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PURPOSE OF THE STSM:

The implementation in Building Performance Simulations (BPS) tools of robust models capable of
simulating the thermophysical behavior of PCMs represents a fundamental step for the proper thermal
evaluation of PCM components.

Reliable measuring procedures are essential to provide experimental data for validations of tools.
Nevertheless, the current laboratory tests used for empirical validations of BPS presents some limitations
because a small quantity of PCMs are usually exposed to conditions that are quite far from the real
boundaries. Furthermore, sub-cooling and hysteresis are two features recurring in many PCM that are not
currently tackled by any BPS tools. The lack of algorithms and strategies to correctly simulate these
aspects can lead to wrong assumptions in designs as well as to not fully reliable findings in research and
development.

The purpose of the STSM activities is to reduce the mismatch between actual and predicted thermal
behaviour of PCM components through the following two actions:

e The development of accurate experimental procedure to characterise the PCM components
thermal behaviour using Dynamic Heat Flow Meter Apparatus (DHFM) — (Part-A) in the following
section;

e The assessment of current BPS tools and the implementation of an algorithm that account the
PCM hysteresis — (Part-B) in the following section.

DESCRIPTION OF WORK CARRIED OUT DURING THE STSMS

Part (A): Experimental phase (Appendix-A) — (WG2_D2.5)

Sinusoidal response measurement procedure for thermal performance assessment of PCM by
means of Dynamic Heat Flow Meter Apparatus: Data for validation of numerical models and
building performance simulation tools.

Reliable and robust measuring procedures at material and at component level are essential to provide
experimental data for empirical validations of software tools. Sharing of the experimental data set is also
fundamental for such an activity.
The aims of the research activities were:
e to develop an experimental procedure, specifically oriented to the validation of BPS codes that
implements algorithms for the simulation of PCMs, aimed at characterising and analysing the bulk-
PCM thermal behaviour by means DHFM;
e to provide experimental datasets for empirical validation of BPS tools.
An experimental campaign was designed and carried out (from remote, at another lab) on two
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commercially available PCM substances (PCM-a) and (PCM-b), which are representative of two different
types of PCM: PCM-a is an organic paraffin based PCM (commercial name: RT 28 HC); PCM-b is an
inorganic salt hydrates based PCM (commercial name: SP 26 E). The two PCMs were selected because
they are characterised by different hysteresis behaviour (higher in PCM-b) and because they represent the
most adopted bulk PCMs used for building envelope components.
The measurements were carried out on a polycarbonate alveolar container filled with bulk PCM.
Measurements have been conducted by means of Heat Flow Meter Apparatus for two purposes:

e To evaluate the response of PCM exposed to a sinusoidal thermal solicitation (transient state test),

e To measure the PCMs thermal conductivity in its different phases (under steady state conditions).
Prior to the experiments, transient state, 2D heat transfer analyses were carried out with a validated
software tool (WUFI 2D), for numerical heat transfer simulations in order to verify the reliability the initial
assumptions (i.e. dynamic equilibrium, and mono-dimensional heat transfer hypothesis) underpinning the
experimental method.

Part (B): Simulation phase (Appendix-B) - (WG2_D2.4)
Modeling and empirical validation of an algorithm for simulations of hysteresis effects in Phase
Change Materials for building components.

The aims of the research activities presented in this paper are:
e To empirically validate the performance of two simulation codes (EnergyPlus™, Wufi®Pro/Plus) in
simulating building components implementing PCMs;
e To test the existing models (NRGSIM) for EnergyPlus that allow considering the hysteresis effect
by using polynomial fitting curves method;
e To develop and validate of an algorithm that implements the hysteresis effect of PCMs by means
of Energy Management System (EMS) in EnergyPlus.
The developed approach is suitable to take into consideration thermal hysteresis effect and sub-cooling
effect since both can be addressed if different enthalpy vs. temperature curve can be used by the
simulation tool. However, because of the lack of experimental data on sub-cooling phenomena, the
verification of the proposed algorithm is only carried out for the case of hysteresis.
The performance of EnergyPlus and WUFI PCM module was compared with the experimental data without
considering Hysteresis effect. Furthermore, the performance of the EMS code was verified against
experimental data from DHFM apparatus.

DESCRIPTION OF THE MAIN RESULTS OBTAINED

Part (A): Experimental phase

The results of the four experimental test (two each PCM substance), carried out by DHFM apparatus are
are plotted in Figure 1 and 2.
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Figure 1. PCM-a (paraffin wax), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of
12°C); b) Test-2 (sinusoidal solicitation amplitude of 6°C).
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PCM-b (salt hydrate)
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Figure 2. PCM-b (salt hydrate), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of
12°C); b) Test-2 (sinusoidal solicitation amplitude of 6°C).

Results are consistent with those reported in the literature regarding the behaviour of the two different
PCM compositions, in particular:

e Intest-1 (PCM-a and b) the change of the slope (PCM temperatures) due to the total melting and
solidification of the PCMs are evident, while in test-2 (sinusoidal amplitude of 6°C), it is evident
that PCM works only in their mushy state without completing the phase transition.

e As expected, salt hydrate PCM-b shows a more clear hysteresis effect (~2°C of difference
between the melting and the congealing temperature) in both test 1 and 2 compared to the paraffin
PCM, where this phenomenon is of little significance when the thermal stress occurs with very
slow heating/cooling rates.

Furthermore, the thermal conductivity of PCM-a (paraffin wax) is strongly dependent on the PCM’s state.
When measured in the solid state, the thermal conductivity is 0.24 W/mK (a value coherent with those
reported in the PCM datasheet), while in the liquid state the equivalent thermal conductivity is 0.4 W/mK,
showing an increment of ~67%.

Part (B): Simulation phase

The simulated temperature evolution inside the PCM is represented in Fig. 3 and Fig.4, for the PCM-a
“SP26E” and for the PCM-b “RT28HC”. Results highlight that both EnergyPlus and WUFI are sufficiently
accurate only to simulate PCM characterised by low hysteresis (organic paraffin wax) during their complete
phase transitions (test-b).

The comparison between simulations and experimental data demonstrates the reliability of the proposed
approach (EP_EMS) for the simulation of PCM-based components in EnergyPlus™. A slightly better
match between experimental data and simulation is recorded when the new algorithm, i.e. EP_EMS is
adopted compared to other approaches. Furthermore using the EP_EMS, higher improvement in the
results was seen in incomplete melting conditions (tests-a).

As expected, the improvements obtained by using EP_EMS and NRGSIM are particularly important for the
salt hydrate PCM-a. When the comparison is carried out with the numerical simulation that made use of
the averaged enthalpy vs. temperature curve (SIM_AVG), the difference between the simulation with the
proposed method and the conventional approach is less evident, yet still present.
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Figure 3. Temperature evolution of SP26E under a stabilised periodic cycle. (a) Comparison between
experimental data and simulations with a sinusoidal amplitude of +6; (b) Comparison between
experimental data and simulations with a sinusoidal amplitude of £12.
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Figure 4. Temperature evolution of RT28HC under a stabilised periodic cycle. (a) Comparison between
experimental data and simulations with a sinusoidal amplitude of +6; (b) Comparison between
experimental data and simulations with a sinusoidal amplitude of +12.

FUTURE COLLABORATIONS

The developed approach to simulate hysteresis phenomena in adaptive building component implementing
PCM, is also suitable to take into consideration sub-cooling effect since both the phenomena can be
addressed if different enthalpy vs. temperature curve can be used by the simulation tool.

Moreover, the developed experimental procedure can be even used to perform specific experiments aimed
to investigate the sub-cooling phenomena and validate numerical codes.

The above mentioned can be an input for further research collaborations in the field of simulations and
experimental procedure for PCM adaptive envelope components, which are presently under discussion.
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APPENDIX “A” (Paper draft)

Sinusoidal response measurement procedure for thermal performance assessment of PCM by
means of Dynamic Heat Flow Meter Apparatus: Data for validation of numerical models and
building performance simulation tools.
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Sinusoidal response measurement procedure for thermal performance assessment of PCM by means of Dynamic

Heat Flow Meter Apparatus: Data for validation of numerical models and building performance simulation tools
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Abstract

The implementation in Building Performance Simulations (BPS) tools of robust models capable of simulating the
thermophysical behaviour of Phase Change Material (PCM) substances represents a fundamental step for the proper

thermal evaluation of buildings adopting PCM-enhanced envelope components.

Reliable and robust measuring procedures at material and at component level are essential to provide experimental data
for empirical validations of software tools. Laboratory tests used for the validations of models presents some
limitations, because PCMs are usually subjected to conditions (temperature ramp and full transitions) that are quite far
from the real boundaries faced by building components in which PCMs are applied. Furthermore, in many experimental
full-scale mockups, the relatively small quantity of PCM installed ,and the combinations of many thermal phenomena,

do not allow software tools to be tested in a robust way.

In this paper, an experimental procedure based on Dynamic Heat Flow Meter Apparatus to test the behaviour of PCM-
enhanced building components has been developed, the procedure based on the sinusoidal response measurements has
been set up specifically to provide data for a robust validation of numerical models and of BPS tools integrating PCM
functionality. Moreover, general indications and guidelines to solve the some issues related to building specimen

containing bulk PCM were provided, leading to a more accurate measurement of their performance and properties.

The experimental results, collected in a dataset, were obtained by two different bulk PCMs (organic and inorganic),
highlighting that, for the empirical validation of simulation codes implementing PCM modelling capabilities, it is
important to evaluate different PCM typologies and different thermophysical boundary conditions including (partial and
full phase transitions). In fact, with test in partial phase transitions, some phenomena such as hysteresis and subcooling
effect are more evident. The results related to the characterization of the thermal conductivity of paraffin based PCM
show a significant variation of this property from solid to liquid state, highlighting that further investigations and

improvements are needed for the measurement of the equivalent thermal conductivity in the different PCMs phases.

Keywords: Dynamic heat flow meter, phase change materials, experimental analysis, building components, building

simulation, model validation
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Acronyms

PCM Phase Change Material

BPS Building Performance Simulations

HFM Heat Flow Meter

DHFM Dynamic Heat Flow Meter

HVAC Heating Ventilation and Air Conditioning
PC Polycarbonate

IC Initial Conditions

DSC Differential Scanning Calorimetry

Nomenclature

T Temperature °C
AT Temperature difference °C
R Thermal resistance m? K W
¢ Specific heat flow W m?
A Thermal conductivity wWmtK?
p Density kgm?®
c Specific heat klkg'K?!
I Length mm
d Thickness mm

1. Introduction

In the last few years, thermal energy storage in buildings has grown in popularity since several challenges related to
energy conservation and building energy management can be addressed by means of this strategy. On the one hand, the
increase of thermal energy storage capacity in a building is beneficial to reduce the risk of overheating and improve
indoor thermal comfort conditions; on the other hand, additional important benefits are related to the reduction of the
peak energy demand for space heating and cooling. Furthermore, thermal inertia can positively contribute to reducing
the time mismatch between the energy demand profile and the renewable energy availability, thus increasing the rate of

renewable energy use in buildings.

In this scenario, Phase Change Materials (PCMs) are since many years considered a promising solution, because of their
high and selective thermal energy storage density. Nevertheless, to reach a successful use of PCMs in building
components, a careful selection of the properties of the material is necessary, and the satisfactory design of PCMs-
enhanced building components the use of Building Performance Simulation (BPS) is crucial. Despite BES software
tools including PCM modelling capability are available since more than a decade, there are still many challenges related
to accurate simulation of PCM-based components, such as the replication of some particular phenomena like hysteresis,

sub-cooling, and temperature-dependent thermal conductivity.

