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Abstract

Phase change materials (PCMs) can reduce both space
conditioning loads via latent thermal storage. In locations
with distinct space heating and cooling seasons, and different
conditioning setpoints throughout the year, the choice of
PCM becomes difficult and two PCMs may be employed.
The objective of this research was to evaluate the ability of
EnergyPlus to accurately model a building-integrated dual-
PCM system and develop an experimentally validated model
that future modelers can utilize for detailed design and
parametric studies. The model achieved agreement with the
experiments within 2% for both space conditioning loads.

Introduction

Buildings presently account for nearly 40% of energy
consumption globally (IEA, 2019); in Canada, two-thirds of
this is attributable to space heating, which is often met using
emissions-intensive methods such as natural gas (NRCan,
2018). To meet ambitious climate goals, reductions in space
conditioning loads are therefore critical. This can be
achieved using methods such as efficient mechanical
equipment or improved insulation and building materials.

Phase change materials (PCMs) are a latent thermal storage
which can reduce space conditioning loads when integrated
into a building. PCMs store energy, such as solar gains, via
a phase change from solid to liquid, reducing the energy
transferred to air in a space and thus peak space cooling loads
in the summer and overnight heating loads in the winter.
Several variables must be considered in PCM
implementation and design, such as the melting temperature
and thermophysical properties. The most effective PCM
melting temperature is near the room temperature setpoint
(Gassar & Yun, 2017), and when the melting temperature is
outside the room temperature range, the PCM is ineffective
(Alam et al., 2014). In locations with two conditioning
seasons, room temperature setpoints often vary significant
throughout the year, and thus a single PCM may not be
utilized to its full potential year-round. For more effective
PCM systems that offer reductions in space conditioning
loads year-round, implementation of two PCMs with
different melting temperatures may be considered.

A system with two PCMs had been shown to decrease space

conditioning energy by 8% compared to a single PCM
(Memarian et al., 2018); this value may be even greater with
optimised melting temperatures and PCM locations within a
room. Research is limited on experimentally validated
models of multiple PCM optimizations, despite that accurate
models with multiple PCMs are required to draw broader
conclusions on the design, and thus deploy the most effective
use cases for each climate and implementation scenario.

The objective of this study was to develop an experimentally
validated model of a room with two PCMs (one for each
space conditioning season) for detailed, accurate future
modelling optimizations. This paper provides the
experimental results and validation process (model
refinement and variables), that were used and can be
expanded on to optimize real-world PCM implementation.

Background and Literature Review

PCM modelling offers a cost-effective means to evaluate the
materials, yet there are limited energy modelling tools with
the capability to accurately model PCM performance.
TRNSYS, Matlab and Fluent, and EnergyPlus are the three
most common at present (Li et al., 2020).

Given the nature of PCMs in that they change phase,
modelling of their heat transfer behavior presents certain
difficulties. In analytical modelling, for example, each phase
of the PCM must be modelled independently, such that the
solid phase, liquid phase, and solid-liquid two-phase region
are considered accurately. Furthermore, the convective
mixing and the corresponding heat transfer impacts of
macroencapsulated PCM on properties such as thermal
conductivity must be captured. Researchers such as Chen et
al. (2008) have used differential equations to model the
PCMs across phases within Matlab. Building energy
modelling tools can model PCM performance with
embedded PCM objects with user-input thermophysical
property data that is utilized to quantify PCM performance.

Due to the strengths of EnergyPlus in modelling whole
building performance and energy consumption which were
desired within the present study, it was the primary focus of
the literature review (US Department of Energy, 2021).
There are two main methods of modelling PCMs in
EnergyPlus: one relies on an enthalpy-temperature
relationship for sensible and latent thermal storage (Equation
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(1)), while the other relies on peak melting and solidifying
temperatures, ranges, and heat capacity to generate thermal
storage characteristics (Equation (2)). Both calculate an
effective heat capacity for the heat balance equations.

— hiold (1)
— Tiola

hi,new
G =
Ti,new

Cp = f(Ti,new' Ti,old' Statenewv Stateold) (2)

A limitation of the enthalpy-temperature approach is that it
does not model hysteresis. As such, differences in melting
and solidifying due to subcooling (cooling in the liquid phase
below the phase change temperature, before solidification)
are not captured. Research has shown that hysteresis must be
taken into account for accuracy of modelling (Kuznik &
Virgone, 2009). Equation (2) shows consideration of the
PCM phase (solid or liquid) to assess the effective specific
heat capacity and capture hysteresis effects.

