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The current residential buildings are of light weight construction. As such, they tend to frequent indoor
air temperatures fluctuations and have been proven detrimental for thermal comfort and mechanical
system energy consumption. This is reflected in the energy consumption statistics for residential
buildings. More than 62% of the building energy use is towards maintaining comfortable indoor con-
ditions. Phase change materials (PCM); a latent heat thermal storage material, have the potential to
increase the thermal mass of these buildings without drastically affecting the current construction
techniques. In this paper, the potential of phase change materials is investigated through numerical and
experimental studies. The field experimental study is conducted using twin side-by-side buildings
exposed to the same interior and exterior boundary conditions, and EnergyPlus, after being bench-
marked with the experimental results, is used for the numerical study. The numerical study is carried out
for an existing residential apartment unit with particular emphasis on the effects of different design
parameters such as orientation and window to wall ratio. Preliminary analyses of experimental data
show that phase change materials are effective in stabilizing the indoor air by reversing the heat flow
direction. In fact, the indoor air and wall temperature fluctuations are reduced by 1.4 °C and 2.7 °C
respectively. Following, benchmarking of the numerical simulation shows confidence levels in predicting
the interior conditions since discrepancies between experimental data and numerical data are within
tolerance limits of the measuring device. Further, from the analysis of the numerical data, phase change
material is effective in moderating the operative temperature but does not translate to significant
thermal comfort improvement when evaluated over a night time occupancy regime in the summer. On
the contrary, PCM is effective in lowering the heating energy demand by up to 57% during the winter
condition.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

buildings can be reduced by integration of thermal mass in the
building envelope. The idea is that, by improving the thermal

The residential building construction industry in North America
is dominated by lightweight structures which have low thermal
mass. The low inertia buildings tend to frequent indoor tempera-
ture fluctuations and are prone to overheating in the summer. As a
result, maintaining favorable interior conditions for thermal com-
fort requires significant amount of energy usage in active heating
and cooling systems. In fact, according to Natural Resources Canada
(NRCan), about 65% of energy consumption in buildings is attrib-
uted to space heating and cooling as of 2013 [1]. The temperature
fluctuations and overheating experienced in these low inertia
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inertia of these buildings, excess heat and cold can be stored
thereby reducing the instantaneous cooling and heating loads
experienced in these buildings and consequently reducing the
energy consumption of mechanical heating and cooling systems.
Phase change materials (PCMs) provide a feasible means of
integration of thermal mass in these low inertia buildings without
requiring a drastic change in the current construction practice.
PCMs are latent thermal storage materials that possess larger heat
storage capacity per unit volume than typical building materials
[2]. They store heat by a change of phase from solid to liquid as the
ambient temperature increases above their melting point and
release the stored heat as the ambient temperature drops below
their freezing point. The benefits of integration of PCM in the
building envelope have been researched for some time now and are
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well documented. This cyclic process stabilizes the interior condi-
tions that have been shown to provide benefits in terms of energy
conservation and thermal comfort improvement. However, the
effectiveness of the incorporation of PCM in buildings for thermal
inertia improvement is hinged mainly on the climatic characteris-
tics with respect to the solar radiation, diurnal temperature swing
and outdoor temperature [3]. As such, the PCM properties; melting
temperature and range, latent heat storage capacity and thermal
conductivity, have to be optimized specific to the climate [4]. The
building characteristics such as the building envelope design,
glazing area and orientation, shading structure, occupancy
behavior, HVAC design, building operation schedule are also
important since the building design determines the shield of the
interior environment from the exterior climate and could be opti-
mized to create favorable conditions to extract more PCM benefits.

Investigations as to the suitability of PCMs in different climates
have yielded promising results. In tropical climates, up to 2.5hr and
18% phase shift and peak cooling load reduction is observed as well
as a reduction in the cooling load in the range of 29%—100% [5,6]. In
Mediterranean climate [7—12], demonstrated that incorporating
PCM can reduce daily indoor air peaks in the range of 1 °C—2.5 °C,
decrease thermal amplitude in the span of 2 °C—5 °C, increase night
time temperatures up to 2.1 °C, and shift peaks in the limits of
4 °C—8 °C. As a result, the energy needs are impacted such that the
cooling energy savings in the range of 29%—100% and up to 16%
heating energy savings is attained while still improving comfort by
10.7%—57%. In warm temperate [5,13—26], showed that PCM inte-
gration in buildings can damp the peak air and wall surface tem-
perature in the range of 1 °C—4 °C and increase the night time
temperature in the limits of 2 °C—2.3 °C. Also, peak load shifting in
the span of 1.5 hr—11 hr, cooling load lowering in the limits of 25%—
35%, 9.4%—81% cooling energy savings, —13.4%—2.9% total energy
savings, and payback in the bounds of 6.38 years—11 years was
realized. Additionally, up to 10% reduction of yearly discomfort
hours, 11.4% reduction in cooling electricity cost and 6.9% heating
energy savings is attained. For continental climates [3,5,16,27—35],
showed that PCM can help lower; heat flux by 12%—38%, peak
cooling load by 8.6%—91.8%, annual cooling load by 9.28%—45%,
heating energy by 6%—12%, cooling energy by 13.6%—76%, peak air
temperature by 0.85 °C—4 °C, thermal amplitude by 1.15 °C-2 °C,
and cooling electricity cost reduction by up to 12.76%. As well, a
phase shift in the range of 2.5 hr—3 hr is achieved and a 3—5 years
payback is achievable. In dry (Arid and Semi-Arid) climate [36—40],
showed that with PCM one can achieve cooling load reduction in
the limits of 24.3%—100%. Likewise, the peak heating load, peak
cooling load and peak surface temperature can be lowered by up to
35.4%, 40% and 2 °C respectively. Up to 3 °C night time temperature
increase and payback time of 10.5 years can be achieved. Under
maritime temperate (mild) climatic conditions [41—48], demon-
strated a 3.2 °C—4.7 °C thermal amplitude decrease, 1.5 °C—11 °C
trough temperature increase, 2.2 °C—20 °C peak attenuation, 21%—
100% heating energy savings and up to 34.5% cooling energy
savings.

