM location as 1/5 of cavity thickness from interior
566  surface, Lee et al. [33] noted optimal PCM location as 2/5 of cavity thickness from interior in the
567  south facing wall and 1/5 of cavity thickness from interior in the west facing wall, and Fateh et al.
568  [34, 35] found an optimal PCM location near the middle of the wall. As we can see, the optimal
569 location of a PCM in the wall is dependent on several factors, including the thermophysical
570  properties of PCM as well as the interior and exterior conditions.

571

23

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



572  Table 2. The optimal transition temperature and PCM location for reducing heat gains and heat
573  losses in various cities in the United States.

Recommended Recommended Annual reduction % Reduction
location transition temperature | Heat gain | Heat loss | Heat gain | Heat loss
X) (TY) (W-h/m?) | (W-h/m?) (%) (%)
Phoenix 0.5 22°C 710 590 35 8.3
Las Vegas 0.5 22°C 346 -147 3.8 -1.2
Baltimore 0.5 24°C 297 -327 13.1 -14
Denver 0.5 24°C 758 -148 35.6 -0.5
Billings 0.5 24°C 831 -697 47.2 -2.1

574
575 4. Conclusions

576  We studied the influence of adding PCM on the heat transfer through building walls in various
577 cities in the United States. Employing a numerical model, we established three essential conditions
578  required for the effective utilization of the PCM in reducing heat gain and heat loss:

579 e Diurnal temperature swings should be favorable to permit free ambient cooling/heating;
580 e The transition temperature of the PCM should be optimized to enhance utilization of the
581 PCM,;

582 e The location of the PCM in the wall should be optimized so that the PCM is able to interact
583 with both the exterior as well as the interior environments.

584  We also determined the optimal PCM transition temperature and PCM location in the building
585  wall to achieve the maximum reduction in annual heat gain and heat loss. We considered Phoenix
586 (IECC zone 2b), Las Vegas (IECC zone 3b), Baltimore (IECC zone 4a), Denver (IECC zone 5b),
587  and Billings (IECC zone 6b) and noted that:

588 e In Phoenix, PCM with a transition temperature of 22°C located at the middle of the wall
589 reduces the annual heat gain by 3.5% and the annual heat loss by 8.3%.
590 e In Las Vegas, PCM with a transition temperature of 22°C located at the middle of the wall
591 provides a reduction of 3.8% in heat gain; however, irrespective of the transition
592 temperature and location inside the wall, the PCM remains ineffective during the heating
593 season.
594 ¢ In Baltimore, the maximum reduction in heat gain is 13.1%. This occurs when the PCM
595 has a transition temperature of 24°C and is placed at the middle of the wall. However, the
596 heat losses in the heating season increase by 1.4% with the PCM.
597 e In Denver, the PCM with a transition temperature of 24°C and located at the middle of the
598 wall reduces annual heat gain by 35.6%. Again, the PCM increases the annual heat loss by
599 0.5%.
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600 e Lastly, in Billings, the PCM with a transition temperature of 24°C and located at the middle

601 of the wall reduces annual heat gain by 47.2%. The annual heat loss with PCM increases
602 by 2.1%.
603

604  The impact of PCM on thermal transport through the wall is limited, and it is not always beneficial
605 inall climates. The PCM-integrated walls are advantageous mostly in moderate climates, and when
606 the three conditions prescribed above are met. A significant portion of the United States
607  experiences extreme and long winters, making the PCM-integrated walls not very effective during
608  the heating season.

609 It is also important to note that the optimal configuration and conditions determined in this study
610  were obtained considering the heat transfer through an opaque wall only. The optimal condition
611  for the total cooling and heating loads of the entire building needs to consider other loads, such as
612  solar gains through windows and other internal loads. Therefore, observations made in this study
613  may change when considering the entire building. As a future study, we plan to investigate the
614  effects of the whole building design.
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