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Abstract Research studies have shown improved energy effi-
ciencywith the integration of a phase changematerial (PCM) in
the building envelope. An accurate knowledge of dynamic
properties of a PCM-integrated building component is critical
in establishing its energy saving potential. Differential scanning
calorimetry (DSC) is a common method used to characterize
PCMs. However, DSC is valid for small and homogenous spec-
imens, rendering it inappropriate for building-scale PCM prod-
ucts that often contain additives. We describe the theory of a
recently developed dynamic heat flow meter method
(DHFMA) for testing of PCM-integrated products. To fill the
lack of test data and a reliable procedure for the DHFMAmeth-
od, we characterize five PCM-integrated products combining a
variety of PCM types with different building elements. The
useful data generated is analyzed to develop a general standard
test procedure and verify the repeatability of the method.

Keywords Phase changematerial . Dynamic heat flowmeter
apparatus . Heat capacity . Thermal insulation .

Shape-stabilized PCM . PCM subcooling

Introduction

A phase change material (PCM) utilizes its latent heat of fusion
(melting) for the purpose of thermal storage or temperature

control of an environment or system [1, 2]. PCM is finding
increasing applications in the building constructions for its
promise with lowering building energy consumption and tem-
perature regulation of the living space [3–6]. The idea is that
PCM absorbs part of building heat loads during the daytime as
it melts and releases this heat during cooler night-time by freez-
ing, enabling temperature stabilization and control of the living
space. Numerical studies and field tests have shown reduced
peak-hour loads and time-shifting of peak-demand with the
application of PCM in a building envelope [7]. Cooling energy
savings of up to 25 % have been demonstrated with the appli-
cation of PCM in a building [7].

Interestingly, PCM application in buildings predates devel-
opment of advanced building thermal insulation technologies
such as loose fill insulation and plastic foams. One of the first
documented applications of PCM in buildings took place in
1940s (http://www.eoearth.org/article/Telkes,_Maria). Last
three decades have seen building codes place increasing
emphasis on energy efficiency, leading to ubiquitous
application of thermal insulations in buildings. On the other
hand, until recently, PCM technology found little to no
application in building sector due to its higher initial cost
compared to thermal insulations, and performance issues
such as flammability, loss of phase-change capability over
time, and effective containment. In last two decades, techno-
logical advancements in PCM material processing, encapsu-
lation technology, phase stabilization methods, and develop-
ment of fire retardants for PCMs have addressed most of the
performance issues persisting PCM technology. Recent re-
search studies have shown that for retrofit projects with pre-
existing insulation, adding conventional insulation may not
always be the most cost-effective solution to improve the ther-
mal and energy performance of the building envelope (http://
apps1.eere.energy.gov/buildings/publications/pdfs/building_
america/ns/b15_phase_change.pdf) [8] (http://insulright.com/
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R%20Value%20and%20Economic%20Thickness.pdf). In
fact, above a certain level of pre-existing insulation, applica-
tion of PCM will be cheaper than the conventional insulation
to bring the same amount of reductions in energy consump-
tion. Biobased PCMs, synthesized from vegetable oils and
waste food industry oils in a low-cost and environmentally
friendly manufacturing process, have the potential to signifi-
cantly reduce the material cost.

Improved performance and cost-competitiveness of PCM
has led to launch of several PCM-integrated building products
in recent years—PCM wallboards, PCM-enhanced
insulations, etc. An accurate knowledge of the dynamic or
phase change properties, mainly phase transition temperature,
latent heat, sub-cooling, and hysteresis, of a PCM-integrated
component is critical in predicting the energy saving potential
of the PCM product on a whole-building scale [9, 10]. In early
applications, a system-scale container with a pure and homog-
enous PCM would be integrated with a building element, for
example, large PCMwall cores, PCMwall tubes. Therefore, it
has been a common practice to use the dynamic properties of
the pure PCM for energy or thermal performance analysis of a
PCM-integrated product. Traditionally, a differential scanning
calorimeter (DSC) has been employed to measure dynamic
properties of the pure PCM component of a PCM product
[11]. However, DSC method is applicable for specimens with
typical sizes of millimeter length scale and mass on the order
of milligrams. DSC method also requires that specimen is
relatively homogeneous in composition.

