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The purpose of this study was to determine the effectiveness of using Phase Change Materials (PCM) to 
achieve energy savings for the Air Force. This was accomplished through both analytical and experimental 
work. The experimental work included a variety of configurations representing installation of PCM in a 
typical wall construction as well as in a typical air handling plenum. These configurations were installed in a 
calorimetric room with a constant heat source. The temperature of the room was plotted versus time to 
determine the ability of the PCM to absorb the energy.  The analytical work focused on developing analytical 
models of the heat transfer and phase transition characteristics of the material.
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1. EXECUTIVE SUMMARY 

Phase-Change Materials (PCM) are a relatively new class of building materials that are used to 
increase the effective thermal mass of a structure. They are products designed to undergo a phase 
change from liquid to solid or vice versa near typical room temperature. Due to the relatively 
large energies involved in the phase change, PCM are able to store or release large quantities of 
heat per unit mass through these phase transitions. This is important to Air Force civil engineers 
because an increase in thermal mass reduces peak heating and cooling loads. This allows 
reduction in equipment capacity, provides peak shifting of electrical demand and, in some 
climates, greatly reduces the need for air conditioning by increasing the effectiveness of 
economizers. 
 
HQ Air Force Civil Engineer Support Agency (AFCESA) is seeking design criteria for the use of 
PCM in standard Department of Defense (DoD) structures and heating, ventilation and air 
conditioning (HVAC) system applications to assess benefits of PCM in cutting energy demand. 
The Air Force Research Laboratory (AFRL), at the request of AFCESA, has investigated the 
feasibility of using PCM to help installations meet the energy reduction goal outlined in 
Executive Order 13423 and reduce facility life cycle costs. 
 
The purpose of this study was to determine the effectiveness of using PCM to achieve energy 
savings for the Air Force. This was accomplished through both analytical and experimental 
work. The experimental work included a variety of configurations representing installation of 
PCM in a typical wall construction as well as in a typical air handling plenum. These 
configurations were installed in a calorimetric room with a constant heat source. The temperature 
of the room was plotted versus time to determine the ability of the PCM to absorb the energy.  
 
The analytical work focused on developing models of the heat transfer and phase transition 
characteristics of the material. These models formed the basis for a computer code that was 
written to provide a simulation tool for evaluation of PCM.  
 
Although this investigation was not exhaustive, the findings indicate that PCM-type products 
may enable energy savings, peak shifting and temperature leveling for many installations. Based 
on the results of the study, our recommendation is that architects and engineers consider the 
installation of PCM as a potential energy savings for future Air Force remodeling projects or 
new construction. The installed cost of PCM should be evaluated versus local utility rates and 
local climate conditions to perform a business-case evaluation to determine if PCM makes sense 
in a given project. To facilitate this evaluation, AFRL has prepared an Excel spreadsheet to help 
decision makers determine if PCM are right for their specific project. 
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2. INTRODUCTION 

2.1. Background 

Thermal energy can be stored as sensible heat, whereby the temperature of the storage material 
varies with the amount of energy stored, or as latent heat in which energy storage takes place 
when a substance changes from one condensed phase to another by either melting or freezing. 
PCM are a relatively new class of materials designed to store energy as latent heat. PCM are 
classified as organic materials such as paraffin waxes, inorganic materials such as salt hydrates, 
and eutectics, which are a mix of organic and inorganic PCM[1]. Among heat storage techniques, 
latent heat thermal energy storage is particularly attractive due to its ability to provide large 
energy storage density per unit mass and per unit volume, and its ability of storing heat at a con-
stant temperature corresponding to the phase transition temperature characteristic of the PCM. 
 
Builders and architects have long known that thermal mass, i.e., the ability to store thermal 
energy, contributes to improved energy performance of a structure. Historically, they have had to 
rely on large masses of concrete, brick or thick plaster walls to achieve these results. Since PCM 
relies on the comparatively large energies associated with material phase change, these same 
effects can now be achieved with stud/drywall types of construction. 
 
Although available in various configurations, the work done by the AFRL focused on a product 
which had the PCM material contained in individual pouches, held together by a plastic packing 
sheet. These sheets were stapled onto typical 2 in × 6 in wooden studs and covered in drywall to 
simulate installation in a common wall. The wall also contained typical fiberglass insulation. 
Figure 1 shows PCM mats installed in a typical wall setup. 
 

 
Figure 1. PCM Mats Installed in a Typical Wall 

 
 
2.2. Literature Review 

2.2.1. PCM and its Applications 
A review of latent heat storage materials and their systems by Sharma et al[1] aimed at helping 
researchers in this area find a suitable PCM for various purposes, a suitable heat exchanger with 
ways to enhance the heat transfer, and a variety of designs to store the heat using PCM for diverse 
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applications, e.g., space heating and cooling, solar cooking, greenhouses, solar water heating and 
waste heat recovery systems. Techniques for measurement of thermophysical properties, studies 
on thermal cycles for long-term stability, corrosion of the PCM and enhancement of heat transfer 
in PCM were discussed. New PCM innovations were also included for awareness of new 
applications. The review contained a list of about 250 PCMs and more than 250 references. 
 
Khudhair et al[2] suggested that energy storage in the walls, ceiling and floor of buildings may be 
enhanced by encapsulating a suitable PCM within these surfaces to capture solar energy directly 
and increase human comfort by decreasing the frequency of swings in internal air temperature 
and maintaining the temperature closer to the desired value for a longer period of time. Their 
paper summarized the investigation and analysis of thermal energy storage systems incorporating 
PCM for use in building applications. Ongoing research in thermal storage in which the PCM 
were encapsulated in concrete, gypsum wallboard, ceiling and floor was discussed. Also 
discussed were problems associated with the application of PCM—selection of materials and 
methods used to contain them. 
 
2.2.2. Benefits of Applying PCM in Walls 
Voelker et al[3] stated that overheating is a major problem in many modern buildings, due to the 
utilization of lightweight construction materials with low heat-storing capacity. A possible 
answer to this problem was the utilization of PCM to increase the thermal mass of a building. 
These materials change their state of aggregation within a defined temperature range. A useful 
PCM for buildings shows a phase transition from solid to liquid and back. The thermal mass of 
the materials is increased by the latent heat. A modified gypsum plaster and a salt mixture were 
chosen as two materials for a study of their capacity to buffer room temperature changes. For 
realistic investigations, test rooms were erected in which measurements were carried out under 
different conditions such as temporary air change, alternate internal heat gains or clouding. The 
experimental data were also reproduced by application of a mathematical model. 
 
Ahmad et al[4] considered different types of wallboards containing PCM with an objective of 
defining passive components for the envelope of buildings. To lower the investment costs, the 
wallboards were made from commercial panels after a first attempt to use gypsum walls. Three 
types of wallboards were studied: (i) a polycarbonate panel filled with paraffin granulates; (ii) a 
polycarbonate panel filled with polyethylene glycol (PEG 600); (iii) a poly(vinyl chloride) 
(PVC) panel filled with PEG 600 and coupled to a vacuum insulation panel (VIP). An 
experimental set-up was built to determine the thermal response of these wallboards. 
Experimental results were compared to those obtained by a numerical simulation in which an 
apparent heat capacity method was used. The final results showed that the last studied wallboard, 
number iii, could be used in the test cells under construction to validate the concept.  
 
Light envelopes are more and more frequently used in modern buildings but they do not provide 
sufficient thermal inertia. A solution to this is to incorporate PCM in buildings’ envelopes. 
Ahmad et al[5] reported the performance of a test cell fabricated from light wallboards containing 
PCM, subjected to climatic variation, compared to a test cell built without PCM. To improve the 
wallboard efficiency a VIP was utilized with the PCM panel. This new structure allowed the 
apparent heat capacity of the building to be increased, the solar energy transmitted by windows 
to be stored without raising the indoor cell temperature, and the thickness of the wallboard to be 
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decreased compared with that of traditional wallboards. An experimental study was carried out 
by measuring temperatures of and heat fluxes through the wallboards, and the indoor temper-
ature. A numerical simulation using TRNSYS software was carried out by adding a new module 
representing the new wallboard. It showed good agreement with experimental results. This new 
tool will allow users to simulate the thermal behavior of buildings having walls with PCM. 
 
Kissock et al[6] summarized their experimental and simulated study of the thermal performance 
of phase-change wallboard (PCW) in simple structures. Two 1.22-m (4-ft) × 1.22-m (4-ft) × 
0.61-m (2-ft) test cells were built using common light-frame construction practices. One wall of 
each test cell was a transparent acrylic sheet, to allow solar radiation to penetrate the cell. The 
cells were oriented so that the glazing faced south. Conventional wallboard was installed in the 
control test cell, and wallboard imbibed with 28% by weight K18 PCM was installed in the 
second test cell. A differential scanning calorimeter was used to measure the effective heat 
capacities of both the PCW and conventional wallboard. Solar radiation, ambient temperature 
and interior temperatures in the test cells were continuously monitored from 10/28/97 to 
11/10/97. Results indicated that peak temperatures in the phase-change test cell were up to 18 °F 
(10 °C) lower than in the control test cell during sunny days. A modified finite-difference 
simulation model was able to predict interior wall temperatures in the test cells with reasonable 
accuracy (average error < 3 °F (1.7 °C)) based on measured property and environmental data. 
 
