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Abstract

Phase change materials (PCMs) can be integrated
into envelopes of buildings to reduce peak loads.
However, this integration requires mathematical
modeling of PCMs and whole buildings, which is es-
sential for the optimal design and material selection.
There are currently few tools of building performance
simulation (BPS) with comprehensively verified and
validated PCM models. This study presents the pro-
cedure of verification and validation of PCM mod-
els developed in Modelica using the approach inter-
preted in ASHRAE Standard 140. Among the pro-
posed models, the arctangent function model behaved
accurately against the empirical data. The model was
also analytically and comparatively tested. The pre-
liminary results showed that an accurate analysis is
required when integrating PCMs into buildings be-
cause the thermal performance of the buildings de-
pends on different parameters such as location and
properties of PCMs.

Introduction

Phase change processes result in sudden changes
and discontinuities in the thermodynamic proper-
ties. This makes the mathematical modeling more
complicated (Jahangiri, 2017). Crystalline sub-
stances and eutectics melt and freeze sharply at a
given temperature of their phase transition, whereas
most of the mixed PCMs show a region of tem-
peratures where melting takes place (Stankovic,
2014). The phase change behavior can be pre-
sented in the simulation by either either expressing
temperature-dependent discontinuous functions im-
plementing ”if”, ”elseif”, and ”else” conditional state-
ments (Biwole et al., 2013; Zhang et al., 2015) or the
simplified temperature-dependent continuous func-
tions (Feustel, 1995; Buschle et al., 2006; Jahangiri,
2017). However, Jorissen et al. (2015) noted that us-
ing conditional statements, events or algorithms in-
stead of equations increases the computational time
during the simulation.

Building performance simulation (BPS) is a cost-
effective and time-efficient solution for estimating the

effectiveness of energy-saving adaptations applied to
the building. Whole BPS tools such as EnergyPlus
(Soares et al., 2014), TRNSYS (Kuznik et al., 2010),
and ESP-r (Almeida et al., 2010) are most used to
identify the contribution of PCMs to energy savings
in buildings. Although Modelica is becoming a widely
used modeling language for BPS (Wetter et al., 2014),
no Modelica based PCM models have been compre-
hensively validated and verified on whole BPS level.
This study presents a procedure of verification and
validation of PCM models for building’s envelopes de-
veloped in Modelica to add a generic model for PCMs
into existing Modelica libraries for whole BPS.

Background

Different validation procedures exist, ranging from
qualitatively comparing surface temperature graphs
(Ahmad et al., 2006), heat fluxes (Jin et al., 2016),
or room air temperatures (Zhang et al., 2006) to val-
idations that contain quantification of error caused
by spatial and temporal discretization (Kuznik et al.,
2008) and quantification of an average error. Accord-
ing to ASHRAE Standard 140, there are presently
three ways to evaluate the accuracy of BPS tools:

• Empirical validation compares results from a
program, subroutine, algorithm, module, or soft-
ware object to monitored data from a real build-
ing, test cell, or laboratory experiment;

• Analytical verification compares the output
from a program, subroutine, algorithm, or soft-
ware object to results from a known analytical
solution or to results closely agreeing with quasi-
analytical solutions;

• Comparative testing compares a program to
itself or other programs.

Almeida et al. (2010) have comparatively tested mul-
tiple layers of PCM versus a single PCM layer in
ESP-r to evaluate the energy saving potential. Heim
(2010) has comparatively tested the effective heat ca-
pacity method for PCM models in the ESP-r tool to
study the annual effect of isothermal storage of so-
lar energy in building material components. Tardieu
et al. (2011) have used and empirically validated a
PCM model in EnergyPlus to predict the thermal
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performance of PCM-enhanced office size test rooms
located in Auckland, New Zealand. Buschle et al.
(2006) have developed models for PCMs in Modelica
based on comparative testing. Leonhardt and Müller
(2009) have introduced and empirically validated a
thermohydraulic model of a PCM storage integrated
into a heat pump. Jahangiri (2017) has empirically
validated different Modelica-based models for phase
change slurry using differential scanning calorimetry
(DSC) measurement data.