State-of-the-art PCM products are quite different than the
early applications—PCM is included in the building element
on a sub-millimeter length-scale, for example, PCM-enhanced
gypsum board, shape-stabilized (ss) PCM sheets, and PCM-
enhanced blown-cellulose insulation. The dynamic thermal
properties of these PCM-integrated components is dependent
on several, often unknown, factors such as mass fraction of the
PCM, heat capacity and thermal conductivity of different parts
of the component, and presence of additives (fire retardants,
conduction inhibitors, adhesives). In addition, the dynamic
properties of PCM itself may change due to surrounding ma-
terials and introduction of foreign materials. Therefore, dy-
namic properties of PCM-integrated component may be sig-
nificantly different than the one derived using pure PCM dy-
namic properties. Advanced PCM products are significantly
larger in both the length and mass scales, and are often too
inhomogeneous in composition to be used as a test specimen
in DSC. In addition, DSC system may become unreliable and
inaccurate for slow measurements imitating the temperature
profile experienced by the building (about 0.1 °C/min) [12,
13]. The data obtained by DSC is often used in computer
models to analyze performance of PCM products, leading to
significant inaccuracies in the performance evaluation.

Numerical and experimental studies have shown that inclu-
sion of PCM in the building envelope may result in improved

building energy performance. However, a detailed knowledge
of dynamic properties of the PCM is required to perform the
whole building energy simulations. In addition, the dynamic test
data is critical in optimizing the distribution and location of the
PCMwithin a building in order tomaximize the energy savings.

Keeping in view of the challenges and the need to reliably
measure dynamic properties of large-scale PCM-integrated
components and products, a heat flow meter apparatus
(HFMA)-based method, commonly referred to as the dynamic
HFMA or DHFMA, has been developed in late 2000s
[14–16]. Since its early development, the DHFMA method
has been undergoing continuousmodifications. There is a lack
of availability of dynamic property data for common PCM
products in scientific literature [15–17]. In addition, there is
a need to investigate complex PCM systems that exhibit mul-
tiple peaks or significant subcooling to be able to determine
the limitations and improve the measurement capability of the
method. The objective of this paper is to describe the theory
and present dynamic property data on a variety of PCM-
integrated building products, and develop a test procedure to
accurately characterize any PCM product. This will serve ad-
vancing this method, allowing scientific and engineering com-
munity access to a reliable and accurate measurement tool for
PCMs and PCM-enhanced products.

DHFMA Principle

In principle, the DHFMA method is a step DSC method that
can be applied to building-scale specimens. DHFMA is built
around an HFMA instrument. The method uses the same ther-
mal information generated by a conventional HFMA instru-
ment, but utilizes it in a different way to determine dynamic
properties. A conventional HFMA instrument measures tem-
perature and heat flux at a specified time interval, and uses this
information to determine steady state and thermal transmis-
sion properties of a test specimen, as specified by ASTM
C518 [18].

A rapid temperature ramp methodology was another test
method utilizing HFMA instrument that preceded the devel-
opment of the DHFMA. This method was first developed to
measure dynamic performance of PCM-enhanced fiber
insulations. The ramp HFMA method is analogous to the
DSC ramp method. Similar to the DSC ramp method, the
rapid ramp method has a major drawback that results are tem-
perature ramp rate dependent. The original development of
DHFMA was driven to improve the accuracy of the rapid
ramp method, while causing minimal modification to the
HFMA instrument.

In an isobaric process such as the phase transition, the
change in enthalpy (ΔH) is equal to heat absorbed (heat flow
in) or released (heat flow out) during the process (ΔQ). The
heat capacity (Cp) is the temperature derivative of the enthalpy
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(H) i.e., CP ¼ dH
dT . Assuming there is a linear relationship be-

tween enthalpy and temperature for small temperature incre-
ment (ΔT):

CP ¼ dH

dT
≈
ΔH

ΔT
¼ ΔQ

ΔT
ð1Þ

In DHFMA method, temperature of a PCM-integrated
specimen is changed by a small step, and the resulting
heat flow in or out of the specimen is measured during
this process. The heat capacity is then determined at the
mean temperature using Eq. 1. DHFMA method uses a
conventional HFMA instrument containing at least one
heat flow sensor on each of the upper and lower iso-
thermal plates. The specimen is placed across these
plate assemblies, while sides are designed to be adiabat-
ic. The upper and lower isothermal plate assemblies are
held at the same temperature to impose a uniform tem-
perature across the specimen. A step temperature change
is then introduced on both plates, and heat flows
through the plates are measured until equilibrium is
reached, i.e., the heat flow values become negligible.
For the step temperature change, change in enthalpy
per unit surface area of the specimen is calculated by
integrating the heat flow rate measurements over time
[11]:

ΔH ¼ ΔQ ¼
X

qU} ̇
i−qU} ̇

final

� �þ qL} ̇
i−qL}

̇
final

� �� �
τ

� � ð2Þ

where qU̇″i and qL̇″i are heat fluxes through upper and lower
plates, respectively, recorded at time intervals of τ, while qU̇″

final and qL̇″final are the residual heat flux values on upper and
lower plates, respectively, caused by edge heat losses at
equilibrium.

