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ABSTRACT

Nowadays, buildings are expected to offer demand side services to the power grid to enhance the
electrical load flexibility, which leads to the concepts of grid-interactive efficient buildings
(GEBs). Phase change material (PCM)-based thermal energy storage has seen increasing
attention in recent years for peak load shifting of grid-interactive efficient buildings (GEBS).
Numerical models are critical tools for design and evaluation of PCM-integrated systems. Most
industrial-grade PCMs are reported to melt/freeze over a temperature range instead of at a unique
temperature. Such thermal hysteresis effect significantly affects the reliability of simulation
results because not only the heat transfer process depends on melting and freezing temperatures,
the PCM thermal properties change significantly during the phase change process as well. This
study is aimed to develop a model for the PCMs used in the building envelope with the
capability to accurately simulate hysteretic behaviors. This model is based on a two-phase
assumption and is implemented in a whole building energy performance simulation program (i.e.,
EnergyPlus). A comparison between numerical results and experimental data shows that during a
complete phase transition, the proposed method could achieve a good agreement with the
experimental data. During a partial phase transition, the proposed method could lead to
significant improvements compared to other alternative PCM models, including the existing
PCM model in EnergyPlus. Last, whole building simulations were performed to study this
model's performance regarding heating/cooling loads and zone mean air temperature of a given
building. The results show that the difference in hourly heating/cooling loads introduced by the
models was less than 1% in design conditions, while significant changes were observed in both
hourly heating/cooling loads and zone mean air temperature when the PCM envelope underwent
partial phase transition processes.
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Nomenclature

Cp specific heat capacity, J/kg-K

h enthalpy, J/g

k thermal conductivity, W/m-K
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Acronyms
BPS

DSC
HVAC
MBE
PCM
RMSE
SSE

Subscripts
a

B

v
err

freezing
i

J
lig
melting

p
solid

latent heat, kJ/kg

mass, kg

density, kg/m®

mass ratio

time step

parameter of the & — T function
temperature, K

space interval, m

time interval, s

phase fraction

Building Performance Simulation
Differential Scanning Calorimetry

Heating, ventilation, and air conditioning

Mean bias error

Phase Change Material
Root mean square error
Sum of the squared error

part o of the phase change material
part 8 of the phase change material
the phase change material itself
error

freezing process

i surface node

j™ timestep

liquid state

melting process

peak temperature

solid state




1. Introduction

The use of phase change materials (PCMs) in buildings has seen a significant increase in
research, development, and implementation during the past decade. Solid/liquid PCMs that store
heat or cold in melting and freezing processes are most used in buildings for various scenarios,
including building envelopes (wall, glazing, roof, etc.) [1-4] and HVAC components (e.g.,
thermal energy storage tank) [5-7]. In these scenarios, PCMs are considered as a beneficial
solution because their high thermal energy storage capacity can reduce and delay the daily peak
loads, leading to increased thermal comfort, energy savings, and HVAC system downsizing. For
example, in the study [7], a heat pump coupled with a thermal energy storage tank was
experimentally tested under simulated summer conditions. This system was then applied for
space cooling to evaluate the cold storage behavior of the PCM tank. The results showed that the
PCM tank was able to maintain the indoor air temperature 20.65% longer than a baseline case
with a water tank and could shave the peak load effectively.

Studies evaluating the performance of PCM systems can be categorized as experimental and
numerical. While experimental evaluations such as [8] could capture the actual operational
characteristic of PCM-enhanced systems, their applications are limited due to the time and cost
of experiment deployment and measurements. Numerical simulation, such as [9], on the other
hand, provides a more cost-effective and time-efficient approach and has become more prevalent
during the past few decades.
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Figure 1. Number of indexed articles listed in the Web of Science database



Simulation investigations of PCM-enhanced systems require high-fidelity models of the PCM to
accurately describe the phase change and transfer phenomenon. Figure 1 reports the annual
number of published articles since 1990 retrieved from the Web of Science using "Phase Change
Materials”, "Simulation”, and "Building" as keywords. The figure shows that the number of
published studies on numerical simulation of PCMs in buildings has been increasing quickly
since the 2010s.

For ideal and nearly ideal PCMs, the phase change phenomenon can be assumed to occur at a
single temperature. However, the melting and freezing processes of industrial-grade PCMs, such
as the one shown in Figure 2, take place over a temperature range [10]. In addition to hysteresis,
sub-cooling in the freezing process — that is, freezing starts below the freezing point — further
increases the non-ideal behavior. The importance of hysteresis and sub-cooling effects has been
investigated and confirmed in [11, 12]. These non-ideal behaviors raise great challenges in
developing simulation models of PCMs.

There have been many research works and papers on the modeling methods for the phase change
processes in the past several decades. These models can be mainly categorized into two groups.
One group of modeling methods addresses the phase change processes when PCMs undergo a
complete phase change, which means phase changes consist of complete phase transitions from
solid to liquid or vice versa. This set of models mainly focuses on the mathematical
representations and determination of the two h-T curves, as shown in Figure 2. These models are
relatively easy and do not represent any challenging problem. For example, in [13], Dolado et al.
used polynomial functions to build the empirical models for these two h-T curves based on
experimental data. The results showed that these polynomial models could achieve a relatively
good agreement with the experimental data. Many other transition functions are also used to
describe the h-T relationships, including the piecewise linear function in [14], the exponential
function in [14], etc.

