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ABSTRACT  

Refrigeration systems are often installed in industrial facilities where the difference between the peak and 
average thermal loads can be considerable due to the throughput of products and changes in the ambient 
conditions throughout the year. Cold Thermal Energy Storage (CTES) technologies can be introduced to 
increase the flexibility of such installations by decoupling the supply and demand of refrigeration. CTES 
systems based on the latent heat storage principle using Phase Change Materials (PCM) are preferred over 
sensible heat storage due to higher compactness, operation over a narrow temperature range and ability to 
tailor the storage temperature to each specific application.  

The current study presents a numerical model of a CTES unit using PCM as the storage medium and CO2 as 
refrigerant. The heat exchanger in the CTES unit consists of a stack of pillow plates immersed into a stainless-
steel container filled with PCM. The charging and discharging processes of the PCM-CTES unit are carried out 
through evaporation and condensation of the CO2 circulating inside the plates, respectively. The dynamic 
model of the PCM-CTES unit is developed in the object-oriented programming language Modelica using the 
component library TIL-Suite. The model of the PCM-CTES unit is validated by using previously published 
experimental data from a test facility with an identical setup. Various heat exchanger configurations, storage 
medium and refrigerant parameters are tested, and the model demonstrates good agreement with the 
experimental data.  

Keywords: Thermal energy storage, Phase Change Material, Refrigeration, CO2 refrigeration, Dynamic 
model, Modelica, Pillow plate heat exchanger 

1. INTRODUCTION  

More renewable energy means a more variable power grid, accelerating the need to develop more energy-
efficient industry. Better energy storage solutions can reduce peak power demand for intermittent processes, 
ease load shifting, and safeguard against power supply bottlenecks. Compared to traditional electricity 
storage, Thermal Energy Storage (TES) stores large amounts of thermal energy at both low- and high 
temperatures more efficiently and at much lower cost. Although very relevant for food industry, Cold TES 
(CTES) know-how is still limited.  

To meet this challenge, the PCM-STORE project is developing low-temperature TES systems based on Phase 
Change Materials (PCM) for industrial cooling and freezing processes (Sevault, 2020). Three case studies 
representing different temperature ranges are identified as potential candidates for implementation of PCM-
CTES: industrial batch freezing processes, cold storage in food processes, and refrigerated display cabinet 
cases (Jokiel et al., 2021; Selvnes et al., 2019, 2021a; Sevault et al., 2018; Hafner and Nekså, 2018; Manescu 
et al., 2017; Fidorra et al., 2015, 2016). 

Leveraging PCM-CTES will enable industry to cover their peak cooling needs while reducing peak power 
demand, increasing cooling capacity and reducing food waste. This will reduce both operational and 
investment costs and lead to a more sustainable industry (Fidorra et al., 2021). An additional advantage of 
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CTES for food industry, technology suppliers and grid operators is to use CTES as thermal battery combined 
intermittent renewables energy (solar PV, etc). However, this solution currently not explored to a great 
extent in the literature.  

The main objective of PCM-Store is to develop the knowledge required to implement affordable and efficient 
low-temperature PCM thermal energy storage units (PCM-CTES) for food industry. One goal is the 
development of new PCM-Store heat exchanger concepts such as pillow-plate geometry-based storages, 
which are considered numerically in this publication. The literature includes publications on experimental 
studies of pillow plates integrated in PCM-CTES heat exchangers (Selvnes, 2021b) and detailed CFD modelling 
of ice formation and melting processes (Selvnes, 2019a, 2019b) and fluid flow through the plates without 
PCM material (Mitrovic and Maletic, 2011; Piper et al., 2015a, 2015b; Tran et al., 2018). Bony and Citherlet 
(2007) present a TRNSYS model for PCM storage in a solar system and Mehling (2008) mentions a Modelica 
model for the design of phase change slurry systems. Neumann (2020) presents models for high temperature 
PCM storage systems with plates. 

