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A promising approach to increasing the energy efficiency of buildings is the implementation of a phase
change material (PCM) in the building envelope. Numerous studies over the last two decades have
reported the energy saving potential of PCMs in building envelopes, but their wide application has been
inhibited, in part, by their high cost. This article describes a novel PCM made of naturally occurring fatty
acids/glycerides trapped into high density polyethylene (HDPE) pellets and its performance in a building
envelope application. The PCM–HDPE pellets were mixed with cellulose insulation and then added to an
exterior wall of a test building in a hot and humid climate, and tested over a period of several months. To
demonstrate the efficacy of the PCM-enhanced cellulose insulation in reducing the building envelope
heat gains and losses, a side-by-side comparison was performed with another wall section filled with
cellulose-only insulation. Further, numerical modeling of the test wall was performed to determine the
actual impact of the PCM–HDPE pellets on wall-generated heating and cooling loads and the associated
electricity consumption. The model was first validated using experimental data and then used for annual
simulations using typical meteorological year (TMY3) weather data. This article presents the experimen-
tal data and numerical analyses showing the energy-saving potential of the new PCM.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

According to the 2009 residential energy consumption survey
(RECS)1 of the United States Energy Information Administration
(EIA), about 48% of the total residential end-use energy consumption
is due to space heating and air conditioning. The U.S. Department of
Energy (DOE) has set a goal of developing high-performance, energy-
efficient buildings, which will require more cost-effective and
energy-efficient building envelopes. Phase change materials (PCMs)
have been widely investigated for thermal storage in a range of
applications, including integrated collector storage solar water hea-
ter [1], spacecraft thermal control in extreme environments [2],
phase change slurries for active cooling [3], thermal management
of building integrated photovoltaic panels [4], etc. Application of
PCMs to building envelopes to take advantage of their latent heat
capacities in reducing the envelope-generated heating and cooling
loads has received a lot of attention in the last two decades [5].

PCMs in building envelopes operate by changing phase from
solid to liquid while absorbing heat from the outside and thus
reducing the heat flow into the building, and releasing the
absorbed heat when it gets cold outside to reduce the heat loss
through the building envelope. Different approaches to PCM
applications in building envelopes have been investigated: PCM
wallboards [6,7], PCM mixed in concrete and brick [8,9], PCM
mixed with loose-fill insulation [10,11], rigid polyurethane foam
incorporating fatty acid ester based PCM [12], and macro-packaged
PCM in plastic pouches [13,14]. Recent experimental and numeri-
cal studies have shown the potential of PCMs in reducing indoor
temperature fluctuations under different weather conditions [15–
17], reducing energy consumption and providing peak-load
shifting [18], and also providing internal humidity control [16].

The energy saving potential of PCMs for buildings has been
demonstrated, but the traditionally high PCM prices have
precluded their extensive application in the building industry. This
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Nomenclature

cp specific heat (kJ/kg/K)
F view factor
h(T) enthalpy (kJ/kg)
hext exterior surface convective heat transfer coefficient

(W/m2/K)
hint interior surface heat transfer coefficient (W/m2/K)
k thermal conductivity (W/m/K)
Lf latent heat of melting/freezing (kJ/kg)
q heat flux (W/m2)
qsolar solar irradiance (W/m2)
T temperature (K)
a solar absorptance
e infrared emittance
q density (kg/m3)

Subscripts
ext exterior
int interior
l fully molten state of PCM
s fully frozen state of PCM

Abbreviations
LWR long wave radiation
NET natural exposure test
OSB oriented strand board
PCM phase change material
RH relative humidity
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article is related to the evaluation of thermal performance of a new
low-cost bio-PCM, with the end goal being the commercialization
of the low-cost PCM. The production process of the bio-PCM
involves two components: (1) on-purpose production of C16–C18
paraffins from low cost bio-renewable feedstock, and (2) low-cost
encapsulation using under-water pelletizers. Bio-renewable feed-
stock such as low-value fats and greases, which do not compete
with food crops, have been shown to be both sustainable and
profitable feeds for production of biofuels – ester ‘‘biodiesel’’ and
paraffinic ‘‘renewable diesel’’ [19,20], whose cost is similar to
petroleum diesel. This new bio-based PCM is the intermediate
product in the renewable diesel production process. Furthermore,
the current petrochemical PCM paraffins (hexadecane and octade-
cane) command significantly higher prices than diesel fuels (bio-
based and petroleum). Given the petrochemical PCM-vs-diesel
price differential, the new bio-based paraffinic PCMs are indeed a
sustainable, low-cost alternative to current PCMs.