Kuznik et al. (2008) have empirically validated a
model for PCMs within two steps. At the first step,
a model of specific heat capacity evolution has been
empirically validated using DSC measurement data.
At the second step, the authors have empirically val-
idated the one-dimensional heat transfer model in
multi-component walls integrated with a PCM layer.
Following a similar approach as dictated by ASHRAE
Standard 140, for the first time, Tabares-Velasco et al.
(2012) have verified, validated, and improved on En-
ergyPlus PCM using analytical verification, compar-
ative testing and comparative testing of PCM appli-
cations.

Pomianowski et al. (2013) note the necessity of de-
velopment of simple but validated BPS tools capa-
ble of simulating PCM performance. Currently, only
a few comprehensively verified and validated PCM
models integrated into BPS tools exist. The existing
Modelica-based PCM models have not been compre-
hensively verified and validated. Moreover, the ex-
isting PCM models have not been implemented and
tested on a whole-building simulation level. There-
fore, this study presents the procedure of verification
and validation of PCM models developed in Model-
ica using a similar approach compared to ASHRAE
Standard 140.

Methodology

AixLib - Modelica model library

AixLib is a Modelica model library with a focus on
modeling the dynamic behavior of buildings, HVAC
equipment, and distribution networks to enable in-
tegrated analyses of energy systems on the scales
from a single building to city district (Müller et al.,
2016). AixLib integrates some packages of the Mod-
elica Standard Library, including Modelica.Thermal
package. This package includes the HeatTrans-
fer sub-package containing components to model
one-dimensional heat transfer with lumped elements
(Modelica, 2017).

Modelica-based heat transfer model

One-dimensional conductive heat flow in x-direction
in a solid slab, the temperature T (x) is given by the
well-known partial differential equation.

ρcp
dT

dt
= k

∂2T

∂x2
, (1)

ሶ𝑄𝑖 = 𝐴∆𝑥 𝜌𝑐𝑝
𝑑𝑇𝑖
𝑑𝑡

ሶ𝑄𝑖−1 = 𝐴 𝑘
∆𝑇𝑖−1
∆𝑥
2

ሶ𝑄𝑖+1 = 𝐴 𝑘
∆𝑇𝑖+1
∆𝑥
2

Figure 1: Modelica-based one-dimensional heat trans-
fer model for a homogeneous solid slab.

where, ρ, cp, and k are density, specific heat capacity,
and thermal conductivity of the solid slab, respec-
tively. Eq 1 cannot be implemented directly in Mod-
elica as there is only one independent variable (time)
provided (Felgner et al., 2003). Figure 1 shows a typ-
ical solution of Eq. 1 in Modelica using components
of the HeatTransfer sub-package.

PCM models: modifications of specific heat
capacity

The simultaneous specific heat capacity is a temper-
ature derivative function from their specific enthalpy,
which is the sum of the excess and baseline heat ca-
pacities, which are responsible for the latent and sen-
sible specific heat capacities, respectively,

cp(T ) ≈
baseline︷ ︸︸ ︷

(1− β(T ))c0,s + β(T )c0,l +

excess︷ ︸︸ ︷
∂β(T )

∂T
∆Hm,

(2)
where, c0,s, c0,l, β(T ), and ∆Hm are specific heat ca-
pacities of the PCM in completely solid and liquid
states, the melt fraction, and change in the enthalpy
due to phase transition, respectively. β(T ) varies be-
tween 0 and 1, when the temperature of the PCM
is within the temperature range of the phase transi-
tion. Below or above this range, it becomes 0 or 1,
respectively.

The melt fraction in the simulation can be achieved
using a straight line temperature-dependent discon-
tinuous function using conditional statements or the
simplified temperature-dependent continuous func-
tions. However, Jorissen et al. (2015) noted that us-
ing conditional statements, events or algorithms in-
stead of equations increases the computational time
of simulation.