A new PCM wallboard was experimentally investigated by Kuznik et al[7] to enhance the thermal 
behavior of a lightweight building internal partition wall. The experiments were carried out in a 
full-scale test room that was completely controlled. The external temperature and radiative flux 
dynamically simulated a summer day repetitively. The differential test was applied to walls with 
and without PCM material under the same conditions. The PCM reduced the room air 
temperature fluctuations, in particular when overheating occurred. A numerical model has been 
used to investigate energy storage. Five millimeters of PCM wallboard doubled the energy 
storage during the experiment. The experiments were fully described so that the results can be 
used for the validation of numerical models dealing with PCM. 
 
Neeper[8] examined the thermal dynamics of PCM wallboard subjected to a diurnal variation of 
room temperature, but not directly illuminated by the sun. The purpose of his work was to 
provide guidelines useful in the selection of an optimal PCM and in estimating the benefits of 
PCM architectural products. The amount of energy stored during a daily cycle depends upon the 
melt temperature of the PCM, the temperature range over which melting occurs, and the latent 
capacity per unit area of wallboard. Situations placing the wallboard on an interior partition or on 
the inside of the building envelope were investigated separately. It was determined that, in most 
cases, the maximum diurnal energy storage occurred when the PCM’s melt temperature was 
close to the average room temperature. Diurnal energy storage decreased if the phase transition 
occurred over a range of temperatures. The diurnal storage achieved in practice may be limited to 
the range 300–400 kJ/m2, even if the wallboard has a greater latent capacity. The implications of 
these findings for test room experiments were discussed. 
 
Integration of PCM into building fabrics is considered to be one potential way of minimizing 
energy consumption and CO2 emissions in the building sector. To assess the thermal effect-
iveness of this concept, Darkwa et al[9] evaluated composite PCM drywall samples, i.e., 
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randomly mixed and laminated PCM drywalls, in a model passive solar building. For a broader 
assessment, effects of three phase change zones (narrow, intermediate and wide) of the PCM 
sample were considered. The results showed that the laminated PCM sample with a narrow 
phase change zone was capable of increasing the minimum room temperature by about 17% 
more than the randomly mixed type. Even though there was some display of non-isothermal 
phase change processes, the laminated system proved to be thermally more effective in terms of 
evolution and utilization of latent heat. Further heat transfer enhancement is required for the 
development of the laminated system. 
 
2.2.3. Implementing PCM in Ceilings/roofs 
Koschenz et al[10] described the development of a thermally activated ceiling panel for incorpor-
ation in lightweight and retrofitted buildings. The system allowed the use of renewable energy 
sources to heat and cool office and industrial buildings. The design for the new ceiling panel 
exploited the properties of paraffin as a PCM. Its high thermal storage capacity during phase 
change, up to 300 Wh/m2, enabled the overall panel thickness to be limited to 5 cm. Active con-
trol of thermal storage was achieved by means of an integrated water capillary tube system. Their 
research included development of a numerical model for computation of the thermal behavior of 
wall and ceiling systems incorporating PCM. They performed simulation calculations to 
determine the necessary thermal properties of the ceiling panels and specify requirements for the 
materials to be used. Laboratory tests were performed to verify the system’s performance. 
 
In their analysis on the thermal performance of a building roof incorporating PCM for thermal 
management, Pasupathy et al[11] stated that thermal storage plays a major role in a wide variety 
of industrial, commercial and residential applications when there is a mismatch between the 
supply and demand of energy. The authors indicated that latent heat storage in PCM is attractive 
because of its high energy storage density and its isothermal behavior during the phase change 
process. Also noted were several promising developments taking place in the field of thermal 
storage using PCM in buildings. “It has been demonstrated that, for the development of a latent 
heat storage system (LHTS) in a building fabric, the choice of the PCM plays an important role 
in addition to heat transfer mechanism in the PCM. Increasing the thermal storage capacity of a 
building can enhance comfort and decrease the frequency of perceptible internal air temperature 
swings by holding the indoor air temperature closer to the desired temperature and for a longer 
period of time.”[11] A study of the thermal performance of an inorganic eutectic PCM-based 
thermal storage system for thermal management in a residential building included experimental 
measure-ments and a theoretical analysis. Experiments were also conducted by circulating water 
through tubes kept inside the PCM panel to test its suitability for the summer months. To achieve 
the optimum design for the selected location, several simulation runs were made using average 
ambient conditions for all the months in a year and for various other parameters of interest. 
 
2.2.4. Incorporating PCM in Floors 
Nagano et al[12] proposed a new floor supply air conditioning system, using PCM to augment 
thermal storage. A scale model was constructed. Granules containing PCM with a phase change 
temperature of about 20 °C were made from foamed glass beads and paraffin waxes. Results 
from measurements simulating an air conditioning schedule in office buildings indicated that 
89% of the daily cooling load could be stored each night in a system that used a 30-mm-thick 
packed bed of the granular PCM. 
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A duct system of laminated, phase-change concrete has been numerically analyzed for cooling 
applications in buildings by Darkwa[13]. The analysis showed that the number of transfer units 
(NTUs) has considerable effect on the thermal performance of the system. For instance, the 
highest factor of PCM melting thickness and surface temperature fraction were achieved with the 
lowest NTU value, 0.1. In terms of cooling effects, the two scenarios of the simulation achieved 
maximum cooling capacities of 12.5 kW and 25 kW, respectively. To achieve effective thermal 
response in a mechanically ventilated ductwork system, some form of turbulent flow through 
surface roughness and configuration would have to be created. Even though the model was 
developed based on the assumption that each PCM is pure and will melt at a specific 
temperature, the results appeared to be a fair representation of what might happen in practice. 
Experimental validation is recommended as a step toward commercial and economic evaluation. 
 
2.2.5. Implementing PCM in the Building Envelope 
As quoted by Zhang et al[14], latent heat thermal energy storage (LHTES) is becoming more and 
more attractive for space heating and cooling of buildings. Incorporation of LHTES in buildings 
has the following advantages: (1) it narrows the gap between the peak and off-peak loads of 
electricity demand; (2) it lowers operating expenses by shifting electrical consumption from peak 
periods to off-peak periods—the cost of electricity at night is often less than during the day; (3) 
particularly for space heating in winter, it utilizes solar energy continuously by storing it during 
the day and releasing it at night, thus reducing diurnal temperature fluctuation, which improves 
thermal comfort; (4) it can store natural cooling by ventilation at night, especially in the summer, 
and release it during the day to lower the room temperature, thus reducing the cooling load of air 
conditioning. Their paper investigated previous work on thermal energy storage by incorporating 
PCM in the building envelope. The basic principle, candidate PCMs and their thermophysical 
properties, incorporation methods, thermal analysis of the use of PCM in walls, floor, ceiling and 
window etc. and heat transfer enhancement were discussed. It was shown that with appropriate 
PCM selection and a suitable incorporation method in building material, LHTES can be 
economically efficient for heating and cooling of buildings. However, several problems were 
noted that must be addressed before LHTES can reliably and practically be applied.  
 
At Oak Ridge National Laboratory (ORNL), Kosny et al[15] summarized the results of an 
experimental and theoretical analysis performed at ORNL during 2003–2006 on organic PCM 
used in building thermal envelopes. PCM have been studied and tested as a thermal mass com-
ponent in buildings for at least 40 years; most studies have found PCM enhances building energy 
performance. However, problems such as high initial cost, loss of phase-change capability, 
corrosion, and PCM leakage have hampered widespread adoption. Paraffinic hydrocarbon PCM 
generally performed well, but increased the flammability of the building envelope. Traditionally, 
PCM have been used to stabilize interior building temperatures. Thus, the best locations for PCM 
were interior building surfaces—walls, ceilings, or floors. In research underway at ORNL, PCM 
were used as an integral part of the building thermal envelope. Microencapsulated paraffinic 
PCM were positioned in the wall cavity or installed as a part of the attic insulation system.  
 
Muruganantham et al[16] stated that PCM play an important role as a thermal energy storage 
device by utilizing their high storage density and latent heat property. One of the potential 
applications of PCM in buildings is by incorporating them in the building envelope for energy 
conservation. During the summer cooling season, the main benefits are a decrease in overall 
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energy consumption by the air conditioning unit and the time shift in peak load during the day. 
Experimental work was carried out by Arizona Public Service (APS) in collaboration with Phase 
Change Energy Solutions (PCES) Inc. with a new class of organic-based PCM. The experimental 
setup showed maximum energy savings of about 30%, a maximum peak load shift of about 60 
minutes and maximum cost savings of about 30%. 
 