Hexadecane (C16H34), heptadecane (C17H36), and octadecane
(C18H38) are three paraffins that melt/freeze between 20 �C
(64 �F) and 28 �C (82 �F), and have latent heats ranging between
152 and 244 kJ/kg [21]. The temperature range of 20–28 �C is
considered the comfort zone for most people. High latent heat
and a suitable phase change temperature range make these paraf-
fins attractive as PCMs for building applications. Animal fats and
vegetable oils contain 97% or higher C16 and C18 fatty acids, and
can be converted to C16–C18 paraffins using a reaction called
hydrodeoxygenation. Further, studies have shown that paraffins
can be trapped into high density polyethylene (HDPE) by co-crys-
tallizing a paraffin/HDPE melt. Up to 70% paraffin can be trapped
in the HDPE matrix such that molten paraffin does not seep out of
the solid HDPE matrix. Under-water pelletizers have been suc-
cessfully used to convert molten polymer systems to pellets of
various sizes, including <1 mm pellets. The combination of C16–
C18 paraffin production from low-cost fats and waste vegetable
oils, combined with a low-cost encapsulation method, is expected
to result in a significant reduction in PCM production costs. Kosny
et al. [22] performed an economic analysis to evaluate the cost
effectiveness of PCM-enhanced building envelopes and deter-
mined the target cost levels at which PCMs can be cost compet-
itive with conventional building thermal insulation materials.
For a payback period of 10 years, assuming 30%-by-weight
dispersed PCM in wall insulation, Kosny et al. [22] estimated cost
targets of $3.30–8.80/kg ($1.50–4.00/lb) for PCMs with latent
heats varying between 120 and 220 kJ/kg. The cost of the current
PCM with a latent heat of 116 kJ/kg [23] is projected to be about
$4.40–6.60/kg ($2–3/lb) or less, when manufactured at a commer-
cial scale.
As mentioned earlier, there are several studies evaluating build-
ing applications of PCMs [5–18]. Al-Saadi and Zhai [24] reviewed
the modeling of PCMs in building enclosures and highlighted the
issues needing further research, with one of the research needs
being quantification of PCM modeling performance under different
climatic and operating conditions [24]. Recently, Biswas et al.
reported a combined experimental and numerical evaluation of a
nano-PCM containing gypsum board [25]. The PCM–gypsum board
was tested in a natural exposure test (NET) facility in a hot and
humid climate over a period of several months. Finite-element
models of the test wall were built and validated against the test
data (temperature and heat flows), and then used to evaluate the
energy-saving potential of the PCM–gypsum board through annual
simulations [25].

This article describes another test wall, tested at the same NET
facility, containing the new low-cost bio-PCM. The PCM-containing
HDPE pellets were dispersed in cellulose insulation for filling in
wall cavities. The primary difference between the previous nano-
PCM study [25] and the current study is the manner of incorporat-
ing PCMs in the building envelope. Similar to the nano-PCM study,
two-dimensional finite element models of wall assemblies were
created and validated against data from the NET building, and then
used for annual simulations of the PCM–HDPE pellets mixed with
cellulose insulation (or ‘PCM–cellulose insulation’ in further dis-
cussions). In the following sections, the test wall is briefly
described, followed by descriptions of the experimental testing
and numerical modeling methodology, and finally, the perfor-
mance of the PCM–cellulose insulation is compared to regular
cellulose insulation. The test facility and the simulation methodol-
ogy are the same as described by Biswas et al. [25], but for
convenience, the details have been repeated in this article.
2. Test facility and test wall details

The NET facility is located in Charleston, South Carolina and is
used for testing building envelope assemblies by exposing them
to natural weathering. Fig. 1 shows the southeast wall of the
Charleston NET facility, which houses multiple side-by-side test
walls. Also shown is a weather station on the southwest gable
end of the building. Fig. 2 shows the test wall construction. The test
wall was divided into four sections, indicated by A–D in Fig. 2.
Section ‘A’ was filled with regular cellulose insulation and ‘B’
contained the PCM–cellulose insulation. The regular cellulose insu-
lation section was used as a baseline. Two additional sections were
created: section ‘C’ containing a mixture of cellulose and HDPE pel-
lets without the paraffin, and section ‘D’ containing a sandwiched



Fig. 1. Charleston, SC natural exposure test (NET) facility.

Fig. 2. Left: Test wall construction – (A) regular cellulose insulation, (B) PCM–
cellulose insulation, (C) cellulose-HDPE mix, and (D) cellulose–PCM–cellulose
sandwich structure. Center: finished interior. Right: finished exterior with vinyl
siding.

Fig. 3. Sensor placement in test wall.

Table 1
Installed sensor accuracy.

Sensor Accuracy (%) Sensitivity Repeatability (%)

10 K ohm thermistor ±0.2 – ±0.2
Humidity sensor ±3.5 – ±0.5
Heat flux transducer ±5 (5.7 W/m2)/mV –

2 http://www.comsol.com/.
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configuration of a PCM–HDPE layer between layers of cellulose.
However, sections ‘C’ and ‘D’ are not the focus of this article since
they were created purely for testing purposes and their configura-
tions did not represent how the PCM is intended to be installed in
actual buildings. In this article, further details, experimental data
and simulations results of sections ‘A’ and ‘B’ only are presented
since ‘B’ is the preferred mode of installation for the PCM and ‘A’
is the baseline condition.

The wall was built using 2 � 6 wood studs, resulting in a wall
cavity depth of 14 cm (5.5 in.), with a 1.3 cm (0.5 in.) oriented
strand board (OSB) attached to the exterior side of the wall. The
cavity dimensions were 1.1 � 0.4 m2 (42.4 � 14.5 square inch).
The nominal amount of PCM in the PCM–cellulose insulation was
20% by weight. The PCM–HDPE pellet design was such that the pel-
lets contained 66% paraffin by weight. Thus, the PCM–HDPE pellets
and cellulose were mixed so that the mixture contained 30%-by-
weight pellets, or 0.45 kg of pellets for each kg of cellulose. The
in-situ density of the PCM–cellulose mixture was 61.6 kg/m3

(3.85 lb/ft3). The in-situ density of the cellulose insulation was
40.8 kg/m3. It should be noted that the cellulose insulation (regular
and mixed with the PCM–HDPE pellets) was filled in the cavities
from the top and allowed to settle under its own weight. Therefore,
the densities of the cellulose and PCM–cellulose insulation were
expected to be different from typical residential wall applications
of blown-in cellulose.

