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ABSTRACT

Because of the high costs of experimental tests in the real conditions of buildings, numerical
simulation, developed analytical methods and different modelling studies are needed to
predict the behaviour and results of phase change materials (PCMs) usage in buildings in
order to optimize the thermal energy storage techniques and to make them more efficient and
cost-effective. The aim of this study is to develop a numerical model reproducing the
behaviour of an innovative water-PCM heat exchanger for cooling purposes particularly
created for HIKARI, the first positive energy, mixed use district in France. Once numerically
calibrated and experimentally validated, this model was used to optimize the system’s
technology applying Genetic Algorithms methods. The model presented in this article was
developed based on the heat balance approach and solved using the finite difference method.
It was validated both numerically, using a Computational Fluid Dynamics model and
experimentally using both the results of an innovative experimental prototype designed and
constructed in laboratory conditions and HIKARI in situ monitoring results. The Normalized
Mean Bias Error and the Coefficient of Variation of the Root Mean Squared Error, used to
analyse the validation results, show that the choice of the heat balance approach provided a
valid model able to reproduce the PCM-water heat exchange with high accuracy.
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1. INTRODUCTION

Thermal energy storage (TES) is a technology thatenable greater and more efficient use
of renewable energy sources by matching the ersrgply with the demand, as it consists of
stocking thermal energy by heating a material {theat Storage Medium”) capable to release
the stored thermal energy at a later time. Inway, this technology can help balance energy
consumption and reduce peak demand, €@issions and costs, while increasing overall
efficiency of energy systems [1-4]. In view of thiBES is considered one of the most
promising technologies, as it can play a key roleemergy efficient buildings by stocking
thermal energy in order to reduce indoor air terapge fluctuation or reinstituting it to the
system (building, district, and town) at a lateripé with an hourly, daily or even seasonal
time lag [5-8].

The current study aims to design, model and nuraléyiand experimentally validate a water
/PCM heat exchanger with TES purposes [9]. Thistesysis part of the multi-energy
production and storage systems of HIKARI projecigife 1), a positive energy district
located in Lyon consisting of three buildings, comntg commercial, residential and office
usage [10].
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Figure 1 - Overview of the HIKARI energy systemgtes

The scheme of the HVAC technology of the HIKARItdigt is shown in Figure 2. The
cooling system includes an absorption chiller, dial@atic dry cooler, a vapor-compression
refrigeration system and a storage system, wheehmating system includes a cogeneration
unit feed with rapeseed oil, a gas boiler (thatasnected to the absorption chiller) and a
storage system. The PCM based thermal storagensydtiow temperatures (indicated in the
green circle) is connected to the HIKARI’'s absarptchiller (46kW) that provides the water
during the charging and discharging phases. THiswater storage system is used in order to
improve the performance of the absorption chiller.
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Figure 2 — Scheme of the HVAC technology of HIKAR& reference thermal energy storage
system is indicated in the green circle.

The positive effect of PCMs integration on the perfance of air conditioning systems has
already been tested in different studies [11- M&lvertheless, the challenges linked to the big
dimensions of the HIKARI district and the presemtats multi-source energy architecture,
made the technology of this thermal storage sygi@ricularly complex.

Concerning its technology, the water-PCM heat ergbaconsists of 27 $rof phase change
material (PCM) (subject to a phase change betweand911°C) processed into a gelatinous
form and enclosed in impermeable cylindrical stidckages (Figure 3.a). Each cylindrical
package encloses 100g of a PCM, the JX Nippon @iided paraffin Ecojoufe able to store
and to release approximately 154 kJ/kg. The staksinserted in plastic cases (Figure 3.b),
which are subsequently inserted in four insulakedhal storage tanks (Figure 3.c) filled with
water. The total thermal energy storage capacith@fsystem is 3000 MJ.

Figure 3 — (a) Latent Heat Thermal Storage matepatkage (gel pack), (b) plastic case filled wiéh g

packs and (c) typical installation of the plastases into the isolated tal
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Water circulates into this tank as the heat traniifed, entering in the system from tubes

situated on the top of the tank, passing from sopdinings with a flow rate of 50 g/s. For all

the tanks, 180 opening can be counted (each opé&npasitioned in front of a single plastic

case). The plastic cases have large aperturesrsat & impede the water flow that runs into
the tank when they are stacked in it. After passinmgugh the gel sticks layer, the water exits
the system passing through openings present im tithes located at the bottom of the tanks
(Figure 4).