Temperature-dependent continuous functions

We describe a jump in the specific enthalpy due to the
phase transition in PCMs through the melt fraction,
which can be calculated using an arctangent function
expressed as

β(T ) =
1

π

[
arctan

[2γ(T − Tm)

∆T

]
+
π

2

]
, (3)

where, Tm is the melting temperature, T is the tem-
perature of PCMs, and γ is a dimensionless inclina-
tion for setting up ∆T . Therefore, using Eq. 2 and
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3, the specific heat capacity − cp(T ) can be written
as follows:

cp(T ) = cb + ∆Hm

2γ
∆T

π
[(

(T − Tm)( 2γ
∆T )

)2

+ 1
] , (4)

where, cb is the baseline specific heat capacity that
contains the first two terms in Eq. 2.

For the characterization of the melt fraction, a hyper-
bolic tangent function can also be proposed:

β(T ) =
1

2

[
tanh

[2γ(T − Tm)

∆T

]
+ 1
]
, (5)

which is integrated into the specific heat capacity ac-
cording to Eq 3 and 5 as follows:

cp(T ) = cb + ∆Hm

4γ
∆T

cosh2
(

(T − Tm)( 2γ
∆T )

) . (6)

Sudden increase or decrease in the enthalpy of PCM
within the phase transition can be described as the
error function,

β(T ) =
1

2

[
erf

[√
2γ(T − Tm)

∆T

]
+ 1

]
, (7)

which is also integrated into the specific heat capacity
as follows

cp(T ) = cb + ∆Hm

√
2γ

∆T
√
π
e−

2γ(T−Tm)2

∆T2 (8)

that can be directly implemented into Eq 1 instead
of cp.
Verification and validation

Assumption and accuracy of PCM model

Modelica can simulate PCMs taking into account sub-
cooling and hysteresis effects using conditional state-
ments or events (Jahangiri, 2017). However, no such
significant effects have been observed during adia-
batic scanning calorimetry (ASC) measurements at
low heating rates (Losada-Pérez et al., 2011). There-
fore, we did not consider these effects. No convection
inside PCMs is either considered within the verifica-
tion and validation. The PCM model is limited to use
for building’s envelopes incorporating microencapsu-
lated ”thin PCM layers”, whereas for ”thick PCM
layers”, the convection has to be taken into account
for the melting process.

The accuracy of the proposed models at each level of
verification and validation was assessed using ”eval-
uation of goodness-of-fit and root mean square error
(RMSE)” methods. Thus, we use a common anal-
ysis based on the coefficient of determination (R2)
and the RMSE. In general, the coefficient of deter-
mination gives an idea of how well a function fits a
data set. The RMSE is a measure of how spread out
these residuals are, which tells us how concentrated
the data is around the line of best fit.

Empirical validation

As we introduce a generic model for PCMs in Mod-
elica, empirical validation is required to establish an
absolute truth standard for evaluating a program’s
ability to analyze physical behavior. For this pur-
pose, the specific enthalpy change and heat capacity
of PCMs expressed using the proposed models were
empirically validated with the results of ASC mea-
surements data for the paraffin-based PCM − RT27.
The data from the studies (Jin et al., 2016; Losada-
Pérez et al., 2011; Medved’ et al., 2017) and the man-
ufacture are given in Table 1.

Table 1: Physical properties of organic RT27.