Once installed, the outer cavities of the test wall were filled
with fiberglass insulation to thermally insulate the wall from the
other neighboring test walls, as shown in Fig. 2. Further, any gaps
observed at the top of the cavities (due to settling of the cellulose
insulation) were filled with more cellulose insulation. Fig. 2 also
shows the finished interior and exterior faces of the test wall.
The interior side was covered with 1.3 cm (0.5 in.) gypsum board
and the exterior OSB was covered with a weather resistive barrier
(0.15 mm thick high density polyethylene sheet) followed by vinyl
siding. Also visible on the interior face are four (4) temperature
sensors, one centered on each section/wall cavity.

2.1. Data acquisition system and instrumentation

Fig. 3 shows a typical instrumentation layout in the wall sec-
tions. Each section contained a thermistor and relative humidity
(RH) sensor combination (T/RH sensor) on the OSB and gypsum
surfaces facing the cavity, a thermistor inside the cavity (mid-
depth) and on the gypsum surface facing the room interior, and
heat flux transducers on the gypsum surface facing the cavity.
Within each section, these sensors were located approximately in
a line along both the vertical and horizontal midpoints of the
section. In addition, a single thermistor was attached to the wall
exterior (interior face of the siding) and a T/RH sensor combination
was attached on the OSB surface facing the exterior (not shown in
Fig. 3).

The NET facility also contained sensors and instruments to
monitor the local weather conditions, including temperature,
humidity, solar irradiance and wind velocity. Each sensor was
scanned at five minute intervals and the data were averaged and
stored at hourly intervals. The data were downloaded on a weekly
basis using a dedicated computer and modem. Table 1 provides the
sensor specifications.

3. Numerical simulations

To evaluate the impact of the PCM–cellulose insulation on wall-
generated heating and cooling loads, numerical modeling was
required. Since both the test wall sections (with PCM–cellulose
and cellulose-only insulation) were interacting with the same inte-
rior conditioned space, it was difficult to isolate their individual
energy benefits. Therefore, two-dimensional (2D) finite element
models were created using COMSOL Multiphysics (version 4.3a)2

to analyze the PCM performance.

http://www.comsol.com/


Table 2
Material properties for numerical modeling.

Density
(kg/m3)

Thermal
conductivity
(W/m/K)

Specific
heat
(kJ/kg/K)

Latent
heat
(kJ/kg)

Cellulose 40.8 0.042 1.424 –
Wood stud 576.7 0.144 1.633 –
OSB 640.0 0.130 1.410 –
Foam (expanded polystyrene) 24.0 0.037 1.214 –
Gypsum 549.5 0.153 1.089 –
PCM–HDPE pellets 505.3 – – 116.7
PCM–cellulose insulation 61.7 0.051(s) – –

0.046 (l) –

Fig. 4. Enthalpy of PCM–HDPE pellets as a function of temperature [23].
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3.1. Methodology

In this section, a brief description of the numerical analysis
methodology is provided. The first task was to check if the numer-
ical models were capturing the thermal behavior of the actual test
wall. For this purpose, 2D wall models were created, with identical
dimensions as the test wall and using thermo-physical properties
of the materials used in the test wall. The model calculation results
were then compared to the experimentally measured tempera-
tures and heat flows, for validation.

Following model validation, annual simulations were per-
formed to estimate the energy benefits of the PCM–cellulose
insulation. Following list provides a synopsis of the annual simula-
tion work:

1. Appropriate exterior and interior boundary conditions were
required for the annual simulation models. For the exterior side,
data from typical meteorological year (TMY3)3 weather files
were used. On the interior side, an assumed constant surface heat
transfer coefficient was used to calculate the heat transfer
between the wall surface and the interior conditioned space
(room).

2. Heat gains and losses at the interior wall surface were calcu-
lated and used for comparing the performance of PCM–cellulose
and cellulose-only insulation.

3. In the simulations, the room temperature was allowed to float
between, but was limited to, the assumed heating and cooling
temperature set points.

4. The impact of the location of the PCM in walls was evaluated
using four scenarios: (i) no PCM, (ii) PCM dispersed throughout
the wall cavity, (iii) PCM dispersed in the inner half (towards
the room), and (iv) PCM dispersed in the outer half (towards
the exterior).

5. Finally, the impact of PCM–cellulose insulation on wall-
generated heating and cooling electricity consumption was
investigated. This was done by converting the calculated wall
heat gains and losses to electricity consumption, using typical
temperature-dependent coefficients of performance (COP) of
heat pumps.

All the above are described in detail in the next subsections and
‘Section 4’.
3.2. Material properties

Table 2 lists the material properties used for numerical model-
ing. These values were obtained from literature or through
measurements.
3 http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/.
The cellulose and PCM–cellulose densities were the same as the
in-situ densities in the actual test wall. The specific heat and latent
heat of the PCM–HDPE pellets were obtained from differential
scanning calorimetry (DSC) tests, reported by Shukla et al. [23].
Fig. 4 shows the enthalpy (‘h’) of the PCM–HDPE pellets as a func-
tion of temperature, based on the DSC data. The specific heat (‘cp’)
of the pellets was calculated as,

cp;HDPEðTÞ ¼
dhðTÞ

dT
ð1Þ

Since the weight ratio of the pellets and cellulose in the PCM–
cellulose insulation was 30:70, the specific heat of the PCM–
cellulose insulation was,

cp;PCM—celluloseðTÞ ¼ 0:3 � cp;HDPEðTÞ þ 0:7 � cp;celluloseðTÞ ð2Þ

The enthalpies were calculated using the average of the heat
gain/loss data from the melting and freezing DSC tests. In general,
the phase change enthalpy is not an identical function of temper-
ature during melting and freezing of PCMs. This phenomenon in
PCMs is referred to as ‘hysteresis’ and it is particularly significant
with certain types of PCM, for example inorganic PCMs. However,
past research has shown that, at slow heating and cooling rates,
the hysteresis effect in paraffinic PCMs, such as the present
PCM–HDPE pellets, is negligible [26]. The measured rate of diurnal
temperature fluctuations of the current test wall was limited to
less than 1 �C/h. Thus, using an averaged enthalpy as a function
of temperature was deemed a reasonable approximation for the
current simulations.