Ismail et al [17] presented the results of a numerical and experimental study of PCM-filled walls 
and roofs under real operational conditions to achieve passive thermal comfort. The numerical 
part of the study was based on a one-dimensional model for the phase change, controlled by pure 
conduction. Real radiation data were used to determine the external face temperature. The 
numerical treatment used finite difference approximations and the alternating direction implicit 
method. The results obtained were compared with field measurements. The experimental setup 
consisted of a small room with a movable roof and a side wall. The roof was constructed using 
traditional methods but with the PCM enclosed and thermocouples distributed across its cross 
section. Another roof constructed without the PCM, but otherwise identical, was also used during 
comparative tests. The movable wall was also constructed traditionally except that the PCM was 
enclosed. Again, thermocouples were distributed across the wall thickness to enable 
measurement of local temperatures. Another wall, identical except for the PCM, was used during 
comparative tests. The PCM used in the numerical and experimental tests comprised a mixture of 
two commercial grades of glycol that gave the desired fusion temperature range. Comparison of 
the simulation results with experimental data indicated good agreement. Field tests also indicated 
that the PCM used was adequate and the concept was effective in maintaining the indoor 
temperature very close to the prescribed comfort limits. Further economic analysis indicated that 
the concept could effectively help to reduce electric energy consumption and improve the energy 
demand pattern. 
 
2.2.6. Modeling Peak Load Shifting due to PCM 
Halford et al[18] address potential peak air conditioning load shifting strategies using encapsu-
lated PCM. The materials considered were designed to be installed within ceiling or wall 
insulation to delay peak air conditioning demand times. To assist in understanding the behavior 
of this material, an idealized model was developed that uses the one-dimensional diffusion 
equation driven by time-varying temperature functions imposed at the boundaries. In developing 
the model, the phase-change temperature and latent heat of melting were critical variables that 
were treated parametrically. Other variables, such as the characteristic ambient temperature 
variations and the thermostat set point, were varied relative to the phase-change temperature. 
Comparisons were made to time-dependent variations of heat flow with and without PCM. 
 
Halford et al[19] stated that peak demand for electricity in many parts of the country, particularly 
the desert Southwest, is of critical concern to utilities. For locations with high air conditioning 
demand, an approach to shift peak demand is to use PCM in the ceiling, which melts during peak 
demand periods and then is refrozen at off peak times. The purpose of their work was the devel-
opment of a numerical model to evaluate the load shifting abilities of this type of approach. The 
simulation was based upon the solution to the one-dimensional diffusion equation driven by a 
sinusoidally varying ambient temperature imposed on the outer surface. In developing the model, 
the PCM was taken as a horizontal layer within the insulation. Its location and mass were treated 
as parameters. Other variables, such as the characteristic ambient temperature variations and the 
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thermostat set point, were varied relative to the phase-change temperature. The output of the 
model was the time-varying heat flux at the inner surface over the period of a day. Their sim-
ulation was intended as a first approximation to model an extremely complex heat transfer 
problem. Many simplifying assumptions were made that have yet to be validated, and at that 
publication the model had not been compared to any experimental results. Early results did, 
however, show some general trends. For all cases simulated, total melting and refreezing of the 
material never exceeded 20% of the total mass of material. This indicated either the need for a 
more effective means of refreezing the material during off-peak times or a smaller mass of 
material. Although mass utilization was relatively low, the study showed that even when only a 
small fraction of the mass was being used, a considerable load shift was theoretically possible.  
 
2.2.7. Mathematical Modeling of PCM Used in Latent Heat Thermal Energy Storage 

Systems 
The major methods of mathematical modeling of solidification and melting problems were 
reviewed by Hu et al[20]. They presented different analytical methods, which are used as standard 
references to validate numerical models. Various mathematical formulations to numerically 
solve solidification and melting problems were categorized. Relative merits and disadvantages of 
each formulation were analyzed. Recent advances in modeling solidification and melting 
problems associated with convective motion of the liquid phase were discussed. Based on this 
comprehensive survey, guidelines were developed to choose a correct mathematical formulation 
for solving solidification and melting problems. 
 
Verma et al[21] used mathematical modeling of an LHTES to optimize material selection and 
systems design. In their paper, two types of models were mainly discussed, those based on the 
first law of thermodynamics and those based on the second law of thermodynamics. The 
important characteristics of different models and their assumptions were presented and 
discussed. Experimental validation of some models was also presented. 
 
2.2.8. Numerical Simulation of PCM in Building Applications 
Rabin et al[22] presented a simple, efficient numerical technique for solving transient multidimen-
sional heat transfer problems with melting/solidification processes. They proposed a technique 
comprising an enthalpy-based method to solve the problems by a finite difference scheme with 
an assumption of lumped system behavior for each node. The computational technique was able 
to consider a variety of boundary conditions, i.e., conduction, convection and radiation alone or 
in combination. The numerical method neglected convection effects in the liquid phase. The 
importance of this method lies in the fact that solutions were obtained with a personal 
microcomputer, thus providing a convenient and reliable tool for wide use in solving many 
problems of practical interest. The proposed method was verified against two exact solutions 
available from literature for a one-dimensional semi-infinite domain, the first with a constant 
temperature boundary condition and the second with constant heat flux. The technique was 
demonstrated by solving four different cases of two-dimensional problems. The results obtained 
utilizing the technique presented in their paper showed good agreement when compared with 
numerical results from the reviewed literature using finite difference and finite element methods. 
 
An interesting possibility in building application is the impregnation of PCM into porous 
construction materials, such as plasterboard or concrete, to increase its thermal mass. The 
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thermal improvements in a building due to this type of inclusion of PCM depend on the climate, 
design and orientation of the construction, and the amount and type of PCM. Therefore, these 
projects require a complete simulation of the thermal behavior of the designed space in the 
conditions of use. Using the program Ibaneza et al[23], presented a simple methodology for 
energetic simulation of buildings including elements with PCM TRNSYS, and validated their 
results. Their procedure did not aim at simulating real transfer processes inside the materials with 
PCM, but instead at evaluating the influence of PCM in walls/ceiling/floor on the whole energy 
balance of a building. The key parameter in the simulations was the equivalent heat transfer 
coefficient, which has to be determined for each material. Experimental evaluation of the 
coefficient was presented. 
 
Heim et al[24] utilized the software package ESP-r to model the behavior of PCM using ESP-r’s 
special materials facility. The effect of phase transition was added to the energy balance equation 
as a latent heat generation term according to the effective heat capacity method. Numerical 
simulations were conducted for a multi-zone, highly glazed and naturally ventilated passive solar 
building. PCM-impregnated gypsum plasterboard was used as an internal room lining. The air, 
surface and resultant temperatures were compared with the no-PCM case and the diurnal latent 
heat storage effect was analyzed. While this effect did not cause a considerable reduction in the 
diurnal temperature fluctuation, the PCM did effectively store solar energy in the transition 
periods. Additionally, the energy requirement at the beginning and end of the heating season was 
estimated and compared with ordinary gypsum wallboard. Within this comparison, the PCM 
composite solidification temperature was 22 °C (i.e. 2 K higher than the heating set-point for the 
room). The results showed that solar energy stored in the PCM–gypsum panels can reduce the 
heating energy demand by up to 90% at times during the heating season. 
 
Kuznik et al[25] stated that the use of PCM in construction allows the storage/release of energy 
from the solar radiation and/or internal loads. Therefore, the application of such materials for 
lightweight construction (e.g., a wood frame house) makes it possible to improve thermal 
comfort and reduce energy consumption. A wallboard composed of a new PCM material was 
investigated to enhance the thermal behavior of a lightweight internal partition wall. Their work 
was focused on the optimization of PCM’s thickness. The in-house software CODYMUR was 
used to optimize the PCM wallboard by the means of numerical simulations. The results showed 
that an optimal PCM thickness exists. The optimal PCM thickness value was then calculated for 
use in construction. 
 
Kendrick et al [26] reviewed methods to incorporate PCM in building materials, particularly in 
passive applications. A simulation study using IES Virtual Environment package Apache was 
carried out on PCM-impregnated plasterboard, investigating various fusion temperatures of the 
PCM during night, day and week-long tests in hot weather conditions. Different ventilation rates 
and varying conductivity values of the gypsum in the plasterboard were tested. It was shown that 
use of PCM offers significant advantages for both commercial and residential building 
applications, provided sufficient night ventilation is allowed. 
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3. APPROACH/METHODOLOGY 

To investigate the feasibility of using PCM to meet energy and cost reduction objectives, a PCM 
was evaluated in a standard frame construction wall and in an air handling plenum. Three types 
of wall test were performed. The first test focused on the comparison and analysis of a sectional 
wall constructed with a different amount or thermal density of PCM in individual cavities. This 
test will be referred to as “comparison wall.” The primary purpose of the comparison wall test 
was to provide a reference set of data for the analytical model. The second wall test was 
performed with the wall having the 2.0-lb/ft2 PCM in the entire wall, which will be referred to as 
“2.0-lb/ft2 wall.” The third test was the control experiment performed on a wall without PCM. 
 