Reliable and robust measuring procedures at material and at component level are essential to provide experimental data

for empirical validations of software tools. Sharing of the experimental dataset is also fundamental for such an activity.
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The aims of the study presented in this paper were:

i) to develop an experimental procedure, specifically oriented to the validation of BPS codes that implements algorithms
for the simulation of PCMs, aimed at characterising and analysing the bulk-PCM thermal behaviour by means of

dynamic heat flow meter apparatus;
ii) to provide experimental datasets based on the DHFM method for empirical validation of BPS.
1.1. Background on PCM measurement techniques for numerical model validation

The thermal properties of PCM related to the latent heat storage capacity are conventionally measured at material level

by the following procedures:

e DSC (Differential Scanning Calorimetry approach) [1]: represent the most diffused technique, and it is based
on evaluating the response of the PCM under a series of isothermal step or a dynamic temperature ramp, both
in heating and cooling mode. The main limitation of this technique is that the measurement can be performed
only on homogenous and small size samples. Moreover, some results can be strongly influenced by the test
procedure [1] [3]. Furthermore, while results show a good agreement for enthalpy measurement in heating
mode, some discrepancies were on the contrary highlighted in cooling mode measurements (IEA ANNEX 24 -
2011 [4]).

e T-History represents an alternative method to the DSC to characterize large PCM samples and can be used for
measuring the thermal conductivity of the PCM too [5][6]. The method consists in recording the temperature
variation during the phase transition, and to compare the results with a well-known reference material, usually
distilled water. As mentioned, the main advantage respect to the DSC method is that this technique enables the
characterisation of large samples and PCM-based building components[7], that are generally non-homogenous.

e DHFM (Dynamic Heat Flow Meter Apparatus): recently introduced in the ASTM C1784:2014 standard [8], is
a method that can be applied to large-scale specimens (building component scale). The method needs a
conventional Heat flow meter apparatus generally used for the measurement of thermal conductivity
[9][10][11], but adjusted to perform dynamic ramp temperature solicitations. The temperature is changed in
small steps (such as in DSC), and the resulting heat flow crossing the specimen is measured. The heat capacity
is determined as the ratio between the heat flow released or absorbed by the specimen (heat flow variation) and
the relative temperature increment [12].

The main drawback is that HFM apparatus are generally built to host horizontal specimens, and the
measurement on bulk PCM packed in containers may be affected by uncertainty due to the volumetric

shrinkage of PCM that leads to the formation of small air volumes in the bulk material.

Material characterization alone is however not enough to validate Building Energy Simulation codes (BPS) for the
simulation of PCM-enhanced building components, and experimental data in which PCM are subjected to several
partial and total melting/freezing cycles, simulating as close as possible the actual operating conditions of PCM
implemented on building components are necessary. For this reason, in recent years several experimental campaigns (at
building component scale) had been carried out with the aim of validating physical-mathematical models implements in

BPS tools, both on reduced-scale and on full-scale mock-up in laboratory conditions.
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Dynamic measurements by means of hot-box apparatus are among the most common experimental activities on full-
scale mockups [12],[14],[16],[17],[18],[19], and [20]. As sometimes highlighted by the same authors, most of these
experiments showed some limitations: the PCM specimen’s thickness was often not relevant to observe with enough
precision the change of the slope of the temperature curve due to the phase transition of PCM, especially if installed in
multilayer components that hide and attenuate the effect of the PCM. Moreover, as highlighted in [20], the
measurements of some phenomena such as convection heat transfer could represent a not negligible source of

uncertainty.

On the other hand, several studies had also been carried out on full scale experiments on outdoor test boxes [21][22]
[23],[24],[25],[26],[27],[28] and on roof components [29],[30], and [31]. All these studies provide significant results
since the building components were for long-term exposed to the outdoor environment (real condition). However, in
these cases, not only the general drawbacks illustrated for the laboratory dynamic hot box experiments remain, but
uncertainties may even increase due to the fact that the specimens are subjected to a multitude of simultaneous dynamic

physical stresses that are not fully under control.

Though these studies may lead to good empirical validation of numerical models of the whole experimental set-up,
including the test facility (i.e. the validation is obtained by comparison of the measured and simulated indoor air
temperature), there is a high possibility that errors may mutually compensate, and it becomes hard to assess the
reliability of the part of the code that simulates the PCM heat storage and transfer mechanism. Moreover, the
construction of full-scale laboratory mock-up implies high cost and require long-term experimental campaign as well as

the in-field experiments.

As highlighted in [32], simulations of PCMs behaviour presents several issues, since its actual thermal behaviours are
poorly known. This unknowns makes most of the models suspicious to be not well tested in a robust way.

Starting from the shortcomings of current PCMs measurement techniques to support numerical models validation, an
experimental procedure to test the performance of PCM-enhanced building components has been developed and
presented in the next sections. This procedure has been developed specifically to provide data for a robust validation of

numerical models and of BPS tools integrating PCM functionality.
2. Methods

An experimental campaign was carried on two commercially available PCM substances (PCM-a) and (PCM-b), which
are representative of two different types of PCM: PCM-a is an organic paraffin based PCM (commercial name: RT 28
HC); PCM-b is an inorganic salt hydrates based PCM (commercial name: SP 26 E). The two PCMs were selected
because they are characterised by different hysteresis behaviour (higher in PCM-b) and because they represent the most
adopted bulk PCMs used for building envelope components. The most relevant thermophysical properties of the two
PCM substances are reported in Table 1 (more detailed information can be found in [38]) while the physical properties
of the materials that constitutes the multilayer experimental specimens are reported in Table 2. The measurements were
carried out on bulk material, macro-encapsulated in a polycarbonate alveolar structure (as described in the coming

sections).
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Table 1. Thermophysical properties of the two PCMs [38].

name commercial material class melting  congealing c P P A
name range range (solid) (liquid)  (both phases)
[°C] [°C] [kikegK] [kg/m’]  [kg/m’]  [W/(m'K)]
PCM-a RT 28 HC Paraffin Wax ~ 27-29 29-27 2.0 880 770 0.2
PCM-b SP26 E Salt Hydrate 25-27 25-24 2.0 1500 1400 0.6

Table 2. Physical properties of each material that constitute the specimen. * PCMs properties are reported in Table 1.

layer  material d p c A
[mm]  [ka/m®]  [Jkg/K] [WImMK]
1 Gypsum board 125 720 1090 0.190
2 Polycarbonate 0.5 1200 1200 0.205
3 PCM layer* 9.0 - - -
4 Polycarbonate 0.5 1200 1200 0.200
5 Gypsum board 125 720 1090 0.190

Measurements were carried out by means of Heat Flow Meter Apparatus with two different purposes:

e To evaluate the response of PCM exposed to a sinusoidal thermal solicitation (transient state test),

e To measure the PCMs thermal conductivity in its different phases (under steady state conditions).

Prior to the experiments, transient state, 2D heat transfer analyses were carried out with a validated software tool
[40][41], for numerical heat transfer simulations in order to verify the reliability the initial assumptions (i.e. dynamic

equilibrium, and mono-dimensional heat transfer hypothesis) underpinning the experimental method.
2.1. DHFM: sinusoidal solicitation response measurements

The use of dynamic measurements based on sinusoidal solicitations presents some advantages compared to dynamic
ramp solicitations. First, it is intrinsically closer to the real physical solicitation occurring in a building envelope (i.e.
one side of the envelope is supposed to remain at constant temperature, while the other is subject to a temperature
fluctuation that can be described through a sinusoidal function). Second, such an approach to material characterization
may allow a direct comparison with the equivalent dynamic response (time lag and decrement factor) presented in the,
EN ISO standard 13786:2007 method [33] (dynamic thermal performance of opaque building components): This
calculation method, which leads to the determination of the dynamic performance of opaque building components when
subject to a dynamic solicitation, is only applicable to building components realized with materials that are
characterized by temperature-independent thermal properties, because of the employed numerical method (transfer

function).
2.1.1. The DHFM apparatus

An Heat Flow Meter apparatus (HFM) is primarily used to determine thermal properties (thermal conductivity or
thermal resistance) of a material under steady state heat flux. The apparatus is generally composed by an
heating/cooling unit, heat flow meters, and temperature sensors (thermocouples) placed at the boundaries of the
specimen (upper and lower plates). The measurement principle is based on the generation of a constant temperature

difference (steady state conditions) between the two sides of the specimen, and on the measurement of the heat flow
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density, a quantity that is inversely proportional to the specimen thermal resistance. Heat flow sensors and
thermocouples are generally placed in a relatively small area compared to the total size of the heated/cooled plates, with
the aim of measuring the physical quantities over an area that is not affected by edges effects, and thus presents an
undisturbed mono-dimensional heat flow (the ring around the measurement area acts as a guarded area. In Figure 1, the

main components of a HFM apparatus and its working principle are illustrated.
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Figure 1. Heat flow meter apparatus: description and working principle.

In recent years, more advanced HFM apparatus have been produced, Dynamic Heat Flow Meter (DHFM) apparatus.

These are essentially HFM apparatus with more advanced software and control unit able to perform dynamic
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measurements. These instruments make it possible to perform:

i)
i)

These two measurements can be used for different purposes:

i)

In the presented study the second approach based on the dynamic sinusoidal solicitation was used since the aims of the
research activities are to provide a methodology and an experimental dataset specifically developed for sinusoidal

solicitations, useful to test and empirically validate the capability of BPS codes to properly simulate building

temperature ramps;

sinusoidal periodic temperature solicitations.

To measure the volumetric specific heat and enthalpy according to ASTM C1784 [8]. The principle is
based on the measurement of the amount of heat absorbed/released by the specimen that, starting from an
initial condition of equilibrium (steady state temperature field) is then subjected to a temperature variation.

Tests are generally repeated over a series of temperature ranges. Some example of these tests are reported

in [1],[12], and [34].

To measure the response of a specimen subjected to a sinusoidal solicitation across a certain temperature
amplitude. Generally, the characterisation is performed measuring the response in term of temperature
variation of heat flow density profile on the side of a specimen subjected to a constant temperature. Some

examples of these tests are reported in [3] and [35].

components implementing PCMs.

2.1.2. Materials and specimens preparation
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Most of the studies reported in literature were aimed at performing experiments by means of HFM apparatus only on
PCM composite systems (PCM-gypsumboards, PCM-plasters, and shape stabilized PCM in polymeric matrix), though,

few studies focused on the measurements of bulk PCM (only in solid phase) can also be found [36].

The main reason for the lack of characterisations on bulk materials is that experimental measurements by means of heat
flow meter apparatus when the PCM is not incorporated in a composite system but enclosed in a container presents

several issues that affect the measurements:

e Difficulty in sealing the specimen (resulting in PCM sinking and loss of material);
e  The volumetric heat expansion of PCM does not allow to completely fill the containers (formation of air gaps);
e  Presence of thermal bridges can affect the results (metallic containers);

e  Convection phenomena can occurs (if PCM is enclosed in thick containers).

For all these reasons, a new approach to perform experimental investigation on bulk PCM by means of DHFM
apparatus was developed to overcome the above-mentioned issues. Such an approach is based on the use of alveolar
polycarbonate containers (Figure 2), a system that presents several advantages compared to more conventional metallic
containers. First, the thermal properties of polycarbonates are in the same order of magnitude of those of the PCMs
(thermal conductivity of polycarbonate ranges between 0.19 — 0.22 W/mK, with a density of ~ 1200kg/m°). Second, the
alveolar structure (9x9 mm cells) reduces the convective phenomena during the liquid phase of PCM. In order to solve
the issue of the volumetric expansion of the PCM, the two open sides of the specimens were folded to create an
expansion vessel, and an excess of PCM was poured in the polycarbonate structure. Such a strategy allows the specimen

the formation of air gaps within the measurement area to be avoided.