The phase change or melting onset and end temperatures of
16.5 �C and 26.5 �C, respectively, were calculated from the
measured PCM enthalpy (‘h(T)’) using the procedure described in
ASTM C1784 [27]. The latent heat (‘Lf’) of 116.7 kJ/kg was calcu-
lated as the difference in enthalpy between the phase change onset
and end temperatures. Fig. 4 also shows the melt fraction (‘B(T)’) of
the PCM as a function of temperature. The melt fraction was calcu-
lated as,

BðTÞ ¼
0; h < hs

ðh� hsÞ=Lf ; hs 6 h 6 hl

1;h > hl

8><
>: ð3Þ

In the above equation, ‘hs’ is the enthalpy at the melting onset
temperature and ‘hs’ is the enthalpy at the melting end tempera-
ture. The subscripts, ‘s’ and ‘l’, indicate solid and liquid states,
respectively.

The thermal conductivity of PCM–cellulose insulation was
defined as,

kðTÞ ¼ ks þ ðkl � ksÞBðTÞ ð4Þ

http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/
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‘ks’ and ‘kl’ are the thermal conductivities of the PCM–cellulose when
the PCM was fully frozen and fully molten, respectively. They were
measured according to ASTM C518 [28] and are listed in Table 2.

3.3. Model validation

The finite element numerical models had to be validated against
experimental data to ensure that they could capture the thermal
behavior of the test wall components. Two-dimensional (2D) mod-
els of the actual test walls were created. Fig. 5 shows the model
geometry, which replicates a horizontal 2D cross-section of the test
wall. The section shows a plan view corresponding to the horizon-
tal centerline of the upper test wall sections (shown in Fig. 2). The
2D wall section was divided into two cavities, divided by wood
studs and foam insulation in the middle, with regular cellulose
and PCM–cellulose insulation in the two cavities, same as the test
wall. The wall model geometry contained gypsum board on the
interior side and OSB on the exterior side. The model wall geome-
try was created according to the actual dimensions of the test wall.

Fig. 5 also shows the locations of ‘thermistors’ and ‘HFTs’ in the
model geometry. These were locations within the model geometry
where the simulation results were monitored and used for com-
parison with the experimental data. These locations were chosen
to be as close as possible to the actual sensor locations in the test
wall (Fig. 3). The ‘thermistor’ near the wallboard surface facing the
cavity was offset. This is because the T/RH sensors in the actual test
wall were not attached to the exterior face of the internal wall-
boards, but were slightly pushed inside the cavities once they were
filled with insulation.

The model solved the following time-dependent energy
equation,

q
@h
@t
¼ r � ðkrTÞ; where h ¼

Z
cpdT ð5Þ

In Eq. (6), ‘q’ is the density, ‘h’ is the enthalpy, ‘k’ is the thermal
conductivity and ‘cp’ is the specific heat of the different wall
materials. Exterior and interior wall surface temperatures from
the experimental data were used as boundary conditions on the
exterior and interior surfaces, respectively. Insulated, or adiabatic,
boundary conditions were assumed at lateral edges of the wall
model (top and bottom edges of the test wall section in Fig. 5),
which is appropriate since the area surrounding the test wall sec-
tions/cavities was filled with fiberglass insulation (Fig. 2).

3.4. Annual simulations using TMY3 data

Once the 2D finite element models were validated against
experimental data, they were used for annual simulations. Fig. 6
Fig. 5. Model geometry representing a horizontal cross-section of the Charleston
test wall, used for validation of the numerical model.
shows the simplified wall geometry that was used for the annual
simulations. The wall construction used in the model was ‘2 � 6’
stud construction, i.e. it contained wood studs of 3.8 cm � 14.0 cm
(1.5 in. � 5.5 in.), resulting in a cavity depth of 14.0 cm
(5.5 in.). The centerline of the studs were spaced 61 cm apart
(24 in. on center). The exterior side consisted of 1.3 cm OSB and
the interior contained 1.3 cm gypsum board. Simulations were
performed with cellulose insulation and PCM–cellulose insulation
in the wall cavity, to evaluate the energy-saving potential of the
PCM.

The scope of the study was limited to calculating heat flows
through a ‘clear’ section of the wall, i.e. no features other than
the wall cavity and stud were modeled. No wall-wall or wall-
ceiling interfaces, joints and corners, windows, etc., were consid-
ered in the model. Further, internal loads, solar gain and heat flow
through windows, roof and ceiling loads, infiltration, etc. were not
considered. Hence, only a small two-dimensional (2D) horizontal
cross-section of the wall was modeled, extending from the stud
centerline to the cavity centerline. Exterior boundary conditions
were applied to the OSB surface that is exposed to the ‘‘outside’’
and an interior boundary condition was applied to the interior
wallboard surface facing the ‘‘room’’. Symmetry boundary condi-
tions were assumed at the stud and cavity centerlines, as indicate
in Fig. 6.

Appropriate exterior and interior boundary conditions were
required for the annual simulations. The exterior boundary condi-
tions were estimated using typical meteorological year (TMY3)
weather data for Charleston. Input files containing hourly
values of outdoor and sky temperatures, solar radiation and
exterior surface convective heat transfer coefficients were gener-
ated for the annual simulation models. Simulations were per-
formed for walls oriented in all four directions: east, west, north
and south.