The positives to incorporating PCM in buildings is clearly seen
regardless of the climatic conditions, however, PCM is more cost
effectively integrated in mild climates as in some cases specialized
system were designed in harsher climatic regions in order to reap
the PCM benefits [6,23,32,40]. That being said, the performance of
PCM in mild climate has not been thoroughly investigated, most of
the experimental analysis were carried out in small test facilities
that do not reflect internal loading in actual buildings [42,46—48].
The numerical simulations were either not benchmarked, bench-
marked with unreliable data, or not unsatisfactorily matched
[41,46]. Others were carried out under simulated exterior condi-
tions [47] or displayed limited variable exploration such as

occupancy behavior and building characteristics [44,45]. In this
paper, a holistic approach is adopted in investigating the potential
for application of PCM in residential buildings such that the effect of
occupancy and changing building characteristics are considered.
This study is carried out for a mild climate like Vancouver, BC, with
focus on thermal comfort and energy consumption improvements.
The secondary objective of this work is to provide experimental
data for numerical simulation validation. This research is structured
in three phases. The first phase involves experimentally monitoring
two test buildings; Whole-Building Performance Research Labo-
ratory (WBPRL) [49], for which one is equipped with PCM and the
other serving as the reference building. The aim of this phase is to
understand the performance in small scale building and also
generate data for benchmarking of the numerical model, Ener-
gyPlus. In the second phase, the numerical simulation model is
benchmarked against the experimental data from phase 1. Lastly,
the impact of PCM on the energy, thermal comfort and peak load of
an existing residential apartment unit and the effects of different
design parameters such as orientation and window to wall ratio are
investigated in mild costal climate using the benchmarked nu-
merical model.

2. Experimental study

In the experimental study, two buildings located side by side
each other; with and without PCM, are monitored synchronously
for the month of September, 2014. The two experimental facilities
are exposed to identical boundary conditions with residential oc-
cupancy simulated by internal heat source and ventilation that
meet ASHRAE 62.2 requirements to imitate passive cooling by
opening the windows. The experimental facilities are instrumented
to monitor the indoor air and outdoor climatic conditions, venti-
lation rates and internal heat transmission through the building
envelope. Data from the experimental period is analyzed to un-
derstand thermal behavior under different seasons based on the
outdoor temperature and solar trend.

2.1. Overview of the experimental facility (WBPRL)

The two test facilities are situated side-by-side as depicted in
Fig. Tand are located in British Columbia Institute of Technology,
BCIT, Burnaby campus (123° Longitude and 45° latitude). Both
buildings are designated names consistent with their relative po-
sition on the site; North and South, and are positioned such that the
surrounding buildings and trees do not interfere with the external
climate [49]. The length, width, and height dimension as
16’ x 12’ x 8. The mechanical rooms located at the north-west
corners of both test buildings. The mechanical rooms house the
air handling unit, data acquisition systems and instrumentation.
The mechanical rooms are separated from the test spaces by an
interior partition (Table 1) with doors linking the exterior and the
interior space. The doors are metal with height and width di-
mensions of 8 x 4'. Both buildings have HSS steel skeleton-frame
structure and insulated slab on grade foundation with walls and
roofs constructed with 2” x 6” wood studs and 2” x 12” wood joists
respectively. The walls and roofs are fiber batt insulated and have a
gypsum wallboard finish. Table 1 shows a complete description of
the wall, roof and floor assembly. Both buildings have two windows
in the north and south wall orientation. The windows are vinyl
framed and air filled with height and width dimensions of 4’ x 3’
respectively. As well, some of the floor area is take up by the me-
chanical room in both buildings. The mechanical system is highly
flexible and can be configured to provide heating, cooling, venti-
lation, humidification, and dehumidification. Exterior climate is
monitored by an onsite weather station.
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Fig. 1. From left: North (with PCM) and South (without PCM) Test Building.

Table 1
Building envelope construction details.

Component Assembly detail

Exterior Wall

e 5/6” fiber cement cladding

e %" air cavity

e Spun bonded polyolefin sheathing membrane
o 14" Plywood sheathing board

wall

Interior Wall

" Plywood sheathing board

e 2" x 4" Wood stud w/R14 fiberglass batt insulation
e 14" Plywood sheathing board

o 14” gypsum drywall

e 2" x 6" Wood stud w/R20 fiberglass batt insulation

o 6mil Polyethylene film

e 14" gypsum drywall

o 2 ply SBS modified bitumen
e Plywood sheathing

e Air gap

e 2" x 12" wood joist w/R40 glass fiber insulation
e 6 mil polyethylene sheet

e Gypsum drywall

e 12" concrete slab

e 3” Rigid Insulation (EPS)

e 6 mil Polyethylene film

Roof

Floor

2.2. Experimental setup

2.2.1. PCM installation

For this research, BioPCM is selected over paraffin based PCM
based on comparison of the thermophysical properties, availability
and safety (less flammable). For the same melting temperature, the
BioPCM has almost double the latent heat storage capacity allowing
for a greater potential for thermal stabilization. To be more specific,
the Latent heat for the BioPCM and Paraffin based PCM is 200 kJ/kg
and 107.5 kJ/kg respectively. The other thermophysical properties
of the BioPCM are outlined in Table 2.

The South building is designated the control building while the
North building is modified with the BioPCM (Fig. 2). To install the
BioPCM in the exterior walls, the gypsum wall board is removed
and the BioPCM is fitted squarely between the studs such that the
flanges rest on the wood studs. The flanges are stapled to the wood
studs and taped to restore integrity of the polyethylene air barrier,
and then the gypsum is reinstalled.

2.2.2. Instrumentation

The experimental facilities are fitted with sensors to collect data
for the thermal characterization of the impact of the PCM on the
indoor environment. The sensors are positioned with consideration

Table 2
Thermophysical properties of BioPCM phase change material.

Fig. 2. PCM installation behind gypsum drywall.

given to the effects of thermal stratification, wall orientation,
spatial wall temperature variation, and location of window and
door openings. The parameters being measured are the interior air
temperature, surface temperatures (interior, exterior and between

Melting point (°C) Density (kg/m?)

Specific heat (k] kg~' °C™1)

Latent heat (kJ/kg) Thermal conductivity (W m~! °C™1)

23 860 2.1

200 0.2
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wall components), heat flux, and the external climatic data. Addi-
tionally, the mechanical system is equipped with sensors laid out at
different locations to measure local temperature, relative humidity
and air flow rate.

The interior air temperature measurement is by means of
multiple relative humidity and temperature (RH-T) sensors (L:
71 mm, D: 12 mm, accuracy: +0.6 °C + 3%) positioned at three lo-
cations in both buildings referenced based on their relative distance
from the air supply inlet. One closest to the air supply inlet is 5 ft
from the ground such that it is not affected by sudden opening and
closing of the door, the other farthest from the air supply inlet is 2 ft
from the ground and is positioned such that the solar radiation
from the window does not affect the readings of the RH-T, and three
at the middle of the room are 2 ft, 5 ft and 7.7 ft above the ground.