Property Value Unit
Melting range 25-28 ◦C
Freezing range 28-25 ◦C
Melting temperature 27 ◦C
Enthalpy change (15 to 30 ◦C) 184 kJ/kg
Specific heat capacity 2 kJ/kg◦C
Density (solid at 15 ◦C) 880 kg/m3

Density (liquid at 40 ◦C) 760 kg/m3

Thermal conductivity 0.2 W/m◦C

Using data from Table 1 the simulated specific en-
thalpy changes of RT27 based on the arctangent, hy-
perbolic tangent and error functions are compared
with the measured data (Figure 2). The specific
enthalpy change associated (excess) with the phase
transition (∆H) of the PCM is taken approximately
154 kJ/kg according to Table 1, whereas the rest of
specific enthalpy (30 kJ/kg) is associated with the
sensible heat capacities (baseline), when the PCM is
heated up from 15 to 30 ◦C.
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Figure 2: The best comparison between simulated and
measured specific enthalpies.

The inclination factor γ was fitted iteratively for each
function keeping the range of melting temperature
according to experimental and manufacture data in
Table 1, i.e., ∆T = 3 K. For the arctangent, hyper-
bolic tangent, and error functions, the inclination be-
came 3.1, 1.1, and 1.3, respectively. At these values,
the simulated data fit the experimentally measured
data with coefficients of determination (R2) of 0.9886,
0.9864, and 0.9857, which are the best fits (we pro-
vide only the best comparisons and fits in Figure 2
and Table 2). All three proposed models fit quite
accurately to the measured data. However, the arct-
angent function model shows the highest value of the
coefficient of determination and is the best fit among
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the comparisons. Further studies and analysis rely on
the arctangent function.

Table 2: The best RMSE (kJ/kg) and R2 to fit γ using
the measured specific enthalpy changes of RT27.

Proposed functions γ R2 RMSE
Arctangent 3.1 0.9886 9.083
Hyperbolic 1.1 0.9864 9.908

Error 1.3 0.9857 10.156

Analytical verification

An analytical solution provides an exact mathemati-
cal truth standard limited to highly constrained cases
for which exact analytical solutions can be derived.
A secondary mathematical truth standard can be es-
tablished based on the range of disagreement of a set
of closely agreeing verified numerical models or other
quasi-analytical solutions (ASHRAE Standard 140,
2017). We verified the PCM model across an analyt-
ical solution of the one-phase Stefan problem for the
melting a homogeneous semi-infinite slab of ice with
constant thermal properties to present the mathemat-
ical truth standard (Alexiades and Solomon, 1993,
p. 40). The simplest explicitly solvable phase-change
problem is the one-phase Stefan problem with con-
stant imposed temperature and constant thermophys-
ical properties. This problem is the standard Neu-
mann similarity solution involving the error function.
Let us consider the melting of a homogeneous semi-
infinite slab of ice, 0 ≤ x <∝, initially solid at the
melt temperature, Tm = 273.15K (0◦C), by a con-
stant T > Tm on the surface x = 0. The melting
front does not reach another surface. Moreover, the
slab is isolated at the upper and bottom sides, and
there is no heat exchange with the environment.

To simplify a comparison, we use the example de-
scribed and solved by (Alexiades and Solomon, 1993,
p. 40). The depths are 1, 3, 5 and 10 cm. As one-
phase problem is considered, where the active phase is
the liquid phase (water), we use only water’s proper-
ties: density, specific heat capacity, thermal conduc-
tivity and latent heat of fusion are 1000 kg/m3, 4186.8
J/(kg◦C), 0.564 W/m◦C and 333.4 kJ/kg, respec-
tively. The difference between the melting (273.15 K)
and imposed (298.15 K) temperatures is 25 K, which
is essential to calculate the Stefan number (0.313)
that is a relation of sensible heat to the latent heat
within the difference of temperatures.

The evolution of temperature obtained by simulation
and analytical solution at given depths is compared
and shown in Figure 3. During simulations, the initial
temperature of the slab was set to -1◦C, to be con-
sidered completely in a solid state, because at 0◦C it
would be still in a partially liquid state due to the
presence of the temperature range of phase transi-
tion. The temperature range of phase transition for
the model set was to 0.2 K.

A simulation run with shorter discretization step
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(a) Simulation ran with a step of 10 mm
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(b) Simulation ran with a step of 2 mm

Figure 3: The evolution of temperatures at different
depths of the slab of ice.