Validation and verification of the conduction finite
difference (CondFD) with PCMs in EnergyPlus was
conducted by Tabares-Velasco et al. (2012). The study found
that with PCM, the EnergyPlus runtime doubles because the
convergence criteria typically requires twice as many
iterations to converge while the PCM is changing phase (US
Department of Energy, 2022). Although reducing the
number of timesteps decreased the runtime, timesteps longer
than 4 minutes led to accuracy issues, so a maximum
timestep of 3 minutes was suggested.

Al-Janabi and Kavgic (Al-Janabi & Kavgic, 2019) compared
the hysteresis and enthalpy-temperature PCM modelling
methods in EnergyPlus 8.9 in Winnipeg, Canada, and found
that the enthalpy-temperature over-predicted the heating
load by 4.9% and the cooling load by 2.1-11.9%. The
discrepancy between the two methods was found to be most
pronounced in scenarios with high solar intensity or
duration, or thermal zones located on the south fagade. Hun
Park et al. (2019) also evaluated PCMs in EnergyPlus and
found that PCMs are more effective in highly glazed
buildings that promote the thermal storage utilization of the
materials. In contrast, in climatic regions with extreme heat,
PCMs were relatively ineffective because they could not
dissipate sufficient heat to solidify overnight.

Modelling Methodology

Within this study, a model was developed and validated
based on experimental results that were obtained from two
in-situ chambers. The chambers are installed at the Centre
for Advanced Building Envelope Research (CABER), using
the in-situ wall openings, which are sections of the base
building that were designed to be removable for evaluation
of novel walls under in-situ conditions.

Details of Experimental Apparatus
The chambers used for experimental validation had exterior

dimensions of 3 m by 3 m by 3 m (interior dimensions of
approximately 2.6 m by 2.6 m by 2.6 m). Because the
chambers were built within the CABER base building, five
sides (north, east, and west walls, ceiling, and floor) were
exposed to the base CABER building, while the south walls
of the chambers were exposed to the outdoors. The chambers
were instead raised approximately 1 m above the floor of the
CABER base building, such that the exterior surface of the
chamber floors were exposed to the CABER base building
conditions in the same manner as the walls. An elevation
drawing of the chambers without their north walls as viewed
from the interior of CABER, looking south, is shown in
Figure 1, while a plan view is shown in Figure 2. The details
of the design, construction, and experimental evaluation can
be found within (Baylis et al., 2023; Treichel et al., 2022).
Tnfrerior of CABER South-Facing Wall
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Figure 1: Elevation view image of chambers from interior
of CABER
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Figure 2 Plan view of chambers

The experimental chambers were designed and constructed
identically of typical wood framed construction. The north,
east, and west walls, as well as the ceiling and floor were
constructed from 0.038 m by 0.140 m (2 by 6) dimensional
lumber and insulated the chambers from the base building,
while 0.038 m by 0.089 m (2 by 4) dimensional lumber was
used for the south wall to promote greater interactions
between the outdoor environment and the chambers than the
conditioned base building. The north, east, and west walls
were outfitted with PCM-integrated wallboards during the
PCM experimental evaluation and did not have exterior
siding; they were comprised from interior to exterior of
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wallboard, plywood, wood studs and insulation, and
plywood on the exterior exposed to the CABER base
building. The PCM wallboard was the PCM-integrated
drywall with an OSB backer that provided rigidity to the
samples. The PCM wallboard was secured to the interior
plywood of the test chamber for the PCM tests.

Both chambers had a window of equal size and properties.
The windows had a U-factor of 1.31 W/m?-K, solar heat gain
coefficient (SHGC) of 0.5, and size of 1.524 m by 1.524 m
(5 ft by 5ft). A pre-hung steel door was installed on the
south-most portion of the east wall of each chamber.