7 71
[ Tubes %jy_ﬂ
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l l / Water

PCM modules
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Tubes

Figure 4 - Scheme of one of the four tanks compdkia system.

Once the temperature of the water into the foukgas 6°C, the system is considered “100 %
charged”, and the water that it contains is sentht&® absorption chiller, reducing the
difference between the chiller’s cold and hot inletter temperature. After the heat exchange,
the water flow is redirected to the storage tanktiooing this cycle until the tank’s
temperature reaches 10.5°C. At that point, theegyss considered “discharged”, remaining
unavailable until it is charged again.

2. NUMERICAL MODELLING

2.1 The heat balance approach

Contrary to experimental studies, numerical simoet can help to analyse physical
phenomena quickly and cost-effectively [14]. Furthere, validated models can be used in
parametric studies having a greater versatility gared to experimental prototypes.
Fundamentally, the developed models are based erotimulation of a series of energy
related equations and their solutions using ar@lyand numerical methods. Because of the
complexity linked to the calculation of the movibgundary of phases, numerical methods
are more frequently used for phase change probJéBd7]. In order to obtain a dynamic
model able to reproduce the behaviour of our refs¥dechnology, the heat balance approach

4
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was chosen. It is based on the division of the yseal system into a defined number of
volume elements (it is a fixed grid method) and subsequent application of the energy
balance equations for each of them. The heat balagaations are formed for every volume
element and solved at each time step in order ltulede the temperature evolution at the
considered nodes.

This approach assumes that the temperature vathe same for each volume element. When
the system is composed of two or more materialsi(asur case with water and PCM)
different layers are considered, in order to bettedy the behaviour of each material.

In this study, the first step consisted in analgsatl the relevant energy flows present in the
system, in order to write the energy balance eqgusaficonsidering conduction, convection
and advection transfers. Once the energy balane&tieqs were written, the finite difference
method was employed, in order to approximate thiégbaifferential equations. Finally, the
equations were solved at each time step and fdr walame through the software MATLAB
Simulink.

This method was chosen as it was previously usedpaovided good results for similar
configurations [18, 19].

2.2 Selection of the development environment

As the HIKARI's HVAC model was created under MATLARBmMulink environment, this
software was selected for the development of theleihoeproducing the HIKARI's cold
storage system energy behaviour. Also, the softwHess the possibility of fast calculations
and modification of several parameters for the sgbent optimization phase [20].

2.3 The apparent heat capacity method
The heat capacity and enthalpy methods are ofted ttsmodel the PCM thermal behaviour
in buildings [21, 22]. In this case, the problenttué phase change of the heat storage medium
was resolved using the “apparent heat capacity ad&thithat consists in representing the
phase change through an apparent increase of ttegiatia heat capacity value for a certain
temperature range; this increase represents thhesponding latent heat absorption/release
[23-24].
In case of uniform process, we can define the apdreat capacityCp) as:

Cps (for the solid phase,where T < Ty)

C,(T) (for the phase change,where Ty < T < T))
Cp, (for the liquid phase,where T > T)

Cp.app =

In order to obtain the Gralues of the EcojoufePCM, a Differential Scanning Calorimetry
(DSC) test was made.
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2.4 The nodal discretisation of the model and fh@ieation of the heat balance approach
The heat exchange between the PCM and the watervilas modeled by reproducing the
thermal exchange between a single PCM gel sticknaaidr.

As the thickness of the enclosing plastic film o€ gel sticks is minor (0.5 mm), the thermal
resistance of this layer is considered negligifleus, two layers were considered for the
discretization: PCM and water. Each layer was tdestretized lengthwise into n equal
regions (nodes) of length L/n, where L is the téealgth of the PCM/water exchanger (length
of the PCM stick). The PCM layer was further disiezed crosswise in m nodes which
correspond to m concentric cylinders with a thidshef r=R/m where R is the radius of the
gel stick contained in a cylinder of water (i=w epdFigure 5.a). The discretization into
multiple nodes offers the possibility of a morerthggh treatment of the medium where the
phase change occurs. Subscript letter j signifiesniodal lengthwise position for each layer
(=1 to n) and the subscript i signifies the nodalsswise position in the PCM layer (i=1 to
m). The thermal resistances (represented with biactangles) are formulated between nodes
(represented with red dots) (Figure 5.b).

Figure 5 — (a) Scheme of the discretization ofrttzalel and (b) overview of the
resistances between the control volumes.