In this publication, a numerical dynamic model with Modelica for simulating a PCM storage using a pillow 
plate heat exchanger geometry for cold storage is presented. The model is validated with dynamic 
measurement data from Selvnes (2021b) using water as PCM, which freezes and melts at a temperature of 
0 °C, and CO2 as the refrigerant. The model was developed for both component design and system simulation 
and can be used to optimize and study the heat exchangers and systems in the PCM-Store project (Figure 1). 
Important goals and boundary conditions for model development include investigation and design options 
for the PCM storage geometry, system design with additional cooling or refrigeration circuit components, 
dynamic switching processes, real-time simulation for controller design and annual simulation, evaluation 
tools for various cooling fluids and refrigerants and PCM materials. The model allows flexible use with 
different PCMs in different temperature ranges and thus enables a wide range of possible uses in future 
applications. 

 

Figure 1: Simulation model layout for an industrial refrigeration system with PCM energy storage with TIL-Suite 
(Tegethoff, 2011). Various directional control valves enable flexible switching processes from cooling operation into 

parallel charging and discharging with a refrigeration pump. 
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2. SIMULATION MODEL  

A simulation model was developed to investigate the stationary and dynamic behaviour of thermal energy 
storages with PCM. The model can be used for system simulation and component design and development. 
Other important areas of application are real-time simulations e.g., for annual simulations, controller design, 
e.g. for predictive control applications and hardware in the loop capability. 

The model was programmed in the object-orientated language Modelica (Modelica Association, 2022) and 
implemented within the simulation environment Dymola and is available in the AddOn library PCM Storages 
of the TIL-Suite library. TIL-Suite is a Modelica model library for thermal components and systems (Tegethoff, 
2011 and Richter, 2008) using TILMedia-Suite as software package for calculating the properties of 
thermophysical substances (Schulze, 2013). 

The TIL AddOn library PCM Storages shown in Figure 2 is intended for simulation of thermal storage systems 
with a variety of heat exchanger geometries, such as fin-and-tube, tube, plate, pillow-plate and other 
geometry types. Other geometry types can be added using the basic model structures. Based on the property 
library TILMedia different fluid types like liquids, refrigerants and gases and combinations can be selected for 
the flow through the tubes and channels. Various PCMs can be used as a storage medium or implemented 
by the user. 

With the supplied substance library with PCM or so called SLE-Medium (solid-liquid equilibrium medium), 
system simulation can be carried out with different storage media at different temperature levels. Energy 
can be stored or released, e.g. phase change processes through freezing, melting and possibly crystallization 
of metastable states of supercooled liquids. Further user-specific PCM data can be implemented via the 
TILMedia interface. 

 

Figure 2: TIL AddOn PCM Storages library package structure with different heat exchanger geometries, flow channel 
arrangement using tubes and plates through which different types of fluid types such as liquid, refrigerant and air 

flow through them and are in thermal contact with the PCM material in between. 
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2.1. Model structure and main equations 

The available storage devices are sorted by their geometry type and then by the media types flowing through 
them. Almost all thermal heat storage models of this library use a similar model structure including a finite 
volume-based approach. Figure 3 shows the Model structure of the pillow-plate heat exchanger model with 
SLE-storage, showing the VLE (vapour-liquid equilibrium) cell discretization in refrigerant flow direction and 
perpendicular to the flow direction in the SLE material direction. 

 

Figure 3: Model structure of the pillow-plate heat exchanger with SLE-storage showing the VLE cell discretization in 
refrigerant flow direction and perpendicular in SLE material direction. 

 

The main model structure is a series connection of following cells: VLE-Fluid, Liquid or Gas cells in the flow 
channel, each connected to Wall cells and SLE-Fluid cells. The storage system is discretized in two directions: 
first, along the length of the flow channel, and second perpendicular to the flow direction in the direction 
from the flow channel to the SLE material. 

As shown in Figure 4, the SLE-Cell consists of 4 heat ports in four possible heat transfer directions to north, 
south, west and east. The SLE medium model object from TILMedia calculates the thermophysical property 
data with given inputs: pressure (p), enthalpy (h) and the parameter sleMediumType. In this study, heat 
transfer between wall and SLE cells is considered only perpendicular to the refrigerant flow direction in north-
south-direction, assuming that heat transfer between the cells in east-west direction parallel to the 
refrigerant flow is negligible compared to heat transfer in north-south direction. 