Figure 2. Polycarbonate panel used for the experiments

In Figure 3 a comparison between the procedure commonly (Fig. 3a) adopted in previous studies ([31], [36] and [37])
and the one (Fig. 3b) adopted in this study is presented. The advantages of the proposed strategy over the more

conventional one can be summarised in:

e measurements without sealing the PCM’s container (sealing issues and PCM leak are solved);
o all the air gaps in the specimen can be completely filled by liquid PCM;
e the excess of PCM in the expansion vessel compensates any possible decreasing of the PCM level below the

upper side of the specimen during the solidification phase.
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Figure 3. a) Existing procedure: (1. Vertical PCM filling and panel sealing; 2. Specimen rotation; 3. Solidification
phase; 4. Measurement phase); b) Developed procedure: (1. Heat up the polycarbonate panel; 2. Fold the two sides; 3.

Horizontal PCM filling; 4. Measurement phase).
2.1.3. Experimental test rig and procedure

The PCM-polycarbonate experimental specimens were sandwiched between two gypsum board panels (Figure 4) in
order to avoid the direct contact between the PCM-polycarbonate specimen and the instrument plates. This solution
allows the temperature in the upper and lower interface of PCM-polycarbonate specimen to be measured through
external sensors, neglecting the influence of the heat flow meter apparatus plates that are maintained at controlled
temperatures. Type-E thermocouples (nominal accuracy +0.25°C), calibrated in the laboratory, were placed at the
interface between the gypsum board and the PCM specimen (two thermocouples). One thermocouple was placed in the

core of the PCM layer (Figure 5), inside the polycarbonate structure, with a dedicated ring surrounding the probe to

assure that the temperature values were acquired at the centre of the PCM-polycarbonate specimen.




225
226

227

228

229

230

231
232
233
234
235
236
237
238
239
240
241

Figure 4. Preparation of the measurement specimen in DHFM apparatus. a) Placement of the PCM filled panel; b) Final

overlapping by gypsum board panel.

HFM upper plate (dynamic)

1 Gypsum board
2 Polycarbonate

3 PCM layer

4 Polycarbonate

5 Gypsum board

HFM lower piate (static)

Figure 6. Layout of the measured specimen and position of the temperature sensors

The Heat Flow Meter Apparatus used in the experiment was a Lasercomp FOX600 single sample device, suitably
modified to perform dynamic experiments. The device allows a 24h periodic sinusoidal temperature solicitation to be
imposed on the specimen by one of the two plates while maintaining the other plate at a constant temperature. The
experiments had a duration of 48h (2 x 24 h cycle), and only the results of the second cycle were stored, considering
that at the second measurement cycle the dynamic equilibrium was reached. Before starting the measurement of the two
cycles, an initialization period is necessary, and the dynamic cycles do not start before the set point temperature in both
the instrument plates is reached. Two different tests (test 1 and test 2) were carried out imposing a lower plate
temperature equal to the nominal melting temperature of the PCM, and a sinusoidal upper temperature with different
amplitudes, respectively £12°C (total phase transition) for test 1 and +6 °C (partial phase transition) for test 2. The
physical characteristics of each layer that constitute the measurement samples are illustrated in Table 2. Moreover, the

enthalpy/temperature curve of the two PCM are illustrated in Figure 1.
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Figure 7. Measurement conditions: a) PCM-a; b) PCM-b.
2.2. Thermal conductivity measurement

The thermal conductivity of the two PCM substances was also measured by means of the same heat flow meter
apparatus described in section 2.1.1, following the procedure described in EN 12664:2002 [11]. The characterization
was carried out on the same samples tested with the sinusoidal response method, i.e. polycarbonate panels filled with

PCM and sandwiched between two plasterboard panels.

The same instrumentation layout used in the sinusoidal response measurements was adopted, with thermocouples
external to the HFM apparatus placed on the upper and lower side of the polycarbonate-PCM specimens. The

measuring method is based on the one-dimensional Fourier-Biot law under steady state assumption (eq. 1):
AT
0=-2(3) ®

where ¢ is the measured steady state heat flow through the specimen [W/m?], 1 is the sample thermal conductivity
[W/mK], 4T is the steady state temperature difference [°C] between the two sides of the specimen, and d is the
thickness [m].

However, since the specimens were constituted by different layers and materials, this equation could not directly be
used to evaluate the thermal conductivity of the bulk PCM alone. The indirect determination of the thermal conductivity
was therefore carried out starting by the determination of the thermal resistance of the PCM layer, as the difference

between the total resistance measured by the devices and the thermal resistance of the polycarbonate layers (eq. 2):
Rpem = Rspec. — Rp¢ @)

where: Rpey is the thermal resistance of the bulk PCM, Rpc is the thermal resistance of the two polycarbonate layers
(upper PCM side and lower PCM side) and Ry is the total thermal resistance of the multilayer specimen calculated as
the ratio between the temperature difference AT measured by the upper and lower thermocouples and the measured heat
flow (eq. 3).

AT

Rspec. = 3 ®)
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The thermal resistance of the two polycarbonate layers (upper and lower side) was determined by means of eq. (5),
assuming a thermal conductivity Apc of 0.205+0.015 W/mK (as reported in the literature [39]), while the polycarbonate

thickness dpc was measured by means of Vernier caliper (instrumental resolution of 0.02 mm).

Rpc == (4)

And hence the PCM thermal conductivity Apcy Were determined (eq. 5).

s —2+dpc

()

A =
PCM
Rpem

2.3. Preliminary numerical verification
Numerical heat transfer analyses were carried out to verify the following assumptions:

o Despite the alveolar geometry of the polycarbonate container, the hypothesis of mono-dimensional heat
transfer is correct, and the effects of the 2D heat transfer phenomena are negligible.
e Two sinusoidal cycles of 24h each, are sufficient to assert that results were not influenced by the initial

conditions.

Both the numerical analyses to verify the above-mentioned assumptions were carried out by using WUFI®2D [40],
[41]. The software is a validated two-dimensional, transient heat and moisture simulation tool that solve the system of
equations of heat and moisture transport using the finite volume method based on time and spatial discretization.

Building components containing PCM can be simulated assigning an enthalpy vs. temperature data in the

hygrothermal function menu of the assigned PCM material.

2.3.1. Verification of measurement initialisation

One of the main drawbacks of dynamic experimental measurement is that they are usually very time consuming, and it
is, therefore, important to reduce as much as possible the duration of the experiments while still maintaining an
acceptable accuracy. Within the framework of this work, a numerical analysis was carried out with the aim of verifying
that two sinusoidal cycles of 24h each (and thus a 48h test in total) are sufficient to achieve the stabilization of the
temperature evolution during tests, when the initial conditions of the test are within a reasonable range of temperature

values around the phase change range.

Before starting the experimental campaign, the assumption of the independency from the initial conditions after two
sinusoidal cycles have been verified by simulating the specimen under the same sinusoidal solicitation of the DHFM
analysis using different initial conditions (IC). The difference between the values of temperature of the PCM layer
obtained using different IC are illustrated in Figure 8. The simulations were performed using three different 1C values
for the temperature of the PCM layer: 30°C (PCM in liquid phase), 28°C (PCM in melting phase), and 26°C (solid
phase). As it possible to observe, in all the simulations the same value of the temperature of the PCM layer is reached
after ~6h. Nevertheless to take into account that simulation software is not fully accurate for the simulation of PCMs
(hysteresis phenomena and sub-cooling phenomena are not implemented), the results of the first 24 was discarded,

meaning that during the second cycle (from 24th and 48th hour) the evolution of the temperature of the PCM layer is
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Figure 8. a) Results of the temperature difference between 1% and 2" simulation cycle (PCM-a); b) Temperature results
of the first simulation cycle (PCM-a).

2.3.2. Verification of mono-dimensional heat flow assumption

The following analysis was aimed at verifying that the effect of vertical polycarbonate structures at the boundary of
each cavity of the hollow polycarbonate panel is negligible when assessing the heat transfer across the PCM layer. This
assumption allows the polycarbonate-PCM system to be simplified as a homogenous layer where the heat transfer is

essentially mono-dimensional.

For this verification, a 2D transient simulation was performed. To reduce the computational cost of the simulation, the
heat transfer problem was simplified considering only a small portion of the specimen (30mm width) constitute by three

cavities filled with PCM, which is representative of the entire structure of the sample under test.

To verify the negligibility of the 2D heat transfer, the temperature values of four sensor points (two for each side of the
PCM layer) were compared. The four sensors were placed in the middle of the PCM gap and in the proximity of the
vertical bridges of the polycarbonate, as shown in Figure 9. The criteria used for this verification is that the following: if
the maximum temperature difference between the central sensors (T1) and the sensors placed on the sides (T2)are lower
than the measurement accuracy of the thermocouples (£0.25 °C) used during the experiments, the 2D heat transfer
phenomena due to the vertical bridges in the polycarbonate container can be neglected, because in practice not

measurable with the test rig and procedure under investigation.
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321 Figure 9. 2D numerical model of the measured specimen. 1) Gypsum board; 2) Polycarbonate; 3) PCM.

322 In Figure 10 the difference between the central temperature sensor (T1) and the temperature sensors placed on the sides
323 (T2) are reported. The results show a maximum difference of 0.040 °C and 0.013 °C for the lower side and the upper
324  side of the PCM layer respectively, with an associated root mean square error RMSE (between the central point and the
325 side point) of about 0.003 and 0.002 °C. These numbers confirm that it is possible to neglect the 2D heat transfer
326 phenomena due to the shape and the thermophysical properties of the polycarbonate container. Indeed, as already

327 mentioned, the polycarbonate was chose as PCM container because of their similar thermal conductivities.
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330 Figure 10. The difference between the control points placed in the upper and lower side of the PCM layer, simulation
331 time 48h.

332 3. Results and discussion

333 3.1. Sinusoidal solicitation response analysis



334  The results of the four experimental test (two each PCM substance), carried out by DHFM apparatus are are plotted in
335 Figure 11 and 12.
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338 Figure 11. PCM-a (paraffin wax), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of 12°C); b)
339  Test-2 (sinusoidal solicitation amplitude of 6°C).

PCM-b (salt hydrate)

b) test-2
150 54 150
52
....... 50 0 50
A8 I, s
50 46 4 Tttt -50
— 44
15087 | O 42 -150 &
e <
-2
250 s 5 gg 50 s
NEE -350 ;
Hysteresis 350 % @32 e Hysteresis H
4505 | £ 30 450 §
3 @28 5
= R . 550 T F 26 - _= M ar e o ar aC Ngape ta- W~ ta~sa"sa"na 5 =4 =550, T
= 24 = -
650 22 S - -650
4 S S~al.- -
B 18 . -750
16 subcooling % e 750 16 subcooling
14 S et -850 14 -850
0h 12h 24h 0h 12h 24h

340 - =Tupper Tlower —T_PCM up —T_PCM T_PCM low  «+ees Qup Qlow - =Tupper Tlower —T_PCM up —T_PCM T_PCM low === Qup Qlow

341 Figure 12. PCM-b (salt hydrate), experimental DHFM results: a) Test-1 (sinusoidal solicitation amplitude of 12°C); b)
342 Test-2 (sinusoidal solicitation amplitude of 6°C).