The other group of research works mainly addresses the computational models when partial
phase changes are undertaken. That is, the phase transition from one state to another is
interrupted before it is completed. Compared to complete phase change, it is more challenging to
describe the behaviors of PCMs after interruptions. For example, the model proposed by
Delcroix et al. [15] can achieve a good agreement with experimental data for a complete phase
change process with hysteresis, but for a partial phase change process, a significant mismatch
was observed between simulation results and experimental data. There are also a few other
research papers attempting to address this issue, including the approaches proposed by Barz and
Sommer [10], Bony and Citherlet [16], Goia et al. [17], etc. A detailed review of these
approaches of phase change hysteresis will be presented in Section 2.1.

Based on the approach by Bony and Citherlet [16], Chandrasekharan et al. [18] presented an
enhanced simulation module of PCMs in EnergyPlus, and this is also the current PCM hysteresis



model in EnergyPlus at the time of writing. This approach assumes that after the
melting/freezing process is interrupted, the PCM will switch to the other curve and the transition
process is modeled as a straight line between these two curves. However, based on experimental
tests conducted by Delcroix et al. [15], after interruption a PCM would adopt an intermediate
curve in the transition area between these two curves instead of directly switching to the other
curve. This can also be confirmed in our case study section that a significant discrepancy
between experimental data and the modeling result of the current EnergyPlus hysteresis method
can be observed.

Therefore, a hysteresis method that better handles the hysteresis behavior is proposed in this
study, which assumes that the PCM structure can be viewed as a mixture of solid and liquid
materials, and a parameter—phase fraction is used to determine the PCM state during phase
change processes. This hysteresis model will be referred to as the two-phase approach in this
paper. This method is adapted from the static hysteresis model presented by Ivshin and Pence
[19]. Another novelty of this work is implementing this two-phase hysteresis model in
EnergyPlus to enhance the simulation capability for the PCM-based building components in
whole building simulation program. There are also many other building performance simulation
(BPS) programs that allow us to evaluate the PCM-based building components, such as
TRNSYS [15, 20], Modelica [21], ESP-r[22], etc. With the proposed two-phase hysteresis
method, the hysteresis simulation modules in these BPS programs can also be further enhanced.
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Figure 2. Enthalpy (H)-Temperature (T) performance curves of an industrial-grade PCM
(RUBITHERM SP 26E [23])

The aims of the study in this paper are:

e To propose and develop a PCM model that can simulate the hysteresis effect of PCM-
based building components, especially in partial phase change processes; and

e To analyze the effect of PCM model on building energy consumption estimation, system
sizing, etc.; and



e To provide the community of researchers a PCM modeling tool that can be used to
simulate the PCMs' load shifting capability and to design operating schemes that can
better overcome the supply-demand gap.

This paper is structured as follows. First, a model is developed based on a two-phase assumption
in [24] and then implemented for PCM-based building envelopes in a whole building simulation
program, EnergyPlus [25]. The proposed model is validated with experimental data from [8] and
compared with several other PCM models. Based on the model, a sensitivity analysis is then
conducted on the impact of PCM property parameter uncertainty on the simulation accuracy to
identify those to be measured with great care. Finally, the proposed two-phase method is used in
whole-building simulations and compared with other existing PCM methods to demonstrate its
enhanced accuracy.

2. Methodology

This section starts with a brief overview of existing studies on the PCM modeling method for
building energy simulations, followed by a mathematical explanation of the proposed model and
its implementation in EnergyPlus.

2.1. Overview of PCM models in building energy simulation

In this study, EnergyPlus is selected as the BPS tool to implement the proposed PCM hysteresis
model. EnergyPlus is a whole building simulation program that integrates envelope, HVAC,
water, and renewable energy source simulations and has now become a leading BPS tool after 20
years of updates [25]. EnergyPlus has a rich inventory of features for various simulation
situations, including its heat balance-based solution for building thermal load, easy-to-use
interfaces to other popular simulation programs and environments, the well-designed structure
that facilitates adding new features, etc. Besides, it is free and open-source and has thus been
widely used in many research and professional studies.

1). Heat transfer model of PCM in EnergyPlus

In BPS the heat transfer in building envelopes is usually simplified as one-dimensional process.
These heat transfer problems are solved with two methods: the Conduction Transfer Function
(CTF) method and the Conduction Finite Different method (CFD). The CTF method uses a
single linear time series equation to describe the heat transfer process. Due to its simplicity and
linearity, it can calculate the building load and surface temperatures in a time-efficient way and
has been widely used in EnergyPlus and many other BPS programs. However, the CTF assumes
constant material properties across the entire material and, therefore, cannot handle the dynamic
thermal behavior of phase changing phenomenon. In contrast, the CFD method takes the
property variation into account. In 2007, an implicit finite difference algorithm was developed
and included in EnergyPlus to serve this purpose [25]. Figure 3 shows the grip points for a one-
dimensional wall using the finite difference method. Based on this CFD algorithm, for an



internal node, the heat conduction transfer process could be solved by Eq. (1). This formulation
allows the material properties such as density (p), thermal conductivity (k), and specific heat
capacity (cp) to be either constant or time-dependent.

pepbx (T j—Tjj—1) _ k(Ti-1,j—Tij) + k(Tiy1,j—Tij) Q)
At Ax Ax

where p is density, c, is specific heat capacity, T indicates node temperature, k is thermal
conductivity, Ax is position difference, and At is the time difference. Subscripts i-1, i, and i+1
refer to nodes, and Subscripts j and j-1 refer to appropriate time steps.
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Figure 3. Grid points location for finite difference methods

Then, a second equation that calculates the material specific heat capacity c, is required to
account for the dynamic thermal behavior of PCMs, as shown in Eq. (2).

c = hij—hij-1 (2)

P Ty -Tij
where h refers to enthalpy, and subscripts indicate nodes and appropriate time steps.