The surface and internal temperatures are measured by means
of Type T thermocouples with an accuracy of +1 °C and a mea-
surement range of —270 to 400 °C. Five thermocouples are installed
in the roof between the two stacked 6” fiber batt insulations. One is
centrally positioned while the other four thermocouples are posi-
tioned at each corner of the roof. Each of the four thermocouples is
2 ft square from the projected interior wall corners. This was to
determine the spatial variation of the temperature across the roof.
Thermocouples are distributed along the height of the foundation
wall since the foundation wall was exposed to varying boundary
conditions. The thermocouples are symmetrically positioned on all
four foundation wall orientations (north, south, east, and west) and
measure 8 in, 12 in and 20 in from the top of the wall and coincide
with the meeting point of the foundation wall and finish grade,
projected interior depth of the concrete slab and projected exterior
depth of the concrete slab respectively. Six thermocouples are ar-
ranged underneath the concrete floor and footing such that they
symmetrically divide the slab into four quadrants this is to account
for edge effects and ground coupling. One is centrally positioned, all
four orientations have one which is 9.5 in from the edge of the
concrete footing, however, the east and west have an additional one
that is about 2 ft inwards for spatial temperature variation within
the actual test space. There is an additional thermocouple at the
middle underneath the extruded polystyrene insulation. One
thermocouple is located on each exterior wall orientation. The
positioning of the thermocouple on the north and south mirror
each other and is 24 in from the end of the mechanical room and 56
in above the ground. The dimensions are referenced for the north
wall. Same applies for the east and west wall orientation. There are
23 thermocouples on the interior wall surfaces; five on the North
wall, 11 on the south (Fig. 3), three on the east wall, and four on the
west wall. The sensors are arranged to account for thermal bridging
and wall edge effects. Fig. 4 shows the layout of the sensors on each
of the wall orientations.

Fig. 3. Sensor layout on the south wall.

The heat flux is measured by heat flux transducers
(44.5 mm x 44.5 mm x 2.8 mm, error < +5%, HFM) that are cen-
trally positioned at the undisturbed area of the four exterior wall
orientations, such that it is directly above a PCM block. The heat flux
transducers are 6 ft measured from the concrete slab. The data
acquisition systems for the north and south experimental facilities
are configured to collect data within 5 min intervals. The data
collected is converted and written in a CSV format via a Vee pro-
gram. The data collected is stored on site and can be retrieved
easily.

The outdoor climatic conditions to which the experimental
buildings are exposed to, including the temperature, relative hu-
midity, wind speed and direction, solar radiation and rain loads are
measured by an onsite weather station. The weather station is
located far from any obstruction from nearby building structures or
terrestrial bodies. The data acquisition system is configured to
collect and read data per 1 min interval.

2.2.3. Building operation

The HVAC system is configured in such a way that the building is
maintained between 20 °C and 27 °C. The occupancy behavior is
captured in this ventilation scheme, such that the occupants tend to
open the windows to allow some fresh air when the space is
unconducive and vice versa. The minimum ventilation rate is
derived from minimum requirements for ventilation as per ASH-
RAE 62.2. The maximum ventilation of 45 cfm is an imposed
constraint such that too much heat is not added to the fresh air that
is being introduced into the space. The ventilation algorithm
implemented in the experiment is given below:

If OAT > IAT, CFM = 7.5

Else, IAT > 27, CFM = 45

IAT < 20, CFM = 7.5 & switch on supplemental heating
IAT > 20 & < 27, CFM is proportional between 45 & 7.5

Heat addition to the space as a result of human activity is
simulated by light bulbs rated at 72 W. The light bulb is centrally
positioned in the test space and is scheduled to come on at 7am and
go off at 7pm. This is based on the reasoning that people tend to be
more active during the day.

2.3. Experimental results and discussions

The field experiment was conducted from September 2nd to
October 8th, 2014. This period is characterized by falling outdoor
temperature as shown in Fig. 5. For the first 10 days of the exper-
iment the average peak outdoor air temperature is about 23 °C,
with maximums of up to 29 °C. The last few days show a reduced
peak outdoor air temperature. In fact, the maximum peak outdoor
air temperature observed for the last ten days of the field experi-
ment is 22 °C and an average of about 19 °C. The same trend is
observed for the solar intensity, for the first 10 days, an average
peak solar radiation intensity of 653 W/m? is calculated, while that
for the last 10 days of the field experiment is 435 W/m?. As such,
excerpts are taken from different times over the course of the
experimental period to analyze the impact of the PCM on the in-
door thermal environment for consecutive hot days and consecu-
tive cool days. September 10th to 16th is representative of typical
hot days and September 22nd to 28th is representative of typical
cool days (Fig. 6).

Fig. 7 depicts the behavior of the PCM under typical hot days. It
can be seen that the indoor air temperature profiles for the North
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Fig. 5. Measured weather data during the field testing.

and south buildings are different. In the North building, the tem-
perature amplitudes are lower than in the south building. The north
building experiences lower indoor air temperature during the day
and higher temperatures at night. Both curves intercept each other

at a point during the day when the BioPCM is neither storing nor
releasing heat. In fact, for the hottest day, September 15th, 0.6 °C
peak indoor temperature attenuation is observed (Fig. 9) and 0.8 °C
night time temperature increase is observed. This is attributed to
the heat storage and release process of the BioPCM.

This phenomenon is further explained with the heat flux data
for the day in consideration (Fig. 10). Only the heat flux for the west
wall is shown for clarity although data was collected for all wall
orientations. During the day when the outdoor temperature is high,
the building is gaining heat. This is reflected by the negative heat
flow values for the south building. However, for the north building,
this is not the case. The positive heat flow values indicate that the
direction of heat flow is reversed for the same period of the day,
indicating that the PCM in the walls is absorbing excess heat from
the space. The PCM being a latent heat storage material stabilizes
the temperature during the charging process and hence the reason
for the lower indoor temperature. As the outdoor temperature
drops, the south building is losing heat to the outdoors, which is
reflected in the positive heat flow values. However in the north
building the negative heat flow indicate that the building is gaining
heat, which in fact is indicating that the PCM is releasing the heat
stored during the day and hence the higher indoor air temperatures
during the night time.
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Fig. 6. Weather Data representative of typical hot (Left) and cold (Right) days.