Three types of plenum tests were also performed. The plenum was tested with no PCM, and with 
PCM densities of 0.56 lb/ft2 and 2.0 lb/ft2. For the plenum testing, our observation was that the 
differences among test runs were less than the inherent variability of the testing. Therefore, we 
were not able to draw conclusions for this application. It is our belief that the cause for the lack 
of difference in the various tests was insufficient PCM mass compared to the amount of airflow, 
aggravated by relatively poor heat transfer between air and the PCM. As a result, discussion of 
the plenum testing and results is limited.  
 
Experimental measurements and testing were carried out in a controlled, calorimetric, 
environmental chamber at the Air Force Research Laboratory (AFRL/RXQES) facility located at 
Tyndall AFB, FL. A floor plan schematic of the chamber is shown in Figure 2. Performing the 
testing in this chamber allowed us to monitor and control experimental and environmental 
conditions and parameters as well as to mitigate outside influences that would affect test results.  
 

North 
Figure 2. Calorimetric Environmental Chamber 

 
 
The PCM chosen for this study was Thermester 23B BioPCM encapsulated mats, developed and 
supplied by Phase Change Energy Solutions, Inc. Testing was performed on two different 
densities per unit area: 0.56 lb/ft2, shown in Figure 3, and 2.0 lb/ft2, shown in Figure 4. PCM 
properties are highlighted in Table 1. 
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Figure 3. 0.56-lb/ft2 PCM Mat 

 
Figure 4. 2.0-lb/ft2 PCM Mat 

 
 

Table 1. PCM Properties 
Description PCM  
Density (kg/m3) 830 
Melting Temperature (°C)   23 
Specific Heat (kJ/kg·K)     2.1 
Latent Heat (J/g) 200 
Viscosity (cP @ 30 °C)   13 
Boiling Point (°C) 260 
Thermal Conductivity (W/m·K)     0.2 

 
 
3.1. Wall Test 

A 72-in × 90-in nominal wood-framed wall using 2-in × 6-in studs on 16-in centers with four 
independent testing cavities was utilized to investigate the energy effectiveness of PCM 
incorporated into a wall construction; the results were also used to develop the simulation model. 
The wall was constructed in the controlled calorimetric environmental chamber in the wall 
opening between Rooms A and B (shown as Zones A and B in Fig. 2). The overall construction 
of the nominal wall is depicted in Figure 5. 
 

 
Figure 5. Nominal Wall Construction Schematic 
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3.1.1. Comparison Wall Test Setup 
To investigate the thermal benefit and heat transfer characteristics of PCM, 0.56-lb/ft2 and 
2.0-lb/ft2 PCM densities were retrofitted into individual test cavities in a nominal wall test setup. 
The test wall also featured one “standard” section, which did not include PCM, and one section 
that included 0.56-lb/ft2 PCM, but no wallboard (reference Table 2). Surface temperatures of 
each layer were monitored and analyzed against maintaining a comfort level temperature range 
of 74–78 °F under various sensible heat loads. 
 
From left to right in Room A, the four independent testing cavities were designated Sections 1 
through 4. Each independent cavity was tested in the material layer configuration shown in Table 
2; an overall schematic diagram is shown in Figure 6. All instrumentation used for sectional 
analysis was installed according to layer references shown in Table 3.  
 

Table 2. Comparison Wall Test Cavity Layer Configuration 
Section 1 Section 2 Section 3 Section 4 

Room A 
 5/8-in Gypsum Wallboard 

0.56-lb/ft2 PCM Mat  0.56-lb/ft2 PCM Mat 2.0-lb/ft2 PCM Mat 
R19 Fiberglass Insulation 
R30 EPE Foam Insulation 

1/8-in Plywood 
Room B 

 
 

 
Figure 6. Schematic Diagram of Comparison Wall Test Setup 
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Table 3. Comparison Wall Instrumentation Layer Reference 
Layer Reference 

1 Front side of 5/8-in wallboard surface exposed to Room A 
2 Front side of PCM mat surface exposed to back side of 5/8-in wallboard 
3 Front side of R19 fiberglass insulation surface exposed to backside of PCM mat 
4 Back side of R19 fiberglass insulation exposed to 1/8-in plywood and Room B 

 
Test cavity surface temperatures of each layer and section were recorded with Omega Precision 
Fine Wire Thermocouples (Part #: SA1-K-72) and monitored through National Instrument’s 
LabView. Figure 7 shows an overall thermocouple sensor placement map for each layer (total of 
10 sensors per layer). A grid location for each sensor was identified to guarantee similar 
placement of the sensors in all the layers within the wall cavity and across the wall sections. In 
addition, thermocouple sensors were placed in the center of calorimetric environmental chamber 
Room A and along the north, south and east walls for room monitoring and data analysis.  
 
The comparison wall test matrix developed for the comparison wall test is shown in Table 4. 
 

Table 4. Comparison Wall Test Matrix 
Run 

Order 
  

Initial Room 
Temperature 

(°F) 

Thermal 
Load  
(W) 

1 78 400 
2 78 100 
3 76 100 
4 78 400 
5 78 250 
6 74 100 
7 74 400 
8 76 400 
9 76 100 

10 74 250 
11 76 250 
12 78 100 
13 74 100 
14 76 400 
15 74 400 

    Figure 7. Comparison Wall 
Thermocouple Sensor Placement 
 
 
3.1.2. Comparison Wall Test Procedure 
To ensure all PCM mats were completely in a solid phase at the start of testing, the calorimetric 
environmental chamber was set at 68 °F in both Room A and Room B and allowed to reach 
steady-state conditions. PCM surface temperatures were monitored until Layer 2 and Layer 3 in 
each test cavity reached the solidification temperature of 73 °F, ensuring solid-phase uniformity. 
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Once uniformity was achieved, the room temperature of Room A was raised to the initial room 
temperature specified in the center column of the test matrix (Table 4).  
 
As soon as the initial room temperature was reached, a thermal load was introduced to Room A 
via an alterable 20-amp load bank to simulate exposure of the wall to various heat loads. The 
load bank was set according to the test matrix as shown in Table 4 and turned on. LabView was 
used to record and monitor surface temperatures of Layers 1 through 4 of Sections 1 through 4. 
Room temperatures and condition parameters were also monitored and recorded for analysis. 
Completion of testing was attained once the room temperature increased and layer temperatures 
for each test cavity were uniformly above the melting temperature of the PCM. Load bank and 
calorimetric environmental chamber conditions were reset to their initial state conditions. The 
highlighted procedures were repeated for each sequential run order in the test matrix as shown in 
Table 4. 
 
3.1.3. 2.0-lb/ft2 Wall Test Set-up 
To investigate the feasibility of peak shifting of energy demand to meet energy and cost 
reduction objectives, 2.0-lb/ft2 PCM was retrofitted into each individual test cavity in a nominal 
wall test setup. Surface temperatures for each layer were monitored and analyzed for a comfort 
level temperature range of 74–78 °F under various sensible heat loads and compared to a 
baseline nominal wall (without PCM) installation under similar conditions. 
 
Similar to the comparison wall test, from observation of the nominal wall from left to right in 
Room A, the four independent testing cavities were designated Sections 1 through 4 for 
reference and comparison analysis. Each independent cavity was tested with the material layer 
configuration shown in Table 5. An overall schematic diagram is shown in Figure 8. All 
instrumentation used for wall layers/sections was installed according to layer references similar 
to the comparison wall test, as shown in Table 3. 
 

Table 5. 2.0-lb/ft2 Wall Test Layer Configuration 
Section 1 Section 2 Section 3 Section 4 

Room A 
5/8-in Gypsum Wallboard 

2.0-lb/ft2 PCM Mat 
R19 Fiberglass Insulation 
R30 EPE Foam Insulation 

1/8-in Plywood 
Room B 

 
 
Surface temperatures of each layer and test cavity section were recorded with Omega Precision 
Fine Wire Thermocouples (Part #: SA1-K-72) and monitored through LabView. Thermocouple 
sensor placement in accordance to Figure 9 for each test cavity was used. Similar to the 
comparison wall test setup, thermocouple sensors were placed in the center of calorimetric 
environmental chamber Room A and along the north, south and east walls for room monitoring 
and data analysis.  
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Figure 8. Schematic Diagram of 2.0-lb/ft2 Wall Test 

Setup 

 
Figure 9. 2.0-lb/ft2 Wall 

Thermocouple Sensor Placement 
 
 
The matrix for testing and analysis of the 2.0-lb/ft2 wall is shown in Table 6. 
 