The following external (qext) and internal (qint) heat flux bound-
ary conditions were imposed on each wall:

qext ¼ aqsolar þ hextðTout � Tsurf Þ þ er½ð1� FskyÞðT4
out � T4

surf Þ

þ FskyðT4
sky � T4

surf Þ� ð6Þ

qint ¼ hintðTroom � Tsurf Þ ð7Þ

In the above equations,
Fig. 6. Simplified model geometry for annual simulations.
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� a = Solar absorptance of the exterior wall surface, assumed to be
0.6.
� e = Infrared emittance of the exterior wall surface, assumed to

be 0.8.
� qsolar = Solar irradiance on the exterior wall surface (W/m2),

from TMY3 data.
� hext = Exterior surface convective heat transfer coefficient

(W/m2/K).
� hint = Interior surface heat transfer coefficient (W/m2/K).
� Fsky = Radiation view factor from sky to the wall.
� Tout = Outside ambient temperature (K), from TMY3 data.
� Tsky = Sky temperature (K), from TMY3 data.
� Tsurf = Wall surface temperature (K); exterior wall surface facing

the outdoor environment in Eq. (6) and interior surface facing
the room in Eq. (7).
� Troom = Room (interior conditioned space) temperature (K).

In Eq. (6), the first term on the right side is the solar irradiance,
the second term is the convection heat transfer and the last term is
the long-wave radiation (LWR) exchange with the surroundings.

The exterior convective heat transfer coefficient (hext) was not a
constant. Hourly values of ‘hext’ were calculated using the outdoor
temperature and wind velocity data from the TMY3 files. Hourly
values of ‘qsolar’ and ‘hext’ for the different wall orientations were
generated with the help of EnergyPlus4, a whole-building modeling
tool.

The LWR heat transfer consists of radiation exchange between
the exterior wall surface and the outside environment (‘out’),
ground and sky, and is given by:

qLWR¼ er½FoutðT4
out�T4

surf ÞþFgroundðT4
ground�T4

surf ÞþFskyðT4
sky�T4

surf Þ�
ð8Þ

The outside air temperatures (Tout) were obtained from TMY3
data. Fsky, Fout and Fground are the view factors between the exterior
wall surface and the sky, outside and ground, respectively. For sim-
plicity, the ground temperature (Tground) was assumed to be the
same as the outside air temperature (Tout), reducing the above
equation to:

qLWR ¼ er½ðFout þ FgroundÞðT4
out � T4

surf Þ þ FskyðT4
sky � T4

surf Þ� ð9Þ

The sum of the three view factors (Fsky, Fout and Fground) for a
vertical exterior wall surface is unity.

Fsky þ Fout þ Fground ¼ 1 ð10Þ

Following Walton [29], the view factors were calculated as:

Fsky ¼ b½0:5ð1þ cos /Þ�; b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5ð1þ cos /Þ

p
ð11Þ

where / is the tilt angle of the surface from the horizontal, which is
90� for the walls being modeled. The following common assump-
tions were made for the radiation calculations:
� each surface emits or reflects diffusely and is gray and opaque,
� each surface is at a uniform temperature, and
� energy flux incident on or leaving a surface is evenly distributed

across the surface.

The interior heat transfer coefficient (hint) was assumed to be
8.29 W/m2/K, following ASHRAE Handbook of Fundamentals5, for
a non-reflective vertical surface. It was assumed that the heating
and cooling systems could exactly match the instantaneous loads,
so that the interior room temperature (Troom) floated between the
heating and cooling set points but never went outside that range.
4 http://apps1.eere.energy.gov/buildings/energyplus/energyplus_about.cfm.
5 https://www.ashrae.org/resources–publications/handbook.
4. Results and discussion

In this section, the measured temperature and heat flux data,
model validation as well as annual simulations and analyses are
described. The section containing cellulose insulation mixed with
HDPE–PCM pellets is referred to as ‘PCM–Cellulose’ and the section
with only cellulose insulation is referred to as ‘Cellulose’ in the
forthcoming discussions.
4.1. Sample temperature and heat flux data

Fig. 7 shows the measured temperature distribution in the
‘PCM–Cellulose’ and ‘Cellulose’ sections during three (3) summer
days (July 12–15, 2012). Within each section, the measurement
locations were exterior surface of the OSB (‘OSB Ext.’), OSB surface
facing the cavity (‘OSB Int.’), the center of the cavity (‘Cavity’),
gypsum surface facing the cavity (‘Gypsum Ext.’) and gypsum sur-
face facing the room (‘Gypsum Int.’). Fig. 8 shows the measured
heat fluxes from the ‘PCM–Cellulose’ and ‘Cellulose’ sections, and
the incident solar radiation on the exterior surface.

The room interior was maintained at about 20–22 �C during the
monitoring period. The temperature distributions in both wall
sections showed a clear trend from the exterior to the interior.
Some differences were seen in temperatures at the cavity center
and the wallboard exterior between ‘PCM–Cellulose’ and ‘Cellu-
lose’ sections. However, the temperature differences were fairly
insignificant and did not reveal much about the behavior and
impact of the PCM. The heat gains, as measured by the HFTs, were
discernibly lower through the ‘PCM–Cellulose’ section compared to
the ‘Cellulose’ section. Similar trends were observed during the
other seasons, depending on the outside conditions.