In order to write the energy balance equations eresiclered conduction in PCM, convection
between water and PCM and advection in water apdhsible transfer phenomena that could
take place in each node, so the equations coulditen as follows:

change rate transfers transfers transfers

Temperature Conduction Convective Advection
= } + +
in node in node innode innode

6

Equation 1
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The energy balance equation was written for eaaentaking into account that the heat
entering into that node is equal to the heat egxitirat position.
The temperature change rate (or storage of heéheinode) can be expressed as follows:

Temperature dT
{ chqnge rate } = pC'pVE Equation 2
innode
Where:
p: Density of the node medium [kg/m?]
Cp: Specific heat capacity of the node’s medium [J/Hg-K
V: Volume of the node [
T : Temperature of the node [°C]
t: Time [s]
The conduction term concerns the PCM nodes. livisngoy the following equation:
{CSrr;il;(f:;Osn} = Tionm 2 Tt T Equation 3
in node Reona
Where:
T; : Node temperature at node i [°C]
Ti_q:: Node temperature at node i-1 [°C]
Titq Node temperature at node i+1 [°C]
L/n
Reona = S Thermal resistance between neighbouring nodes [K/W]
L/n: Length of node [m]
S: Contact surface between neighbouring PCM nodes [m?]
A: Conductivity of the node’s material [W/m- K]



178 The advection term concerns the water layer ancesepts the heat transported into a water
179 node i from a neighbouring water node i-1 and ftbeawater node i to a neighbouring water
180 node i+1. Inits explicit form, the advection teisrgiven by the following equation:

181

Advection

182 {transfers } = mCp (-1 =2 - Tj + Tjyy) Equation 4
183 in node
184 Where

T; : Node temperature at node | [°C]

Ti_q:: Node temperature at node j-1 [°C]

Tisq Node temperature at node j+1 [°C]

Cp: Specific heat capacity of the node’s medium [J/Kg-K

m: Water flowrate [kg/s]
185

186 The convection term concerns the water layer aadrbst external nodes of the PCM layer,
187 adjacent to the water layer. It is given by théolwing equation:
188

Convective

189 { transfers } = —(ARTW_m) Equation 5
190 in node conv
191 Where

AT, _p, ¢ Temperature difference between adjacent water &\ Rodes  [°C]

R -1

conv. " s.n - Thermal resistance between neighbouring nodes [K/W]
Contact surface between water and PCM nodes [m2]

h: Heat transfer coefficient [W/m?2-K]

192

193 The application of the heat balance equation resurk shown in the following equation for
194 the water (Equation 6) and PCM (Equation 7) nodes:

195
196 Pw-Cow-Viw — —d . (W_W) —
197 T 2 (TW'] N T‘;’] t) =m Cp(TW’]_l N ZTW'] + TW']+1) + (Rconzi+Rcc)]nv)_
198

Pw-Cow -V o —dt\ _
199 me=e= 2+ (T, — T ) =

— Equation 6
. Tm,;—Tw,

200 m - Cpy, - (Tw,j—l — 2T, + Tw,1+1) + (o~ Tiv)) tmr—1)

1 =31/

h2-m-(m-D)r-(L/n) " 2mk-(L/n)
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e . o (Ty, — TE ) = (Tuy=1=2T4Tirn) | Torny=To)) Ty =To))_
L]

dt L] Reond Rcond Reond

PolPpVp o (T,, — T = (To+1=2Ty+Ty=1) | (Torny=To)) | (Tim1y=To))
dt L] i,j - L I n (ir-r/2) 1n(ir—sr/z)
n-A-m{[(i-1)r]2-[(i-2)r]?} “(ir=3r/2) (ir=57/2)
2m-A-(L/n) 2m-A-(L/n)
The average temperature
t t—dt
—_ (T +Tij )

LJ 2

is introduced as the temperature variation is cmied to be linear and the heat balance
equation is formulated for each layer. The finitdedence method is used to approximate the
temperature derivative terms and the final fornthef equations leads to a matrix formulation
for each layer [25].

2.6 Model assumptions

The objective of the numerical modelling was torogjnice the behaviour of the reference
system in order to obtain a model able to calculatetemperature of the water after its heat
exchange with the PCM modules. In order to developaccurate and fast model, some
assumptions had to be made.

First of all, the water flow is considered the safoe all the sticks: it was calculated by
dividing the water flow that crosses each tank whih total number of gel sticks.