A further enhancement of the thermal comfort attributed to the
BioPCM can be seen in the wall surface temperature profiles
(Fig. 11). Again, only the west wall temperature evolution is shown
for clarity. The potential for the BioPCM to stabilize the wall surface
temperature can clearly be seen. For the day under consideration,
the thermal amplitude for the South building is 4.6 °C while that of
the North building is 2.4 °C, which is a 2.2 °C decrease in the
temperature amplitude. In fact, up to 1.5 °C peak attenuation during
the day and 1.2 °C night temperature increase is achieved in the
North building. The wall temperature stabilization of the BioPCM
indirectly impacts the thermal comfort by directly influencing the
mean radiant temperature making the space to feel cooler and
more comfortable.

As the outdoor temperature gets cooler, the effect of the BioPCM
in terms of thermal comfort improvement is not as pronounced as
in elevated outdoor air conditions. Fig. 8 depicts the behavior of the
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Fig. 7. Indoor air temperature comparison of both buildings on typical hot days.

PCM under relatively cooler days. This is expected since the indoor
temperature does not get as high as the melting temperature of the
PCM. In fact, for the coldest day, September 26th, the temperature
amplitude in both buildings is identical despite the offset of about
0.15 °C between the indoor temperature profiles (Fig. 12). The slight
offset is attributed to the higher thermal inertia of the north
building. It is interesting to note that although the temperature
does not get as high as the theoretical melting point of the BioPCM,
some activation of the PCM is observed (Fig. 13). Although the heat
flow stays positive, during the day, the heat flow in the north
building is slightly more positive indicating that the PCM is
absorbing and at night the heat flow in the south is less positive
indicating that some heat is being released into the space. This
asserts that the theoretical melting temperature of the BioPCM
deviates from the actual melting point. The inability of the PCM to
enhance the thermal comfort is further stressed in Fig. 14, as the
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Fig. 8. Indoor air temperature comparison of both buildings on typical cold days.
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wall surface temperatures in both buildings are very identical.
From the field experiment data analysis, the impact of PCM on
the thermal comfort of buildings under a mild climate like Van-
couver, BC, can clearly be seen. This is more pronounced in the
summer because of the elevated peak outdoor air temperature
conditions. By simulating residency with ventilation, ideal thermal
conditions and heat gains experienced in typical residential
buildings is realized. This combined with the moderate climatic
conditions enabled the incorporation of PCM with melting tem-
perature of 23 °C, which is within the temperature range for
thermal comfort as specified by ASHRAE [50]. This speaks to the
conduciveness of the climate of Vancouver for the application of
PCM in the building envelope and the ability of the PCM to provide
passive cooling. In fact, up to 1.5 °C peak attenuation and 1.2 °C
night time temperature increase is observed. The same cannot be
said in the colder period, since the PCM is barely activated.
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Fig. 11. Interior wall surface comparison of both buildings on September 15th.

However, the offset of the indoor air temperature when both
buildings are compared may signal a potential for energy savings as
the heat loss drive across the building envelope is reduced.

3. Benchmarking of energyplus for buildings with PCM

In this section, EnergyPlus 8.1 is benchmarked with the exper-
imental data earlier presented. EnergyPlus is chosen as the nu-
merical simulation software mainly because of its readily
availability. Additionally, it's highly object oriented user input
format allows for simulation of customized heating, ventilation and
air conditioning system configurations and advanced building
materials like phase change materials [51]. The simulation of phase
change materials is achieved by dynamically varying the thermal
properties based on a user input enthalpy—temperature relation-
ship in the conduction finite difference heat balance solution
module. The benchmarking is carried out in increasing levels of

Fig. 10. Heat Flux comparison of both buildings on September 15th.

4:00 8:

00 12:00

16:00 20:00

25 T T T T T
24 b
====NB (PCM); Indoor! Temp !
===SB!(No PCM): Indpor Temp
G T
X | | | | |
o, 1 1 1 1 1
E | | | | |
o 1 1 1 1 1
H 22 i b Rt T——=-- Fe-==-==== rT—===--
21 +---7 1 T I R I
20 ; ; ; ; ;
0:00 4:00 8:00 12:00 16:00 20:00 0:00

Fig. 12. Indoor air temperature comparison for both buildings on September 26th.
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Fig. 14. Interior wall surface comparison for both buildings on September 26th.

complexity: first, the South building (without PCM) and then, the
North building (with PCM). The simulation is designed to duplicate
the experimental setup described earlier and the results matched
numerically.

Table 3
Material properties.

3.1. Simulation inputs

The inputs for the simulation reflect the construction and
operation of the WBPRL i.e North and South building having
identical geometry, dimensions, orientations, envelope character-
istics, and building operation. Both buildings have two zones, actual
test space and the mechanical room, having floor areas of 14.54 m?
and 3.3 m? respectively. Both zones are separated by an R 10 wall
assembly; regarded as an interior partition (Table 1) and a metal
door (R 1.53) while the exterior walls and roof have a thermal
resistance of approximately R 13 and R 30 respectively. Refer to
Table 1 for a more detailed description of the building envelope
characteristics. The materials are layered as described in Table 1
with material properties adopted from ASHRAE handbook of fun-
damentals 2013 [52]. Table 3 highlights the material properties
adopted for the simulation. The two windows in the test space have
a U-value of 2.612 W/m?K and a solar heat gain coefficient of 0.63.

Further, the enthalpy—temperature relationship describing the
dynamic thermal properties of the phase change material is
described in Fig. 15 below. The emissivity of the interior and exte-
rior wall surface is 0.7 and 0.9 respectively. That of the roof is 0.9.
The absorptivity of the interior and exterior wall surface is 0.75 and
0.6 respectively. That of the roof is 0.9. The interior and exterior
wall surfaces are assumed medium smooth with inside and outside
surface coefficients calculated dynamically using the simple natural
and simple combined convection algorithm.