The volumetric heat capacity for the PCM-integrated prod-
uct is determined as follows

CV ¼ 1

l

ΔQ

ΔT
ð3Þ

where l is the thickness of the specimen.
It is to be noted that the DHFMA method is appli-

cable for heat capacity measurement of any solid or
liquid material. Recently, ASTM introduced a test stan-
dard C1784 to measure thermal storage properties of
PCM-enhanced products, based on the DHFMA principle
and method [19].

Characterization of PCM Products using DHFMA

We investigated five PCM-integrated building products using
the DHFMA to generate valuable dynamic property data and
to be able to develop a reliable general test procedure. The five
products tested are described below:

PCM-enhanced Gypsum Board

This product is a 0.5-in.-thick gypsum board that is enhanced
with approximately 25 wt% of a microencapsulated paraffinic
PCM. A LaserComp FOX304 HFMA is employed to charac-
terize the product. FOX200 can accommodate 12 in.×12 in.
and 4-in.-thick specimens with a test temperature range of −20
to 75 °C. In order to fit the product inside the instrument
sample holder, the specimen was cut into a 12 in.×12 in. di-
mension. Both melting and solidification (freezing) experi-
ments were conducted to investigate the subcooling and hys-
teresis effects in the specimen. An earlier DSC test of the
microencapsulated PCM showed phase active region of 16–
26 °C for the PCM; therefore, a temperature range of 6–32 °C
was considered for the DHFMAwith temperature step size of
1.5 °C. A wider temperature range than the DSC test was
necessary to capture the details of the phase transformation
process in the specimen. To examine the repeatability of the
DHFMA and the effect of temperature step on results, an
additional melting cycle test with non-uniform temperature
steps between 1 and 2.5 °C was performed.

Figure 1 depicts temperature-dependent volumetric heat
capacity for two melting and one freezing tests. It can be seen
that data points for melting and freezing tests seem to coin-
cide. A negligible subcooling and hysteresis effects are ob-
served—a common feature of paraffinic PCM and highly de-
sired features for a PCM-enhanced building component.
Onset of melting and freezing were found to occur at around
18 and 25 °C, respectively, with a broad phase active range of
~8 °C. The sensible heat capacities of the specimen were
measured to be approximately 1.15 and 1.05 MJ m−3 K−1

when PCM was in solid and liquid states, respectively. The
heat capacity is found to increase with temperature when PCM
is solid, while it remains constant when PCM is melted. The
heat capacity for the same temperature points are found to be
very similar, verifying the repeatability of the DHFMA
method.

PCM−Aerogel Composite

The product comprised of a thin layer of PCM applied on one
surface of a 3/8-in.-thick aerogel blanket. The specimen was
prepared by Aspen Aerogel using a proprietary biobased
PCM. A FOX304 instrument was used to perform DHFMA
testing. DSC tests on pure PCM sample indicated a broad peak
in the heat capacity; it was realized that a temperature resolu-
tion of less than 1 °C may be needed to accurately capture the
sharp profile of the data. Sensitivity of heat flow transducers is
usually compromised below temperature step sizes of around
1 °C, limiting the size of the minimum temperature step to be
used at around 1 °C. To improve the temperature resolution,
we developed a new method where we used steps of 1.5 °C to
obtain ample sensitivity in the measurement; however,
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depending on the desired resolution, additional tests were run
that were offset by an amount equal to step size divided by the
resolution sought. For example, if a resolution of 0.5 °C was
desired, three tests would be conducted (=1.5 °C /0.5 °C=3)
with first set at (T0, T0+1.5, T0+3…), second set at (T0+0.5,
T0+2, T0+3.5…), and third test at (T0+1, T0+2.5, T0+4…),
where T0 is some arbitrary starting temperature set-point.
Combining the data from these three datasets will essentially
provide a resolution of 0.5 °C. Similarly, for a temperature
resolution of 0.75 °C, two tests would be conducted
(=1.5 °C /0.75 °C=2) with first set at (T0, T0+1.5, T0+3 …),
and second set at (T0+0.75, T0+2.25, T0+3.75 …).

Three melting and two solidification tests were performed
to test the validity of the above proposed approach. Figure 1b

depicts the profile produced by combining these tests. An
effective resolution of 0.5 and 0.75 °C were obtained for melt-
ing and freezing, respectively, as shown in Fig. 1b. Smooth
curves were produced by combining the data sets, demonstrat-
ing the validity and importance of the method in improving
the accuracy of the dynamic data. As evident in Fig. 1b, finer
details of the heat capacity curve can be captured by improv-
ing temperature resolution in this manner.

