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ABSTRACT
Phase change materials (PCMs) can be implemented
into building practice to enhance thermal storage
performance, reduce indoor temperature fluctuations
and improve the thermal comfort of occupants. As
building energy simulation is taking an ever larger
role in the design and analysis of energy efficient
buildings, it is important to understand the
capabilities and performance of these tools. A
popular and powerful building simulation program is
ESP-r, which is capable of incorporating the use of
PCM into the thermal simulation. In this paper, the
existing numerical methods to simulate phase change
materials (PCMs) embedded in passive building
structures are reviewed and two forms of the
modelling scheme are explained in detail. The first
formulation is a non-iterative temperature
formulation, which suffers from the requirement of
extremely small time steps to produce accurate
results. The second formulation is an iterative
enthalpy formulation, which by using an iterative
correction scheme at every time step, can produce
accurate results for comparatively much larger time
step values. It was found that there was significant
discrepancy in temperature profiles at large time step
values when PCMs were introduced. In addition,
multilayered PCM demonstrated more realistic
thermal behaviour than single layer PCM in some
cases.

INTRODUCTION
Building energy consumption and its resulting
greenhouse gas emissions can be substantially
reduced if solar energy is adequately utilized. Storage
of thermal energy in buildings has gained
prominence in the past two decades due to a strong
need to reduce the total thermal energy requirement
(both heating and cooling) in buildings (Zalba et al.,
2004). The integration of phase change materials into
building fabrics can accumulate the gain from solar
radiation during the day and release the stored energy
at night.
Athienitis et al. (1997) performed an
experimental analysis on a test-room with PCM and
found that peak room temperature was reduced by
4% and reduced the heating load at night. Darkwa
and O’Callaghan (2006) studied drywalls with PCM
at different phase change ranges during cooling

season and found that the narrow phase-change range
of PCM was most effective to reduce room
temperature by 17%.
Therefore, the energy
requirement at peak hours can be reduced and precooling or heating becomes possible. Furthermore,
the implementation of PCMs can reduce the indoor
temperature fluctuations and improve the thermal
comfort of occupants.
An important factor in determining the behaviour of
PCM with numerical methods is the calculation of
the corresponding thermal properties (Cp or H) at the
new time step. For instance, in the heat capacity
method one needs to calculate the heat capacity value
in the discretisation equations based on the current
temperature of the node. However, since the
dependence of heat capacity on temperature is highly
non-linear during phase change, an explicit scheme is
often used in many situations where the heat capacity
is calculated from the nodal temperature value at the
previous time instant. This can lead to errors,
especially during phase change where the heat
capacity changes rapidly with temperature. Here in
current paper, the explicit scheme means that the
program calculates the heat capacity of PCM based
on the temperature at the previous time instant. This
should be differentiated from the general usage of the
term explicit in numerical schemes where it normally
means that the current temperature at a node depends
only on the old temperature of surrounding nodes. In
this paper, all subsequent references to the term
explicit or implicit are only with respect to
calculating the thermal properties of PCM, such as
heat capacity or enthalpy. Note that the work
presented here is for passive buildings with PCM.

SIMULATION
PCM Modelling in ESP-r
The governing equations for the heat transfer in the
solid-liquid PCMs are composed of the NavierStokes (momentum) equation, the mass conservation
equation, and the energy conservation equation.
From a mathematical point of view, the momentum
and mass conservation equations can be neglected for
the PCMs because the convective term is negligible
in the PCMs (Zalba et al., 2003). This conclusion
significantly simplifies the numerical analysis.
Therefore, the energy equation is the only governing
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equation for the analysis of PCMs, and can be
expressed as follows,
(6)
(1)
where ρ, H and k are the density, enthalpy and
thermal conductivity of PCMs, respectively. This
simplification is especially so where novel solid-tosolid phase change material (SSPCM) is used (Zhang
et al., 2007 and 2008). There are two types of
numerical methods, namely enthalpy method and
effective heat capacity method. The effective heat
capacity method is utilized in the current work.
The effective heat capacity of the material (Ceff) is a
linear function of the latent heat of fusion on both the
heating and cooling processes. It is inversely
proportional to the temperature difference between
the onset and the end of the phase transition. The
effective heat capacity of the PCM during the phase
change is given as:
(2)
where L is the latent heat of fusion, To is the onset
temperature of phase transition happens and Te is the
temperature when the phase transition completely
finishes. The effective heat capacity method can be
introduced into Equation 1 by defining enthalpy as a
function of specific heat during the phase change
range as follows,