The light source simulating occupancy is assumed 100% radia-
tive. The radiant heater is modelled as an electric equipment having
arated power output of 1500 W and is assumed 100% radiative. The
control of the radiant heater is achieved through the Energy
Management System in EnergyPlus. The contribution of the heat
generation in the mechanical room to the heat balance in the test
space is accounted for by directly inputing the measured indoor air
temperature from the field testing. This is done via the Ideal Loads
Air System in EnergyPlus such that the heating and cooling set-
points are the indoor air temperature accurate to the 4th decimal
place. For example if the measured air temperature at a certain time
is 27 °C, the heating and cooling setpoint for the ideal loads air
system will be 26.9999 °C and 27.0001 °C respectively. The measure
ground temperature at the insulation to ground interface is directly
input into the simulation as boundary condition. This is done via
the Surface Property: Other side Coefficients in EnergyPlus. Edge
effects are accounted for by having different temperatures for the
center and edges of the slab on grade construction. The heat
generated in the mechanical room intefers with the thermal con-
dition of the supply air. For this reason the measure condition of the
supply air at the diffuser is a simulation input. This is done by
creating a zone far away from the WBPRL such that it does not
interfere with the exterior conditions and imposing the indoor air
temperature as the supply air temperature using the Ideal Loads Air
System. The conditioned air is then exchanged with the air in the
test space via the Zone Cross Mixing in EnergyPlus. The buildings

Materials Conductivity (W/m-K) Density (kg/m?) Specific heat (J/kg-K)
Fiber cement 0.245 1380 840
Plywood Sheathing 0.1 500 1500
Composite 2 x 6 Wood Stud R19 0.05 93.84 1006
Gypsum 0.16 625 870
Extruded Polystyrene 0.049 40 1500
Composite 2 x 4 Wood Stud R11 0.05 119.63 1048
Concrete 1.95 2240 900
BioPCM 0.2 235 1970
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Fig. 15. Enthalpy vs Temperature curve for BioPCM.

are simulated with a weather file modified with the locally
measured weather data. The initial condition of the simulation is
imposed via the Ideal Loads Air System based on the measured
indoor air temperature for a period of three days after which the
indoor air temperature is allowed to float based on the interaction
with the exterior climate and boundary conditions. The simulation
time step is 1 min and default space discretization factor.

3.2. Experimental benchmarking results

The simulation is carried out from September 9th to September
30™ 2014. EnergyPlus predicts the indoor air temperature for the
two building having different thermal inertia and is compared with
measured indoor air temperature data from the field experiment.
Fig. 16 shows the indoor air temperature prediction of the Ener-
gyplus compared with the field measurements for the south
building (without PCM). The result from the field experiment is
shown in red and that of the EnergyPlus simulation is shown in
blue. Notice that for the first three days, the experimental data and
the simulation results are accurately matched. This period corre-
sponds to the period during which the initial condition is still being
imposed. The indoor air temperature is then allowed to float and
some discrepancies between the simulations and field data. In
general, the indoor air temperature peaks are better matched than
the crests. This implies that the building is losing more heat in the
simulation than the field experiment. That being said, the
maximum deviation over the simulation period is 0.6 °C and

considering that this is within the tolerance limits for the RH-T's
used in the field experiment, it is concluded that there is no
measurable difference and the agreement between the EnergyPlus
simulation results and the measured data is satisfactory. With the
incorporation of the PCM in the building envelope of the North
building, one can immediately notice the damping of the temper-
ature amplitude attributed to the heat storage and release capa-
bility of the PCM (Fig. 17). More important is the agreement
between the simulation results and the measure data. An even
better agreement is achieved. To be more specific, the maximum
deviation between the two plots is 0.4 °C, which is within tolerance
limits of the RH-T's used in the field experiment. Hence, it is
concluded that there is no measurable difference between the two
plots. In all cases, EnergyPlus was able to predict the indoor air
temperature profiles within reasonable amount of accuracy, hence
the results from the numerical simulation can be relied upon for
further analysis.

4. Numerical study of PCM in an existing apartment unit

In the numerical study, a two bedroom apartment is simulated
for a year under real operating conditions such that the occupancy
schedule and appliance usage are considered. The window to wall
ratio of one of the bedrooms is modified to depict a room with low
solar influx. This is done to investigate the impact of solar exposure
to PCM performance. Other building characteristics such as the
building global orientation are changed for further analysis on the
solar exposure effect. Qutput from the simulation is analyzed for
thermal comfort enhancement in the summer and energy savings
in the winter.

4.1. Description of the apartment considered for the study

The building (Fig. 18) is located in Vancouver downtown; east-
side, and is oriented in the North direction. The unit that is
considered for the study is a 650 ft?> apartment having two bed-
rooms; Master bedroom and children's bedroom (Bedroom 2), and
is located on the 5th floor of a six storey building. The building
location is characterized by relatively flat terrain and a densely
populated area.

The apartment is situated in a building whose structure is
characterized by reinforced concrete framework with insulated
2" x 4" steel stud wall exterior wall and 2” x 4” uninsulated steel
stud partition wall. The exterior walls are mostly stucco cladding on
metal lath, however, the concrete columns are covered in brick. In
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Fig. 16. Measured and simulated indoor air temperature: South building (No PCM).
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both cases, the interior wall finish is gypsum. All rooms bounded by
the exterior have glazing and are all oriented in the same direction.
The total glazing area of the living room, master bedroom and
bedroom 2 are 48 ft?, 25 ft> and 25 ft? respectively. All windows are
aluminum framed, double glazed and air filled. Cooling and venti-
lation for the building is provided by corridor pressurization. The
suit is intermittently depressurized by the kitchen and bathroom
fan which aid further ventilation of the space. Heating however, is
provided locally in each suite by electric baseboard heaters. Three
baseboard heaters are located in the living room, master bedroom
and bedroom 2, with electric power ratings of 2500 W, 1000 W and
1000 W respectively.

4.2. Simulation inputs

The inputs for the simulation reflect the construction and
operation of the apartment unit. The building has three major
zones, the living room and two bedrooms that have respective floor
areas of 207 ft?, and 126 ft? and height of 8 ft. All zones are sepa-
rated by an insulated steel stud wall for sound proofing. The
apartment is assumed to be middle apartment, as such, the floor
and ceiling has similar construction; carpeted concrete. Because the

unit is the middle, all surrounding walls are assumed adiabatic
besides the exterior wall. This is based on the reasoning that the
adjacent apartment suites have similar indoor conditions; hence,
the heat flow between apartments is insignificant. The envelope
components are layered as in Table 4 with material properties
adopted from ASHRAE handbook of fundamentals 2013 [52]. The
windows in the bedrooms have a U-value of 3.74 W/m?K and a solar
heat gain coefficient of 0.42, while that of the glazed balcony door is
3.408 W/m?K and 0.64 respectively. It is a goal of this research to
investigate the influence of the glazing area on the performance of
the PCM. As such, the glazing area in the master bedroom is
reduced by 75% while that of bedroom 2 is simulated as-built. The
interior and exterior wall surface solar emissive and absorptive
properties are 0.9 and 0.7 respectively. The interior wall surface
finish is medium smooth, while the rest of the interior surfaces are
medium rough with inside and outside surface coefficients calcu-
lated dynamically using the simple natural and simple combined
convection algorithm.