The model considers convection transfers betweenvtiter and the PCM layers, conduction
transfers between the PCM layers and advectiorsfees) between adjacent water nodes. It
does not take into account convection inside thé1Rfiring the melting and the liquid
phases, irradiation and the thermal resistancleeoénclosing plastic film of the gel sticks.

For the calculation of the temperature change iraten nodes a convection transfer was
considered between PCM nodes and the average teimeof the adjacent water node at the

t—dt

previous time step (I,,,, ). This was necessary as thater temperature value for the

convection transfer calculation was needed butdheperature of the water nodg ,, could

be obtained prior to calculatiomhe same assumption for the advection transfeulzlon
was used between the j=n water node and the adjaeder node.

Another assumption concerned the i=1 node: a wutlonal conduction transfer was
considered from it to the i=2 node (without consilnig an exchange between another internal
node). This assumption was made for simplifyingdalkeulation. In order to reduce the effect
of this assumption, a fixed radius of 0.001 m {dl)he i=1 node was assigned.

Equation 7

Equation 8
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2.7 The heat transfer coefficient calculation
The convective heat transfer coefficient was caked taking into account the packing

density of the gel sticks into the water t nk])é‘—), with Dp=equivalent diameter and

c,out
Rcou=outer radius of the PCM cylinder. The relationvwen the packing density of the gel
sticks and the Nusselt number (Nu) value is showfigure 6:

15t
Nu O
10+ OO
5-
O L f i 1 1 1 1
0123 4 567
Dh
‘;c,ouf

Figure 6 - Nusselt number values curve with refeecto the packing density of the gel
sticks for laminar flow [26].

Therefore, the Nusselt number can be defined ukmfpormula [26]:

D, 0.569 Equation 9
—0.205

c,out

Nu = 3.66 + 4.12 - <

Once calculated, the convective heat transfer moefit can be calculated using the formula
Nu-A

Equation 10
Rc,out

(with R oy¢ = external radius of the gel stick akel water conductivity).

2.8 Robustness and coherence test

10



257 Once the MATLAB Simulink model created, a simulatiscenario was established, in order
258 to run the simulations. The scenario corresponds tteermal cycle of the unit: charging and
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259 discharging period. It was decided to provide te tater-PCM stick exchanger a vertical
260 water flow rate of 0.3 g/s (exactly the same wélter rate of the reference system for each
261 PCM stick) at 4 °C during 3 hours. The initial tezngture of the exchanger was set at 15°C
262 and the acquisition time step at 10 seconds. Timee sscenario was adopted for each
263 simulation, changing only the nodes’ discretizattmosswise and lengthwise. An example of
264 the temperature evolution obtained for the samentptiirough the comparison between

265 models differently crosswise and lengthwise diszeetis shown in figures 7.a and 7.b.

266
267
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The temperature curves of the figure 7.a corresportde points indicated with red circles in
figure 8.a, while those of the figure 7.b are iadéx in figure 8.b.

Figure 8 — (a) Position of the points analyzedigufe 6.a in accordance to the different
discretizations, (b) Position of the points anatyarefigure 6.b in accordance to the different
discretizations.

As it can be noticed, every discretization causatiffarent temperature evolution curve in
each node. This is due to the volume differencavéen all the different discretization

configurations and, in the case shown in figure Ghthe different position of the analysed
node in relation to the total length of the stiak {t can be observed in figure 8.b).

Once these first results obtained, a comparison made between them and the in situ
monitored values, in order to calibrate the model @alidate it [27].

3. NUMERICAL VALIDATION

3.1 The Computational Fluid Dynamics

Once the model developed, a second numerical medsl developed, using a different
simulation method -the Computational Fluid Dynam{€$-D)-, in order to provide a first
numerical validation, as the HIKARI's referencerthal storage system was still inoperative.
As the objective of this work was to develop a fastl accurate numerical tool that could be
used for the optimization of the reference heatharger technology, this second model has
been used only for validation purposes, becaugs efow computational speed. For instance,
for simulating the same phenomenon, the time needesbre than 100 times greater than the
time needed using the MATLAB Simulink model.

The strategy of CFD is to replace the continuowblems domain with a discrete domain
using a cylindrical meshing method. The CFD worksnieans of mathematical modelling
(using the partial differential equations), numakienethods (discretisation and solution
techniques) and software tools (solvers, pre- ast-processing utilities).

13
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In this work, the software ANSYS Fluent was usetlisTsoftware is based on the finite
volume method. Navier-Stokes equations are solvedenically thanks to the discretisation
of the domain into a finite set of control volumasd the sequent writing of the general
conservation equations for mass, momentum, enespgcies, etc. [28] All the partial
differential equations are discretized into a systef algebraic equations and are solved
numerically, in order to render the solution field.