343 It is possible to observe that all the results are consistent with those reported in literature regarding the behaviour of the
344  two different PCM compositions [38], in particular:

345 e Intest1 (PCM-a and b) the change of the slope (PCM temperatures) due to the total melting and solidification
346 of the PCMs are evident, while in test 2 with a sinusoidal amplitude of 6°C, it is evident that PCM works only
347 in their mushy state without completing the phase transition.

348 The relevance of these different tests, showing different behaviour of the same PCM under different boundary

349 conditions, lays in the fact that PCM-enhanced building components are implemented in building envelope
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solutions or building structures that are subjected to a wide range of thermal conditions, including both the
total and the partial phase transition.

e Inall the experimental results are clearly visible the sub-cooling effect. Nevertheless, it is to underline that this
effect is more evident in tests 1 (complete phase transition) and in PCM-a (organic - paraffin wax).

e As expected, salt hydrate PCM-b show a more evident hysteresis effect (~2°C of difference between the
melting and the congealing temperature) in both test 1 and 2 compared to the paraffin PCM, where this
phenomenon is of little significance when the thermal stress occurs with very slow heating/cooling rates (lower
than 0.04 °C/min.).

In appendix A, the temperature values plotted in Fig. 11 and 12 are reported in Table 4, with a time-step of 30 minutes.
The full set of experimental data containing a shorter time-step resolution, the temperatures and heat flow measured at
the boundary conditions (plates), and the temperature values at the different interfaces of the samples are reported to be
used for validation of software codes. Observing the relevant difference in the PCM’s behaviour depending on the type
of solicitation (12 °C amplitude or 6 °C amplitude), it is, therefore, recommendable that building simulation software
tools allowing simulation of PCM substances or on-purpose developed numerical models are validated against both the
tests presented in this paper. This is necessary to assure that the validation process covers a wide range of thermal
conditions (more representative to the actual building operating conditions in which partial and total transition can
occurs), and not only the situation when a PCM complete the heating and the cooling phase, as well as, to include in the
validation phenomena such as sub-cooling and hysteresis which might be not negligible depending on the type of PCM

substance (organic-inorganic).
3.2. Thermal conductivity results

Experimental results of the thermal conductivity of the PCM substances are reported in Table 3. Even though the
results are affected by a relatively high uncertainty due to the indirect method of measurement leading to relevant error

propagation, it is possible to observe that the following facts.

e The thermal conductivity of PCM-a (organic - paraffin wax) is strongly dependent on the PCM state. When
measurement at the average temperature of 18.2°C (solid state), the thermal conductivity A is 0.24 W/mK (a
value coherent with those reported in the datasheet Ageciared), While at 38.7 °C (liquid state) the A is 0.4 W/mK,
showing an increment of ~67%. This difference can be justified by the possible development of convective
heat transfer phenomena in the PCM in liquid phase, despite the small dimension of the cavities, and the
measured value may be therefore interpreted as an equivalent thermal conductivity, which includes the
contribution of another heat transfer mode that is usually neglected in PCM models for BPS tools. Because of
the measurement set up, the potential convective phenomena included in the above mentioned equivalent
thermal conductivity occurred under an upward heat flux. In real applications in buildings the direction of the
heat flux might be different (e.g. horizontal in wall assemblies), and an investigation on these convective heat
exchanges in small alveolar structures in case of different heat flux direction might be necessary to give a more
robust understanding of these phenomena.

e Contrary to the organic paraffin PCM-a, PCM-b (inorganic — salt hydrate) presents a more constant value of A
for the two different phases, ~0.44 and ~0.40 W/mK, for solid and liquid phase respectively. This difference
in the behaviour of the two PCMs (a and b) is probably attributable to their different compositions: in PCM-b
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the presence of a salt matrix suppresses or limits to a great extent the buoyancy effects and consequently the
convective heat exchange.

Despite the coherence between the results at different temperatures, it should be highlighted that in both the
tests on PCM-b the resulting A is ~ 30% (44) lower than the value reported in the technical datasheet of the
product (Ageciared). HOwever this difference could be partially covered by the relatively high measurement
uncertainty (uA) of the thermal conductivity estimated in ~16% (uncertainty determined according to [42]),

and by the unknown uncertainty on the declared value of the thermal conductivity.

”

Table 3. Thermal conductivity results A, where Ty, Tiow, Tcore are respectively the upper, lower and core

temperatures of the PCM, while 41 is the percentage difference between declared and measured values of A.

SpECi men/type Test Tup Tlow Tcore xdeclared xmeasured
[°C] [°C] [°C] [W/imK]  [W/mK]
. ) Test 1 (solid) 16.3 21.7 18.2 0.24+0.04
PCM-a - Organic (paraffin wax) o 0.20
Test 2 (liquid) 375 41.2 38.7 0.3940.06
. Test 1 (solid) 20.9 17.3 19.0 0.44+0.07
PCM-b - Inorganic (salt hydrate) o 0.60
Test 2 (liquid) 27.0 30.6 29.2 0.40+0.06

4. Conclusion

In this paper an experimental procedure to assess the PCM thermal behaviour based on the sinusoidal response
measurement with DHFM apparatus is presented, as well as, general indications and guidelines to solve the main issues
related to build specimen containing bulk PCM, leading to a more accurate measurement of the PCM’s performance

and properties.

In order to properly measure the thermal performance of PCM layers under sinusoidal solicitations, a set of preliminary
numerical analyses were carried out before the experimental activity. Results show on one hand that the polycarbonate
container use to encapsulate the bulk PCM substances has a negligible effect on the heat transfer phenomena (no
generation of 2D heat transfer mode) and on the other hand that two sinusoidal cycles (48h) are sufficient to measure
the PCM behaviour, since after the first cycle (24h) the thermal behaviour of PCM is independent from the initial

conditions of the experiment

Experimental sinusoidal response measurements on PCM substances highlight that for the empirical validation of
simulation codes implementing PCM modelling capabilities it is important to evaluate different thermo-physical

boundary conditions. The following guidelines should be followed:

e Results on PCM-a (paraffin wax PCM) with a complete phase transition (test 1) should be used to verify the
reliability of simulation code that implements sub-cooling effect;

e Results on PCM-b (salt hydrate PCM), test 1 (complete transition) and test 2 (partial transition) should be both
used to validate models that implement the hysteresis phenomena;

e Test 2 on both PCM-a and PCM-b are useful to verify the reliability of simulation code to properly simulate
building component implementing PCMs under actual building thermal conditions (partial transition can
frequently occur). Test 1 (PCM-a and b) are only useful to validate the capability of simulation code to

properly simulate the total phase transition of PCM.
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Test on PCM-a (paraffin wax PCM) can be used to verify the codes implementing temperature dependent

thermal conductivity of PCMs substances.

The authors hope that the sharing of the DHFM measurements collected in a dataset available in the Appendix and in an

online repository shall be useful for the development of validated building simulations code implementing PCM

modelling capability.
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Appendix A
Table 4. Dataset. 2" measurement cycle (24 — 48 h), more detailed experimental results (DHFM heat fluxes and
temperatures with a more frequent time step of 666 seconds) are available at the following link:

https://dl.dropboxusercontent.com/u/7103172/Dataset.xIsx

PCM-a (paraffin wax) PCM-b (salt-hydrate)

Test 1 (12 2C amplitude Test 2 (6 2C amplitude Test 1 (12 2C amplitude Test 2 (6 2C amplitude

sinusoidal solicitation) sinusoidal solicitation) sinusoidal solicitation) sinusoidal solicitation)
time TPCM, core TPCM, up TPCM, low TPCM, core TPCM, up TPCM, low TPCM, core TPCM, up TPCM, low TPCM, core TPCM, up TPCM, low

s oC oC oC oC oC oC oC oC oC oC oC oC
0 26.0 26.2 26.4 26.4 26.5 26.6 24.2 24.4 24.4 24.3 24.4 24.5
1800 26.5 26.9 26.7 26.6 26.9 26.7 24.6 25.0 24.6 24.6 24.8 24.7
3600 26.9 27.5 27.0 26.8 27.2 26.8 25.0 25.6 25.0 24.8 25.1 24.9
5400 27.2 28.1 27.2 26.9 27.4 26.9 25.4 26.2 25.4 25.0 25.4 25.1
7200 27.4 28.5 27.3 27.1 27.7 27.0 25.7 26.7 25.6 25.3 25.7 25.3
9000 27.5 29.1 27.4 27.3 28.0 27.1 26.0 27.2 25.8 25.5 26.0 25.4
10800 27.7 29.8 27.5 27.4 28.2 27.2 26.2 27.8 26.0 25.7 26.2 25.5
12600 28.0 30.5 27.5 27.5 28.4 27.2 26.5 28.3 26.1 25.8 26.5 25.6
14400 28.6 31.3 27.6 27.6 28.6 27.3 27.0 29.0 26.8 25.9 26.6 25.7
16200 29.0 32.1 27.7 27.9 28.9 27.3 29.3 31.0 28.7 26.0 26.8 25.7
18000 29.6 32.8 27.8 28.1 29.2 27.3 30.3 31.9 29.6 26.0 26.9 25.8
19800 313 33.8 29.1 28.4 29.5 27.4 30.7 323 30.0 26.2 27.0 25.8
21600 33.0 35.3 30.9 28.6 29.6 27.4 31.0 324 30.1 26.4 27.2 26.0
23400 333 35.6 31.2 28.8 29.8 27.5 30.9 323 30.1 26.7 27.5 26.4
25200 333 35.5 31.2 28.9 29.9 27.5 30.7 321 29.9 27.3 28.0 26.9
27000 33.2 35.3 31.1 28.9 29.9 27.6 30.5 31.8 29.7 27.6 28.2 27.1
28800 32.9 34.9 31.0 29.0 29.9 27.6 30.2 31.4 29.5 27.8 28.3 27.3
30600 32.6 34.4 30.7 29.1 30.0 28.2 29.8 30.8 29.2 27.7 28.2 27.2
32400 32.1 33.7 30.5 29.3 30.0 28.5 29.3 30.1 28.7 27.5 27.9 27.1
34200 315 32.9 30.1 29.2 29.8 28.5 28.7 29.4 28.3 27.2 27.6 26.9
36000 30.9 32.1 29.7 29.0 29.4 28.3 28.1 28.6 27.8 26.9 27.3 26.7
37800 30.2 31.1 29.3 28.7 29.0 28.1 27.5 27.8 27.2 26.7 26.9 26.4
39600 29.6 30.2 28.8 28.2 28.5 27.9 26.8 26.9 26.6 26.3 26.5 26.1
41400 28.7 29.1 28.3 27.8 28.0 27.6 26.0 25.9 26.0 25.9 26.1 25.8
43200 27.9 28.0 27.8 27.3 27.4 27.3 25.3 25.0 25.4 25.5 25.6 25.5
45000 27.2 26.9 27.3 26.9 26.9 27.1 24.6 24.2 24.9 25.1 25.2 25.2
46800 27.7 27.3 27.7 27.5 27.3 27.5 24.0 23.3 24.3 24.7 24.7 24.9
48600 27.7 26.9 27.7 27.5 27.2 27.5 23.9 22.6 23.9 24.3 24.3 24.6
50400 27.7 26.4 27.7 27.4 27.0 27.5 24.1 23.0 24.5 23.9 23.8 243
52200 27.5 26.0 27.7 27.3 26.8 27.5 24.2 23.0 24.6 23.6 23.4 24.0
54000 27.2 25.5 27.7 27.2 26.6 27.6 24.2 22.9 24.7 23.7 23.3 23.9
55800 26.8 24.9 27.6 27.0 26.4 27.5 24.1 22.6 24.6 23.8 23.3 23.9
57600 26.4 24.3 27.5 26.8 26.2 27.5 23.9 22.3 24.5 24.0 23.3 24.0
59400 25.8 23.5 27.0 26.7 26.0 27.5 23.6 22.0 24.1 23.9 23.2 24.1
61200 24.6 22.4 25.7 26.4 25.7 27.4 23.0 21.3 23.3 23.8 23.1 24.1
63000 22.6 20.7 24.1 26.2 25.5 27.4 22.0 20.5 22.5 23.5 23.1 24.1
64800 21.5 19.8 233 25.9 25.2 27.2 21.2 19.7 21.8 23.5 23.1 24.2
66600 21.2 19.5 23.1 25.6 24.9 26.9 20.6 19.2 21.3 23.4 23.1 24.2
68400 21.2 19.6 23.1 25.3 24.6 26.4 20.3 19.0 21.0 23.4 23.1 24.2
70200 21.4 19.9 23.2 24.9 24.3 25.9 20.4 19.1 21.0 23.4 23.1 24.2
72000 21.7 20.2 23.4 24.6 24.1 25.6 20.5 19.4 21.1 23.4 23.1 24.2
73800 22.0 20.7 23.6 24.5 24.1 25.5 20.8 19.9 21.4 23.4 23.2 24.2
75600 22.5 21.3 23.9 24.7 24.3 25.5 21.2 20.4 21.8 23.4 23.2 24.1
77400 22.9 22.0 243 24.9 24.6 25.6 21.7 21.0 22.2 23.4 23.2 23.9
79200 23.5 22.7 24.7 25.1 24.9 25.8 223 21.8 22.7 23.4 23.3 23.9
81000 24.2 23.5 25.1 25.4 25.3 26.0 22.8 22.5 23.1 23.5 23.4 23.9
82800 24.8 24.4 25.5 25.7 25.7 26.2 23.2 23.1 23.5 23.7 23.7 24.0