Further, the enthalpy—temperature relationship required to
simulate the dynamic thermal properties of the phase change
material is shown in Fig. 15. The unit is occupied by four in-
dividuals; parents and children. The occupancy is such that the
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Table 4
Material properties.

Materials Conductivity (W/m-K) Density (kg/m>) Specific heat (J/kg-K) Thickness (m)
Exterior wall

Stucco 0.371 1795 840 0.01905
3-ply Semi-rigid Asphalt Breather Board 0.42 120 1500 0.003
Wall Air Space Thermal Resistance: 0.15 m?-K/W

Semi-rigid Roxul Insulation 0.032 71 850 0.0508
Dens-Glass Gold Gypsum Sheathing 0.13 708.66 870 0.0127
Composite 2 x 4 Steel Stud R11 0.06 118.223 1048 0.089
BioPCM 0.2 235 1970

Gypsum Drywall 0.16 625 870 0.0127
Interior partition

Gypsum Drywall 0.16 625 870 0.0127
Composite 2 x 4 Steel Stud R11 0.06 118.223 1048 0.089
Gypsum Drywall 0.16 625 870 0.0127
Roof & floor

Concrete 1.6 2200 850 0.0508

father goes to work during the day and the mother is a stay-at-
home mum with two young children. This occupancy pattern is
captured in Fig. 19. The activity level in the kitchen, bedrooms and
living room are 171 W, 72 W and 108 W respectively. The clothing
schedule is 2.5 clo from 10 pm to 8 am and 1.0 clo for the rest of the
time. The assumption is that people like to sleep with a covering
regardless of the season. The maximum occupancies of the living
room, bedrooms and kitchen are 4, 2 and 1 individuals respectively.
The lighting level in the Kitchen, master bedroom, bedroom 2, and
living room is 40 W, 60 W, 60 W, and 100 W with radiant to visible
fraction of 0.86: 0.09.

All openings including door undercuts are represented in the
simulation via the EnergyPlus Airflow Network. The exterior win-
dows and doors are dynamically controlled to open and close based
on the occupant thermal comfort requirements and is achieved via
the Energy Management System in EnergyPlus. The ratio of the
opening area to the actual window area in the Master bedroom,
bedroom 2 and Living room is 1, 0.23 and 0.5 respectively. It should
be noted that the opening ratios were calculated based on building
schematics. The corridor pressurization is achieved by Ideal Loads
Air System that maintains the corridor at 21 °C. The kitchen exhaust
is simulated to enhance the ventilation in the unit. The ON and OFF
times is based on the kitchen occupancy schedule presented earlier.
The simulation time step is 1 min and EnergyPlus weather file for
Vancouver is used for the mild climate simulations.

4.3. Results and discussion

The analysis of the results from the numerical simulation is
presented in this section. The simulation is run for a whole year and
the impact of the PCM on the energy and thermal comfort is
analyzed for the four seasons. It should be noted that the winter
and shoulder seasons; spring and fall, show similar trend in indoor
temperature profile evolutions hence, they are presented together.
For that reason, only two major seasons are presented: summer and
winter. It should be noted that the term “winter” is used as a loose
term to describe both actual winter conditions and shoulder sea-
sons. During the simulation, the glazing area of one of the rooms;
master bedroom, was minimized to simulate a room with less solar
exposure while bedroom 2 depicts a room with highly glazed
facade. For further analysis, the building is reoriented from north to
the west and south directions to analyze the impact of varying solar
exposure. Both directions are chosen for their dominance of solar
exposure in the summer and winter respectively.

4.4. Summer

This period of the year is characterized by high outdoor tem-
peratures with focus on maintaining comfortable indoor conditions
and limiting overheating. The performance of the PCM is evaluated
over the month of July which is indicative of peak summer condi-
tions. Fig. 20 and Fig. 21 show the operative temperature for the
Master bedroom and bedroom 2 in the north global orientation in a
typical summer week. As expected, the operative temperature in
bedroom 2 has a higher peak because of the higher solar exposure
and lower trough temperature because of the higher capacity for
heat loss through the glazing area at night. In both cases, the
thermal stabilization attributed to the PCM can slightly be seen.
This is because of the minimal temperature fluctuation in both
rooms which does not warrant effective charge and discharge of the
PCM. Also, due to the low solar exposure with the building oriented
in the north, the PCM is not frequently activated. This is reflected in
the frequency of activation of the PCM, that is, how often the wall
surface temperature falls within the melting temperature range of
the PCM [53]. The PCM is only activated 7% and 20% in the master
bedroom and bedroom 2 respectively when evaluated for the
month of July. The higher activation in bedroom 2 is attributed to
the higher window to wall ratio which allows for more solar gain. In
fact, on average over the typical summer month, no peak attenu-
ation is observed. However, for the few times the PCM is activated,
up to 0.03 °C and 0.2 °C peak attenuation of the operative tem-
perature is recorded for the master bedroom and bedroom 2
respectively. The relatively higher peak attenuation in bedroom 2 is
expected because of the higher solar exposure; a consequence of
higher glazing area. Also, the higher temperature fluctuation in
bedroom 2 facilitates a better charge and discharge efficiency of the
PCM.

The impact of the PCM on the temperature amplitude is also
evaluated as shown in Fig. 26. It can be seen that with the PCM the
temperature amplitude increases slightly. To be specific, the tem-
perature amplitude increases by 7% and 3% in the master bedroom
and bedroom 2 respectively. This occurs because the PCM acts to
offset the operative temperature especially for days of interior
temperatures reaching PCM activation conditions followed by days
of interior conditions not reaching PCM activation conditions. It
should be noted that when the relatively minimal temperature
fluctuation experienced in the master bedroom amplifies the per-
centage amplitude increase attributed to the presence of the PCM.
However, when the absolute temperature amplitude is compared
the bedroom 2 shows a higher increase in the temperature
amplitude which is expected because more heat is stored that could
be released on consecutive days of interior temperatures reaching
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PCM activation conditions and days of interior conditions not
reaching PCM activation conditions.