Besides, additional equations that relate enthalpy h and temperature T are used to describe the
phase change behavior of PCMs, as shown in Eq. (3). In Pedersen's finite difference method in
2007 [26], the enthalpy-temperature curve is a single curve that describes both melting and
freezing processes as shown in Figure 4.

hi; = f(T;j) (3)

where f is an enthalpy-temperature function that uses temperature to calculate the enthalpy value.

This model was then validated in the study by Tabares-Velasco et al. [27], which showed
acceptable annual and monthly simulation accuracy was achieved for ideal/pure PCMs with a
small time interval. The accuracy was assessed by Root Mean Square Error (RMSE) between
EnergyPlus's PCM models and baseline models that use CTF without PCM in their study. To
achieve accurate hourly simulation, a small node space was also required. However, significant
accuracy issues were identified for PCMs with strong hysteresis behaviors, as shown in Figure 4.



| —Melting

Enthalpy
Enthalpy

| —Freezing

Temperature Temperature

(@) (b)

Figure 4. Enthalpy-temperature curves for (a) ideal/pure PCMs and (b) industrial-grade PCMs
with hysteresis behaviors

2). Hysteresis behaviors

Hysteresis of PCMs is defined as the discrepancy between the melting and freezing process, as
shown in Figure 4(b). Hysteresis is mainly due to primary nucleation and crystal growth
mechanisms, which lower the crystallizing temperature compared to the melting temperature
[28]. As a result, two separate functions are needed to represent the enthalpy-temperature
relationships during melting and freezing, respectively. In addition, special attention is required
to the transition region and transitional behavior between the melting and freezing curves when
PCMs are undergoing partial phase change processes.

3). Current modeling approaches for transitional behaviors

There are already several studies of the incomplete phase change process in transition regions.
The first method, usually called the "one-curve method" [18], assumes that a PCM will follow
the same curve when the phase change process is interrupted. For example, if the temperature of
a material, which is initially increased on the melting curve in the transition region, is decreased
suddenly(see point 1 in Figure 5(a)), the phase change process will follow the melting curve in
the reverse direction until the next interruption occurs (see point 2a in Figure 5(a)). This means
that the hysteresis behavior for such materials could only be observed when it is cooled from a
complete liquid state. The transition from freezing to melting is similar, as illustrated in Figure
5(b).

Bony and Citherlet [16] proposed a different approach in that the transition between melting and
freezing curves is a straight line. For example, if the melting process is interrupted (see point 1 in
Figure 5(a)), the PCM will follow a straight line 1-n between the freezing curve and the melting
curve to reach the freezing curve. This cooling process will continue until the next interruption
(see point 2c). Also, the transition from freezing to melting can be observed in Figure 5(b). More
detail about the mathematical representation of the switching lines is provided in [18].
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Figure 5. Transitional model: (a) interrupted heating scenario (b) interrupted cooling scenario

Besides, Goia et al. [17] proposed that the PCM will follow the process indicated by path 1-1-2d
in Figure 5 if a phase change process is interrupted. In their study, if an interruption is observed,
the PCM will directly assume another phase change curve.

Recently, experimental tests conducted by Delcroix et al. [15] showed that instead of the
aforementioned three paths, an organic PCM would adopt an intermediate curve between the
melting and freezing curves and proceed to point 2b as indicated by path 1-m-2b. This outcome
suggests that it is necessary to develop another modeling method that could account for such
intermediate behavior.

2.2. The two-phase modeling approach
1). The two-phase assumption

The proposed two-phase modeling approach assumes that PCMs could be viewed as a mixture of
solid and liquid materials over the temperature range. This approach has already been
successfully applied to PCMs in a study [29]. According to this approach, PCMs could be
quantified by a characteristic parameter—phase fraction, which is defined as the ratio of the mass
of liquid materials to the mass of both solid and liquid materials, as shown in Eq. (4).

— Miiq

- mliq+msolid' (4)
where ¢ denotes the phase fraction, and mjig and msiig are the masses of solid and liquid phases,
respectively. This parameter & could take a value between 0 (fully solid) and 1 (fully liquid) to
represent the PCM state. In the following subsections, a hysteresis transitional model is
developed based on this assumption.

2). The proposed hysteresis transitional model

Based on the aforementioned two-phase assumption, a PCM is considered as two distinct parts,
and each part follows different curves. Taking an interrupted melting as an example, as shown in
Figure 6(a), the PCM is initially melting along the melting curve in the transitional region, and at
timestep t;, its temperature is decreased (see point y(t;)). According to the two-phase assumption,



the PCM, denoted as y, could be viewed as a mixture of two parts--a and S and the phase
fractions of these two parts at timestep tj are &, (t;) and ¢4 (t;), respectively. In this case, part j is
completely solid (see point A(tj)), which means &z (t;) is zero, and its mass ratio of the total PCM
is assumed to be rg. Part a is located on the freezing curve (see point a(t;)), and its mass ratio is r,.
Therefore, the relationship between &, (t;), {z(t;) and &, (t;) could be determined by Eq. (5).

Sa(tj) 1o (t;) + Ep(ty) - 15(t5) = &, (1)) (52)

et =1 (5b)

where 7, and 7 are the mass ratios of part « and part § to the total PCM y, and could be
mathematically expressed as r, = :—j and g = Z—i.

In addition, two-phase fraction-temperature (& —T) curves for both freezing and melting
processes will be constructed to calculate the phase fraction value based on the current
temperature. The construction of these two & — T curves will be discussed later in the following
section. As shown in Figure 6(a), point o is on the freezing curve, and its phase fraction could be
determined by current temperature T;, where &,(t;) equals to Efreesing(T). Point B is in a
completely solid state, and its phase fraction is zero. Then, at the timestep tj, Eq. (5a) could be
converted to the following equation.

ffreezing (T]) Ty +0- g = fy(tj) (6)
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Figure 6. Two-phase hysteresis model (a) interrupted melting scenario (b) interrupted freezing

scenario

In addition, all the state variables of the PCM at the timestep tj, including the current phase
fraction Ey(tj), current temperature T;, etc. are known when we are calculating the state of the
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PCM at the timestep tj.1. By solving Eqg. (6) and Eq. (5b), the mass ratio values r;, and rz could
be uniquely determined.