(Figure 3 (a)) gives a more accurate approximation,
while with a greater step (Figure 3 (b)) of discretiza-
tion, the results commence to fluctuate along the melt
front penetrated in the slab. Table 3 shows the best
and worth approximation at a depth of 1 cm for sim-
ulations with different discretization steps. Deviation
in Table 3 originate in the initialization of the prob-
lem and a width of a temperature range of phase tran-
sition of the PCM. However, the model behaves quite
accurate against analytical solutions. In conclusion,
it can be noted that the proposed model for PCMs
behaves adequately against the analytical solution.

Table 3: The RMSE and R2 for the evolution of tem-
peratures at various depths of the slab and different
steps of descritization.

Depth
Descritization step
10 mm 5 mm 2 mm

R2

at 1 cm 0.9898 0.9963 0.9981
at 3 cm 0.9941 0.9960 0.9956
at 5 cm 0.9900 0.9906 0.9915

RMSE (◦C)
at 1 cm 0.480 0.262 0.182
at 3 cm 0.419 0.334 0.278
at 5 cm 0.451 0.449 0.388

Comparative testing

We consider a heat transfer model for a PCM-
enhanced multi-component wall using a dynamic wall
simulator (Jin et al., 2016). The PCM-enhanced wall
contains a gypsum board, an insulating layer, a PCM
layer, and oriented strand board (OSB) as presented
in Figure 4. Thermal properties of wall materials are
provided in Table 4, whereas properties of the PCM
layer are presented in Table 1.

The simulator contains a cubic box, each wall consists
of a wall panel with dimensions of 1.19×1.19 m. Six
lamps placed at the center of the simulator supply
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(d) PCM at 16/16L

Figure 4: The wall frame without and with PCM layer
at different location (adopted from Jin et al. (2016)).

heat. The inner surface temperature of the simula-
tor reaches up to 60◦C, which is typical a peak tem-
perature of the external surface of a west faced wall
of buildings in Lawrence, Kansas, USA, during hot
summer days. Therefore, the interior of the simula-
tor represents the exterior of a building, whereas the
exterior of the simulator represents the conditioned
interior space of the building. The exterior (further
the interior) surface temperature of the wall was kept
at 24◦C (Jin et al., 2016).

Table 4: Properties and parameters of wall materials.
Parameters Gypsum Insulation OSB
ρ, kg/m3 800 12.7 650
cp, J/g K 1.09 0.84 1.21
k, W/m K 0.16 0.045 0.13
L, mm 12.7 89.0 20.5

The insulating layer with the thickness of L is di-
vided into n layers evenly (Jin et al., 2016) so that
the thickness of each is L/n. Therefore, within the di-
vided insulating layer, the PCM layer is moved from
the gypsum layer with a step of L/n to the OSB layer
to find maximal reductions in the peak heat flux on
the inner surface of the wall. The closest location of
PCM layer to the indoor medium is location of 0/nL
(Figure 4b), whereas the location of n/nL is the re-
motest location from the indoor medium (Figure 4d).
The insulating layer is divided into 16 layers.

Figure 5 shows a comparison between model and ref-
erence results of peak heat flux reductions on the in-
terior surface of the wall at different locations and
thicknesses of the PCM layer. A comparison is pro-
vided only for the thickness of 1 and 7 mm due to
the space limitation. There is a slight disagreement
between the model and reference data when the thick-
ness of the PCM layer was 1 mm (Figure 5 a). Further
increase in the thickness of the PCM layer shows the
accordance of results (Figure 5 b). Table 5 shows the
accuracy of the proposed model at different locations
and thicknesses of the PCM layer. Coefficients of de-
termination are assessed for heat flux variations on
the inner surfaces of the wall. There are slight dis-
agreements between simulation and reference results
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(b) PCM with thickness of 7 mm

Figure 5: The peak heat flux reduction on interior
surfaces of the wall (reference Jin et al. (2016).

at central locations of the PCM layer. The deviations
originate in the initialization of the initial tempera-
tures of each layer for the model and reference. We set
the same initial temperature for each layer, whereas
the initial temperature for the reference was linearly
distributed along the wall thickness. However, the
model still behaves correctly against the reference at
locations close to the indoor and outdoor mediums.