The chamber space conditioning used a water-based fluid
loop. The air temperature of each chamber was measured
and when the temperature of a given chamber was not within
the setpoint temperature range, the conditioning system
supplied or removed heat from said chamber. Water that was
either heated or cooled depending on the space conditioning
season was supplied to each chamber independently, such
that one chamber did not impact the other. Each chamber
was outfitted with an air-water coil with a fan that promoted
heat transfer between the tempered water and chamber air.
The chambers were thermally isolated from each other by a
1 m air gap between the two and were independently
monitored and controlled in the experimental evaluations.

The chambers underwent rigorous commissioning to
quantify and mitigate any performance deviations. The
commissioning was conducted without PCM to ensure that
their performance matched under a base case. The design
was such that the introduction of a novel building material,
such as PCM, into one chamber, could lead to a side-by-side
in-situ comparison of the novel material.

During tests, one experimental chamber was outfitted with
drywall having two PCMs (melting temperatures of 18°C
and 26°C), while the other chamber had no PCM and served
as a reference. The data obtained while the chambers were
monitored through the heating and cooling seasons was then
used for validation of the model.

Model Assumptions

All geometric and material properties, air infiltration rates
obtained from blower door tests, as well as the weather
conditions obtained from a neighbouring building, were
inputs to develop a model. EnergyPlus 9.3 was used; in a
single model, PCM was added or removed depending on
whether the test or reference chamber was simulated.

The model was run using the CondFD approach with
timesteps of 3 minutes. As described within the Literature
Review, there are two key methods to integrate PCMs within
a building in EnergyPlus: the enthalpy-temperature and the
hysteresis method. The former allows users to input enthalpy
values at a range of temperatures to capture latent and
sensible thermal storage capacity. In this way, by indicating
two latent thermal storage regions, two PCMs could be
modelled as part of a single material. However, this approach
does not capture hysteresis effects. As such, the hysteresis

approach is more accurate in modelling PCMs as it captures
deviations in performance as a material solidifies or melts.
The hysteresis method allows specification of one melting
temperature and one solidifying temperature for a material,
and thus does not allow for modelling of a dual-PCM
material as a single object. This may be considered a
limitation because the location of PCM within a room and
wall has been shown to have a significant impact on the PCM
performance (Baylis & Cruickshank, 2023b; Jin et al., 2013,
2014). As such, if one PCM was modelled closer to the
interior of the wall assembly than the other, different thermal
performance may be observed than with the opposite
orientation of PCM layers. Within the present study, two
PhaseChangeMaterial: PhaseChangeHystersis objects were
used, and a quantification of the impacts of different PCM
orientations was conducted, as described within the Results.

The inclusion of PCM was done in four layers in the model
(Figure 3). The PCM drywall was integrated as a layer of
drywall, a layer of each PCM, and a second layer of drywall.
The PCM layers were each 0.0013 m in thickness (10% of
off-the-shelf 0.013 m (1/2in) drywall). The remaining
0.013 m was split evenly between pure drywall layers.

Interior Exterior
Pl
.
Gypsum Wood Studs and Insulation
PCM - Phywood
bPCM
Gypsum

Figure 3 Schematic of PCM wall assembly within model.

The PCM wused within the model was assessed
experimentally to quantify the melting and solidifying
temperatures (T and Ts), thermal conductivity (k), specific
heat capacity in the liquid and solid states (Cp. and Cps) and
latent heat capacity values of melting and solidifying (H. and
Hs) (Baylis & Cruickshank, 2023a).

Table 1 Thermophysical properties of PCMs used.

To ‘ Ts | H. ‘ Hs k CpL ‘ Cps
(°C) J/9) (W/m-K) J/g-K)
Cold
PCM 18 | 11 | 160 | 160 0.23 34 | 15
Warm
PCM 26 | 21 | 158 | 153 0.23 18 2.2

The model was developed using two thermal zones: one for
the chamber (either PCM or reference chamber, depending
on the inclusion or omission of PCM), and one for the base
building that surrounded the chamber zone on five sides. As
such, the boundary conditions of the chambers on five sides
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(east, west, north, ceiling, and floor) were given the
conditions of the CABER base building, and the boundary
conditions of the south chamber wall were the exterior
weather conditions, drawn from weather station data. The
CABER base building had some temperature variation that
was captured within the model by providing the base
building zone with heating and cooling setpoints of 18°C and
20°C, respectively, to replicate the typical range of
temperatures experienced by the base building.