Table 6. 2.0-lb/ft2 Wall Test Matrix 
Run Order Thermal Load (W) 

1 100 
2 250 
3 400 

 
 
3.1.4. 2.0-lb/ft2 Wall Test Procedure 
As in the comparison wall test, the calorimetric environmental chamber was set and soaked (kept 
at constant temperature for 12 to 18 hours) at 68 °F in Rooms A and B until they reached steady-
state conditions. PCM surface temperatures were monitored until Layers 2 and 3 in each test 
cavity reached the solidification temperature, 73 °F, ensuring solid-phase uniformity. Once phase 
uniformity was achieved, a thermal load was introduced to Room A through an alterable 20-A 
load bank that was adjusted and turned on according to the run order of the test matrix. The 
thermal load ramped room, layer and section temperatures until PCM layer temperatures were 
above the melting temperature for the PCM mats. LabView recorded and monitored surface 
temperatures of Layers 1 through 4 of Sections 1 through 4. Room temperatures and condition 
parameters were also monitored and recorded for analysis. At the completion of the test, the load 
bank and calorimetric environmental chamber conditions were reset to their initial conditions. 
The highlighted procedure was repeated for each sequential run order in the test matrix. 
 
A baseline test was also established for comparison. The 2.0-lb/ft2 PCM mats and Layer 2 instru-
mentation were removed from the nominal wall test setup. The environmental chamber was set 
and soaked at 68 °F in Rooms A and B and allowed to reach steady-state conditions. A thermal 
load was introduced to Room A through an alterable 20-A load bank for latent and sensible heat 
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simulation. The load bank was adjusted and turned on according to the run order of a test matrix 
identical to the 2.0-lb/ft2 PCM wall testing. The thermal load was allowed to ramp room, layer 
and section temperatures until relative layer and section uniformity was achieved. LabView was 
again used to record and monitor surface temperatures of Layers 1 through 4 of Sections 1 
through 4. Room temperatures and condition parameters were also monitored and recorded for 
analysis. After test completion, the load bank and chamber conditions were reset to their initial 
conditions. The procedure was duplicated for each sequential run order in the test matrix. 
 
3.2. Plenum Test 

In this study, a 20-ft length wood framed plenum using 2-in × 6-in studs on 16-in centers with 15 
independent cavities was constructed and utilized for analyzing the energy effectiveness of PCM 
incorporated into an HVAC air return distribution system. The plenum was constructed and 
assembled in the controlled calorimetric environmental chamber Rooms A and B and fitted 
through an insulated wall partition along the adjoining wall of the two rooms. The overall 
construction of the plenum is depicted in Figures 10–12. 
 

 
Figure 10. Plenum Construction Schematic Frontal View 

 
 
Nominal R19 fiberglass insulation was used to fully insulate the interior cavities of the plenum. 
PCM-encapsulated mats with 0.56-lb/ft2 and 2.0-lb/ft2 densities were installed along the interior 
bottom of the plenum starting with the third test cavity and tested sequentially after a baseline 
was established. The plenum was sealed on the sides, ends and top using ½-in oriented strand 
board (OSB). For simulation of an installation ceiling, the plenum bottom was sealed using 5/8-
in gypsum wallboard with a fitted 24-in × 24-in air return grille at the end of the plenum in 
Room A. Stands were also constructed to suspend the plenum to a desired testing height. A cut-
away schematic of the plenum is shown in Figure 13.  
 
Surface temperatures of each layer were recorded with Omega Precision Fine Wire 
Thermocouples (Part #: SA1-K-72) and monitored with LabView. Airflow across the plenum 
was also monitored and recorded through LabView software. Three air velocity transmitters 
supplied by E&E Elektronik (Part #: EE65), Figure 14, were utilized and installed. All air 
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Figure 11. Plenum Construction Schematic Side View 

 
 

 
Figure 12. Plenum Construction Schematic End View 

 
 

 
Figure 13. Cut-Away Schematic of Air Plenum 
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velocity transmitter probes were installed according to manufacturer instructions with the probe 
centered in the plenum. To create the desired air flow expressed in cubic feet per minute (CFM) 
across the plenum, an alterable high air velocity ventilator supplied by Americ Corporation 
(Part #: VAF-3000), Figure 15, was used and installed at the end of the plenum in Room B. 
 

 
 
Thermocouple and air velocity sensor placement in accordance to Figures 16 and 17 was used 
across each testing layer. All instrumentation used for analysis was installed according to testing 
layer references shown in Table 7. Similar to the wall test setup, thermocouple sensors were 
placed in the center of calorimetric environmental chamber Room A and along the north, south 
and east walls for room monitoring and data analysis.  
 

 
Figure 16. Plenum Test Section Sensor Placement  

 
 

 
Figure 17. Plenum Sensor and Anemometer Placement 

 
 
 
 
 

 
Figure 14. Air Velocity Transmitter 

 
Figure 15. High-Velocity Ventilator 
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Table 7. Plenum Test Layer Configuration 
Layer Reference 
Layer 1 Bio PCM mat exposed to inside of plenum 
Layer 2 Fiberglass insulation exposed to backside of Bio PCM mat 
Layer 3 Fiberglass insulation exposed to backside of gypsum wallboard 
Layer 4 Gypsum wallboard exposed to calorimetric environmental chamber 

 
 
The test matrix developed for the plenum air return distribution system test is shown in Table 8. 
 

Table 8. Plenum Test Matrix 
Run 

Order 
  

Initial Room 
Temperature 

(°F) 

Airflow 
Rate 
(CFM) 

1 74   667 
2 74   667 
3 76   667 
4 76   667 
5 78   667 
6 78   667 
7 74 1300 
8 74 1300 
9 76 1300 

10 76 1300 
11 78 1300 
12 78 1300 
13 74   667 
14 76   667 
15 78   667 

 
 
A matrix of test runs with 0.56-lb/ft2 density, 2.0-lb/ft2 density and baseline were conducted 
within the comfort zone range of 74–78 °F at two plenum airflow rates, 667 CFM and 
1300 CFM, for a constant sensible heat load of 784 W. Data were collected for analysis to 
develop a thermal behavior and energy savings prediction model of the PCM mat for protracted 
periods of time in a typical building. As will be outlined in the results section, inconsistent 
results point to the need for further investigation of this application. It is unclear whether the 
difficulties arose due to insufficient PCM mass compared to the airflow or as a result of 
experimental testing error.  
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4. RESULTS/DISCUSSION 

4.1. Wall Test Data Analysis 

To establish a baseline, the calorimetric environmental chamber was set to hold a constant room 
temperature of 76 °F. The baseline temperature profile for each layer of each section was 
determined using the mean of the ten thermocouples installed in each layer of each section. 
Figure 18 shows the result of the baseline test. It was determined that the measured temperature 
variance was < ±1.5 °F.  
 

 
Figure 18. Baseline Data 

 
 
The average heat flux was evaluated for each layer, and hence for the whole wall using Fourier’s 
law of heat transfer: 
 
 q" = ΔT/R 
where  
 q" = Heat flux (heat rate per unit area), (BTU/ hr ft2) 
 ΔT = Difference of temperatures across each layer, (°F) 
 R = Thermal resistance of the layer, (hr ft2 °F /BTU) 
 

Table 9 summarizes the R-value of each wall layer and overall R-value of the whole wall: 
 
From the table, Roverall= 8.4 (m2 °C/W), which corresponds to an R-value of 8.4*5.68= 47.712, or 
nearly R-48 (hr ft2°F /BTU).  
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Table 9. R Values Calculated for Wall Layers  

Construction Material R-value(m2 °C/W) 
Between Studs At Studs 

1/8-in Plywood, R-0.155(1)   0.0273   0.0273 
EPE Foam, Rigid insulation, R-30   5.28   5.28 

Glass Fiber mat ins, R-19   3.35 -- 
6.25-in (2-in × 6-in) Wood studs, R-5.57 --   0.98 

5/8-in Gypsum wallboard, R-0.545   0.096   0.096 
Convection coefficient inside Room A(2)   0.12   0.12 

Convection coefficient inside Room B   0.12   0.12 
R for each section (total of the above)   8.9933   6.6233 

U-factor for each section, U=1/R (W/ m2 °C)   0.111   0.151 
Area Fraction for each section, farea 80 20 

Overall U-factor, U = Σfarea,i*Ui  = 0.8*0.111 + 0.2*0.151 = 0.119   0.119 (W/m2 °C) 
Overall wall thermal resistance = 1/U   8.4 (m2 °C/W) 

(1) From: “Heat Transfer, a Practical Approach”, Yunus A. Cengel, McGraw–Hill, 1997, pp.978–980. 
(2) From: “Heat Transfer, a Practical Approach”, Yunus A. Cengel, McGraw–Hill, 1997, Table 12-10, p.726. 

 
 
4.2. Wall Test Results 

4.2.1. Comparison Wall Test Results 
Figures 19 through 33 show the results of the 15 cases in the comparison wall test matrix, shown 
in Table 4. Each graph compares the average surface temperature (Layer 1) versus time for Wall 
Sections 2, 3 and 4 (see Table 5). Each test was performed twice. 
 