Table 5: The RMSE and R2 for heat flux variations
of the model and reference results.

Location
Thickness of PCM layer

1 mm 2 mm 5 mm 7 mm
R2

no PCM 0.9971 0.9970 0.9956 0.9956
0/16L 0.9970 0.9967 0.9966 0.9962
1/16L 0.9592 0.9782 0.9707 0.9276
2/16L 0.8969 0.9412 0.8970 0.8565
3/16L 0.9589 0.4109 0.8144 0.8129
4/16L − − 0.5884 0.5113
5/16L − − 0.6865 0.5316
8/16L 0.9846 0.9737 − −
16/16L 0.9964 0.9955 − −

RMSE(W/m2)
no PCM 0.340 0.340 0.340 0.340
0/16L 0.343 0.357 0.334 0.317
1/16L 1.146 0.748 0.596 0.759
2/16L 1.830 0.769 0.688 0.694
3/16L 1.151 2.649 0.715 0.677
4/16L − − 2.950 5.931
5/16L − − 1.456 5.727
8/16L 0.745 0.941 − −
16/16L 0.381 0.416 − −

Whole-building simulation level of ver-
ification and validation

As the PCM model is verified and validated, we as-
sess the integration of the PCM model into whole-
buildings. We evaluated the PCM model using the
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basic and modified lightweight buildings described in
Cases 600, 600FF, and 650FF of ASHRAE Standard
140 with Modelica. The main goal of this evalua-
tion was to test and demonstrate the simulation ca-
pabilities of the PCM model in the context of whole-
buildings, whereas not to concern optimal solutions
of specific PCMs.

ASHRAE Standard 140: basic and modified
Case 600

Case 600 is a lightweight, rectangular, and single-zone
building. ASHRAE Standard 140 provides the de-
tailed description and modeling of Case 600. More-
over, a Modelica-based high order model of the basic
Case 600 is available at AixLib (Constantin et al.,
2014). Figure 6 shows a schematic view of the ex-
ternal wall-frame of the basic and modified Case 600.
We kept materials of walls unchanged except for prop-
erties of the PCM layer (Table 1).
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(b) Modified Case 600

Figure 6: A schematic view of external wall-frame of
the basic and modified Case 600.

Due to the insignificant variation of hourly heating
and cooling loads within a variation of thickness and
latent heat of fusion of PCM layers, we present and
discuss data only for a variation of melting temper-
ature and location of PCM layers. In the modified
Case 600, we used a PCM layer with the thickness
of 5 mm and melting temperatures of 22, 25, and
27◦C, whereas other properties were taken from Ta-
ble 1. Also, the PCM model was tested at various
placements of a PCM layer with the thickness of 5
mm. In the case of ”Loc-1”, the PCM layer is lo-
cated within the wall-frame shown in Figure 6b. In
the case of ”Loc-2”, the PCM layer is located between
the wood siding and the fiberglass quilt. In the case of
”Loc-3”, the PCM layer is located on a surface of the
plasterboard, where it contacts the indoor medium
and plasterboard.

Hourly heating and cooling loads

The ASHRAE Standard 140 provides eight reference
results performed by standard BPS tools like DOE2,
TRNSYS, and ESP-r under the climatic condition of
Denver (39.8◦ North, 104.9◦ West), Colorado, USA.
We test the model against the eight reference data
sets comparatively. For that purpose, we compare
the results from the tested model to maximum and
minimum values of the results of references at each
time step (Constantin et al., 2014).