84600 25.3 25.1 25.9 26.0 26.0 26.3 23.5 23.6 23.9 23.8 23.9 24.2
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Abstract

The use of Phase Change Materials (PCM) in different building applications is a hot topic in today’s R&D
activities. Numerical simulations of PCM-based components are often used both as a research activity and design tool,
though present-day codes for building performance simulation (BPS) present some shortcomings that limit their
reliability. One of these limitations is the impossibility to replicate effects given by thermal hysteresis — a characteristic

of several PCMs.

In this paper, an original algorithm that allows hysteresis effects to be accounted for is described and compared
against experimental data and data from other simulation environments. The algorithm is implemented in EnergyPlus™
and makes use of the Energy Management System (EMS) group, one of the high-level control methods available in
EnergyPlus™. The algorithm enables the replication of PCM’s different heating/cooling enthalpy curves in this BPS

tool, where effects of thermal hysteresis cannot be so far simulated.

A comparison between numerical results and experimental data is provided, and it is possible to see the impact of
the algorithm in the simulation of heat transfer in an opaque sandwich wall containing a layer made of PCM. A local

sensitivity analysis complements this study.

! Postal address: Alfred Getz’ vei 3, NO-7491 Trondheim, Norway; e-mail address: francesco.goia@ntnu.no,
francegoia@gmail.com; tel.: +47 73 550 275; fax: +47 73 595 094.
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Highlights

¢ Implementation of an algorithm for simulation of thermal hysteresis in PCM for EnergyPlus™.

o Verification of the algorithm through comparison with experimental data.
e Simulation of the effect of PCM hysteresis in opaque walls with a PCM layer.

Keywords

Building Simulation
Energy Management System (EMS)

EnergyPlus

PCM Hysteresis

PCM Modeling

Phase Change Materials (PCM)

Acronyms

BPS Building Performance Simulation

DSC Differential Scanning Calorimetry

EMS Energy Management System

Erl EnergyPlus Runtime Language

HVAC Heating, ventilation, and air conditioning

BCVTB Building Controls Virtual Test Bed

RT 28 HC Paraffin wax based PCM with melting area around 28°C
SP26 E Salt hydrate based PCM with melting area around 26 °C
PCMH Phase Change Material- Heating

PCMC Phase Change Material- Cooling

PC Poly-Carbonate

DHFMA Dynamic Heat Flow Meter Apparatus

IC Influence Coefficient

FVM Finite Volume Method

FDM Finite Difference Method

Nomenclature

Y Absolute value of temperature difference
E Experimental temperature value

PRMSE Percentage root mean square error
RMSE Root mean square error

S Numerical (simulated) temperature value

EMS code nomenclature

Avg_Temp EMS Global Variable

C_Wall EMS Construction Index Variable for Plate Wall_C

Current_Wall EMS Global Variable

Current_Wall_Status EMS Output Variable for “Current Wall”

EMS PCM Code EMS Program

H_Wall EMS Construction Index Variable for Plate Wall_H

Hysteresis EMS Program Calling Manager

Node N Calculation node inside the PCM layer

Node PCM EMS Sensor

PCM_Temp_Trend EMS Trend Variable to record data of “Node PCM”

Plate Wall_C Construction with PCM which has cooling enthalpy-temperature curve
Plate Wall_H Construction with PCM which has heating enthalpy-temperature curve
Wall EMS Actuator

Wall_PCM Name of Surface (wall) having PCM

[°C]
[°C]
[%]
[°C]
[°C]
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1. Introduction

The interest in the adoption of phase change materials (PCMs) in several building applications, ranging from
building components to HVAC systems, is steadily increasing over the last years in the R&D community. When
integrated into building components such as walls, floors, partition walls, glazing systems, these materials have the
potential to enhance the heat storage feature of the building fabric. This increased thermal capacity may determine a
reduction and delay of the daily peak loads, with a consequent downsizing of the HVAC systems and increase of
occupants’ thermal comfort. It is out of the scope of this paper to review the innumerable research activities carried out
in the last years on the use of PCM in buildings, and comprehensive recent overviews can be easily found in literature,
both at technologies and systems level [1][2][3][4][5], and at materials level [6][7][8][9].

Several studies have shown important benefits related to thermal comfort, energy savings, and HVAC downsizing
when these technologies are used in buildings. However, it must be noticed that much of these has been limited to
laboratory scale testing, or small mock-up, while studies in real buildings have been rather limited. However, with
advancement in numerical simulation tools, advantages given by the adoption of PCM in full-scale buildings can be

studied through building performance simulation codes.

In the last decade, an explosion of studies based on numerical simulations of PCMs in buildings can be seen — in
Figure. 1 the number of articles indexed in bibliographic database SCOPUS, which had Phase Change Materials,
Simulation, and Building as a keyword or word used in their abstracts, is reported, for the period 2005-2015. Computer
simulation tools provide a rapid and low-cost method to assess the performance of different systems, technologies,
controls, and in general applications of PCM in full-scale buildings. Nonetheless, it is important to stress that to reach
the expected/predicted performance; simulations should be done only when an accurate and validated model has been
developed.

m Articles
100 -

90 A
80
70 A
60 -
50 A
40 A
30 A
20 A
10 A

Frequency [-]

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year [-]

Figure 1. Number of articles listed in the bibliographic database SCOPUS, which had Phase Change Materials,

Simulation, and Building as a keyword or word used in their abstracts, is reported, for the period 2005-2015.

Nowadays many detailed building simulation programs are available to assist engineers, architects, designers,
researchers, and manufacturing companies to implement PCMs technologies and to evaluate innovative solutions

capable of improving the energy and thermal performance of buildings. Most of these tools are listed by the U.S.
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Department of Energy (DOE) web directory [10], and some of them implement modules for the solution of heat transfer
and heat storage within PCMs, among which it is possible to list EnergyPlus, TRNSY'S, ESP-r, WUFI Plus and BSim.

One intrinsic limitation of most of the PCM models which are integrated into a whole building simulation programs
is the need to run simulations with a very small time step (i.e., in order of minutes) to achieve an acceptable level of
accuracy. Because of this condition, a one-year thermal performance simulation becomes computationally heavy as
iterative methods are used in each time step. Also, the convergence may not be achieved due to numerical instability
especially when PCM enters or leaves the phase change region [11]. Currently, none of the whole building simulation

programs are using efficient mathematical models that are quick, accurate and numerically stable at realistic time step.

Aside from this limitation, there are few more shortcomings that affect the full reliability of simulations of PCM in
buildings. As highlighted in the literature [12][13][14], sub-cooling and thermal hystereses are two features recurring in
many PCM that are not currently tackled by any BPS tools. The lack of algorithms and strategies to correctly simulate
these aspects of the complex dynamic of PCMs can lead to wrong assumptions in designs as well as to not fully reliable

findings in research and development.

Currently, there is no BPS tool that is capable of addressing thermal hysteresis effect of PCMs, since all the available
platforms that allow the simulation of PCM-based components offers to the modeller the possibility to define just one
enthalpy vs. temperature curve as a material property. This approach is in opposition to what experimentally verified for
most of the PCMs, which always show, even with different extent depending on the nature of the PCM and on the speed
of the melting/solidification process, two different peak transition temperature values, one for the melting process and

one for the solidification process respectively.

1.1. Research aims
The aims of the research activities presented in this paper are:
e To empirically validate the performance of two simulation codes (EnergyPlus™, Wufi®Pro/Plus) in
simulating building components implementing PCMs;
e To develop and validate of an algorithm that implements the hysteresis effect of PCMs by means of
Energy Management System (EMS) in EnergyPlus.
The approach presented in this paper is suitable to take into consideration thermal hysteresis effect and sub-cooling
effect since both can be addressed if different enthalpy vs. temperature curve can be used by the simulation tool.
However, because of the lack of experimental data on sub-cooling phenomena, the verification of the proposed

algorithm is only carried out for the case of hysteresis — hence the reason to limit to this field the title of the paper.
1.2. Background on PCM modelling

1.2.1. Energy Plus
Among all the possible BPS tools, the paper presents a strategy and an algorithm that can be directly implemented
in EnergyPlus™. This software is one of the leading BPS tools and has been developed with financial support of the
U.S. Department of Energy. Aside from several features that make this software very powerful for building simulation,
it is also worth mentioning that it is freeware and it can thus be used without limitations for both research and

professional purpose.
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The capability of modelling PCMs was added to EnergyPlus™ program version 2.0, released in April 2007, by
adding a conduction finite difference (object “CondFD”) solution algorithm [15]. This algorithm uses a semi-implicit
finite difference scheme based on the heat capacity method with an auxiliary enthalpy vs. temperature dataset to
account for latent heat evolution [16]. Successful validations of this algorithm in combination with PCM modelling for
previous versions of EnergyPlus™ were reported by Zhuang [17], Campbell [18], and Chan [19].

A custom version of EnergyPlus version 8.1 with new hysteresis model was developed in part with OSU and
NRGSIM inc. The PCM hysteresis modelling methodology used in this custom version has not yet been implemented in
the official release of EnergyPlus. It uses an equation based approach for modelling dynamic phase change materials
“PCM's” with minimal inputs. The inputs are designed to match the results of differential scanning calorimeter “DSC”
testing. The model uses polynomial fitting curves to describe the properties of PCM adapted from the Ginzburg-Landau
theory of phase transitions [20]. It uses two hysteresis modelling methods, curve switch and curve track. The former

method is used for partial phase transition whereas the latter is used for complete phase transition.