 
Figure 19. 100-W Comparison Wall Test from 74 °F—Run 1 
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Figure 20. 100-W Comparison Wall Test from 74 °F—Run 2 

 
 

 
Figure 21. 100-W Comparison Wall Test from 76 °F—Run 1 
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Figure 22. 100-W Comparison Wall Test from 76 °F—Run 2 

 
 

 
Figure 23. 100-W Comparison Wall Test from 78 °F—Run 1 
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Figure 24. 100-W Comparison Wall Test from 78 °F—Run 2 

 
 

 
Figure 25. 250-W Comparison Wall Test from 74 °F 
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Figure 26. 250-W Comparison Wall Test from 76 °F 

 
 

 
Figure 27. 250 W Comparison Wall Test from 78 °F 
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Figure 28. 400-W Comparison Wall Test from 74 °F—Run 1 

 
 

 
Figure 29. 400-W Comparison Wall Test from 74 °F—Run 2 
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Figure 30. 400-W Comparison Wall Test from 76 °F—Run 1 

 
 

 
Figure 31. 400-W Comparison Wall Test from 76 °F—Run 2 
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Figure 32. 400-W Comparison Wall Test from 78 °F—Run 1 

 
 

 
Figure 33. 400-W Comparison Wall Test from 78 °F—Run 2 

 
 
The data show that using the PCM results in increasing the time for the outer wall to reach a 
given temperature, demonstrating the effect of the latent heat of fusion of the PCM material. For 
example, if we were to look at the time differential to reach 74 °F for the 400-W/78 °F test (as 
shown in Fig. 32), it can be observed that the time delay is approximately three hours. This 
analysis is shown in Figure 34. 
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Figure 34. Results of 400-W Wall Comparison Test from 78 °F 

 
 
4.2.2. 2.0-lb/ft2 Wall Test Results 
Figures 35–37 show the results of implementing the 2.0-lb/ft2 PCM materials in the entire test 
wall, compared to the case without PCM for different interior loads as specified in the test 
matrix. If we again focus on the 400-W test cases, the time delay to achieve a given temperature 
is approximately 3 hours.  
 

 
Figure 35. 2.0-lb/ft2 100-W Test 
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Figure 36. 2.0-lb/ft2 250-W Test 

 
 

 
Figure 37. 2.0-lb/ft2 400-W Test 

 
 
This confirms that PCM can be used to add effective thermal mass to a structure, which can be 
used to peak-shift demand (i.e., move peak demand to a different part of the day). Peak shifting 
is especially effective when applied to an air handling system with economizers, experiencing bi 
diurnal temperature swings. In this way, the cool nighttime air provides free cooling to the PCM, 
which can then be used to reduce air conditioning demands during the hottest part of the day.  
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 The sample data shown in Figures 38–41 compare layer temperature performance profiles over 
time of a typical wall setup with and without 2.0-lb/ft2 PCM density installed in the wall cavities 
for given thermal loads. The data in Figures 38–41 indicate PCM in a typical wall cavity result in 
an increase of time for the outer wall and subsequent layers to reach a given temperature, 
demonstrating the effect of the latent heat of fusion of the PCM material and the viability of 
using PCM as an effective means of peak shifting or reduction in equipment capacity. 
 

 
Figure 38. Layer Temperatures of No PCM and 2.0-lb/ft2 PCM at 100 W 

 
 

 
Figure 39. Layer Temperatures of No PCM and 2.0-lb/ft2 PCM at 250 W 
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Figure 40. Layer Temperatures of No PCM and 2.0-lb/ft2 PCM at 400 W 

 
 
4.3. Plenum Test Data Analysis 

To establish a baseline, the calorimetric environmental chamber was set to hold a constant room 
temperature of 74–78 °F in accordance with the plenum test matrix highlighted in Table 8. The 
baseline temperature profile for each layer of the plenum was determined as the mean value from 
the nine thermocouples installed in each layer of each section. Measured temperature variance 
was < ±1.5 °F. A matrix of test runs with 0.56-lb/ft2 density, 2.0-lb/ft2 density and baseline were 
conducted within the comfort zone range of 74–78 °F at two plenum air flow rates, 667 CFM 
and 1300 CFM, under a constant sensible heat load of 784 W. The 784-W sensible heat load and 
optimized 667-CFM volumetric airflow were calculated as the scaled cumulative lighting, 
process, and human load for the dimensions of the environmental chamber based on initial 
calculations of a room 20 ft × 20 ft × 10 ft and an office building air change rate of 10 per hour.  
 
4.4. Plenum Test Results 

Figures 41–43 show the results of installing 0.5-lb/ft2 and 2.0-lb/ft2 densities of PCM materials in 
a HVAC air return distribution system. These results were compared to baseline cases without 
PCM for a comfort zone temperature range of 74–78 °F, an air volumetric flow rate of 667 CFM 
and sensible heat load of 784 W.  
 
Tests were also conducted with a 1300-CFM volumetric flow rate in accordance with the test 
matrix shown in Table 8. These tests, however, showed unexpected results—small, statistically 
nonsiginficant changes in room temperature when PCM was installed in an air return system and 
compared to an air return distribution system with no retrofitted PCM material. It is unclear 
whether the results were due to experimental error, poor heat transfer between the air and PCM, 
or insufficient PCM thermal mass compared to the air flow rate. 
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Figure 41. Temperature Rise during 74 °F, 667-CFM, 784-W Plenum Tests 

 
 

 
Figure 42. Temperature Rise during 76 °F, 667-CFM, 784-W Plenum Tests 

 
 
Despite inconsistencies in the data and noted potential errors identical to the 1300-CFM tests, 
data sets shown in Figures 41–43 for the 667-CFM tests generally support the conclusion that 
PCM may be used to add effective thermal mass to an air return distribution system and a typical 
building setup. At all three comfort zone set-point temperatures, there was a reduction in heated 
room temperature with PCM installed in the air return when exposed to extended periods of a 
thermal load compared to a setup with no PCM installed.  
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Figure 43. Temperature Rise during 78 °F, 667-CFM, 784-W Plenum Tests 

 
 
With inconclusive data and results, further investigation and testing is needed in applications 
with PCM material installed into an air return distribution system. Understanding of heat transfer 
and transient thermal characteristics of the PCM material exposed on one side to a boundary 
condition of high air flow rates and a boundary condition of a sensible heat load on the other side 
is needed to fully optimize the required PCM density at a desired comfort zone set-point 
temperature to reduce and peak shift the thermal demand to desired user levels.  
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5. COMPUTATIONAL ANALYSIS 

5.1. PCM Estimate 

An Excel spread sheet to estimate the amount of PCM needed for free cooling of a building and 
to determine the payback period is provided as Appendix A to this report. Further details about 
using the tool are documented within the spreadsheet.  
 
5.2. Computational Model Development 

The computational model simulates a building with wall(s) and/or ceiling outfitted with PCM as 
one of the layers. The model includes nonlinear terms arising from simulation of the heat transfer 
through the PCM layer. The energy balance equations are solved numerically. First, for heat 
transfer through composite layers of a wall or a ceiling as shown in Figure 44, the heat transfer 
analysis is based on the transient heat conduction equation for a multidimensional Cartesian-
coordinate system expressed as follows: 
 

 
Figure 44. Layered Wall/Ceiling with PCM 

 
 
  

𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡

= 𝛻 ∙ (𝐾∇𝑇) − 𝜌𝐿
𝜕𝑔
𝜕𝑡

 
where 
 T = Temperature 
 t = time 
 ρ = Layer’s density 
 Cp = Layer’s specific heat 
 K = Layer’s thermal conductivity 
 g = PCM heat source term 
 L = PCM latent heat 
 
and ∇ is the three-dimensional del operator, defined for a Cartesian coordinates system as 
𝒙� 𝜕
𝜕𝑥

+ 𝒚� 𝜕
𝜕𝑦

+ 𝒛� 𝜕
𝜕𝑧

, where 𝒙�, 𝒚� and 𝒛� are the unit vectors in their respective directions.  
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The wall is exposed from one side to a boundary condition representing the interior side of the 
wall, with an initial room temperature, set point temperature of the air conditioning, air change 
rate for ventilation, and known heat transfer coefficient for the air. The other side of the wall is 
exposed to the exterior ambient conditions, with known weather data for the specific location. 
Second, for room and attic heat transfer analysis, a heat balance will be applied to calculate the 
room temperature. The heat balance follows the first law of thermodynamics by considering the 
attic as a system and the room as previously indicated. For this system, the overall heat balance 
can be written as follows:  
 

 genoutinsystem|
•••

+−=
∂
∂ QQQ

t
Q   

 
All the energy components for the system are represented as boundary conditions. These include 
solar heating; night cooling; attic air circulation; convection; radiation; solar heating through 
windows; heat from people, lights, and equipment; known air change rate for ventilation, and the 
air conditioning settings. All these components are shown in Figure 45. 
 