3.2 The CFD model development

The created model should respect the geometrylengroprieties of the PCM water model
developed through MATLAB Simulink. A water layer 80 cm was nevertheless added on
the top and on the bottom of the stick, in orderdspect the geometry of the real system
obtaining the CFD model represented in Figure % Teshing of the model was chosen
using the meshing interface and the proprietigb®imaterials were added.

Figure 9 - CFD model of the system realized throtighsoftware ANSYS Fluent.

In order to make a valid comparison, we inserteel lheat capacity values of the PCM
obtained through the DSC method (as anticipatgzhragraph 2.3).

Once the model and the materials properties defmatnulation scenario was established, in
order to run the simulations.

The protocol is composed of 3 scenarios, with vayywater flow rate (0.15 g/s, 0.3 g/s and
0.45 g/3; every scenario consists of 2 steps:

1) The initial temperature of the exchanger is sdt24C and the acquisition time step at
10 seconds. A water flow rate at 2°C is sent tosiystem during 330 minutes.

2) The initial temperature of the exchanger is sé&°& and the acquisition time step at
10 seconds. A water flow rate at 12°C is sent éosiystem during 330 minutes.

14
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These water flow rates were chosen because 0i8 tie real flow rate that crosses a single
PCM stick in the HIKARI reference system, while ®.4/s and 0.45 g/s are respectively the
half and one and a half times its value.

3.3 Robustness and coherence test

Once all the simulations were run, we comparedehgerature results obtained through the
developed MATLAB Simulink model and the ANSYS Flaeone for the same points.
Examples of the temperature evolution at the sametp(i=w, j=3) for different
discretizations (see paragraph 2.4 for discretiratiescription) during the first and the
second step of the 0.45 g/s water flow rate sceraad shown in figures 10.a and 10.b:
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Figure 10 - Comparison of the temperature curvesioled with the two different software in the
first step (a) and the second step (b) of the §/4awater flow rate for the same point obtained
using different crosswise discretization and thesdengthwise discretization (n=3).



346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

378
379
380
381
382

The temperature evolution curves in figures 10.@ Hib show the values obtained through
different crosswise discretisation for the sameewabde (i=w, j=3) shown in figure 8.a, that
corresponds to the point shown in figure 11 inANSYS Fluent model:

= i

Seie
000 200,00 400,00 {rmm)
I ..

Figure 11 - Position of the analyzed point in tiéSY'S Fluent model.

A small time difference between the two softwar@asiced, this concerning the point when
the water starts being chilled (or heated). In,féat all the scenarios the ANSYS Fluent
model starts being chilled (and heated) some msnatier the MATLAB Simulink one, with

a difference of the order of 5 minutes. This tineéagt could be due to the difference between
the dimension of the meshing in the two software @nthe different solving methods.
Another interesting phenomenon that can be obsasvédtht the MATLAB Simulink model
provides some not acceptable results accordingpysigs when it is lengthwise discretized in
4 or more nodes. In fact, one of the assumptionenglaniing the modelling phase was that the
PCM-water system was considered adiabatic, ahalkdanks of the reference system were
thermally insulated. For this reason, if a contimagger flow rate at 2°C is sent to the system,
the whole system should stabilise at 2°C after some, as there is no heat exchange with the
external ambient environment. Instead, some of rdsuilts obtained through particular
discretizations, never reach the temperature of. 2ZFis could be due to a particular
relationship between the length and the thickndsth@ nodes that prevents the software
adequately from solving the heat balance equafmmfiose discretizations.

3.4 Numerical calibration

Following the different comparisons between the AMSSFluent model and the MATLAB
Simulink model’s results for the same node, anreartalysis between the results obtained
through the two software was carried out.

In order to test the accuracy of the MATLAB Modebtcriteria were calculated:
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- The Normalized Mean Bias Error (NMBE)

n
i=1(ysimulated,i - yreference,i)

— x 100 Equation 11
yreference X (n - p)

NMBE =

- The Coefficient of Variation of the Root Mean SaqedError (CV(RMSE))

2
1 n (y . o .
CV(RMSE) = — % 21_1(y51mulated,l yreference,l) % 100 Equation 12
yreference (n -P- 1)

Typically and according to ASHRAE, models are dexdato be calibrated if they produce
NMBEs within + 10% and CV(RMSE)s within + 30% [29]

For the calculation of these coefficients, the ANSSFluent model results were considered as
the “reference values”, and the difference betwisem and the MATLAB Simulink model
results was calculated.