Iterative Correction Scheme
The application of implicit scheme often involves
iterative solutions to correct the thermal properties at
each time step. Pedersen (2007) used Gauss-Seidel
iteration scheme on the enthalpy method during the
iterations in EnergyPlus. Swaminathan and Voller
(1993) proposed an optimum iterative correction
scheme for the enthalpy method. Recently,
Sadasivam et al. (2011) applied the iterative
correction scheme for building simulation.
One of the difficulties in simulating PCM is the nonlinearity of the enthalpy or specific heat during the
phase change. Figure 1 illustrates this problem on a
Cp-T curve. Figure 1a shows the calculated enthalpy
change during a single time step at the onset of phase
change. While Figure 1b shows the actual enthalpy
change for the same time step. This is the primary
reason that iterations are required to compute the
correct enthalpy and temperature when a node is
entering or exiting phase change.

(3)

By assuming the change in density to be negligible
with time, the time derivative term in Equation 1 can
be expanded as,
(4)
Thus, the governing equation (Equation 1) for the
PCM can be expressed as
(5)
where

Figure 1 a) calculated enthalpy change b) actual
enthalpy change
The methodology proposed by Swaminathan and
Voller (1993) is briefly reviewed here. The time
derivative of Equation 1 can be approximated as,
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(7)
Where Hnew is found from a Taylor series expansion
around H*(H* becomes Hold through iteration),
(8)
A graphical representation of the iterative scheme is
shown in Figure 2.

Figure 2(c) shows the path followed by the iterative
scheme during one particular time step. Point 'a'
represents the old state of the node. Point 'b'
represents the new state that is calculated after the
first iteration. The algorithm recognises that it has
overshot from the material’s actual enthalpy curve
and it chooses a new (H*, T*) which is given by
point 'c'. With point 'c' as (H*, T*), the second
iteration is performed and the new state is calculated
as point 'd'. Since point 'd' is found to lie on the actual
enthalpy curve, the algorithm converges.
To aid in analysing the behaviour of the PCM, an
investigation of Biot number and Fourier number is
useful. Hensen and Nakhi (1994) studied the effect
of varying Biot number and Fourier number in ESP-r
on the accuracy of the diffusion equation for heat
flow. The Biot number gives an indication to the
effectiveness of treating a lumped mass with the
same thermophysical properties during a transient
heat transfer analysis. Biot number (Bi) and Fourier
number (Fo) are defined as (Hensen and Nakhi,
1994):
(9)

(10)

(11)

Figure 2 Iterative scheme a)1st iteration 1 b) 2nd
iteration c) illustration of iterative correction