 
Figure 45. Room and Attic Heat Transfer Balance 

 
 
The following parameters must be specified for the model to solve for room temperature as a 
function of time: 
 
 Material Properties for wall/ceiling layer and for windows:  
 ρ  = Layer’s Density  
 Cp  = Layer’s Specific Heat  
 K = Layer’s Thermal Conductivity  
 Tm = PCM melting temperature 
 L = PCM Latent Heat 
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In addition, the emissivity, absorptivity and reflectivity of the material, air properties, and heat 
transfer coefficients for the inside and outside of the structure envelope must also be specified.  
 
 Weather data for the specific location:  
The simulation model is linked to a Solar Path model, which retrieves weather data for the 
location and accurately calculates the total solar radiation incident on a tilted surface at any 
orientation and at any time, as illustrated in Figure 46. This allows modeling of any structure 
anywhere and provides file data for the user’s location to execute the PCM simulation. 
 

 
Figure 46. Computational Model—Solar Path 

 
 
5.3. Simulating a Building 

The folder on the enclosed CD titled: “Expert Tool for Phase Change Material Design” is 
provided to assist engineers and architects to simulate implementing PCM in the walls and/or 
ceiling of a building and give recommendations for optimum use of the PCM materials in 
structures.  
 
The folder has five files as follows:  

(1) “pcm.exe” is the executable file, which the user will click on to start the analysis. 
(2) “Materials.csv” is required for the executable file. It retrieves materials information for 

the structure based on the user’s choice. The user assigns a number to each layer of wall 
and ceiling and a number to each window type, etc., for the building’s materials and 
modifies the sample data files: test6r.dat and trst6rnpcm.dat following the same format of 
the sample data. 

(3) “TYNDALLAFB.dat” is a sample of the weather data of Tyndall AFB; the user will 
replace this file with the appropriate base weather data file, which will be provided by the 
code developer upon request. 
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(4) “test6r.dat” is a sample of the user data for analysis of the structure outfitted with PCM in 
the walls and or ceiling. The user will modify this file to contain problem-specific data, 
following the sample format. 

(5) “test6rnpcm.dat” is a sample of the user data for analysis of the structure without PCM in 
the walls and or ceiling. Again, the user will modify this file to contain problem-specific 
data following the sample format.  

 
Both samples of user data were designed for a building with dimension of 200 cm × 200 cm 
floor area. Each wall is composed of four layers and each wall has a 90-cm2, single-pane glass 
(standard clear) window. The room has a ceiling and a gable roof (four roof sides, two at 30° tilt, 
and two at 90° tilt on the horizontal level), ceramic tile floor and 25 °C ground temperature. A 
1000-W, internal, sensible heat load and five air change per hour were used for the simulation.  
 
The program calculates the temperature distribution and estimates the indoor temperature as a 
function of time. Comparison of the results with and without PCM indicates the relative energy 
savings for a given application. Comparison of installed costs versus energy cost can then be 
made to determine a business case for PCM on a case-by-case basis.  
 
Table 10 shows the listing of the “test6r.dat” The lines before the actual data numbers explain 
what the expected data are and what needs to be replaced by the actual data introduced by the 
user following the sample format: 
 

Table 10. Data File Inputs 
Expected Data Sample Data Input Notes 

File name for solar props  TYNDALL AFB.dat 

upon request, code developer will 
provide user’s file name for his/her 
base location, which will replace 
TYNDALL AFB.dat  

Convergence accuracy, 
maximum iteration 

1.0e-6, 
100000 

very good numbers—need no 
change 

Year, month, day, hour, 
number of time steps,  
delta time 

2010,7,1,12, 
50, 
10.0 

a chosen time to start the simulation, 
number of time steps, and the 
transient time division 

First Wall—azimuth is the angle measured from due north to the wall facing direction; 
here the wall is facing south, so azimuth is 180o. Follow for other walls 

Wall area (cm2),  
azimuth (facing south) 

40000, 
180 

 

Number of windows 1  
Window type,  
window area (cm2) 

1, 
90 

number for window type from 
Materials.cvs file for user choice 

Initial temperature 22.0  

First x region width, number of 
intervals (1D, no y or z) 

1.59, 
10 

actual width, in cm, of first layer in 
x-direction, and number of nodes for 
analysis 

Second x region width, number 
of intervals (1D, no y or z) 

1.35, 
20 next layer in x-direction, and nodes 
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Third x region width, number of 
intervals (1D no y or z) 

15.875, 
10 next layer in x-direction, and nodes 

Fourth x region width, number 
of intervals (1D, no y or z)  

10.16, 
10 next layer in x-direction, and nodes 

End x regions 0.0,0 Flag—entering zero values ends the 
layers 

Material for region 1 21  

For region 1, 1, 1 to 10, 1, 1 1,1,1,10,1,1 

specifies what nodes occur in this 
layer (based on the number of 
intervals chosen above). Comment 
also applies for regions 2–4 below 

Material for region 2 46  
For region 11, 1, 1 to 30, 1, 1 11,1,1,30,1,1  
Material for region 3 25  
For region 31, 1, 1 to 40, 1, 1 31,1,1,40,1,1  
Material for region 4 7  
For region 41, 1, 1 to 50, 1, 1 41,1,1,50,1,1  
End region materials by 
entering 0  0 a flag—entering a zero value ends 

the layers’ material choices  
Second Wall—follow format above for the “first wall” but modify values for second wall 

Wall area (cm2), 
azimuth (facing west) 

40000, 
270 

 

Number of windows 1  
Window type, 
window area (cm2) 

1, 
90 

 

Initial temperature 22.0  
First x region width, number of 
intervals (1D, no y or z) 

1.59, 
10 

 

Second x region, width, number 
of intervals this (1D, no y or z)  

1.35, 
20 

 

Third x region, width, number 
of intervals (1D, no y or z) 

15.875, 
10 

 

Fourth x region, width, number 
of intervals (1D, no y or z) 

10.16, 
10 

 

End x regions 0.0,0  
Material for region 1 21  
For region 1, 1, 1 to 10, 1, 1 1,1,1,10,1,1  
Material for region 2 46  
For region 11, 1, 1 to 30, 1, 1 11,1,1,30,1,1  
Material for region 3 25  
For region 31, 1, 1 to 40, 1, 1 31,1,1,40,1,1  
Material for region 4 7  
For region 41, 1, 1 to 50, 1, 1 41,1,1,50,1,1  
End region materials by 
entering 0 0  
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Third Wall—follow format above for the “first wall”  
but modify values for third wall 

 Wall area (cm2) and azimuth 
(facing north) 

40000, 
0 

 

Number of windows 1  
Window type,  
window area (cm2) 

1,  
90 

 

Initial temperature 22.0  
First x region width, number of 
intervals (1D, no y or z) 

1.59, 
10 

 

Second x region, width, number 
of intervals this (1D, no y or z)  

1.35, 
20 

 

Third x region, width, number 
of intervals (1D, no y or z) 

15.875, 
10 

 

Fourth x region, width, number 
of intervals (1D, no y or z) 

10.16, 
10 

 

End x regions 0.0,0  
Fourth Wall—follow format above for the “first wall”  

but modify values for fourth wall 
Wall area (cm2) and azimuth 
(facing east) 40000, 90  

Number of windows 1  
Window type,  
window area (cm2) 

1,  
90 

 

Initial temperature 22.0  
First x region width, number of 
intervals (1D, no y or z) 

1.59, 
10 

 

Second x region, width, number 
of intervals this (1D, no y or z)  

1.35, 
20 

 

Third x region, width, number 
of intervals (1D, no y or z) 

15.875, 
10 

 

Fourth x region, width, number 
of intervals (1D, no y or z) 

10.16, 
10 

 

End x regions 0.0,0  
Material for region 1 21  
For region 1, 1, 1 to 10, 1, 1 1,1,1,10,1,1  
Material for region 2 46  
For region 11, 1, 1 to 30, 1, 1 11,1,1,30,1,1  
Material for region 3 25  
For region 31, 1, 1 to 40, 1, 1 31,1,1,40,1,1  
Material for region 4 7  
For region 41, 1, 1 to 50, 1, 1 41,1,1,50,1,1  
End region materials by 
entering 0 0  

   



41 
Distribution A: Approved for public release; distribution unlimited. 88ABW-2012-0179, 10 January 2012 

Ceiling 

Ceiling area, ceiling–attic area 40000.0, 40000.0 ceiling–attic area should be a little 
less than ceiling area 

Ceiling initial temperature 22.0  
First x region width,  
number of intervals 

15.9, 
40 very similar to wall layers 

End x regions 0.0,0  
Material for region 1 21  
For region 1, 1, 1 to 40, 1, 1 1,1,1,40,1,1  
End region materials by 
entering 0 0  

Number of roofs  4 for gable roof 
Roof 1 

Roof material, volume, area, 
tilt, azimuth, attic view form, 
initial temp 

30,230940,23094, 
30,180,1, 

22 

 

Roof 2 
Roof material, volume, area, 
tilt, azimuth, attic view form, 
initial temp 

30,57735,5773.5, 
90, 270,1, 

22 

 

Roof 3 
Roof material, volume, area, 
tilt, azimuth, attic view form, 
initial temp 

30, 230940, 
23094,30,0,1,22 

 

Roof 4 
Roof material, volume, area, 
tilt, azimuth, attic view form, 
initial temp 

30,57735,5773.5, 
90,90,1, 

22 

 

Attic volume, fraction of air 
volume change per second, 
initial temperature 

582494, 
0.006, 
22.0 

 

Room volume, air volume 
changes per hour, heat source, 
heat load, initial temp 

2866314, 
20,1000.0, 

0.25,22 

 

Floor material, floor area, 
ground temperature, 

37,40000, 
25 
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6. SUPPLEMENTAL TOOLS AND REPORTS 

 Appendix A lists the Material Safety Data Sheet (MSDS) for the PCM product used in 
this study. 