It was noticed that the discretization that prodidiee best results was the one with 8 nodes
crosswise (7 concentric cylinder and a water lagag 3 nodes lengthwise (m=7, n=3).

In Table 1 the NMBE and the CV(RMSE) values forstdiscretization are showed, while
Figures 12.a, 12.b and 12.c illustrate the diffeeebetween the results obtained with the two
software for the point (i=w, j=3) when the flowtea is 0.15 g/s, 0.3 g/s and 0.45 g/s.

Table 1 - NMBE and the CV(RMSE) values for thepaoison between the results obtained through
the software ANSYS Fluent and the discretizatiosv(m=2) of the MATLAB Simulink model.
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Scenario Statistical Index Values [%0]
NMBE -0.26
1) Flow rate 0.15 g/s
CV(RMSE) 17
NMBE -0.18
2) Flow rate 0.3 g/s
CV(RMSE) 12
NMBE -0.21
3) Flow rate 0.45 g/s
CV(RMSE) 13
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The behaviour of the two models is similar, evesutih some discretization provided a time

difference between the two software’s results. tht reason, it was necessary to conduct an
experimental validation in order to obtain a cleariew on eventual inaccurate assumptions
or input errors.

4. EXPERIMENTAL VALIDATION

An original experimental prototype reproducing thdKARI cold storage system was
developed in the ENTPE Laboratory of Tribology &y$tems Dynamics (LTDS), in order to
perform a first experimental validation. An exteddaescription of the prototype can be
found in Reference [30].

4.1 The experimental prototype

The prototype (Figure 13.a) consists of two in®daPlexiglas tanks filled with water, into
one of which is inserted a plastic case filled wite PCM sticks. The temperature of the
water on the tank 1 is regulated by an externadstgt and then it is directed to tank 2, where
it crosses the PCM modules layer, charging anchdigging it.

The scheme of the prototype is showed in Figurb:13.

3 - 1 w _||||||
= [ = e

tube ' tube s l{; ”
B ' i Sl Y |

Cryostat

Tank 1 Tank 2

Figure 13 — (a) The experimental prototype andsd)eme of the experimental prototype.

At first, only one PCM module has been insertethnk 2, in order to test the PCM-water heat
exchange prevision of the model along the length sihgle gel stick. Temperature evolution

in various depths of the tank 2 were monitored gi§lii100 temperature sensors (Figure 14.a)
placed at 15 points of interest as illustratedigufe 14.b.
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Figure 14 — (a) PT100 temperature sensor and (Bjtions of the 15 points analyzed using the
temperature sensors.

In a second step, another PCM module has beertédsen top of the first one in tank 2, in
order to test if the model is able to simulate tieat exchange module-module beside the
module-water flow one. In this second case the PTigthperature sensors have been placed
at 15 different points corresponding to the poarsalyzed in the model of a double PCM gel
stick-water heat exchange (scheme in Figure 15).

PCM module

PCM module

Figure 15 — Positions of the 15 points analyzedgishe temperature sensarkien 2 PCM module
are inserted in tank 2.

An experimental protocol was established in ordetest the “goodness of fit” between the
numerical model prediction and the experimentah datdifferent scenarios. The objective of
this protocol was to recreate particular situatithreg could be registered in different systems
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operating scenarios. In particular, the objectivaswo overcome two factors that were
imposed by the real functioning of the referencstay: the constant water flow rate and
temperature range.

The water flow rates were chosen considering thes ftate for every plastic case of the
reference system during the charge period (50 g/s).

It was decided to test the heat exchange whendherate between the two tanks is the half
(25 g/s) and the double (100 g/s) of that valuertter to verify the validity of the numerical
model when it is used in different contexts. As itbierence storage system works between 6
and 10°C, it was decided to operate the prototyple water temperatures ranging from 3 to
20°C. At the end, the protocol was composed ofedaos, with varying water flow rate (25,
50 and 100 g/s) and different PCM quantity (1 qidkstic cases).

Every scenario consisted of 4 steps:

1) In the first step the cryostat was set to —2 °C.tlAes pump that regulated the water
flow between the two tanks was off, only the watktank 1 was chilled.

2) After 8 hours, the pump was switched on, so theé bgahange between the PCM
modules and the chilled water flow coming from thek 1 happened, reproducing the
“charging” phase of the reference system.