1.2.2. Wufi®Pro/Plus

WUFI® Pro [21] is a 1D hygrothermal heat and moisture simulation software developed by Fraunhofer IBP,
Holzkirken, Germany [22]. The software was chose for the following test because it represent a very popular tool that
allow to simulate transient coupled heat and moisture transfer phenomena in wall assemblies solving the system of
equations of heat and moisture transport by using the Finite VVolume Method (FVM). The calculation method of
WUFI® Pro is based on the spatial discretization of the transport equations and uses the fully implicit scheme for the
time discretization.

More recently WUFI® Plus based on coupling hygrothermal and energetic building simulation was developed by
Fraunhofer IBP [23]. In the software, the resulting heat and mass fluxes solved at the building component surfaces are
incorporated into zonal models.

Building components containing PCM can be simulated from WUFI® Pro 5.0 version and in WUFI® Plus [24] by
assigning a temperature dependent enthalpy data in the hygrothermal function menu of the material/layer data editor.
Two main limitations of the software are reported in the literature: the first limitation is represented by the possibility to

assign as input data only hourly weather profiles [24], and secondly, the impossibility to implement hysteresis effect

2. Numerical model

As discussed in the introduction, current BPS tools are unable to model thermal hysteresis effects in PCM due to
the limitation that only one enthalpy-temperature curve can be provided as a material property. In this section, the
modelling approach adopted to overcome this current limitation in EnergyPlus™ is presented, together with the

explanation of the algorithm and its implementation in the simulation tool.

2.1. The EMS approach

The current version of EnergyPlus™ allows the modelling of a PCM layer to be carried out through the object
“MaterialProperty:PhaseChange”. This object is used to define the enthalpy vs. temperature curve of a given material,
whose other thermophysical properties are defined in the object “Material”, under the same group “Surface
Construction Elements”. A maximum of sixteen pairs of enthalpy-temperature values can be given to describe the non-

linear dependence of the internal energy of a PCM on the temperature. The enthalpy correspondent to each temperature
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point is independent from the direction of the energy storing process — i.e. if the material is cooling or heating. This
means, in practice, that only one enthalpy vs. temperature curve can be defined, and it is, therefore, a common practice
to provide the values of a “fictitious” curve, calculated as the average between the heating and the cooling enthalpy vs.
temperature curves provided in the PCM datasheet. It is important to mention that the simulation of PCM can be only
carried out using the algorithm “ConductionFiniteDifference” for the solution of the heat balance within the
construction element.

Given the present-day fields of the object “MaterialProperty:PhaseChange”, the strategy to overcome this
limitation makes use of the group “Energy Management System” (EMS) and its objects [26]. EMS is an advanced
feature of EnergyPlus™, and it is designed for users to develop customized high-level, supervisory control routines to
override selected aspects of EnergyPlus™ modelling [27]. Conventional use of EMS in simulations are advanced
HVAC modelling and controls[29][30][31], including faulty HVAC models for Fault Diagnostic Detection [28], real-
time building energy simulation [29], co-simulation of several other building energy software codes with Energy Plus
using Building Controls Virtual Test Bed (BCVTB) [30][31]. In addition, EMS has also been used as a tool to model
occupant behavior in connection to adaptive comfort theory and occupancy control [32], or other advanced modelling of
user’s interaction, such as the stochastic use of windows [33]. Furthermore, EMS has also been used for simulation of
behaviour and advanced control of dynamic properties in real [34][35] and ideal dynamic window systems [36].

EMS has nonetheless some limitations, and its use requires advanced knowledge of EnergyPlus™ and basic
computer programming. A simple programming language called EnergyPlus Runtime Language (Erl) is used to

describe the control algorithms, which are executed by the EnergyPlus™ engine when the simulation is carried out.

In the algorithm to enable the simulation of hysteresis effect of PCM, objects and programs of EMS are used to:

Step 1) Evaluate the state of the heat storage process of the PCM layer at the simulation time-step (whether
the PCM layer is cooling down or heating up compared to the previous time-step of the
simulation);

Step 2) Select the appropriate enthalpy vs. temperature curve, coherent with the direction of the heat
storage process;

Step 3) Instruct EnergyPlus™ to carry out the simulation of the time-step with the appropriate construction
characterized by the “correct” enthalpy vs. temperature curve, depending on the direction of the

heat storage process.

The evaluation of the heat storage process (Step 1), can be easily done through the EMS since the temperature of
the internal nodes of a construction element are calculated by “ConductionFiniteDifference” algorithm and can be
directly acquired by the EMS. A simple way to assess the direction of the heat storage process within the PCM layer is
to compare the temperature of a node inside the PCM layer, at the time-step, with the temperature of the same node at
the previous time-step: if it is greater, the layer is increasing its internal energy, and a heating (melting) process is
taking place; if it is lower than that at the previous time-step, the layer is cooling down (solidifying).

For the execution of Step 2, the EMS selects among two different objects “Construction”, previously defined by the
modeller, the first one related to a wall structure implementing a PCM with an enthalpy vs. temperature curve for
heating process and the second one related to a wall structure implementing a PCM with an enthalpy vs. temperature

curve for cooling process.
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The EMS program is then used, in Step 3, to instruct EnergyPlus™ to carry out the simulation with the right

“Construction” object, previously selected based on the heating or cooling process (Step 1).

2.2. Preliminary settings

Before defining the right program in the EMS environment, it is necessary to set an appropriate space discretization
for the numerical solution of the heat transfer equation. The space discretization must be so that at least one node falls
inside the PCM layer. This node (hamed Node N in these sections) will be recalled in the EMS program. Space
discretization is controlled in EnergyPlus™ through a parameter called “Space Discretization Constant” in the object
“HeatBalanceSettings: ConductionFiniteDifference”.

Furthermore, the values used to define the enthalpy vs. temperature curve cannot be directly changed by the EMS,
but belong to a specific object in the category “MaterialProperty:PhaseChange”, it is necessary to define, for each
PCM, two objects “MaterialProperty:PhaseChange” — one implementing the enthalpy vs. temperature curve for heating
process, and one implementing the enthalpy vs. temperature curve for cooling process. Moreover, each object
“MaterialProperty:PhaseChange” needs to be connected to a main object “Material”, where the other thermophysical
and optical properties of a construction material are given, two objects “Material” need to be defined — one for the PCM
during the heating process and one for the PCM during the cooling process. If the PCM is not the only layer of a
construction element (as usually happens), it is then necessary to define two different “Construction” objects, where the
two different “Material” objects are coupled with other layers to form the construction element. For the sake of this
explanation, the two “Constructions” objects are called Plate Wall_H (corresponding to the PCM with the enthalpy vs.
temperature curve for the heating process), and Plate Wall_C (corresponding to the PCM with the enthalpy vs.
temperature curve for the cooling process).

Once these two pre-settings are implemented, it is possible to move to the EMS group and define the objects and

program necessary to execute the simulation.

2.3. Working algorithm code
The EMS objects and how they can be used in EnergyPlus™ to make the algorithm for the hysteresis modelling

have discussed in detail in Appendix A.

3. Validation

The performance of EnergyPlus and WUFI PCM module was compared with the experimental data without
considering Hysteresis effect. Furthermore, the performance of the EMS code described in the above section was
verified against experimental data from measurements in a Dynamic Heat Flow Meter Apparatus (DHFMA). The aim
of this section is to show the impact of the EMS code on the simulation of the PCM’s layer temperature evolution and
to highlight that the proposed approach allows a better agreement between experimental data and numerical simulations

to be achieved.

3.1. The GHFM experimental analysis

Laboratory measurements were performed by means of DHFMA [24][37], evaluating the response of PCM under
sinusoidal periodic solicitations as reported in [38][39]. Tests were performed by using two different solicitations,
aimed at on one hand to reach a complete phase transitions (Test 1) and on the other hand to reach only a partial phase

transition (Test 2).
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3.1.1. Specimens

For this study, two different types of PCMs were used, one characterized by a moderate thermal hysteresis (PCM-
a) and one characterized by a much more relevant thermal hysteresis (PCM-b).

The first PCM-a is a paraffin-based PCM product named “RT 28 HC” by RUBITHERM GmbH [40]. The thermal
properties of this PCM, derived from the technical data sheet, are given in Table 1. Data to calculate the specific heat
vs. temperature and the enthalpy vs. temperature curves were also obtained from the technical datasheet.

The second PCM-b is a salt hydrate product named “SP 26 E” by RUBITHERM GmbH Errore. L'origine
riferimento non é stata trovata., whose thermo physical properties are reported in Table 1. This type of PCM usually
shows much higher energy storage density (i.e. narrower melting/congealing range) than paraffin-based PCM.
Hysteresis effects in salt hydrates are also more relevant than in paraffin because of the combination of the
thermophysical properties of these materials (higher thermal conductivity, higher density, higher energy storage
density). This characteristic can be well understood comparing the enthalpy vs. temperature curves of the PCM-a (Fig.
2) with those of the PCM-b (Fig. 3). The area between the curve for the heating process and the one for the cooling
process gives the impact of the hysteresis effect: the larger the area, the higher the effect on the thermal behavior of the
PCM due to the hysteresis. This area is at least 10 times larger in Fig. 3.b (PCM-b) than in Fig. 2.b (PCM-a).

Table 1. Thermophysical properties of the two PCMs.

. . Specific : : -
. Melting Congealing Density Density Conductivit

Name Material Class heat . o

range range . (solid) (liquid) y

capacity

[°C] [°C] [kI/kg'K] [ka/1] [ka/1] [Wi(m-K)]
PCM-a Paraffin Wax 27-29 29-27 2.0 0.88 0.77 0.2 (both phases)
PCM-b Salt Hydrate 25-27 25-24 2.0 1.50 1.40 0.6 (both phases)
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Figure 3. Specific heat vs. temperature (a) and enthalpy vs. temperature (b) for heating and cooling process of
the PCM-b (salt hydrate)

The two PCMs were choosen for their easy availability and because of their wide diffusion for the use in buildings.
Nevertheless, another important criterion for the selection of the two PCMs is the different hysteresis behaviour related
to their composition.

The two PCM specimens was built by filling a hollow polycarbonate panel 10 mm thick; thess methods were
already tested in [42][43] and represent a fast and easy way to enclose PCM in a stabilized shape that allow to perform
measurements by using a DHFM apparatus.

The polycarbonate panel filled with PCM were sandwiched between two gypsum board panels (thickness 12.5 mm)
in order to avoid the direct contact between the PCM filled polycarbonate and the instrument plates, this solution allow
to measure the temperature in the upper and lower interface of PCM neglecting the influence of the GHFM plates that
are both at controlled temperatures.

The physical characteristics of each layer are illustrated in Table 2. Moreover the enthalpy/temperature curves of
the two PCM are illustrated in Figure 2 & 3.

Table 2. Physical properties of each material that constitute the specimen. * (Average value between solid and liquid phase).

Name d p c A
[mm]  [ka/m®]  [Jkg/K] [WImK]
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1 Gypsum board 125 720 1090 0.19

2 Poly-carbonate 05 1200 1200 0.20
3 PCM-a 9.0 825* 2000 0.20
PCM-b 1450* 2000 0.6
4 Poly-carbonate 05 1200 1200 0.20
5 Gypsum board 125 720 1090 0.19

3.1.2. Experimental setup
Experimental test were carried out by means of a Lasercomp FOX600 single sample guarded heat flow meter
apparatus. Temperatures were measured by means of type-E thermocouples (measurement accuracy +0.25 °C),
connected to an external data logger. Thermocouples were placed in the PCM core, and at the upper and lower

boundaries of the polycarbonate PCM filled panel.