Then, these two parts o and g will proceed separately until the next timestep tj+1 (see points a(tj+1)
and S(tj+1) in Figure 6), and the PCM temperature becomes Tj+1. The phase fractions of both part
a and g at timestep tj.; become &, (t;,1) and §g(tj44) , respectively, and could then be computed
based on the two-phase fraction-temperature (§ — T') curves. That is, 4 (tj11) 1S &freezing (Tj+1)
and &g (tj41) s still zero because part f is in a solid phase. With the mass ratios of part o and
part 8, the total phase fraction at timestep tj+1, &, (¢;11), could be obtained by weighted summing
the phase fractions of part o and part . These behaviors for the cooling case are illustrated by the
hysteresis algorithm represented by Eq. (7a). Similarly, the hysteresis algorithm for the heating
case could also be derived, as shown in Eq. (7b).

Sy (L))
gfreezing (Tj)

Ey(tj+1) = Efreezing(’]}+1) ' if Tj+1§ Ty (73-)

1_$y(tj)
1- smelting (Tj)

Ey(tj+1) =1- -(1- fmelting(Tj+1)) if Tj+1>Ti (7b)

However, we still need an approach that yields the specific heat capacity and enthalpy of the
PCM based on the phase fraction. The approach employed in this study is taken from Gaur and
Wunderlich [29]. According to Gaur and Wunderlich [29], the specific heat capacity of the PCM
in a transition region is approximately a linear combination of the contributions from sensible
heat and the contributions from latent heat, as shown in Eq. (8).

aé
Cp&= fCp.ll'q + (1 - f)cp,solid + d_Thlatent (8)

where ¢, ;i and ¢, 5015 are liquid-state and solid-state specific heat capacities, respectively, and

hiatene 1S the latent heat released or absorbed during the phase change process. All these three
values are property parameters of the PCMs, which are usually available from experiments or
manufacturers' data sheets. It should be noted the latent terms could be approximated by a
discrete form as shown in Eq. (9).

Cp&+= fCp.ll'q +(1- f)cp.solid + %hlatent (9)
With specific heat capacity, the enthalpy of the PCM could be easily updated with Eg. (10).
hjva =hj+cpe (Tjpa = Tj) (10)

3) Construction of phase fraction-temperature (¢ — T) curve
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In the current version of EnergyPlus (i.e., EnergyPlus 9.6 [30] used for this study), three-
parameter exponential functions, taken from a study by Egolf and Manz [14], are used to
describe the enthalpy-temperature (H-T) curves. Therefore, in our approach, a similar three-
parameter exponential function is also used to represent the phase fraction-temperature (¢ — T)
curves. The reasons are two-fold. First, the existing studies suggest that three-parameter
exponential functions could achieve a good agreement between experimental and modeling, as
presented in [18]. Second, when implementing the proposed hysteresis model in EnergyPlus, we
could directly utilize the current input interface if our model inputs are consistent with current
EnergyPlus PCM hysteresis model inputs.

The & — T functions employed in our model are shown in Eq. (11) and Eq. (12), where Ty, 71, and
7, are model parameters and should be fitted from the measurement data. These data are usually
available from both experiments (e.g., Differential Scanning Calorimetry DSC measurements) or
manufacturers' data sheets. The curve fitting process will be illustrated in later sections.

&(T) = %(e_ZITPI) for 7<T, (11)
§M=1-- (e_ZETpl) for T>T, (12)

It should be noted that there are also many other different functions for the & — T curves,
including piecewise linear functions, polynomial functions, or the Weibull density function used
in [24]. Further details could be obtained in [31, 32], and based on their study, the three-
parameter functions employed in this study could achieve comparable estimation accuracy
without requiring too many parameters.

2.3. Implementation in EnergyPlus

The proposed hysteresis transitional model was then coded to the EnergyPlus program to replace
the current phase transition calculation method. The implementations of the existing hysteresis
model consist of two parts. The first part implements the conduction finite-difference solution
algorithms, which were first added to EnergyPlus in version 2.0, released in April 2007 [33].
This algorithm uses a semi-implicit finite difference method with auxiliary enthalpy-temperature
functions to account for the phase transition process. The enthalpy-temperature functions are
implemented in the second part, where a phase transitional model is also implemented. Therefore,
the proposed hysteresis transitional model could be implemented by mainly modifying two
source code files associated with these two parts. Most modifications were replacing existing
phase transition process methods with the proposed method. All source codes and executable file
for this modified EnergyPlus version has been uploaded to the Github repository [34].
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3. Model Validation

The proposed PCM model is tested against the experimental data from Goia et al. [8, 17] taken
on a commercially available PCM product from Rubitherm [23]. The proposed PCM hysteresis
model is also compared with the existing PCM hysteresis model in EnergyPlus. In this section,
the procedure to construct ¢ — T curves from the property data of the PCM product is discussed,
followed by a brief introduction to the experimental setup in [8, 17]. Then the comparison of the
results is presented and discussed. Finally, a whole building simulation case study of a PCM-
based building envelope is presented to show the impact of different hysteresis models on the
building energy performance and sizing results of the HVAC system.