Weather Data

The weather data was obtained from a weather station
located on a neighbouring building. The weather used within
the modelling evaluation was therefore for Ottawa, Canada,
in 2023. A sample for a sunny day in the heating season and
sunny day in the cooling season over the experimental
monitoring period are shown in Figure 4 and Figure 5,
respectively. The weather data shown is a day for which the
experimental and modelling results are provided in Results.
The weather data was obtained using a series of
thermocouples and pyranometers. The thermocouples used
were Type T with an accuracy of 0.27°C, while the
pyranometers had a sensitivity of 0.5%.

February 1, 2023
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Figure 4 Weather sample for a day requiring heating.
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Figure 5 Weather sample for a day requiring cooling.

Modelling of Space Conditioning System

The heating and cooling loads for the chamber thermal zone
were met using EnergyPlus HVAC objects. The heating and
cooling setpoints were 20°C and 27°C, respectively. The
rooms were only operated under one setpoint at a given time,
such that, in the heating season, the chamber was allowed to
overheat because no cooling was provided. This control
scheme was a restriction in the experimental apparatus. In all
conditioning seasons, the setpoint deadband was 2°C
(x1°C). Detailed conditioning used a four-pipe fan coil
object (Figure 6): a fan, heating coil, and cooling coil.
Chamber air was drawn into the fan then over the heating
and cooling coils, and returned to the chambers. The coils
were supplied heated or cooled water from a district heating
system, with a bypass so water could divert from the
chamber coil and eliminate unnecessary conditioning.

Chamber

Chamber Air Outlet Chamber Air Inlet

Four-Pipe Fan Coil Object

1 ] |

Heat Cool
Coil Coil
| P

Cooling
Bypass

Heating
Bypass

—| District kg ec—| Distr»ict k—
Heating Cooling

Figure 6 Schematic of detailed HVAC in EnergyPlus.

The validation was first done for the chamber without PCM,
then PCM was added to the model and compared to the test
(PCM) experimental chamber. The model outputs compared
to the experimental results were temperature profiles of the
room air and surfaces and the space conditioning loads.

Results and Discussion

The major outputs that were compared between the model
and the experimental results were the space conditioning
loads (total and daily) and temperatures (air and surface).
Prior to the detailed modelling for validation, two
assumptions related to the EnergyPlus modelling were
evaluated to determine and quantify their impacts on the
validation. These assumptions are 1) the order of
implementing the two single-PCM PhaseChangeMaterial:
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PhaseChangeHysteresis objects within the model, and the
impact of having one PCM further towards the interior of the
wall assembly than the other, and 2) the impact of using
simple HVAC compared to detailed HVAC.

Evaluation of PCM Installation Order

To assess the impact of installing one PCM layer further
towards the interior of the wall assembly than another, a
comparison was conducted (Table 2). In this context, the
interior PCM location refers to the PCM closer to the
conditioned space (i.e. between the gypsum and other PCM
(Figure 3)), while exterior refers to the PCM further toward
the exterior of the wall assembly (i.e. between the other PCM
and OSB). Annual simulations in Ottawa, Canada were run
for a no-PCM case, and two installation scenarios for PCM:
26°C on the exterior and 18°C on the interior (two layers);
18°C on the exterior and 26°C on the interior (two layers).

Table 2 Comparison of conditioning loads for different
two-PCM layer orientations in EnergyPlus.

Scenario Heating Cooling
(Outer PCM-Inner PCM) (MJ/m2)

Base (no PCM) 253.32 18.31
26°C-18°C (two layers) 230.61 0.99

18°C-26°C (two layers) 230.66 0.83

When comparing the orientation of installing PCM layers
within the walls, the two-layer scenarios produced
differences in heating and cooling loads of 0.05 MJ/m? and
0.16 MJ/m?, respectively. This equates to a difference in the
percentage reduction of the heating and cooling loads of
0.2% and 0.9%, respectively. This low difference in space
conditioning loads for the installation scenarios indicated
that the order of PCM installation within the model was not
critical to the outcome of the results. Within the simulations
of this study, the 18°C-26°C implementation was used.

Comparison of Simple and Detailed HVAC Modelling

The next portion of the modelling was a comparison of the
simple heating object (which can always maintain the
prescribed setpoint) within EnergyPlus to detailed HVAC
(which is representative of airflows, deadbands, and HVAC
sizing). PCM storage and release is highly dependent upon
HVAC, so this assessment was conducted to quantify the
deviations in performance occurring for the two methods.