Two sources of uncertainties in the experimental measure-
ments need to be noted. One was the potential for formation of
air gaps in the cavities due to settling of cellulose insulation under
its own weight. Fig. 9 shows the cavity insulation with the gypsum
wallboard removed. The left image shows some air gaps near the
sensor locations. Further, the PCM pellets and cellulose mixing
and installation method was such that it was difficult to obtain a
uniform distribution of the PCM pellets within the cellulose insula-
tion. Fig. 9 also shows how the PCM pellets were concentrated in
certain regions within the cavities. It was expected that the strati-
fication of the PCM pellets will have an impact on the measured
temperatures and heat fluxes, depending on the location of the
sensors with respect to the concentration of the pellets. Some sam-
ple measurements were taken by installing two additional temper-
atures sensors at mid-cavity depth at two different heights within
the ‘PCM–Cellulose’ section. The measured mid-cavity tempera-
tures varied by up to 5 �C (9 �F), depending on the vertical location
and concentration of pellets. Such variability in distribution could
also impact the measured heat flows through the sections
containing PCM pellets. A potential future task is to determine an
installation method that can provide a more uniform distribution
of the PCM in the insulation.

Since both the ‘PCM–Cellulose’ and ‘Cellulose’ sections were
interacting with the same interior space, it was difficult to isolate
their energy impacts through purely experimental means. For
further evaluation and estimation of energy savings due to the
PCM–cellulose insulation, numerical modeling was utilized.
4.2. Model validation using measured data

In Figs. 10 and 11, the calculated temperatures from the finite
element model are compared to the experimentally measured
temperatures from the test wall during three summer and three
winter days, respectively. ‘[C]’ indicates the model calculations

http://apps1.eere.energy.gov/buildings/energyplus/energyplus_about.cfm
https://www.ashrae.org/resources--publications/handbook


Fig. 7. Experimentally measured temperatures at different locations within the test wall during three summer days.

Fig. 8. Experimentally measured heat flows through the different test wall sections
and solar irradiance on the wall exterior surface during three summer days.
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using COMSOL. The monitored temperature locations were as
shown in Figs. 3 and 5. Measured ‘OSB Ext.’ and ‘Gypsum Int.’ tem-
peratures were used as the exterior and interior temperature
boundary conditions, and temperature measurements from the
other sensors were used for validating the model calculations.
There was excellent agreement between model calculations and
experimental data for almost all locations during summer and
winter. The only location where some differences were observed
Fig. 9. Sources of uncertainties in experimental data: left – air gaps within the cav
was the cavity center (‘Cavity’) in the ‘PCM–Cellulose’ section,
under summer conditions. The differences can partly be explained
by the PCM–cellulose composition. The model assumes uniform
distribution of PCM within cellulose, which was not the case with
the actual test wall cavity (Fig. 9). The non-uniform PCM distribu-
tion in the test wall was observed to have an impact on the tem-
perature distribution with the ‘PCM–Cellulose’ section, as noted
in the previous section.

Fig. 12 compares the calculated and measured heat fluxes
through the ‘PCM–Cellulose’ and ‘Cellulose’ sections. HFTs were
incorporated in the numerical model using the same dimensions
and material properties as the HFTs installed in the actual test wall.
Reasonable agreement between the calculations and measure-
ments was observed for the winter period. However, the calcula-
tions based on summer conditions did not match very well with
the measured data. While two sources of uncertainties in the mea-
surements have been noted earlier, the exact reasons for such poor
agreement between measurements and calculations of summer
heat fluxes are unknown. Another potential reason could be the
variable behavior of the PCM under different weather conditions
and its impact on the test wall.

Overall, with their limitations noted, the numerical models
were deemed adequate to capture the general behavior of the test
wall sections and provide an estimate of the energy-saving poten-
tial of the PCM through annual simulations. If the current analyses
show evidence of potential for substantial energy savings, future
research will be viable for further improving the numerical model
as well as more testing under improved experimental conditions.
ity insulation, right – stratification of PCM pellets within cellulose insulation.



Fig. 10. Comparison of model calculations (indicated by [C]) with measured temperature data (summer).

Fig. 11. Comparison of model calculations (indicated by [C]) with measured temperature data (winter).

Fig. 12. Comparison of model calculations (indicated by [C]) with measured heat flux data.
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4.3. Annual simulations

4.3.1. Calculated wall heat gains and losses
Table 3 lists the total annual heat gains and losses through the

different modeled wall sections with ‘Cellulose’ and ‘PCM–
Cellulose’ insulation, using the exterior and interior boundary con-
ditions described in Section 3.4. Heat gains and losses at the inte-
rior wall surface were calculated and used for comparing the
performance of PCM–cellulose and cellulose-only insulation. The
heating and cooling set points for the room were assumed to be



Table 3
Annual wall heat gains and losses at different orientations with ‘Cellulose’ and ‘PCM–Cellulose’ insulation, using 20–23.3 �C (68–74 �F) room temperature set points.

Wall orientation Heat gain (Wh/m2) % Difference Heat loss (Wh/m2) % Difference

Cellulose PCM–Cellulose Cellulose PCM–Cellulose

East 10,451 10,307 �1.4 �7,820 �8,335 6.6
West 10,143 9,754 �3.8 �8,139 �8,582 5.4
North 5,761 5,769 0.1 �10,110 �11,339 12.2
South 11,289 10,088 �10.6 �6,524 �6,039 �7.4

Fig. 13. Calculated heat gains through the south wall during three summer days,
with different PCM configurations.
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20 �C (68 �F) and 23.3 �C (74 �F), respectively, which is fairly typical
for buildings in the US. Different wall orientations receive different
amounts of annual solar irradiance, which is reflected in the total
heat gains through the walls. The annual heat losses through the
different walls also varied substantially, with the highest heat loss
associated with the north wall.