3.1. Construction of & — T curve functions from measurements

Differential Scanning Calorimetry (DSC) is a widely used method to measure thermal behavior.
The plot (a) in Figure 7 shows the original recorded DSC signals for both heating and cooling
processes. It could be observed that there is a clear hysteresis behavior as the melting and
freezing peak curves reach their peaks at different temperatures. Cumulative DSC curves, as
shown in plot (b), could be generated by integrating the original recorded DSC signals over the
temperature. These two curves are also the enthalpy-temperature curves of the material. The
sensible heat capacity is then calculated from the property data in Table 1 and subtracted from
the cumulative DSC signals. The results from this step are normalized to the (0,1) range (see the
plot in Figure 7(c)). These curves in Figure 7(c) are exactly the phase fraction-temperature
curves that we will use to construct the ¢ — T functions.

Table 1. Thermophysical properties of Rubitherm SP 26E

Property Value Unit
Melting range 25~27 [23] [°C]
Freezing range 25~24 [23] [°C]

L 180 [kJ/kg]
Cp (both phases) 2 [kJ/kg-K]
Psolid 1.5 [ka/l]
pliq 1.4 [ko/l]
k (both phases) ~0.5 [W/m-K]
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From the plot in Figure 7(c), the curve parameters for ¢ — T curves (Eq. (12) and Eq. (13)) of
both freezing and melting processes could be estimated. In this paper, the least square method is
employed for the estimation. The least-square estimation method estimates model parameters by
minimizing the sum of the square errors (SSE) between calculated and measured values. Eq. (13)
is the mathematical representation of the sum of the square errors of our curve models. An
optimization problem is formulated and solved to minimize the SSE for both melting and
freezing functions.

SSEZy = = %(& — &)* (13)

where &; and &, are the measured and the estimated phase fractions, respectively.

Table 2. & — T curve parameter estimation results

Tp (°C) 71 7
Melting 26.0 2.2 0.5
Freezing 24.1 3.0 1.0

Table 2 shows the curve fitting results for both melting and freezing curves. From this table, the
peak melting point and freezing point of the PCM are 26.005°C and 24.114°C, respectively,
which are consistent with the property data listed in Table 1.The curve fitting results are shown
in Figure 8, which clearly shows that the results are in good agreement with an R? value between
the DSC data and the model higher than 99%.
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Figure 8. Fitting results of £ — T curves for Rubitherm SP 26E
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3.2. Experimental data description

The experimental data are taken from a study by Goia et al. [17], and the experimental setup is
briefly introduced here. Figure 9 shows the layout of the measured specimen—the sandwich wall
panel, which has two gypsum board layers and a PCM layer in between. Detailed dimensions of
the specimen can be found in [8]. Temperatures were measured by thermocouples, with two
placed on the upper and lower surfaces and one in the middle of the PCM specimen.

/\/

HFM upper plate

gypsum board~

- rucm up
polycarbonate < [T ®
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HEM lower plate

Figure 9. The layout of the sandwich wall panel (adapted from [17])

The Heat Flow Meter Apparatus was then used to conduct dynamic experiments. Specifically, a
sinusoidal temperature solicitation with a period of 24 h was imposed in the upper place while
the lower plate was maintained at 26°C. The test duration of this experiment was two sinusoidal
cycles (i.e., 48 hours), while the first few hours were just for an initialization period. In addition,
two groups of tests were carried out with different amplitudes for the sinusoidal signals (i.e.,
+12°C for the complete phase change scenario and +6°C for the incomplete phase change
scenario).

3.3. Simulation of the PCM panel in EnergyPlus

Based on the heat flux experiments described in section 3.2, two EnergyPlus models using the
proposed hysteresis methods were constructed for complete and incomplete phase change cases.
To control the temperature profile of the upper and lower plates, methods like the one used in [17]
were employed where the surface convection coefficient is set to infinitely high, and the surface
outside temperature is given in a schedule. The upper surface of the wall panel (see Figure 9)
was forced as the same sinusoidal temperature profiles as that of the experiments. That is, a
sinusoidal temperature profile with an average value of 26°C and an amplitude of +12°C was set
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for the complete phase change scenario, and another profile with an amplitude of +6°C was set
for the incomplete phase change scenario. Besides, the periods of both the complete and
incomplete sinusoidal temperature wave are one day. For the lower surface of the wall panel, the
surface temperature was always kept at 26°C. Then, one phase change hysteresis object was
created with the properties given in Table 1 and curve parameters in Table 2.

The EnergyPlus simulation environment is configured with the Conduction Finite Difference
method as the heat balance algorithm and 20 timesteps per hour (i.e., a timestep of three minutes).
The simulation timestep could be changed to get more accurate results. However, this should be
in the range of one to three minutes because three-minute is the longest timestep for the
Conduction Finite Difference method, and one minute is the shortest timestep allowed by
EnergyPlus.

Three methods of modeling PCM were in the EnergyPlus simulation environment. (1) The
proposed two-phase method uses two-phase fraction-temperature curves for both freezing and
melting processes (Figure 8); (2) the Current E+ method uses two enthalpy-temperature curves
for both freezing and melting processes (Figure 2). This method is also illustrated in Figure 5 as
path 1-n-2c; (3) EMS-based method using the EnergyPlus EMS approach presented in this study
[17]. This method also uses two enthalpy-temperature curves for both freezing and melting
processes (Figure 2). In Figure 5, this method is illustrated as path 1-1°-2d. The properties of the
PCM in the simulation are all using that of Rubitherm SP 26E (Table 1).

3.4. Results

The simulation results for all these three different methods are demonstrated in Figure 10 and
Figure 11. The temperature presented herein is the node Tycm, the temperature at the center of the
PCM layer in Figure 9. To quantitively compare the performance of these three methods, the
following indices are used based on [35] and recommended in ASHRAE Guideline 14 [36] to
quantify the model accuracy.

e MBE (Mean Bias Error) is calculated according to Eq. (14), which is the average of the errors
between simulated results and experimental measurements for node temperature in the middle of
the PCM layer, Tpem.