A comparison was made between EnergyPlus simple HVAC
and detailed HVAC modelling to assess the deviations
between the two (Figure 7). One factor that was compared
between the two methods was the air temperature profile
predictions. Although there was not found to be significant
differences in peak air temperatures or temperature profiles,
the simple HVAC method could not capture the deadband
associated with the conditioning equipment and thus

maintained a constant overnight temperature of 20°C. To
mitigate any deviations due to the equipment, the detailed
HVAC method was selected for the study.

Detailed HVAC
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Figure 7 Comparison of HVAC strategies in EnergyPlus.

Calibration and Comparison without PCM

Calibration was done on the reference chamber (Figure 8,
Figure 9, Figure 10), during the heating, shoulder, and
cooling seasons, followed by a comparison with PCM.
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Figure 8 EnergyPlus model validation of reference
chamber during the heating season (Jan 26 — Feb 15)

15

The temperature profiles throughout the heating, cooling,
and shoulder seasons were found to exhibit similar trends
between the simulation and experiment in terms of the rate
and time of temperature increases or decreases. The
minimum and maximum temperatures varied in some cases
between the model and experiment. There was no consistent
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trend in these variations between the model and experiment.
The mean bias error of Figure 8, Figure 9, and Figure 10
were found to be 0.305°C, 0.091°C, and 0.064°C.
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Figure 9 EnergyPlus model validation of reference
chamber during the shoulder season (Mar 11-22).
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Figure 10 EnergyPlus model validation of reference
chamber during the cooling season (May 6-15).

These inconsistencies between experimental and simulated
results can be said to be caused by several factors. The
experimental results were subjected to two major variables
that were difficult to fully capture within the model: 1)
fluctuations between the measured weather observed at the
weather station on the neighboring building and those at the
chambers, and 2) fluctuations in the CABER base building
temperatures. The major contributor to errors in the weather
data could be variations in solar gains measured between the

weather station and chambers. The PCM and chamber
performance is highly sensitive to solar gains and slight
variations in shading, ground reflections, or cloud cover
would lead to inaccuracies in the values provided to the
model. The weather station, located on the roof of a building
would be exposed to different ground reflectance
characteristics than those at the exterior of the chambers,
which is a higher trafficked surface than the roof and thus
may have lower reflectivity. Similarly for the CABER base
building temperatures, if the values experienced by the
chambers were not captured to input into the model, trends
would vary between the model and the experiment. The
CABER building had temperatures that not only varied with
time but also with space, which were particularly difficult to
capture. Overall, due to the consistent ability of the model to
follow the trend of the experiment and general agreement
within the range of experimental uncertainty, the model
performance was accepted for the reference case.

A comparison was also conducted for experimental and
modelled reference chamber surface temperatures.
EnergyPlus predicts an average temperature for each
surface, whereas the thermocouples captured five single-
point measurements on each surface (Figure 11). The model
generally predicted surface temperatures within the range of
all experimental temperatures. A major difference between
the model and the experiment were the minimum
temperatures — up to 1°C. The experimental surface
temperatures decreased to 19.5°C, while the model predicted
minimum temperatures of 18.5°C.
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Figure 11 Comparison of simulated wall temperatures to
experimental point wall temperatures (Jan 26 — Feb 15).

Results with PCM

The heating and cooling loads with and without PCM for
continuous sections of the heating and cooling season were
compared between the model and experiments. The full

Proceedings of the eSim 2024 Conference
13th Conference of IBPSA-Canada



- eSim 2024

'|mmamr Edmonton, Alberta - June 5" to 7'

|W!ﬁ% IBPSA Canada
=S ===

conditioning seasons were not used due to some gaps within
the experimental data and weather data.

For the heating load, the experimental and modelling data
were compared for January 12" and February 6™ (Table 3),
and for the cooling load, between April 14" and May 8™,
2023 (Table 4), based on when the chambers required
conditioning load operation. Between 0.3% and 1.86%
difference between the experimental and modelling results
was found. For the heating season, the load was found to be
reduced by 8.15% and 9.28% for the model and experiments,
respectively. For the cooling loads, a 5.06% and 5.35%
reduction occurred with PCM in the model and experiment,
respectively. As such, the model underpredicted the
conditioning load reductions with PCM by 1.13% - 0.29%.