HFM upper plate (transient)

=T,
up
T 1 (gypsum board)
PCM, up
— 2 (polycarbonate)
3 (PCM)
4 (polycarbonate)
Tocm, tow
5 (gypsum board)
o Tlow

HFM lower plate (static)

Figure 4. Layout of the measured specimen

The Heat Flow Meter Apparatus generally used for steady state thermal conductivity measurement was adjusted to
perform dynamic experiments imposing a sinusoidal temperature solicitation (periodic cycle of 24 h) in the upper plate
and maintaining at constant temperature the lower plate. The experiments were considered concluded after two
sinusoidal cycle (test duration = 48 h). Nevertheless, the first 24 h cycle were used only as initialisation period and were
afterwards discarded, in this way only the last 24 h cycle was considered for further analysis. As mentioned the test
were carried out on the two PCM imposing a lower plate temperature equal to the nominal melting temperature of the
PCM, and an upper temperature solicitation with different amplitudes, respectively of +12°C for testing the complete
phase transition (Test 1) and +6 °C to test partial phase transition (Test 2). The test conditions are summarised in Table
3.

Table 3. Test conditions

Specimen Test Upper plate Amplitude Lower plate
condition temperature  [°C] temperature
[°C] [°C]

PCM-a Test 1 16 - 40 +12 28
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Test 2 22-34 *6 28
PCM-b Test1 14 - 28 +12 26
Test 2 20-32 *6 26

3.2. Validation method: Simulation of a virtual heat flux meter apparatus in BES software

The heat flux meter apparatus experiments were done virtually using both and EnergyPlus™ v. 8.4 and WUFI®
Pro. The temperature values of upper plate (sinusoidal) and lower plate (constant) were forced as surface temperature of
the wall imposing a surface convection coefficient h. infinitely high. The settings of the simulation were arranged as it
follows. In EnergyPlus™ the heat balance algorithm was set to Conduction Finite Difference Method, and Crank
Nicholson Second Order “Difference Scheme” was used for calculations. “Space Discretization Constant” was set to
0.5 whereas “Relaxation Factor” was set to 0.01. “Inside Face Surface Temperature Convergence Criteria” was set to
the minimum possible value, i.e. 107

Simulations were carried out using the same boundary conditions imposed in the experiments. Simulation runs
were long enough so that a periodically stabilized response was achieved. Four runs were carried out to test the effect of
the algorithm for hysteresis with different features of the PCM layer:

- EP_COOL: the wall sample was simulated using the conventional approach in EnergyPlus™ and using as the
only enthalpy vs. temperature curve the curve related to the cooling process in Fig. 3;

- EP_HEAT: the wall sample was simulated using the conventional approach in EnergyPlus™ and using as the
only enthalpy vs. temperature curve the curve related to the heating process in Fig. 3;

- EP_AVG: the wall sample was simulated using the conventional approach in EnergyPlus™ and using as the only
enthalpy vs. temperature curve the fictitious curve obtained as the average of the heating and cooling curves,
shown in Fig. 3;

- EP_EMS (only in EnergyPlus™): the wall sample was simulated using the EMS approach presented in this paper
to account for thermal hysteresis effects (and thus with both the two enthalpy vs. temperature curves for heating
and cooling process illustrated in Fig. 3).

Computational times for the three simulations were identical, considering possible small changes due to a different
use of the CPU. It is possible to affirm that the use of the EMS (in the algorithm for the simulation of hysteresis effects,
EP_HYS) does not increase the computational load of the simulation, and thus does not have any drawback from a
functional point of view.

Additionally, three simulation runs (WUFI_HEAT, WUFI_COOL, and WUFI_AVG) were also carried out on
WUFI® Pro v. 6.1. The settings of the simulation were arranged as it follows. In WUFI® Pro (based on the finite
volume method), space was discretized by using the option coarse grid (100 elements) with adaptive mesh refinement at
the boundary of each layer, while the time discretization was equal to the DHFM measurement output (666 seconds).
Moreover, in the numeric window, the options increased accuracy and adapted convergence where flagged, while the
moisture transport calculation was excluded.

A custom version of Energy Plus developed by NRGSIM was also tested for all the 4 cases. Test 1 for both PCMs
where complete phase transition is seen, Curve Track options was selected for the hysteresis modelling methodology
whereas for Test 2 of for both PCMs where incomplete phase change happens, Curve Shift is used. In the graphs shown

in later sections and Appendix B, the simulation result from this model is shown with name “NRGSIM”.
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3.3. Results

Experimental data and numerical data from the four rounds of simulation (EP_COOL, EP_HEAT, EP_AVG and
EP_HYS) were compared both quantitatively and qualitatively. Values of internal temperature nodes were used to carry
out the verification of the modelling approach and to assess its performance.

Quantitative estimation of the matching between numerical and experimental results was carried out through the
use of the following indices:

- Percentage root mean square error (PRMSE, [%]), calculated according to the Eq. (1) :

@

,where n is the total number of readings over a certain period, and e; and s; are the experimental and simulated
values, respectively.
- Root mean square error (RMSE [°C]), calculated according to the Eq. (2):

1 )
RMSE = \/; . Z?:l(sj - €j)2
- The average value of the absolute difference between simulated and measured values |A| [°C] Eq.(3) :
81 = - Zjals = ¢ ®)

In Table 4 the values of PRMSE, RMSE and |A| for the four PCMs for the four different runs are reported. These

error values are with simulation done on EnergyPlus™ Version 8.4.

Table 4. Thermophysical properties of materials constituting the wall sample layers.

Method PCM  PRMSE RMSE 1Al
[%] [°C] [°C]

RT28_6 3.7% 0.99 0.80

. RT28 12 4.0% 1.05 0.69
h SP26_6 3.2% 0.78 0.70
SP26_12 4.3% 0.99 0.82

RT28 6 41% 1.09 0.90

o RT28 12 4.5% 1.20 0.80
Z SP26_6 4.8% 1.20 1.01
SP26_12 4.4% 1.07 0.96

RT28_6 41% 1.10 0.90

. RT28 12 4.7% 1.28 0.81
§ SP26_6 5.0% 1.27 1.04
SP26_12 4.9% 1.20 1.05

RT28_6 41% 1.08 0.90

. RT28 12 11.1% 2.59 1.98
é SP26_6 5.0% 1.20 1.03

SP26_12 4.0% 1.00 0.85
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Qualitative verification was carried out comparing the time profiles for stabilized period of the simulated and
experimental temperature values. The temperature evolution inside the PCM layer of each wall sample is shown in Fig.
5 and in Fig. 6 for the wall with the PCM-a “SP 26 E” and the wall with the PCM-b “RT 28 HC”, respectively. Fig 5
and 6 shows the experimental data with EP_EMS and NRGSIM model simulation data with EP_AVG and WUFI_AVG
where average of heating and cooling curves is used. Individual graphs of each individual software with experimental
and EP_EMS is shown in Appendix B.

Results highlight that both EnergyPlus and WUFI are sufficiently accurate only to simulate PCM characterised by

low hysteresis during their complete phase transitions, the main differences among the results of the two software are
due to lack of accurate synchronisation in WUFI, in fact as highlighted in [24] one of the limitation of the lath software
is that only hourly time profile interpolated for smaller time steps can be assigned as boundary condition.
The comparison between the output of the simulations and the experimental data demonstrates the reliability of the
proposed approach for the simulation of PCM-based components in EnergyPlus™ Version 8.4. Quantitatively, a
slightly better match (lower PRMSE and RMSE) between experimental data and simulation is recorded when the new
algorithm, i.e. EP_EMS is adopted compared to other approaches. Furthermore using the EMS_EP, higher improvement
in the results was seen in incomplete melting conditions (tests 2).

Qualitatively, the effect of the algorithm accounting for the hysteresis effects is identifiable in Figure 7. There, it is
possible to see that by using EP_EMS both during the heating and cooling process the obtained numerical solution from
the algorithm are closer to experimental data if compared to the other simulation methods that does not account
hysteresis, as expected this is particularly important for the salt hydrate PCM-a. When the comparison is carried out
with the numerical simulation that made use of the averaged enthalpy vs. temperature curve (SIM_AVG), the difference
between the simulation with the proposed method and the conventional approach is less evident, yet still present.

The simulation results of NRGSIM model compared with experimental and EP_EMS simulation results can be
seen in Appendix B. While this approach obtained closer numerical solution while cooling, it obtained significant error
in heating phase. Somehow after using both available methods of PCM hysteresis modelling strategies, none of them
gives acceptable results when compared to experimental data. Whereas in usability terms, the major flaw in using this
version is that the while official version of EP uses Enthalpy-Temperature curve data to model PCM, this NRGSIM
model uses polynomial fitting curves to describe the properties of PCM. This poses a challenge to modellers as by using
polynomial fitting curves method, they might not be able to represent Enthalpy-Temperature curve accurately which
may further lead to inaccuracies in the result.

The scope of this verification was to demonstrate the functioning of the proposed algorithm (EP_EMS) and to show

that the changes in the numerical solution were coherent with the expected behaviour.
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Figure 5. Temperature evolution of SP26E under a stabilized periodic cycle. (a) Comparison between experimental

data and simulations with sinusoidal amplitude of +6; (b) Comparison between experimental data and simulations with
sinusoidal amplitude of £12.
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Figure 6. Temperature evolution of RT28HC under a stabilized periodic cycle. (a) Comparison between experimental
data and simulations with sinusoidal amplitude of £6; (b) Comparison between experimental data and simulations
with sinusoidal amplitude of +12.
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Figure 7. Temperature evolution of SP26E under a stabilized periodic
cycle. with a sinusoidal amplitude of £6;
353 Results on PCM-a demonstrate that both Energy Plus and WUFI can be used for PCM characterised by low

354 hysteresis (PCM-a). Nevertheless, all the models are not totally accurate when were applied to simulate incomplete
355 phase transition of the PCMs (tests 2).

356 4. Local Sensitivity Analysis

357
358

To highlight the parameters and inputs that are particularly influential (sensitive) to the final error difference
between the simulation results and experimental results, a local sensitivity analysis was applied on the EP simulation
359 model which uses the EMS algorithm discussed in the above sections. In particular, all the properties of the materials
360 used in the wall specimen were used as the parameters for this sensitivity analysis.
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4.1. Methodology
In the following sensitivity analysis, 14 parameters were chosen which represented the thermo-physical properties

of the materials used in the specimens which were then applied a perturbation of + 5% to their nominal value. The
output of each simulation was |A| (degree) which is an average of the difference between the temperature of each time
step of experimental and simulated values. The influence of each parameter is calculated from Equation (4) that
represents the dimensionless “Influence Coefficient” (1C) [44], which is the percentage of changing in the output due to

a percentage of perturbation in the input.
_ AOP + AOPBC
IC = AIP + AIP g )

Where AOP and AIP represents the changes in output and input, respectively; and AOPgc and AlPgc are the output

and the input base case values.