MBE = W (14)

where n is the total number of the observations in a certain experiment, s; and e; are the simulated
and experimental values, respectively.

e RMSE (Root Mean Square Error) is calculated according to Eqg. (15). To avoid cancellation
problems, it calculates the squared errors between simulated and experimental values for Tyem.
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Y (si—e)?

RMSE = (15)

e R? score is defined as Eq. (16), which is a widely used statistical index to measure how good
the simulation model could match with the experimental values. It takes a value between 0.00

and 1.00, where a larger R? means a better match between simulated and experimental values for
Tpcm..

n e pN\2
Rz =1- Yi—1(si—ep) (16)

Z?:l(ei_e_)z

In Table 3. Error indices for different hysteresis Table 3, the values of these three indices for two
scenarios (i.e., complete and incomplete phase change) are presented.

Table 3. Error indices for different hysteresis methods

Scenario Method MBE RMSE R
[°C] [°C] [-]
Complete Two-phase method 0.50 0.80 0.92
Current E+ method 0.53 0.83 0.91
EMS-based method 0.85 1.03 0.89
Incomplete Two-phase method 0.59 0.80 0.68
Current E+ method 0.57 0.68 0.44
EMS-based method 0.55 0.61 0.58
—— Two-phase Current E+  —— EMS === Exp

1.0 4
30+

Temperature(°C)

e (0.5 1
75 K
0.0 1
204,
20 25 30
hour Temperature("C)
(a) (b)

Figure 10. PCM temperature evolution during the complete phase change process. (a)
comparison between experimental data and simulations. (b) corresponding simulation phase
fractions for the proposed two-phase method in the & — T plane.
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Figure 10 shows the PCM temperature profiles for all three methods and experimental values for
the complete phase change case. The first few hours of the experiments are initialization periods
and are the same for all three cases; the validation starts from the 12" hour. A qualitative
inspection of Figure 10(a) shows that the proposed two-phase method and the current
EnergyPlus model method show a clearly better match with the experimental values compared to
the "EMS" method. This could also be quantitively confirmed from Table 3, where both these
two methods resulted in smaller MBE and RMSE values and larger R? scores. This suggests that
the hysteresis effects are better accounted for by these two methods.

Besides, it could also be observed that the simulated results from both the two-phase method and
the current EnergyPlus model are nearly identical. This is because in the complete phase change
process where no significant transitional behaviors are recorded, the proposed ¢ — T algorithm
and the default H-T algorithm used in EnergyPlus are interchangeable.

There are, however, significant mismatches between the experimental and simulated temperature
values for all three methods for a short period after the start of the cooling period (see the parts
circled in Figure 10(a)). This is because none of the three models considers the supercooling
behavior. Consequently, the simulated temperatures after supercooling are higher than the
experiment. Following the definition in other studies, supercooling of a PCM in this study means
"the delay in the start of freezing process” [37].

The corresponding simulated phase fractions for the proposed two-phase method can be seen in
Figure 10(b). It could be observed that the freezing process closely followed the freezing curves
while the melting process adopted an intermediate curve close to the melting curve. This slight
divergence is because the PCM has not fully crystallized because the endpoint of the freezing
process for this PCM is around 18 °C (see Figure 8).

= Two-phasec - Current £ — EMS - BXp

28 4 1.0

S
i
3 264
:z— /
= " /
= ofivezing o] !
2 ; A /
24 4 / 4
] ‘v -
> o’ Smeltin
0.0 =w====" o
0 6 12 18 24 30 36 42 48 20 25 30
hour Femperature(°C)
(a) (b)

19



Figure 11. PCM temperature evolution during incomplete phase change process. (a) comparison
between experimental data and simulations. (b) corresponding simulation phase fractions for the
proposed two-phase method in the £ — T plane.

Figure 11 shows the PCM temperature profiles for these three methods and experimental values
for the incomplete phase change case. Compared to the complete case, larger errors are observed
for all three methods. As shown in the circled parts in Figure 11(a), the mismatch due to the
supercooling effect is even more significant in this case. One possible reason is that unlike the
temperature profiles shown in Figure 10(a), where the impact of supercooling effect has nearly
faded away at the end of the freezing process, the divergence in Figure 11 was still remarkable at
the end of the freezing process(i.e., when the hour reached 24). An immediate consequence of
this is that the onset point of melting processes at hour 24 in all three simulation methods is
approximately one degree Celsius higher than that in the experimental case. As a result, clear
mismatches between the simulated results during the following melting process after this onset
point and the experimental values are observed (i.e., when the hour is between 24 and 30 in
Figure 11). However, Figure 11 highlights that the temperature profile of the proposed two-
phase method when the hour is between 24 and 30 has a more similar shape to the experimental
results compared with the other two methods. This could be further confirmed with the R? score
of these three methods because the two-phase method has a significantly higher R? score and a
higher R? score means the simulated results could replicate the experimental results in a better
degree.

The effect of supercooling has long been recognized as a problem for the simulations of
PCMs[38], and because the freezing process critically depends on the supercooling level, the
neglect of supercooling might be problematic in some cases. Supercooling is caused mainly by
nucleation and crystal formation mechanisms, and it prevents the freezing process from starting
at the nominal temperature. Instead, a temperature drop below the freezing temperature is
required to initialize the nucleation of the solid phase. There are a few studies attempting to solve
this issue. In the study by Uzan et al. [28], a parameter was used to predict the degree of
supercooling that the PCM reaches and determine the enthalpy-temperature relationship of the
PCM. The validation results showed that their model corresponded fairly well to their
experimental results. However, the model presented is not a macroscopic model method and
might be challenging to be applied to PCM-based building components. Also, as pointed out by
Barz et al. [24] the supercooling effects are rarely considered in current macroscopic model and
further studies are required.