With increased solar exposure; reorienting the glazing in the
south direction, the frequency of activation increases significantly.
To be specific, the PCM is active, 32% and 49% in the master
bedroom and bedroom 2 respectively, for the month of July. As well,
the peak temperature attenuation attributed to the presence of the
PCM in the building envelope is more evident (Fig. 22 and Fig. 23).
In fact, up to 0.3 °C and 0.4 °C peak temperature attenuation is
calculated in the master bedroom and bedroom 2 respectively.
Again, the better performance in bedroom 2 is attributed to the
higher frequency of activation of the PCM due to the higher win-
dow to wall ratio that allows for more solar influx into the space
with temperature peaks staying within the PCM melting temper-
ature range.

The impact of the PCM on the temperature amplitude of the
zone operative temperature is also calculated and displayed in
Fig. 26. Although minimal, the temperature damping of the zone
operative temperature amounts to a 3% reduction in temperature
amplitude in both the master bedroom and bedroom 2. The better
damping of the temperature fluctuation in the bedroom 2 is more
evident when absolute values are compared. To be specific, 0.03 °C
and 0.08 °C reduction in the temperature amplitude is achieved in
the master bedroom and bedroom 2 respectively. Again, this is due
to the elevated interior conditions while still staying within the
melting temperature range of the PCM.

With an even higher solar exposure; reorienting the glazing in
the west direction, the frequency of activation of the PCM further
increases. To be specific, the PCM is active 54% and 64% for the total
hours in a typical summer month in the master bedroom and
bedroom 2 respectively. The peak attenuation and the night time
temperature increase attributed to the presence of the PCM is more
pronounced compared with the south orientations as shown in
Fig. 24 and Fig. 25. An average peak attenuation of 0.2 °C is calcu-
lated in both the master bedroom and the bedroom 2 for the total
hours of the typical summer peak month. In fact, up to 0.5 °C peak
temperature attenuation is recorded in both the master bedroom
and bedroom 2 respectively. The similar impact of the PCM on the
interior conditions is attributed to the increased solar influx while
still staying within the melting temperature range of the PCM. It is
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anticipated that the performance of the PCM in the bedroom 2 will
plateau faster than in the master bedroom with higher solar radi-
ation because the chances of the operative temperature increasing
beyond the melting temperature range of the PCM is high.

The PCM further dampens the temperature amplitude of the
operative temperature (Fig. 26). A 14% and 9% decrease in the
temperature amplitude is recorded in the master bedroom and
bedroom 2 respectively when evaluated over the total hours of the
typical summer month. This amounts to 0.2 °C and 0.3 °C of ab-
solute reduction of the temperature amplitude in the master
bedroom and bedroom 2 respectively. Again, a better performance
is experienced in bedroom 2 because the higher solar exposure
elevates the operative temperature while still staying within
melting temperature range of the PCM.

The thermal comfort improvement is assessed for the number of
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hours for which the percentage of people dissatisfied (PPD) is more
than 10%. The 10% is borne out of ANSI/ASHRAE Standard 55 [50] as
the condition that satisfies acceptable thermal environment for

Table 5

PPD improvement comparison: with and without PCM.
North

W/O PCM W/PCM

Master bedroom 34 35
Bedroom 2 29 29
South
Master bedroom 37 40
Bedroom 2 31 32
West
Master Bedroom 26 25
Bedroom 2 19 19

general comfort. It should be noted that the thermal comfort is
assessed for the times when the apartment is occupied. Table 5
shows the number of times the PPD exceeds 10% for the cases
with and without PCM in both rooms.

It can be observed that the PCM has no impact on the thermal
comfort. In the case of the master bedroom, the temperature does
not get high enough, hence the PCM is not effectively charged
during the day to warrant effective night time discharge. In
bedroom 2, the temperature is relatively higher than the master
bedroom; however, the temperature does not go low at night time
for proper discharge. In fact, a detailed look at the operative tem-
perature evolution for bedroom 2 suggests that the graph is sym-
metrical about 24 °C (Fig. 25). This may suggest incorporating a
PCM with melting temperature of 24 °C for better results.

4.5. Winter and shoulder season (fall/spring)

This period of the year is characterized by cold outdoor air
temperatures and hence requires mechanical system heating to
maintain comfortable indoor air conditions. The focus during this
period is energy and cost saving since a significant amount of en-
ergy is consumed to heat up the space. The energy usage represents
near actual energy consumption since the electric baseboard heater
is controlled to heat the space when the temperature drops below
the setpoint during occupiable hours. The analysis of the winter
and the fall is presented together since both show similar trends in
indoor operative temperatures (Fig. 27 and Fig. 28). As can be seen,
both have operative temperatures staying slightly above 21 °C
during the occupied hours and drops lower during unoccupied
hours, although lower in the winter since the outdoor conditions
are more extreme. From here on the term winter is used to repre-
sent the winter and the shoulder season for clarity.

Fig. 29 and Fig. 30 show the operative temperature for the
Master Bedroom and the bedroom 2 in the north global orientation
in a typical winter. As observed, the operative temperature is
maintained at 21 °C during occupied hours but drops below com-
fort conditions when the indoor temperature is allowed to float.
The temperature fluctuation in the bedroom 2 is more pronounced
than in the master bedroom. This is because of the higher capacity
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Fig. 29. Operative temperature in Master bedroom facing North: Winter.

for heat loss attributed to the relatively larger glazing area in
bedroom 2. More importantly, the impact of the PCM on the inte-
rior temperature is negligible since the temperature fluctuations
are well below the melting point of the PCM. This is reflected in the
identical operative temperature profiles for the cases with and
without PCM.

Even with the building oriented to face the south direction for
higher solar exposure (Fig. 31 and Fig. 32), impact of the PCM on the
temperature fluctuations is negligible. Again, this is because the
indoor temperature fluctuation is below the melting point of the
PCM. Notice the slight deviation of the operative temperature
profile on the 2nd and 7th day of the displayed period during the
free floating conditions. This deviation coincides with the rare high
solar exposure encountered during the winter period (Fig. 33).

28

5 | ——BED_2 (NoPCM)

_ ——BED 2 (PCM)

Q

<24

g

()

=22

()

= A A A AN
<

£20

N ITAYAYANAVINL
16 -

14

1/721:00  1/109:00 1/1221:00

Fig. 30. Operative temperature in Bedroom 2 facing North: Winter.
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Fig. 31. Operative temperature in Master bedroom facing South: Winter.