Where h is the convective heat transfer coefficient
(kept constant at 3 W/m2K), d is the PCM layer
thickness, α is the thermal diffusivity, Δt is the time
step, Δx is the node spacing, k, is the thermal
conductivity of the PCM, ρ is the density of the
PCM, and cp specific heat of the PCM (here cp is
defined by Equation 6). In general, smaller Fourier
and Biot numbers are considered to give more
accurate results than larger values. However, it is
interesting to note the relationship between the layer
thickness and the time step. One way of decreasing
the Biot number is to decrease the layer thickness,
which in turn decreases the node spacing. However,
decreasing the node spacing will increase the Fourier
number, which is counterproductive. Thus, as layer
thickness decreases the time step also must decrease
in order for the Fourier number to stay the same.
The main objective of this work is to determine the
applicability of a multilayered approach to model
PCM. This work is an extension of the multilayered
PCM modelling work of Almeida et al. (2010). For a
given thickness of PCM placed in the walls of a
building, it may be necessary to discretize the PCM
material into multiple layers in order to capture the
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transient effects of phase-change process. To study
this, comparisons will be made by using different
number of layers, and time steps for the ESP-r model
while the corrective scheme is implemented with one
layer and a one hour time step.
Problem Definition
The Building Energy Simulation Test (BESTEST) is
a set of tests and procedures to help validate building
energy simulation software (Judkoff and Neymark
1995, Haddad et al. 2001, and ASHRAE 2004). The
International Energy Agency (IEA), US Department
of Energy (DOE), the US National Renewable
Energy Laboratory (NREL), and the American
Society of Heating, Refrigerating and AirConditioning Engineers (ASHRAE) have developed
the test. It consists of a combination of empirical
validation and analytical calculations. BESTEST
also includes a procedure for diagnostic analysis to
determine any discrepancies in building simulation
software. For the current simulation, BESTEST case
600 was chosen as the benchmark to base the
numerical model on. Case 600 is a low mass building
with a single zone. For simplicity, some of the case
600 parameters where not included in the current
simulation. The current model has no windows and
uses Toronto weather data.
A simple single zoned house was modelled in ESP-r
and Matlab. The house has dimensions of 8 m by 6 m
and a height of 2.7 m. There are no windows in the
model, this was done to highlight the effect of the
PCM algorithms. The simulation was performed
using Toronto weather. The floor construction is
made up of three layers consisting of foam, timber
and PCM. All four of the vertical walls are made up
of the same four layers consisting of wood, fibre, and
plaster and PCM. The BESTEST house has a ceiling
made up of three layers, and for this work, PCM was
placed in the interior surface of the ceiling, which
constitutes the one-layer PCM model. For the
multilayered PCM model, the single layer PCM was
replaced with four layers of PCM with the total
thickness remaining the same.
The multilayered PCM allows the Biot number to be
varied by changing the layer thickness (d) and thus
adding more layers in order to obtain the same total
thickness. The Fourier number was changed by
altering the time step of the simulation (∆t) and the
node spacing. Note, that the node spacing is related
to layer thickness. All other variables in the Fourier
and Biot numbers where held constant. The
convective heat transfer coefficient was held constant
at 3 W/m2K. Thermal conductivity is constant at 0.3
W/mK.. Thermal diffusivity takes on either of two
values of 1.26e-6 m2/s (outside of phase change
range) and 1.95e-9 m2/s (inside phase change range).
A summary of the Fourier and Biot numbers used is
shown in Table 1.

Table 1
Summary of ESP-r models
# of layers

Time step

Fo

Bi

1
1
4
4

1 hour
5 minutes
1 hour
5 minutes

1.03
0.09
16.54
1.38

0.04
0.04
0.01
0.01

The PCM used for the simulation was based on a
new solid-to-solid phase change material called
DalHSM (Zhang et al 2007). Since the material stays
in solid state, the thermal conductivity remains
constant. The phase change temperature range is
from 19°C to 20°C and the latent heat of fusion is
80000J/kg. The physical properties are summarized
in Table 2.
Table 2
Summary of PCM properties
Property

Density [kg·m-3]
Thermal conductivity [W·m-1·K-1]
Specific heat [J·g-1·K-1]
Phase change temperature range [°C]
Latent heat of fusion [J·kg-1]