Table 3 Comparisons of heating loads.

Experiment Model Difference
(kWh) (kWh)
Without
PCM 18.68 18.40 1.5%
With PCM 16.95 16.90 0.3%
Difference 9.28% 8.15% -

Table 4 Comparisons of cooling loads.

Experiment Model Difference
(kWh) (kwh)
Without PCM 9.77 9.58 1.86%
With PCM 9.27 9.10 1.84%
Difference 5.35% 5.06% -

Based on the results of the validation study, it can be seen
that modelling a dual PCM-integrated wallboard as two
PCM layers and two wallboard layers within EnergyPlus
could accurately represent the materials in practice. This
finding can be drawn upon in future models using other
building energy modelling tools, as well.

Discussion of Model Limitations

A major limitation associated with the model that was
developed and validated using the in-situ chambers can be
attributed to the design and installation of the chambers
themselves. The chambers are located within the base
building of the CABER facility such that five sides of the
chambers are exposed to the base building conditions (such
that the chambers could behave as a room within a
conditioned building) and one side to the elements. To
promote interactions between the outdoor environment and
the chambers with the hope of decreasing the influence of
the base building conditions, the chambers were designed

with thinner exterior walls and thicker interior walls, ceiling,
and floor within the base building. However, the chambers
were found to be sensitive to the temperature of the space
within the base building which fluctuated between 18°C and
24°C depending on the conditioning system and operation.
This fluctuation did not negatively impact the experimental
results because both chambers were exposed to the same
conditions, however the fluctuations were particularly
difficult to capture within the model. This is because the
temperature variation and corresponding air leakage split
between the exterior and CABER base building could not be
exactly replicated in the model. To capture some temperature
variations, the CABER base building was added to the
model, but ultimately did lead to some discrepancy. The air
leakage and temperatures were modelled as closely as
possible based on the base building temperature and air
leakage measurements taken.

The predictions of air and surface temperatures with
EnergyPlus with and without PCM were found to be a
limitation, under the model constraints within this research.
If the experimental temperature measurements were not
representative of the average temperatures in each chamber,
there would be some associated error. Some misalignment,
albeit relatively small, was found to occur between the
modelled and experimentally-averaged temperatures.

The model was found to be unable to fully capture the
relatively small differences in room air and surface
temperatures that occurred in experiments due to the
implementation of PCM. As such, the EnergyPlus model
would not be capable of fully capturing the benefits of PCM
associated with increased thermal comfort or other benefits
attributed to the PCMs. Other energy modelling tools may
have a higher ability to not only capture the variations in
surface and air temperatures that occur with PCMs over
time, while also capturing the uneven surface temperature
profiles that occur due to PCM and uneven solar gains. The
EnergyPlus model was accurate in predicting the
conditioning loads and due to the small experimental
temperature variations, the model was said to be accurate.

The limitations of the model and experimental results could
be overcome in several ways. Firstly, capturing full surface
temperature maps using methods such as infrared
thermography over periods of days or weeks experimentally
would lead to more accurate average surface temperatures to
which a model could be compared. Alternatively, more
accurate models could be developed to reflect uneven
temperature profiles across a single surface.

Conclusion

The present study was conducted to develop a validated dual
PCM wallboard model for use predicting detailed PCM
performance trends in the future. The aim of this study was
to provide researchers with sufficient experimental and
modelling detail such that the results can be utilized within
experimental validation processes with other modelling tools
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by other researchers in the future.

The results of this validation study show that although
EnergyPlus does not have a single object with the capability
of modelling two PCMs and their associated hysteresis
effects, a combination of two individual PCM layers
accurately represent the scenario. The validated model was
found to agree within 2% of the experimental results for both
space conditioning loads compared. The experimental and
modelling results predict between an 8.2% and 9.3%
reduction in space heating loads with PCM and between a
5.1% and 5.4% reduction in cooling loads with PCM. As
such, a dual PCM-wallboard shows promise for reducing
both space conditioning loads in a cold Canadian climate.

The model and results could be expanded to assess various
room constructions, window sizes and properties, or PCM
properties. This study could then be drawn upon for future
parametric or design studies to further the state-of-the-art
and design practices for PCM thermal storages.
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