 

Figure 4: Structure of TIL SLE-Cell.  
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The SLE mass calculation is carried out using the initial values for temperature at time zero and stays constant 
while the volume varies due to variable SLE density: 

𝑚𝑠𝑙𝑒 = 𝑉𝑠𝑙𝑒,𝑖𝑛𝑖 ⋅ 𝜌𝑠𝑙𝑒,𝑖𝑛𝑖 = 𝑉 ⋅ 𝜚𝑠𝑙𝑒 and  𝑚𝑠𝑙𝑒 = 𝑉 ⋅ 𝜌𝑠𝑙𝑒 .   Eq. (1) 

The heat transfer �̇�𝑠𝑙𝑒,𝑝𝑜𝑟𝑡 via the ports is defined by the following transport equation with the thermal 

conductivity 𝜆𝑠𝑙𝑒, the cell cross section area 𝐴𝑐𝑟𝑜𝑠𝑠𝑆𝑒𝑐𝑡𝑖𝑜𝑛, the cell length, the temperature difference 
between the cell temperature and the heat port temperature and the number of plates 𝑛𝑃𝑙𝑎𝑡𝑒𝑠: 

�̇�𝑠𝑙𝑒,𝑝𝑜𝑟𝑡 = 𝜆𝑠𝑙𝑒 ⋅ 𝐴𝑐𝑟𝑜𝑠𝑠𝑆𝑒𝑐𝑡𝑖𝑜𝑛   ⋅
2

𝑙𝑒𝑛𝑔𝑡ℎ
⋅ (𝑝𝑜𝑟𝑡. 𝑇 − 𝑇) ⋅ 𝑛𝑃𝑙𝑎𝑡𝑒𝑠 .   Eq. (2) 

For numerical reasons, the energy balance is formulated with the enthalpy as differential variable and the 
enthalpy can be calculated with TILMedia in dependency to the temperature: 

𝑚𝑠𝑙𝑒 ⋅  
𝑑ℎ𝑠𝑙𝑒

𝑑𝑡
= ∑ �̇�𝑠𝑙𝑒,𝑝𝑜𝑟𝑡 with ℎ𝑠𝑙𝑒 = ℎ(𝑇) .   Eq. (3) 

SLEMedium can be solid, liquid or have a solid-liquid equilibrium (SLE). The SLE cell quality q, which describes 
the ratio of solid and liquid SLE material, is calculated as a function of following parameters 𝑞 =

𝑞𝑢𝑎𝑙𝑖𝑡𝑦_ℎ(ℎ, 𝑐𝑝,𝑠𝑜𝑙𝑖𝑑 , 𝑐𝑝,𝑙𝑖𝑞𝑢𝑖𝑑 , ℎ𝑓𝑢𝑠𝑖𝑜𝑛, 𝑇𝑠𝑜𝑙𝑖𝑑 , 𝑇𝑙𝑖𝑞𝑢𝑖𝑑). Using the SLE quality properties for heat capacity, 

density and thermal conductivity are calculated with a linear approach in the following way: 

𝑐𝑝 = 𝑐𝑝,𝑠𝑜𝑙𝑖𝑑 + (𝑐𝑝,𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑐𝑝,𝑠𝑜𝑙𝑖𝑑) ⋅ 𝑞      Eq. (4) 

       1 𝜌𝑠𝑙𝑒⁄ = 1 𝜌𝑠𝑙𝑒,𝑠𝑜𝑙𝑖𝑑⁄ +  (1 𝜌𝑠𝑙𝑒,𝑙𝑖𝑞𝑢𝑖𝑑⁄ − 1 𝜌𝑠𝑙𝑒,𝑠𝑜𝑙𝑖𝑑⁄ ) ⋅ 𝑞    Eq. (5) 

  𝜆 = 𝜆𝑠𝑜𝑙𝑖𝑑 + (𝜆𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜆𝑠𝑜𝑙𝑖𝑑) ⋅ 𝑞      Eq. (6) 

Medium types for VLE-Fluid, Gas and Liquid can be defined in the SIM-Object. Properties for the SLE-Medium 
can be defined within the PCM-Storage model. The property data of water used within this project come 
from VDI Wärmeatlas (2012).  