The calculated heat gains were observed to be higher than the
heat losses through all walls, except the north wall, which is
expected since Charleston lies in a hot and humid climate zone.
The PCM–cellulose insulation reduced annual heat gains compared
to cellulose-only insulation for all wall orientations, except the
north wall. However, the total annual heat losses were higher with
the PCM–cellulose insulation for all but the south-oriented wall. It
should be noted that the walls in different orientations were mod-
eled independently of one another. Therefore, the calculated heat
gains and losses as well as any reductions in heat flows due to
the PCM for each wall orientation was not impacted by the behav-
ior of the other walls. This inter-wall independence is in addition to
the fact the calculations did not consider any other architectural
feature, as noted in Section 3.4.
Fig. 14. Calculated heat losses through the north wall during three winter days,
with different PCM configurations.

Fig. 15. Calculated monthly heat gains through the south wall, with different PCM
configurations.
4.3.2. Impact of PCM location and amount on the simulated results
Childs and Stovall [30] performed an optimization study of the

impact of PCM incorporated in the cavity insulation in walls and
investigated various parameters with respect to their effect on
energy-savings resulting from the PCM. An important finding
was that the calculated wall-related energy consumption was
influenced by the location and concentration of PCM within the
wall cavity [30]. Therefore, in the current study, annual simula-
tions were performed with two additional model wall configura-
tions. The wall cavity was assumed to be divided into two halves,
one each towards the wall interior and exterior. The first additional
configuration contained ‘PCM–Cellulose’ insulation in the inner
half and cellulose-only insulation in the outer half; the other
configuration was the opposite with ‘PCM–Cellulose’ outside and
‘Cellulose’ inside. The composition of the PCM–cellulose was the
same in all scenarios, which means that in the models with the
PCM–cellulose in outer or inner halves, the amount of PCM was
half as compared to the full width PCM–cellulose configuration.

The south and north walls, with the highest heat gains and
losses, respectively, have been discussed here for detailed evalua-
tion. Fig. 13 shows the hourly heat gains through the south wall
during three typical summer days, with hot and sunny conditions
(based on the TMY3 data), for the different PCM configurations: ‘No
PCM (cellulose-only insulation), ‘Full width’ (PCM–cellulose insu-
lation in the full wall cavity), and ‘Inner half’ (PCM–cellulose in
the inner half and cellulose-only in the outer half). Both the ‘Full
width’ and ‘Inner half’ configuration reduced and delayed the peak
heat gains through the south wall. During the night-time and
early-morning hours, the heat gains with the ‘Full width’ and ‘Inner
half’ configurations was higher than the ‘No PCM’ configuration,
presumably due the exothermic freezing process of the PCM
releasing its latent heat. If some means of removing this latent heat
of freezing can be devised, so it is not released into the room,
higher energy savings can be realized.
Fig. 14 shows the calculated hourly heat losses through the
north wall during three winter days, also based on TMY3 data.
The heat losses were highest for the ‘Full width’ configuration,
followed by the ‘Inner half and ‘No PCM’ configurations. The



Fig. 16. Calculated monthly heat losses through the north wall, with different PCM
configurations.
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configuration with PCM–cellulose in the exterior half of the wall
was also modeled, but that configuration fared poorly compared
to the other scenarios, with both higher heat gains and losses,
and has not been shown here.

For further evaluating the impact of the PCM, total integrated
monthly heat gains and losses were calculated for the south and
north walls, and are shown in Figs. 15 and 16. It is interesting to
note the variation in the impact of the PCM on the wall heat trans-
fer based on configuration and month (i.e. weather conditions).
Highest reductions in the calculated wall heat gains with PCM
were observed during the winter, spring and fall (autumn) months.
In fact, during summer, the configuration with PCM in the full
width of the wall allowed the highest heat gains. The calculated
monthly heat losses were consistently highest for the ‘Full width’
configuration, followed by ‘Inner half’ and ‘No PCM’ configurations;
the heat losses were negligible during the summer months.
4.3.3. Calculated annual electricity consumption
The previous two sub-sections described in detail, the impact of

the PCM on the wall heat transfer. However, to estimate the actual
Fig. 17. Temperature-dependent coefficient of performance (COP) of a typ

Fig. 18. Calculated annual cooling (left) and heating (righ
energy-saving potential of the PCM, the wall heat gains and losses
need to be converted to energy consumption (electricity, natural
gas, etc.). For this purpose, a typical residential heat pump was
considered, with temperature-dependent coefficients of perfor-
mance (COP) as shown in Fig. 17. The heat pump was assumed
to be capable of operating in both cooling and heating modes.
The temperature-dependent COP were calculated based on pub-
lished data [31,32] for a 3-ton heat pump unit with a seasonal
energy efficiency ratio (SEER) rating of 13. Both the SEER rating
and tonnage chosen are typical values for heat pumps currently
used in residential buildings. The COP (Wh/Wh) can be used to
convert the calculated heat gains and losses into electricity con-
sumption. It was assumed that the heat pump, while in cooling
mode, operated only when the room temperature tended to exceed
the cooling set point. In other words, if the room temperature
remained below the cooling set point, there was no electricity con-
sumption even if there was some heat gain through the walls. The
converse was true for heating mode operation of the heat pump,
i.e. the heat pump operated only when the room temperature
tended to fall below the heating set point.

Childs and Stovall [30] found that, for cooling, the time-delay in
peak heat gains due to PCM in walls had an added benefit of reduc-
tion in electricity use as the cooling equipment efficiency is related
to the ambient temperature. The cooling equipment is very often
placed in unconditioned space, and operates more efficiently, i.e.
provides the same cooling performance while consuming lower
electricity, when the outside temperatures are lower.