Figure 7a shows a slight dependence of the heating
and cooling loads on the melting temperature when
the PCM layer placed within the external wall-frame
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Figure 7: Hourly heating and cooling load for test
Case 600 on January 4th.

shown in Figure 6b. However, a significant depen-
dence was found when the location of the PCM layer
varied. The heating and cooling loads decreased sig-
nificantly at the closest placement (”Loc-3”) of the
PCM layer to the indoor medium. Thus, we observed
the influence of the variation of melting temperature
and location of PCM layer on the heating and cooling
load.
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Figure 8: Annual energy load for test Case 600.

Annual energy consumption

Annual energy consumption for the same aforemen-
tioned scenarios (Figure 7) are presented in Figure 8.
As expected, the most significant reduction of the an-
nual energy consumption is observed at ”Loc-3” that
is the closest placement of PCM layer to the indoor
medium (Figure 8b). The variation of the melting
temperature of PCM layers has an insignificant effect
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on the annual cooling loads (Figure 8a), while increas-
ing the melting temperature leads to an increase in
the annual heating load.

ASHRAE Standard 140: basic and modified
Cases 600FF and 650FF

In this step, Cases 600FF and 650FF were selected,
whereby variations of the indoor temperature in the
basic and modified cases are compared. In the mod-
ified Cases 600FF and 650FF, a PCM layer is inte-
grated as shown in Figure 6b. Case 600FF is mod-
eled the same as Case 600 except for the schedule of
the mechanical heating and cooling equipment that is
off so that space or zone temperature varies without
constraint. Case 650FF is modeled the same as Case
600FF except for the schedule of mechanical venting.
The detailed description of the modeling is presented
in ASHRAE Standard 140 (2017).

Hourly free-floating indoor temperature

We tested the PCM model for Cases 600FF and
650FF of ASHRAE Standard 140. The Standard pro-
vides data for characteristic days for these cases. Case
600FF provides an hourly free-float temperature for
January 4th, whereas Case 650FF focuses on July
27th. The modified cases include a PCM described in
Table 1. Fluctuations of the indoor temperature for
the basic and modified cases are presented together
with maximum and minimum values of reference data
(Figure 9).
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Figure 9: Hourly free-floating indoor temperatures for
test Cases 600FF and 650FF.

Figure 9a shows that during a cold day in the mod-
ified Case 600FF, the fluctuation of the indoor tem-
perature does not depend on the melting temperature
of the PCM layer. However, Figure 9b shows a depen-
dency of the peak indoor temperatures in the mod-
ified Case 650FF during a hot summer day. Thus,
these comparisons qualitatively characterize the ef-

fect of melting temperatures of PCMs on the indoor
temperatures.

Conclusion

The PCM models developed in Modelica were ver-
ified and validated using approaches similar to the
ASHRAE Standard 140, which consists of empiri-
cal validation, analytical verification, and compar-
ative testing. For the empirical validation, three
temperature-dependent continuous functions were
proposed and validated. The inclination factors for
each function were found and set up using the evalu-
ation of goodness-of-fit and the RMSE.

The heat transfer model for PCMs was verified an-
alytically using the solution of the one-phase Stefan
problem for the melting a semi-infinite slab of ice.
The evolution of the penetrated temperatures was
compared at different depths and steps of discretiza-
tion. Also, a PCM-enhanced multi-component wall
was comparatively tested against a laboratory-scaled
dynamic wall simulator. There was a slight disagree-
ment with reference data on the reduction in peak
values of heat fluxes at small thicknesses and near-
indoor medium placements of a PCM layer.

Lastly, the modifications of Cases 600, 600FF and
650FF of ASHRAE Standard 140 with PCM layers
were comparatively tested using simulation data per-
formed for their basic cases. The modifications can
be now added to ASHRAE Standard 140 and used
to comparatively testing PCM models in other BPS
tools. Finally, the primary results of the integration
of PCMs into whole buildings showed that accurate
analysis should be conducted when designing PCMs
in buildings, since thermal performance of the build-
ings depends on various parameters such as PCM
properties and location.
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