The onset of melting occurs at ~19.5 °C, while the peak is
observed at 27.25 °C. The solidification cycle is marked by
two peaks that occur at 20 and 23.77 °C, suggesting that the
PCM used in the PCM–aerogel composite is an inhomoge-
neous mixture of two (or more) different chemical compounds
with slightly different freezing temperature. Melting and

Fig. 1 Volumetric heat capacity as a function of temperature using the DHFMAmethod a PCM-enhanced Gypsum Board, b PCM−Aerogel composite,
c ss-PCM sheet, d PCM-enhanced blown-cellulose, and e ss-PCM-enhanced blown-cellulose
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solidification profiles differ significantly both in the magni-
tude and the shape with a sub-cooling of ~3.5 °C. One melting
test was repeated, and no difference in heat capacity data was
observed, suggesting good repeatability of the DHFDMA
method.

Shape-stabilized PCM Sheet

This product is a paraffin derived from biological
wastes that is stabilized in a polymer matrix and pro-
duced in sheet rolls of 1-mm thickness. A LaserComp
FOX200 HFMA system is utilized for the characteriza-
tion. FOX200 can accommodate 8 in.×8 in. and 2-in.-
thickness specimens with a test temperature range of
−20 to 85 °C. To be able to fit into HFMA instrument,
20 cm×20 cm samples were cut from the sheet roll. To
improve signal-to-noise, four such samples were stacked
to create a 4-mm-thick test sample.

DSC experiments suggested a need for resolution of less
than 1 °C in order to accurately capture the contours of the
heat capacity curve. Following the procedure described in the
section BPCM−Aerogel Composite,^ two tests were per-
formed for melting and freezing each, providing an effective
resolution of 0.75 °C.

PCM-enhanced Blown-Cellulose

The product is produced by blown mixing 20 wt% of a
biobased PCM with cellulose insulation. Fox304 system was
used for the testing. A 12 in.×12 in. thin foam frame was
constructed to hold blown PCM-enhanced cellulose sample.
Multiple tests with uneven temperature steps were conducted
and combined to achieve an effective resolution of around
0.75 °C near the peaks. A melting peak is observed at around
28.9 °C, while two peaks in freezing are observed at 22.15 and
19.5 °C. A large subcooling of almost 7 °C is found, a typical
feature of biobased PCMs. Two peaks are indicative that PCM
is a mixture of two (or more) pure PCMs.

ss-PCM-enhanced Blown-Cellulose

This product is composed of 30 wt% blend of a uniformly
dispersed ss-PCM pellets with cellulose insulation. Blown
cellulose samples were prepared at Advanced Fiber
Technology, Inc. (AFT) facility. The pellets were 1–3-mm
long in size. A FOX200 HFMA system was used to measure
volumetric heat capacity of the mixture as a function of tem-
perature. An 8 in.×8 in. thin foam frame was fabricated to
contain blown-cellulose sample. Two tests each for melting
and freezing were performed to obtain temperature resolution
of 0.75 °C. Figure 1e shows that melting and freezing peaks
occurs at ~27 and 25.5 °C, respectively, exhibiting a
subcooling of around 1.5 °C.

Conclusions

Until recently, differential scanning calorimeter (DSC) has been
the only availablemethod to determine the dynamic properties of
a PCM and PCM-integrated building products. DSC method is
extremely limited in characterizing building-scale PCM products
as it is valid only for small and homogeneous specimens, and is
incapable of capturing the complexities observed in large-scale
building components. DHFMA is a recently developed method
for dynamic property measurement of system-scale PCM and
products. There is a need to characterize different types of
PCM products and develop a general method for the DHFMA
method before it can gain acceptance among scientific and re-
search community. In this study, we describe the principle behind
this method and present dynamic property data for five different
types of PCM-integrated materials. The data generated is used to
formulate a general test procedure for the DHFMA method.

In principle, heat flow signals from heat flow sensors are
integrated over time to determine enthalpy change during a
temperature step change. Five products—PCM-enhanced
Gypsum Board, PCM-Aerogel Composite, ss-PCM Sheet,
PCM-enhanced blown-cellulose, and ss-PCM-enhanced
blown-cellulose—were tested for their dynamic properties
using the DHFMA method. These products provided a com-
bination of a variety of PCM forms such as paraffin, biobased,
and ss with different building components such as insulations
and wallboard. To improve the temperature resolution, a new
testing procedure was developed where tests were performed
using temperature steps of 1.5 °C to obtain ample sensitivity in
the measurement. However, depending on the desired resolu-
tion, additional tests were run that were offset by an amount
equal to step size divided by the resolution sought. Multiple
sets of tests were conducted to obtain effective resolution of as
low as 0.5 °C in the dynamic property measurement. Some of
the tests were repeated with almost identical test results, dem-
onstrating the repeatability of the DHFMA procedure.
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