4.2. Results & Discussion
The complete bar diagram of the “Influence Coefficient” for 14 analysed parameters is reported in Figure 8. From
the results we can see that the most influential parameters on the algorithm are the density of PCM and the thickness
and conductivity of Gypsum Board. These results can partially justify the difference among predicted and measured
temperatures since the measurement uncertainty for each influential parameter are not well known, especially for data
retrieved from literature (measurement uncertainty are not provided). This highlights that the measuring uncertainty of

the highest sensitive parameters has to be carefully evaluated when experimental data is used to validate code.
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Figure 8. Influence coefficient of selected 14 parameters

5. Discussion

In the presented study, the reliability of two different building simulation software (Energy Plus and WUFI) were
tested for the simulations of different type of bulk PCMs under different sinusoidal temperature conditions (complete

and incomplete phase transition). Results reveal that both software are adequate to simulate PCM characterised by low
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hysteresis during their complete phase transitions indicating not a significant mismatch in the temperature profile
(synchronisation). On the contrary, high inaccuracies occur when they are used to simulate incomplete phase transitions
and PCM characterised by significant hysteresis.

Moreover, a newly developed approach for the modelling of thermal hysteresis features in PCM has been developed
and tested to prove that it is a robust and reliable algorithm that can be executed in EnergyPlus™ without increasing the
computational load. Numerical results obtained through this method are coherent with the physical phenomena, and it
has been shown that other, simplified simulation approaches that neglect hysteresis can lead to significant over-/under-
estimation of the temperature evolution inside a wall that contains a PCM layer.

For this sake, a IDF file (an acronym for input data file, the compiled file that contains data to be processed by the
EnergyPlus™ engine for simulation) for EnergyPlus™ Version 8.4 is attached to this paper as Supplementary material,
and it can be used to replicate the simulations presented in Section 4. By changing the values of the enthalpy vs.
temperature curves in the objects “MaterialProperty:PhaseChange” researchers can test different types of PCMs.

When it comes to the application of the presented modelling approach for design of wall systems and indoor
climate control through the adoption of PCMs, the paper has shown that hysteresis effects for some PCMs can be very
relevant to the extent that the temperature swing inside a PCM layer can be lower than for other PCMs that show little
hysteresis. This characteristic can be beneficial for some applications of PCMs and analyses on the impact of hysteresis
features on energy, and indoor environmental performance of the building is, therefore, an interesting topic, especially
in combination with natural ventilation and free cooling — two strategies often used in combination with PCM systems.

So far, hysteresis has been mostly considered a drawback and conventional guidelines for the selection of PCM, at
least for building applications which usually recommend avoiding materials showing high hysteresis. Dedicated
research activities should instead be carried out to deepen this aspect and to unveil potential beneficial effects of

thermal hysteresis.

6. Conclusions

The lack of suitable models to account the effect of thermal hysteresis of PCMs is nowadays a major shortcoming
of BPS tools; well acknowledged in the scientific literature. In this paper, a new modelling approach, applicable to the
latest versions of EnergyPlus™, which overcomes this limitation, is presented.

The novel algorithm makes use of the EMS group in EnergyPlus™ and allows the implementation of two
“enthalpy vs. temperature” curves to correctly model both the melting and the congealing process of PCMs. The full set
of code scripts for the EMS group is given in the paper so that it can be easily adopted by researchers and professionals
that make use of this software for building performance simulation. Thought the modelling strategy presented in this
paper is functioning for EnergyPlus™, the approach behind it can be replicated for other BPS tools using their own
features and programming languages.

The verification of the code against experimental data demonstrated the reliability of the modelling approach and
showed coherence between the achieved numerical results and the expected behavior of the code. Computational load
due to the use of EMS is not increased compared to conventional modelling strategy in EnergyPlus™ that does not
account for hysteresis effects. The presented algorithm is therefore robust, reliable, and computationally efficient (at
least compared to other available codes).

The simple numerical study presented in Section 3 highlights how hysteresis effects can be very relevant for the
temperature evolution inside a wall assembly; in the case, PCMs characterized with high hysteresis feature are adopted.

In these cases, a conventional modelling approach that neglects thermal hysteresis may lead to substantially different
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results, jeopardizing the outcomes of the simulation study. The numerical analysis described in the paper also suggests
that hysteresis can represent a useful feature and that it can be used to achieve better energy and indoor environmental
performance, is suitably tuned. This topic is definitely of high interest and, thanks to the novel algorithm presented in
the paper, further research activities on the exploitation of hysteresis features can be carried out.

Moreover, the method described in this article is directly applicable to EnergyPlus™, but developers of other BPS
tools can make use of this approach for the sake of other BPS codes and translate it to the correspondent program

language for the implementation in different numerical tools.
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Appendix A: EMS objects and program

The temperature of Node N is acquired by EMS using the object “Sensor”, compiled according to the strings here
below, where the field “Output:Variable” is “CondFD Surface Temperature Node N and the “Index key name” is the
name of the surface that is made of the construction containing the PCM layer (for the sake of explanation, this surface
is called Wall_PCM). This sensor is named, in these sections, Node PCM, and will be recalled later in the EMS
program. Using the nomenclature describe here above, the following lines can be entered in IDF file to create this

sensor.

EnergyManagementSystem: Sensor,

Node_PCM, ! — Name
Wall_PCM, I — Output: Variable or Output: Meter Index Key Name
CondFD Surface Temperature Node N; | — Output:Variable or Output: Meter Name

The object “Actuator” is then used, in conjunction with the input object called
“EnergyManagementSystem: ConstructionIndexVariable” (see below) to link different constructions and allow the swap
between the construction with the heating and that with the cooling enthalpy vs. temperature curve. In this object, the
“Actuated Component Type” field is “Surface”, and the “Actuated Component Control Type”, which gives the control
type, is “Construction State”. The following lines can be entered in IDF file to create this actuator.

EnergyManagementSystem: Actuator,

Wall, I — Name

Wall_PCM, | — Actuated Component Unique Name
Surface, I — Actuated Component Type

Construction State; | — Actuated Component Control Type

Few variables need to be defined in the EMS to allow a smooth execution of the program to be carried out.

First, using the object “ConstructionindexVariable”, two variables, named H_Wall and C_Wall, in this example,
need to be defined, identifying the construction with the PCM in heating mode and in cooling mode, respectively
(identified by the names Plate Wall_H and Plate Wall_C). The following lines can be entered in IDF file to create these

variables.

EnergyManagementSystem: ConstructionindexVariable,
H Wall, ! — Name
Plate Wall_ H; !— Construction Object Name

EnergyManagementSystem: ConstructionindexVariable,
C Wall, ! — Name
Plate Wall_cC; ! — Construction Object Name

Second, using the object “GlobalVariable”, to additional variables, named Avg_Temp and Current Wall are
created and will be called in the EMS program for checking the state of the heat storage process (heating vs. cooling).

The following lines can be entered in IDF file to create this variable.
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EnergyManagementSystem: GlobalVariable,
Avg Temp, ! — ErlVariable 1 Name

Current_ Wall; ! — ErlVariable 2 Name

Third, a trend variable (named PCM_Temp_Trend in this example) needs to be created by using the object
“EnergyManagementSystem: TrendVariable”. A trend variable is a log of historical values for Erl variables. A trend log
is an array that goes back in time, and for this example, the trend variable includes the values of the previous 20 time-
steps. The aim of this trend variable, used in combination with the “@TrendAverage” function in the EMS program, is
to calculate, at the time step t-1, the value of the temperature of the PCM node (Node_PCM) as the average value of a
given number of previous time steps (the given number is called directly in the EMS program and will be described
later). This strategy is adopted to obtain a more smooth history of temperature values for the PCM node (node N), since
when close to a change between the heating and cooling process (and vice-versa), the numerical solutions of the heat
transfer equation can lead to a temperature value that is oscillating around a stable value, for several time-steps. This
averaged temperature value will be then used, in the main EMS program, to assess whether the PCM layer is melting or

solidifying. The following lines can be entered in IDF file to create the trend variable.

EnergyManagementSystem: TrendVariable,

PCM_Temp_Trend, ! — Name
Node_PCM, '— EMS Variable Name
20; ! — Number of Timesteps to be Logged

Fourth, an optional output variable (herewith named Current_Wall_Status) can be created to record the current
wall construction status and return this characteristic at every time-step for control purpose. Through this variable, it is
possible to check that the program is actually swapping from one wall construction to another (and this means from the
enthalpy vs. temperature curve for the heating process to the one for the cooling process). The following lines can be

entered in IDF file to create the output variable.

EnergyManagementSystem: OutputVariable,

Current_Wall_Status, ! — Name

Current_ Wall, ! — EMS Variable Name
Averaged, ! — Type of Data in Variable
ZoneTimestep; ! — Update Frequency

After variables initializations, the focus can be moved to the EMS program (herewith called EMS PCM Code)
which is first introduced through the object “ProgramCallingManager”. Through this object, the execution of the
program is set to occur after EMS calling point called “BeginTimestepBeforePredictor”. This point occurs close to the
beginning of each time-step, but before the predictor executes. The term “Predictor” refers to the step in EnergyPlus™
simulation when all the calculations happen for Zone HVAC. The following lines can be entered in IDF file to define

the program calling manager object.
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EnergyManagementSystem: ProgramCallingManager,

Hysteresis, ! — Name
BeginTimestepBeforePredictor, I — EnergyPlus Model Calling Point
EMS PCM Code; ! — Program Name 1

Finally, the actual EMS program containing the conditional expressions to select the right enthalpy curve (through
the selection of the correspondent “Construction”) is defined. It is possible to see that the program makes use of the
function “@TrendAverage”, as previously described, to average the value of the temperature of the PCM node (Node
N), based on the information stored in the trend variable PCM_Temp_Trend. The “@TrendAverage” function is called,
in this example, with an index of 12, meaning that it will return the running average of values of the temperature in the
previous last 12 time-steps. This number is arbitrary and depends on several aspects (e.g. time-step of the simulation,
heat transfer conditions), so every modeler is free to choose a value that fits best with its specific simulation. The
following lines can be entered in IDF file to implement the EMS program.

EnergyManagementSystem: Program,

EMS_PCM_Code, ! — Name

SET Avg_ Temp = @TrendAverage PCM_Temp_Trend 12, I — Program Line 1
IF Node_PCM > Avg_Temp, I— A5

SET Wall = H Wall, I— A6

ELSEIF Node_PCM < Avg Temp, !— A7

SET Wall = C_Wall, 1 — A8

ENDIF, I— A9

SET Current_Wall = Wall; 1— A10



592  Appendix B: Inter-software comparison

—EXP —EP_AVG EP_COOL =——EP_HEAT = EP_EMS UPPER PLATE LOWER PLATE

32
31

30

29
Q28
g7

= N
@© 26 LS

a N
pp——_ \Mﬁ
£ = -
o 24
— —
23
22
21

20
86400 96400 106400 116400 126400 136400 146400 156400 166400
Time [s]

(a)

—EXP «= EP_EMS UPPER PLATE LOWER PLATE NRGSIM

32
31
30
29
(ST

N
ey A
2 N
=
& 26 - Dy
825 - \__
] ~ --'-'--—--'—

K] 24
23
22
21

20
86400 96400 106400 116400 126400 136400 146400 156400 166400
Time [s]

(b)

—EXP == EP_EMS UPPER PLATE LOWER PLATE ----- WUFI_AVG WUFI_COOL ----- WUFI_HEAT

32

31

20
86400 96400 108400 116400 126400 136400 148400 156400 166400

Time [s]

(c)
Figure B.1: Temperature evolution of SP26E under a stabilized periodic cycle with
sinusoidal amplitude of £6
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Figure B.2: Temperature evolution of SP26E under a stabilized periodic cycle with
sinusoidal amplitude of £12
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Figure B.3: Temperature evolution of RT28HC under a stabilized periodic cycle with
sinusoidal amplitude of £6
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Figure B.4: Temperature evolution of RT28HC under a stabilized periodic cycle with
sinusoidal amplitude of £12
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