 
 Appendix B lists the “Report for testing surface burning characteristics of PCM 

materials, according to Standard # ASTM E-84”, by Intertek Testing Services NA, Inc. as 
a third party. 
 
Note: Based on the 2006 International Building Code, Section 803 Wall and Ceiling 
Finishes, Paragraph 803.1 states, “Interior wall and ceiling finishes shall be classified in 
accordance with ASTM E-84.” Such interior finish materials shall be grouped in the 
following classes in accordance with their flame spread and smoke-developed indexes: 
 

i. Class A: Flame Spread 0–25; Smoke-Developed 0–450 
ii. Class B: Flame Spread 26–75; Smoke-Developed 0–450 

iii. Class C: Flame Spread 76–200; Smoke-Developed 0–450 
 
Based on the results of the test, Flame Spread Index = 155 and Smoke Developed Index = 
300, the PCM used in this study is classified as Class C and meets the building code for 
safe interior finish materials.  

 
 Appendix C lists the “PCM Longevity Cycle Test” to show that the material will not 

deteriorate over time from daily or seasonal temperature cycling. According to the test 
results, fire retardant additives in the material will last for 15–22 years without 
measurable degradation in performance. 
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7. CONCLUSION 

Although this investigation was not exhaustive, the findings indicate that PCM-type products 
may enable energy savings, peak shifting and temperature leveling for many installations.  
 
The study simulated a typical office space (10 ft × 14 ft × 9 ft) subjected to a net heat load of 
1365 BTU/hr, i.e., 1.08 BTU/hr/ft3, without PCM and with PCM installed at both 0.56-lb/ft2 and 
2.0-lb/ft2 (material weight per unit wall area) installation densities. As shown in Figure 34, the 
2.0-lb/ft2 PCM causes a delay in temperature rise above the comfort level temperature of 74 °F 
for up to 3 hours, which indicates that this PCM provides an effective means of peak shifting the 
cooling load. 
 
The energy absorbed/released per ft2 of wall is 48 BTU for the 0.56-lb/ft2 density, and 172 BTU 
for the 2.0-lb/ft2 density at 2–3 °F beyond the PCM melting temperature. These values can be 
used in design calculations to determine the amount of PCM required. Tools were developed to 
aid in proper design (see the Excel spread sheet and the expert model design). 
 
Our recommendation is that architects and engineers consider the installation of PCM as a 
potential energy savings project for future Air Force remodeling projects or new construction. 
The installed cost of PCM should be evaluated versus local utility rates and local climate 
conditions to perform a business case evaluation to determine if PCM makes sense in a given 
project. To facilitate this evaluation, AFRL has prepared an Excel spreadsheet tool to help 
decision makers determine if a given PCM is right for their specific project. 
 
As a further note, the variability in the results for the 100-W tests was significant; however this 
condition is not considered relevant, because this is an atypically small loading in an occupied 
structure.  
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Appendix A:  Excel Based Calculation Tool 
 

                                        Data Offered by the User:  ( Data in red is provided by user)

Amount of PCM needed for free cooling, and  Payback Analysis of PCM usage in  (name of building)    FOR 1000 HOURS/YEAR
Air Condition Load in Tons of Refrigeration. 932 Tons 
Total Floor Area of the building in Sq ft. 200000 Sq.ft
Comfort Level 73 oF (23 oC)
Phase Change Material (PCM) to start Melting at 71 oF (20 oC)
No. of people is 1800
Temperature is  19oC for at least 4hr/night for hundred nights in a year
Fan use is permitted

                                    >>>  Weather information in Locality ***

Month
Daily Daily

Minimum Maximum
Jan 59.2(15.1) 80.6(27)
Feb 61.9(16.6) 85.3(29.6)
Mar 66.6(19.2) 90.3(32.4)
Apr 70.7(21.5) 92.5(33.6)
May 70.2(21.2) 90.9(32.7)
Jun 67.8(19.9) 84.6(29.2)
Jul 67.1(19.5) 81.5(27.5)
Aug 66.9(19.4) 81.3(27.4)
Sep 66.7(19.3) 82.4(28)
Oct 66.4(19.1) 81.9(27.7)
Nov 63(17.2) 79.9(26.6)
Dec 60.1(15.6) 78.6(25.9)
***    The above details are the mean maximum and minimum temperatures in Locality

****  available from World Weather Service. 
>>   Analysis from available weather info:  
From the above information, it appears that for more than 100 days, PCM Melting at 71oF(20oC)  is workable for free cooling.
(Based on  the 4 months marked in green back-ground, and 5 months marked in yellow back-ground) 
So, PCM Melting at 71 0F(20oC) will easily give comfortable temperature during day time for 100 days/year.

Number of days in a year of free cooling 100 Days

                                     >>>> Calculation of Quantity of PCM Required, and Payback Period

Air Conditioning Load is 932 Tons ref. 932 Tons ref.
1ton ref. = 3.52kW 3281 KW 11194003 btu/hr
No. of hours per day of free cooling 10 hours 10 hr
At these  hours per day of Cooling or heating cycle it means 118103040 KJ/day 1.12E+08 btu/day
Latent heat of chosen PCM 220 KJ/Kg 94.6 btu/lb
Amount of PCM required for the free cooling will be 536832 Kg of PCM 1183298 lb of PCM
Price of PCM per Kg 6.00 $ 3 $/lb
 PCM cost   (Bulk Price for the Grade) 3220992 $ 3549895 $
Installation cost on site per Kg   (1) 5.00 $ 2.5 $
Cost of  Labor 2684160 $** Tentative 2958246 $** Tentative

5905152 $** Tentative 6508141 $** Tentative
Price of electricity per KWH 0.15 $ 0.000044 $/BTU
Electricity Charges of AC usage (2) 492 $ Per Hour 493 $ Per Hour
If the system is usable for 1000 hours a year, then cost of Energy Saved 492096 $ Per Year 492536 $ Per Year
Assume saving on maintenance and depreciation of AC sys as a percentage of the energy saving above (3) 50 % 50 %
Cost of Saving on Maintenance & Depreciation of AC System 246048 $ Per Year 246268 $ Per Year

738144 $ Per Year 738804 $ Per Year
Pay Back Period if you count only cost of PCM 4.36 Years 4.80 Years
Pay Back Period if you count  cost of PCM and Cost of Installation 8.00 Years 8.81 Years

(1)To Check & Alter the Cost of installation  
(2) To Check & Alter the Cost of Electricity
(3) To Check and Correct the Cost of Depreciation & Maintenance of AC

(IP Units)

71-73oF can be maintained all the time

Mean Temperature oF(oC) Remarks

71-73oF can be maintained all the time

Total Cost 

Total saving

71-73oF can be maintained all the time

PCm will not work this month
PCm will not work this month
PCm will not work this month

71-73oF can be maintained all the time

71-73oFcan be maintained for a few hours

71-73oF can be maintained for a few hours
71-73oFcan be maintained for a few hours
71-73oF can be maintained for a few hours
71-73oF can be maintained for a few hours
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Appendix B:  Material Safety Data Sheet for Bio-PCM 
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Appendix C:  Report for Testing Surface Burning Characteristics of PCM According to 
ASTM E-84 
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Appendix D:  PCM Longevity Cycle Testing 
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 

A area (m2) 
AFCESA HQ Air Force Civil Engineer Support Agency 
AFRL Air Force Research Laboratory 
BTU British thermal unit 
Cp  material specific heat (kJ/kg K)  
CFM cubic feet per minute (ft3/min) 
HVAC heating, ventilation, and air conditioning 
K thermal conductivity (W/m K)  
L PCM latent heat (kJ/kg) 
LHTES latent heat thermal energy storage 
PCM phase change materials 
q'' heat flux (W/m2) 
R thermal resistance (m2K/ W)   
t time 
T temperature (K) 
ΔT temperature difference (K)   
U overall thermal conductivity coefficient (W/m2 K) 
VIP vacuum insulation panel 
W watts 
 
Subscripts 
i index number identifying items 1, 2, …n in a series 
l liquid 
m melting 
s solid  
x x-direction 
y y-direction 
z z-direction 
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