As mentioned earlier, a significant amount of energy is required
for heating for the most part of this season; hence, the potential for
the PCM to offset some of the heating energy is of uttermost
importance. Fig. 34 shows the energy consumption for the master
bedroom and bedroom 2 when the glazing is oriented in the north,
south and west direction for the month of January. January is
chosen to representative of typical winter conditions as it presents
the coldest month in the calendar year of Vancouver. As expected,
bedroom 2 requires more energy to heat than the master bedroom
because of its lower overall exterior envelope R-value. Also, by
reorienting the building to directions of higher solar exposures, the
total heating energy required to maintain thermal comfort is
reduced as the solar exposure offsets some of the heating energy
required. This is more pronounced in the south as this is the
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Fig. 33. Global solar radiation for the typical winter week.

direction with the most dominant solar exposure. To be specific, 7%
and 1% reduction in the total heating energy attributed to the solar
offset is calculated in the south and west respectively.

More important is the impact of the PCM on the heating energy
demand. An energy consumption reduction of 49% and 14% is
achieved in the master bedroom and the bedroom 2 respectively
when the building is oriented north. In the south orientation, the
PCM shows a higher impact on the heating energy consumption. In
fact, an energy conservation of 57% and 25% is recorded in the
master bedroom and bedroom 2 respectively. The better perfor-
mance of the PCM in this direction is attributed to the higher solar
exposure. With the building reoriented to the west facing direction,
the heating energy reduction achieved in the master bedroom and
bedroom 2 is 50% and 16% respectively. The energy reduction in all
cases is attributed to the improved thermal mass of the walls with
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Fig. 34. Impact of PCM on the heating energy consumption in both rooms.

the PCM. Using the master bedroom as a case study, it can be
noticed in Fig. 35 that the added thermal mass of the PCM acts to
slow down the temperature rise of the wall surface temperature.
This decreases the temperature difference across the exterior wall.
Consequently, the potential for heat loss is reduced. The more
pronounced energy savings in the master bedroom than bedroom 2
is attributed to the difference in the total surface area coverage of
the PCM. The reduced window to wall ratio in the master bedroom
allows for higher PCM coverage and an overall better improvement
of the thermal mass of the walls.

From the numerical analysis, the improvement of the thermal
comfort by the PCM in the summer is not evident in that the time of
occurrence of peak operative temperature conditions does not
coincide with the occupancy pattern. As such, despite the peak
attenuation recorded of up to 0.5 °C, it is of no significance since the
rooms are unoccupied. Also, the temperatures do not dip low
enough to warrant efficient discharge of the stored heat during the
day at night. Perhaps if the PCM is incorporated in buildings such as
offices the thermal comfort benefits attributed to the incorporation
of the PCM can be reaped. In such cases, the glazing area has to be
optimized to allow solar influx such that the interior temperature
fluctuation is within the melting temperature range of the PCM.
This conclusion is drawn from observation of the trend of the re-
sults; as the building is reoriented for higher solar exposure, the
benefits of the PCM in the room with higher window-to-wall ratio
is more likely to plateau faster since the indoor temperature fluc-
tuations show chances of exceeding the melting temperature
range. On the contrary, the benefits of the PCM in the winter are
very evident in that the added thermal mass slows down the rise of
the wall temperature by absorbing some of the heat and stabilizing
the wall surface temperature. This reduces the temperature
gradient across the wall and the potential for heat loss. During the
winter, the solar exposure as well as the heat gain is also important
as this could offset some the PCM absorbed heat thereby rendering
even better energy savings. This is the case when the building is
reoriented in the south direction. Notice that the results from the
winter and summer conflict each other in that no real thermal
comfort benefit is observed whereas a significant amount of energy
savings is achieved in the winter. Recall that the winter was used as
a loose term to describe the winter and shoulder season which
amounts to 9 months of the year requiring heating. This justifies the
application of the PCM despite the ill summer results. For better
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Fig. 35. Impact of PCM on the wall surface temperature in the master bedroom.

conclusion to be drawn, a cost effectiveness analysis should be
carried out for pay back times.

5. Conclusion

Low inertia buildings dominate the North American residential
building construction industry. Maintaining a comfortable indoor
environment requires a significant amount of energy because of the
unstable interior conditions. Phase change materials (PCMs) pro-
vide a means to improve the thermal inertia of these buildings.
PCMs work by storing and releasing excess heat based on the
boundary thermal and convective conditions. The applicability of
incorporating PCMs in buildings has been researched for some time
under various climates, however, there exist a gap in the thor-
oughness of the research techniques especially in mild climates,
since more research was conducted in small huts that do not
simulate actual building internal loading or with the use of nu-
merical models that were either not validated. In this paper, the
applicability of PCM in residential construction was assessed;
experimentally and numerically, for its thermal comfort and energy
consumption benefits with consideration to occupancy effects and
changing building characteristics such as global orientation and
window to wall ratio.

In the field experiment, twin buildings are used with one as
reference and the other with PCM installed. For the period of
testing, it was found that the PCM decreased the peak indoor air
temperature by up to 0.6 °C and increased the trough temperature
by 0.8 °C. This is attributed to the ability of the PCM to reverse the
heat flow direction. In fact, the PCM ability to impact comfort
conditions by reducing the mean radiant temperature was
demonstrated in the peak wall surface temperature reduction of
1.5 °C and trough wall surface temperature increase of 1.2 °C. The
numerical study was carried out for a case study building, however,
the EnergyPlus simulation model was benchmarked with experi-
mental data from the field experiment. As demonstrated, there was
good agreement between the numerical simulation and the
experimental data such that the discrepancies were within the
tolerance limits of the indoor air measuring device. The case study
building consisted of 2 bedrooms with glazing oriented in the same
direction. The glazing of the one of the rooms; Master bedroom,

was modified to depict a low glazed room, while the other;
Bedroom depicted a room with a highly glazed facade. It is
discovered that the in the summer the impact of the PCM on the
thermal comfort in the space is negligible and although the more
benefits of the PCM is materialized with higher solar exposure,
other factors such as wind direction play significant role in mate-
rializing the benefits as the more the ventilation, the higher the
efficiency of draining the stored heat. On the contrary, the impact of
the PCM on the energy consumption is more pronounced. In fact,
up to 63% heating energy reduction is realized in the master
bedroom and 28% in bedroom 2. It was found that, with the PCM,
the interior wall surface temperatures were lower thereby reducing
the potential for heat loss across the exterior wall. The benefits in
the winter clearly outweigh that of the summer and considering
that most of the energy consumption is utilized for heating in
residential applications, this attests to the applicability of PCMs in a
mild climate like Vancouver.
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