3) After 16 hours, the pump that regulated the water foetween the two tanks was
switched off and the cryostat was set to 20 °C.

4) Finally, after 8 hours, the pump was switched oairggso the heat exchange between
the PCM modules and the heated water flow occuregatpducing the “discharging”
phase of the reference system during 16 h.

For every scenario, the temperature evolution wgsstered.

4.2 Experimental validation

The results were grouped in 3 outputs, in orderetiuce the effect of the proximity of the
sensors at the tank walls:

1) Inlet (Arithmetical mean of the temperatures registdrgdhe 5 sensors placed at the top
of the plastic cases)

2) Intermediate (Arithmetical mean of the temperatures registérgthe 5 sensors placed in
the middle of the plastic cases)

3) Outlet (Arithmetical mean of the temperatures registdrgdhe 5 sensors placed at the
bottom of the plastic cases).

Using these pooled data it will be possible to datle the MATLAB-Simulink model
comparing the water temperature evolution alongstioi length during the heat exchange.
The output that was compared to the results oldaiheugh the numerical model was the
“outlet” one, as this would be one of the key pagtars in the optimization phase of this
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480 technology. Two examples of comparison betweenptiototype data and the model outlet
481 results are shown in figures 16.a and 16.b:

a
23
22
21
20 \‘ Zadlil
19 | /
18 \ /
17 | Y 4
16 ‘ /
15 /
O u ‘
PRE \
2w {
g 11 ) /
£ 10 \ o
] 9 \ y/
8 \
7 NG
6 \ /
5 J
; T
3
2 PROTOTYPE
1 = MODEL
0
0123456 7 8 91011121314151617 181920212223 24 252627 28 2930 31 32 33 34 3536 37 383940 414243 44 454647 48
Time [h]
b
23
22
a7 ]
20
19
18
17
16
15
14
g 13
g 12
T 1n
Z@ 10
2 9
8 L [
7 [
/
6 |
4
3
2 PROTOTYPE
1 = MODEL
OOlZ3Ji67E910LlZ13;-‘15461715192021222324252627252930313233313536373339:0:142J34J:545:74S
Time [h]
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Figure 16 — Comparison of the temperature curvesie same point between the
483 experimental and the model resulis 50 g/s flowrate when (a) one PCM module isiites
484 in tank 2, (b) two PCM modules are inserted in tank

485 As in the numerical calibration case, the Normalizdean Bias Error (NMBE) and the
486 Coefficient of Variation of the Root Mean Squaredrde (CV(RMSE)) were used as
487 validation criteria, considering the prototype dasethe reference values.

488 The results for each scenario are shown in table 2:
489
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Table 2 - NMBE and the CV(RMSE) values for the esispn between the results obtained through
the prototype monitoring and the discretization (fna=3) of the MATLAB Simulink model.

Scenario Statistical Index Values [%]
1) 1 Plastic case NMBE 1,07
Flow rate : 25 g/s CV(RMSE) 3,21
2) 1 Plastic case NMBE 0,97
Flow rate : 50 g/s CV(RMSE) 2,57
3) 1 Plastic case NMBE 0,56
Flow rate : 100 g/s CV(RMSE) 2,72
4) 2 Plastic cases NMBE 2,08
Flow rate : 25 g/s CV(RMSE) 5,79
5) 2 Plastic cases NMBE 1,23
Flow rate : 50 g/s CV(RMSE) 3,72
6) 2 Plastic cases NMBE -0,05
Flow rate : 100 g/s CV(RMSE) 2,81

The validation results showed that the numericatieh@roduces the same behaviour as the
prototype one. The Normalized Mean Bias Error (NMBEd the Coefficient of Variation of
the Root Mean Squared Error (CV(RMSE)) used toyaeaihe validation results showed that
the reference model was very accurate and fittegela the ASHRAE specifications for all
tested configurations.

5. IN SITU VALIDATION

Once the HIKARI buildings inaugurated, the monmgriprocess started in order to evaluate
the performance of the building and its equipmsatas to reach the positive energy balance
target. In order to test the HIKARI energy behavjaail the measured data are compared
every month with the expected simulated data ferghme weather conditions to detect any
failure or decay between actual and planned pedoo® of equipment and systems.