Value
789
0.3
1.6
19~20
80000

DISCUSSION
As a base line for comparison, a complete simulation
comparing the corrective scheme with ESP-r is
shown in Figure 3. The results show the simulated
room temperature of the same model where one
model is using the corrective scheme and the second
model is done in ESP-r. The ESP-r model is done
using a single layer of PCM with a time step of 1
hour which corresponds to a Fourier number of 1.03
and a Biot number of 0.04. The time scale is in days
where January 1st would be day 1 and January 2nd is
day 2, etc. The simulation is from May 15th (day
135) to July 4th (day 185). This period was selected
because for several consecutive days, the PCM is
engaged and thus the corrective scheme is used.
When the PCM material is undergoing sensible
heating and cooling, the ESP-r model and the Matlab
model the room temperature profiles are the same.
However, during the phase change range (between
19°C and 20°C) the two models show a discrepancy.
There are two apparent periods where the ESP-r
model differs from the corrective scheme. The first
period is from May 20th (day 140) to June 19th (day
170). The second period is from June 29th (day 180)
to July 4th (day 185). The cause of the discrepancy
for both of these periods is due to the presence of
phase change. In addition, the differences in the
numerical schemes can even affect the room
temperature for the few days after the PCM is fully
charged, as seen in the second period.
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gives a Fourier number of 0.09 (1 layer, 5 minute
time step). Here the results betwen the ESP-r model
and the corrective scheme in Matlab are almost the
same. The ESP-r model used a time step of 5 minutes
while the corrective scheme used one hour. Here one
can see the advantage of using the corrective scheme
since it allows for the same results as ESP-r but with
a larger time step.

Figure 3 Room temperature comparison of corrective
scheme with ESP-r from May 15th to July 4th
Consider a close up look at one to the peak
discrepancies of Figure 3. Figure 4 shows the room
temperature profile from June 4th (day 155) to June
14th (day 165). Here the number of PCM layers and
timestep in the ESP-r model was changed to
manipulate the Fourier number and Biot number. The
room temperature predicted by the corrective scheme
is now compared to two different ESP-r models. The
Fourier number of the models are 16.54 (4 layers, 1
hour time step) and 1.38 (4 layers, 5 minute time
step)respectively and both models have a Biot
number of 0.01. Here, it can be seen that the ESP-r
model with the smaller Fourier number maches more
closely with the corrective scheme. While the model
with the larger Fourier number has a room
temperature that is mostly flat and only varies by 1 or
2 degrees. This is a similar behaviour to the ESP-r
model in Figure 3. In the particular simulation in
Figure 4, the ESP-r model would have predicted a
stable room temperature while the corrective scheme
and the smaller time step ESP-r model both predict a
temperature drop.

Figure 4 Room temperature comparison of corrective
scheme with ESP-r from June 4th to June14th
Consider the second period of discrepancy from
Figure 3. Figure 5 shows the room temperature
profiles between June 24th and July 4th. Now the
comparison is made with the ESP-r model which

Figure 5 Room temperature comparison of corrective
scheme with ESP-r from June 24th to July 4th

CONCLUSION
This paper summarized the results of two different
methods of analysing PCM for building energy use.
One method is the commonly used apparent heat
capacity method and the other is the iterative
corrective scheme. The corrective scheme was
implemented in Matlab and compared with an ESP-r
simulation. The building model was based on the
BESTEST house and was a simple single zoned
house with no windows which allowed to highlight
the PCM effect. Also, a comparison was made with a
multilayered approach to PCM modelling by
discretizing the PCM into four layers. By having
multiple layers the Biot number and Fourier number
can be manipulated to obtain ideal values.
When the room temperature was outside the PCM
temperature range (i.e. sensible heat), both the
corrective scheme and the ESP-r model gave similar
results.
However, within the phase change
temperature range there were differences depending
on the Fourier and Biot number. In general, the ESP-r
model gave the same results as the corrective scheme
when the Fourier number was reduced below unity.
Work is currently being pursued to implement the
enthalpy method with iterative correction into the
phase change module in ESP-r and TRNSYS. Also,
experiments are currently being developed to validate
these models.
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NOMENCLATURE
Bi
Cp
d
Fo
h
H
k
L
t
T
x

Biot number
specific heat
layer thickness
Fourier number
convective heat transfer coefficient
enthalpy
thermal conductivity
latent heat
time
temperature
node spacing
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Greek Symbols
α
thermal diffusivity
Δ
change/difference
ρ
density
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