4. Case study of PCM-based building envelope in EnergyPlus

A case study was conducted to investigate the effect of adopting the proposed two-phase method
in the whole building energy simulation using EnergyPlus. The simulated building is a single-
story one-zone office building in Denver, Colorado, with PCM wallboard on all four external

20



vertical walls. This case study investigates the impact of different PCM hysteresis algorithms on
the simulation of heating/cooling load, and the zone mean air temperature. The simulated zone
uses an ideal load air system where the cooling/heating rates of this system are exactly the
cooling/heating load of the conditioned zone. Three sets of simulations were carried out using
the same building model with different PCM hysteresis algorithms: (1) the proposed two-phase
method; (2) the current E+ PCM method with default hysteresis model; (3) without hysteresis
where the current single-curve PCM method in EnergyPlus was used without considering
hysteresis effects. The properties of Rubitherm SP 26E (Table 1) are used for all three cases,
while only one enthalpy-temperature curve is used, and this curve is obtained as the average of
the freezing and melting curves shown in Figure 2.

First, three simulations were carried out to study the cooling/heating rate in different weather
conditions when a partial phase change could be observed. The hourly heating/cooling rate
comparisons are shown in Figure 12. The heating/cooling rates were found to be the same with
the two-phase method and current E+ method before the "valley” (or "peak™ for the cooling
case), and then significant differences could be observed after that. This is consistent with the
results presented in Section 3.4. That is, the proposed two-phase method yielded the same results
as the current E+ method before the phase change process was interrupted. After the interruption,
as long as partial phase transitions occurred, the results with the two-phase method showed a
significant difference from the results with the current E+ method. In this case, the maximum
difference between these two methods was close to 20%. Also, the heating/cooling rates with the
proposed two-phase method were found to be different even before the "valley" (or "peak" for
the cooling case) when compared to the non-hysteresis method. This is because the results of the
non-hysteresis method started to diverge after the phase change process began.
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Then, another set of simulations were carried out to study the effects of the PCM hysteresis
methods on the thermal storage capacity of the PCM building envelope or the operation schemes
when PCM is used as a demand response source (e.g., load shifting). These three simulations are
based on the same building models with different operation schedules. For the cooling season,
the cooling system was staged off after 18:00, and for the heating season, the heating system was
turned off after 14:00. These on-off operation schedules are intentionally designed to make sure
the PCM could experience partial phase change processes. From Figure 13, the maximum
differences in zone mean air temperature between the two-phase method and the current E+
method in both heating and cooling cases were approximately 1°C. Therefore, if the PCM-based
envelope is used as a demand response source by shifting the heating/cooling from peak period
to off-peak period while still maintaining the same thermal comfort, the optimal operation
schemes in these two methods will certainly be different if partial phase transitions are involved.

Last, three other simulations were carried out to study the cooling/heating rate in design
conditions, which were also meant to compare the HVAC equipment sizing results using
different PCM hysteresis algorithms. The results are shown in Figure 15. The difference in
cooling rate between the two-phase method and the current E+ method is small. As PCM
temperature profiles in Figure 15 (c) and Figure 15 (d) illustrate, no partial phase transition was
recorded in both cases. Section 3.4 explains that for complete phase change processes, the
proposed two-phase methods will output similar results as the current E+ method. Besides, the
cooling rates in the hysteresis models, both the two-phase method and the current E+ method,
showed a clear decrease when compared to the non-hysteresis model. This is because the
hysteresis effect is quite significant to the PCM layer temperature, as shown in Figure 15 (c). In
the heating case, both the heating rate and PCM layer temperature are nearly the same in all these
three methods, as shown in Figure 15 (d). This is because no phase change was recorded, as
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could be seen in Figure 15 (d), that the phase change temperatures of the materials are higher
than the temperature of the PCM layer in the heating case. Therefore, the proposed hysteresis
model does not show clear advantages in design conditions compared to the current E+ method.
Hence, the equipment sizing results will also be similar between the proposed model and the
current E+ model.

In addition, from Figure 14 we can observe the composition between complete phase change
and partial phase change in one week from July 1st to July 7" in the cooling case. It can be
observed that in the early morning of the first two days and the last day of this week, the PCM
layer started to freeze as the outdoor air temperature dropped, while before the freezing cycle
was completed at around 6am the PCM layer temperature started to rebound. Besides, there were
seven complete phase transitions, either freezing or melting, in this week, as marked in this
figure. Therefore, partial phase change occurred quite frequently in this week, which means that
it is necessary to apply a better PCM model to account for the hysteresis effects. It should be
noted that the frequency of occurrences of phase transition depends on the weather conditions,
the PCMs’ thermal properties, etc. Therefore, the PCMs in building applications should be
properly selected and designed to improve the frequency of occurrences of phase transition to
better leverage its latent thermal capacities.
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5. Parameter sensitivity analysis

Validation results in Section 3 suggest that the proposed two-phase model could provide accurate
results compared to experimental data. At the same time, it is still not completely accurate when
was applied to the partial phase change process. Within the simulation model using the proposed
two-phase method in Section 3.3, in addition to the { — T curve parameters, many other
parameters may also influence the model accuracy and are often specified by the manufacturers'
data sheets which might be inaccurate due to various reasons (e.g., measurement uncertainties,
improper storage, etc.). In this section, taking the simulation model in section 3 for an
incomplete phase change scenario that uses the proposed hysteresis method as an example, a
sensitivity analysis was performed to identify the parameters that have significant influences on
the final errors between the simulation results and experiment results. These results could serve
as a guideline for the priority of accurate measurement of PCM thermophysical properties.