The total annual cooling and heating electricity consumption
were estimated using the calculated wall heat gains and losses
for all four wall orientations and the different PCM configurations,
and are shown in Fig. 18. Based on the simulations, addition of PCM
can reduce the total annual cooling electricity for all wall orienta-
tions. The cooling energy savings were similar whether PCM was
added to the inner half of the wall cavity or the full width. This
has an important implication, which is that similar cooling energy
savings can be achieved at half the cost of PCM by adding PCM to
only the inner half of the wall. There may be some incremental cost
ical residential heat pump: left – cooling mode, right – heating mode.

t) electricity use with different PCM configurations.



Table 4
Annual heat gains and cooling electricity use with PCM–cellulose in the inner half of the wall cavity.

Wall orientation Heat gain (Wh/m2) % Difference Cooling electricity (Wh/m2) % Difference

No PCM PCM in ‘Inner half’ No PCM PCM in ‘Inner half’

East 10,451 10,150 �2.9 2,754 2,641 �4.1
West 10,143 9,641 �4.9 2,601 2,420 �7.0
North 5,761 5,665 �1.7 1,525 1,457 �4.4
South 11,289 10,193 �9.7 2,836 2,518 �11.2

Table 5
Annual heat losses and heating electricity use with PCM–cellulose in the inner half of the wall cavity.

Wall orientation Heat loss (Wh/m2) % Difference Heating electricity (Wh/m2) % Difference

No PCM PCM in ‘Inner half’ No PCM PCM in ‘Inner half’

East �7,820 �7,812 �0.1 3,159 3,183 0.7
West �8,139 �8,037 �1.3 3,227 3,194 �1.0
North �10,110 �10,577 4.6 3,966 4,148 4.6
South �6,524 �5,794 �11.2 2,625 2,348 �10.5
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of the adding a partition, which needs to be considered with the
cost-savings from reduced PCM quantity. Regarding heating elec-
tricity use, the ‘Full width’ PCM configuration actually performed
worse that both the ‘No PCM’ and PCM in ‘Inner half’ configura-
tions. Thus, from a combined cooling and heating energy consump-
tion and cost perspectives, the PCM in ‘Inner half’ configuration
seems optimum.

The calculated total annual heat gains and losses and electricity
consumption for the ‘No PCM’ and PCM in ‘Inner half’ configura-
tions are listed in Tables 4 and 5. Both heat gains and losses as well
as cooling and heating electricity consumption were predomi-
nantly lower for the PCM in ‘Inner half’ configuration. It should
be noted that the percent reductions in annual cooling electricity
consumption with the PCM in ‘Inner half’ configuration were
greater than the percent reduction in the heat gains, for all wall
orientations.

In summary, the annual simulations showed that the low-cost
bio-PCM can potentially reduce the wall-generated cooling and heat-
ing electricity consumption. Due to the variation in percent reduc-
tions in heat flows for the different wall orientations, some
orientations may be more suited to PCM applications in terms of
cost-effectiveness, given the local climate conditions. In the case of
Charleston, the south and west walls are good candidates for applica-
tion of the current PCM. Finally, as shown by Biswas et al. [25] and
Childs and Stovall [30], the energy savings can be further optimized
through proper choice of the phase change temperature range of the
PCM with respect to the interior heating and cooling set points.

5. Conclusions and future work

In this article, experimental testing and numerical analyses of
the thermal performance of a low-cost bio-PCM in an exterior wall
in a hot and humid location are described. The experimental data
were used to validate finite element models of the test wall con-
taining PCM–cellulose insulation. Next, the numerical models were
used to evaluate the annual impact of the PCM–cellulose insulation
on the wall-generated heating and cooling loads. Annual simula-
tions were performed using TMY3 weather data. Models of wood
framed walls with both PCM–cellulose and cellulose-only insula-
tion were created.

Different locations and distribution of the PCM were modeled to
evaluate their impact on the performance of the PCM. The annual
simulations showed that the PCM–cellulose insulation can reduce
electricity consumption for space-conditioning, compared to cellu-
lose-only insulation. An interesting finding was that incorporating
PCM in the inner portion of the wall cavity yielded similar cooling
electricity savings as adding PCM to the entire cavity. The configu-
ration with PCM in the inner section also improved the wall ther-
mal performance related to heating electricity consumption, but
PCM in the full cavity had an adverse impact compared to the case
with no PCM. Thus, overall, adding PCM to only the inner section of
an exterior wall can yield better thermal performance at lower cost
than adding PCM to the entire wall cavity. The potential for energy-
savings by the application of the current PCM was also dependent
on the wall orientation and, based on local weather conditions,
some wall orientations may be better candidates than others for
PCM applications.

Further work is needed to determine an optimum set of condi-
tions to maximize the energy savings resulting from the PCM–cel-
lulose insulation. Two factors that could be considered are removal
of the latent heat of freezing so it is not released to the building
interior during summer, and phase change temperature of the
PCM with respect to interior temperatures. Testing and simula-
tions need to be performed to evaluate the performance of the
PCM–cellulose insulation in other climate types. Further, the cur-
rent annual simulations only considered a clear wall section, with
no construction details like corners, joints with ceiling and other
walls, and interactions with other walls. Also, internal loads, solar
gain and heat flow through windows, roof and ceiling loads, infil-
tration, etc. were not considered. To get a more realistic estimate
of energy savings from the PCM–cellulose insulation, whole-house
modeling that considers all the above factors is required.
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