The temperature values registered during the dolchge system monitoring campaign were
compared to those obtained using the numerical ho@sented in this work in order to
make an in situ validation.
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509 5.1 The reference system monitoring obtained data

510 In the specific case of the HIKARI's cold storaggstem, 14 temperature sensors were
511 inserted in each insulated tank of the system ipdidts of interest represented in the section
512 of the tank 1 shown in Figure 17 and the scheme/shio Figure 18.

|_ (0@ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Q0 O
L 4 L 4
—e ®
—e °
—e -
—e ®
8 7 b 5 4 3 2 1
[©® © o 0 0 o 0 0% 0 0 0 0O 0O O O O O OO
o13 Figure 17 — Section of the tank 1 showing the ostof the temperature sensors.
4 * 8
2 e g
3¢ ¢ 10
40 $ 11
5¢ o 12
6° o 13
7'i 0 14
Figure 18 - Scheme of the positiqns of the tempegatensors in each
514

515 As it can be noticed, the temperature sensors insegted at the top and the bottom of the set
516 of plastic cases filled with the PCM modules antiMeen all the plastic cases. The central
517 and an external column of plastic cases were chioserder to test the impact of the external
518 leakage and the homogeneity of the vertical hemtsfer. The temperature values were
519 registered with a time step of 60 seconds.

520 An example of the temperature recorded for the tably the 14 sensors is shown in Figure
521 19:
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Figure 19- Example of the temperature recordedheyli4 sensors of the tank 1.

5.2 In situ validation

A comparison was then made between the resultsneltahrough the model and the in situ
data, as registered by the last sensor of theatertttumn of the tank (number 14 as shown in

Figure 19), corresponding to the output value ofraadel.

As for the numerical calibration (Paragraph 3.4 Normalized Mean Bias Error (NMBE)
and the Coefficient of Variation of the Root Meagu&red Error (CV(RMSE)) between the
reference results (the data obtained through tilsgunmonitoring) and the model results were
calculated. The graphic showing the difference betwthe in situ data recorded by the sensor
14 and the model results for this discretizatioshewn in Figure 20, while the results of the

NMBE and CV(RMSE) criteria are shown in table 3:

o
:

[

Temperatur

Figure 20 - Comparison of the temperature curvesrded by sensor 14 and the model results.
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Table 3 - Results of the NMBE and CV(RMSE) criteria

Normalized Mean Bias Error 1,86%

Coefficient of Variance of Root Mean Square Error ,028/6

For this case as well, the obtained results shawttte MATLAB-Simulink model is able to
reproduce the energy behaviour of the referencemtileenergy storage system at low
temperatures.

6. CONCLUSIONS

The results obtained show that the choice of that halance approach provided a fast,
accurate and re-utilizable numerical model ableesfwroduce the heat exchange between the
Phase Change Material (PCM) contained in the neéersystem and a water flow, that can be
used for the optimization of this energy storagét®logy.

Once developed, the model was firstly calibrateédgighe results obtained through a second
numerical model that was developed using the Coatioutal Fluid Dynamics method. The
results of this calibration showed that the modakvaccurate and faster in long duration
simulation studies when compared to ANSYS Fluesilts.

A first experimental validation was realized usiag original experimental prototype
reproducing the HIKARI’s cold storage system, whigas designed and developed in order
to obtain reliable experimental data useful foramplete experimental validation of the
numerical model and for the validation of otherddrof phase change materials in the future.
For this reason, the prototype had the advantadpe teasy to dissemble and reassemble (in
case of transport) but at the same time able teigecdfast heat transfer rates to the PCM and
to record all the temperature changes with a vepdgrecision.

Finally, a second experimental validation was eeglionce the HIKARI in situ data obtained
thanks to in-situ monitoring. This comparison a#al us to make the in situ validation of the
model.

The results obtained through its construction slibémat the developed model was able to
reproduce the PCM-water heat exchange with a hoghracy. A slightly delayed response
during its phase change can be noticed (maybedtheteffect of further minor heat transfer
phenomena that were not taken into account in ts& lbalance equations definition).
Nevertheless, the use of the Normalized Mean BirasrENMBE) and the Coefficient of
Variation of the Root Mean Squared Error (CV(RMSEpowed that the developed model
was very accurate and fitted largely the ASHRAEc#m&tions for all tested configurations.

27



563
564
565
566
567
568

569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

Once numerically calibrated and experimentally detied, the model was coupled to the
HIKARI's HVAC systems model in order to test thdeets of geometry and thermo-physical
changes of the reference system on the efficiericsome other systems and on HIKARI

energy needs.

Applying the validation techniques shown in thisrkyanew geometries and solving methods
can be tested as well for this and other systertiseifuture.
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