5.1. Sensitivity analysis methodology

The sensitivity analysis includes 13 parameters that represent the thermo-physical properties of
the PCM. Table 4 shows these parameters as well as their probability distributions. The property
parameters (e.g., density) were assumed to be normally distributed, and a perturbation of 5% was
used as their variances based on the spec sheet of Rubitherm SP 26E. For the curve parameters of
both freezing and melting process (e.g., Tpmetiing), they were assumed to follow a uniform
distribution and a perturbation of +5% were also applied to their nominal values. The output of
the sensitivity analysis is the R? value between the simulation and experimental results for the
node temperature in the middle of the PCM layer, Tpem.

Table 4. Probability distributions of the parameters studied

Parameter Distribution Unit Source
Thermal Conductivity(solid), Ksoiig N (0.5,0.025%) [W/m-K] [23]
Density(solid), psoiid N (1.5,0.075%) [kg/l] [23]
Specific heat capacity(solid), cpsoia N (2,0.1%) [kd/kg-K] [23]
Thermal Conductivity(liquid), Kiiq N (0.5,0.025%) [W/m-K] [23]
Density(liquid), piiq N (1.4,0.07%) [ka/l] [23]
Specific heat capacity(liquid), Cy,ig N (2,0.1%) [kIkg-K]  [23]
Latent Heat (LH) N (180,9%) [kd/kg] [23]
Tom U (21.70,26.53) [°C] N/A
Tim U (0.87,1.07) [°C] N/A
Tom U (2.69,3.29) [°C] N/A
Tof U (23.40,28.61) [°C] N/A
Tt U (0.45,0.55) [°C] N/A
T2 1 U (2.01,2.45) [°C] N/A
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The sensitivity analysis approach used in this study is a variance-based method, namely, the
Sobol method. Sobol method is viewed as one of the most efficient sensitivity analysis [39], and
there exist many successful applications in the building field [40-42]. Sobol is a form of a global
sensitivity analysis, and it could decompose the variance of the output into the uncertainties of
inputs or sets of inputs. More detail on Sobol can be found in [39]. Besides, a python package of
sensitivity analysis methods which provides an easy-to-use implementation of Sobol was used to
help conduct the proposed sensitivity analysis [43].

5.2. Sensitivity analysis results

Figure 16 shows the sensitivity coefficient for all 13 parameters in descending order of
importance. It could be observed that the most influential parameters are the curve parameters of
both freezing and melting processes and the latent heat capacity. This further highlights the
phase change processes of the materials must be carefully measured, and on-site DSC testing
might be required to validate the manufacturers' catalog data. Besides, these results also justify
the need to have a hysteresis model.
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Figure 16. Sensitivity coefficient of the selected 13 parameters

6. Conclusion and future work

6.1. Summary and conclusion

This paper proposed a modeling method for PCM-based building components based on a "two-
phase" assumption and is aimed to model the hysteresis effect of PCMs with improved accuracy
compared with currently available models, especially during the incomplete phase transition
process. While the proposed model was implemented and investigated in EnergyPlus, it can also
be easily implemented in other building simulation programs such as Modelica and TRNSYS.

This method was tested for both complete and partial phase transition processes and compared
with several existing approaches. Comparisons between experimental and simulation results
show:
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1) For the complete phase change scenario, both the proposed method and the current hysteresis
method in EnergyPlus could achieve a good agreement with experimental data. However, the
experimental results clearly show supercooling effects exist during the freezing process, and
all these methods are unable to model the supercooling behaviors.

2) For the partial phase change scenario, the proposed method could lead to significant
improvements compared to other alternative methods, while disagreements still could be
observed in the partial phase transition. These results indicate that supercooling has a more
significant impact on the partial phase transition.

Annual building simulations using EnergyPlus were performed to study the performance of this
two-phase PCM hysteresis model regarding heating/cooling rates and zone mean air temperature.
The results showed that significant changes were observed in both heating/cooling loads and
zone mean air temperature when partial phase transitions were recorded.

6.2. Limitations and future work

From the comparison results, an important observation is that supercooling effect should be
accounted for to improve the accuracy of PCM modeling methods. Up to date, there are already a
few promising modeling methods for supercooling behaviors of PCMs. For example, in 2021,
Thonon et al. proposed a method to model the supercooling process of PCMs [44] analytically.
In their method, modeling supercooling is achieved by dividing the supercooling process into
three steps: metastable state, recalescence, and regular solidification. However, further studies
are required to develop the most computationally efficient and reliable modeling method for
supercooling in building simulation programs.

The observation from the sensitivity analysis is that the & — T curves or the enthalpy-temperature
curves, which are used to characterize the phase transition processes, are of great importance to
the accuracy of simulation results. However, there are still many issues that prevent us from
getting accurate and reliable data. For example, the enthalpy-temperature curve of a PCM is
usually measured using a DSC analysis on small quantities of the materials under conditions that
might be different from the operating conditions in real build structures. Besides, improper
storage may also make the PCM properties inconsistent with the catalog data from
manufacturers. Another issue that has been widely perceived is that DSC analyses alone are not
sufficient to provide input data for simulation tools. Therefore, further studies are required to
improve the characterization of the PCM's thermophysical properties.

Besides, the hysteresis model proposed in this study is only a static method which means the
phase fraction of the PCMs only depends on the temperature or the direction of the temperature
change. However, it has been known for many years that the cooling/heating rate of the PCMs
would also influence the resulting phase fraction-temperature curves. Therefore, dynamic
hysteresis models, also called rate-dependent hysteresis models, are required to account for these
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dynamic behaviors. In the future, studies are still required to model this dynamic behavior of
PCMs in building simulation programs if further improvements to simulation models are
required.
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