 

2.2. Geometry 

The PillowPlateInBlock PCM-Storage arrangement shown in Figure 5 can be characterized as follows in terms 
of geometry: it is a rectangular block with internal pillow plates that form fluid channels for the flow of liquid 
fluid or refrigerant (VLE-Fluid), represented by green colour in Figure 5. The volume gaps between the pillow 
plate volumes and the rectangular storage block are filled with the PCM material (SLEMedium). 

 

Figure 5: Geometry of pillow-plate SLE heat exchanger (Piper et al., 2015b). 
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The definition of the most important following pillow-plate specific design parameters and their 
approximations can be found e.g. in Piper et al. (2014, 2015b) and are used within the model as follows: 

The increase in heat transfer from the pillow plate enlargement is about as large as the area from the welds. 
The following assumption with the active height and length of the plate in contact with the PCM material and 
the plate number is used for the heat transfer area 

  𝐴𝐻𝑇 ≈ 2 ⋅ height ⋅ length ⋅ 𝑛𝑝 ,        Eq. (7) 

using the plate length and the heat exchanger width 

 𝑤𝑖𝑑𝑡ℎ =  𝑛𝑝 ⋅ (2𝑏𝑤 + 𝛿0)         Eq. (8) 

which is calculated from the plate wall thickness 𝑏𝑤 and the minimum plate distance 𝛿0.  

The hydraulic diameter for the fluid flow channel 

  𝑑ℎ𝑦𝑑 = 2 ⋅
𝛿𝑖

√2
           Eq. (9) 

is calculated with the maximum inner duct width 

  𝛿𝑖 = 𝛿𝑜𝑢𝑡𝑒𝑟,𝑚𝑎𝑥 − 2𝑏𝑤         Eq. (10) 

which is calculated with the maximum outer expansion width 𝛿𝑜𝑢𝑡𝑒𝑟,𝑚𝑎𝑥 and the plate wall thickness 𝑏𝑤. 

The mean outer cross-sectional area of each plate 

  𝐴𝑜𝑢𝑡𝑒𝑟,𝑐𝑟𝑜𝑠𝑠 = 𝛿𝑚𝑒𝑎𝑛,𝑜𝑢𝑡𝑒𝑟 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡       Eq. (11) 

is calculated with the mean outer plate thickness 

  𝛿𝑚𝑒𝑎𝑛,𝑜𝑢𝑡𝑒𝑟 =
𝛿𝑚𝑖𝑛+𝛿𝑚𝑎𝑥

2
         Eq. (12) 

the arithmetic mean value of outer minimum plate thickness 𝛿𝑚𝑖𝑛 = 2 ⋅ 𝛿𝑤 and the maximum plate 
thickness 𝛿𝑚𝑎𝑥 = 2 ⋅ 𝛿𝑤 + 𝛿𝑖. 

The internal hydraulic cross-sectional area 

  𝐴ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐,𝑖𝑛𝑛𝑒𝑟 =
𝛿𝑖

√2
 

ℎ𝑒𝑖𝑔ℎ𝑡

𝑛𝑠𝑒𝑟𝑖𝑎𝑙𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝐹𝑙𝑜𝑤
      Eq. (13) 

is calculated with the hydraulic diameter Eq. (9), the plate height and the number of plate-side serial hydraulic 
flows 

 𝑛𝑠𝑒𝑟𝑖𝑎𝑙𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐𝐹𝑙𝑜𝑤 . 

The outer hydraulic cross-sectional area 

  𝐴ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐,𝑜𝑢𝑡𝑒𝑟 = 𝛿𝑚𝑒𝑎𝑛,𝑜𝑢𝑡𝑒𝑟 ⋅  ℎ𝑒𝑖𝑔ℎ𝑡       Eq. (14) 

is calculated with the mean outer plate thickness Eq. (12) and plate height. 

 

2.3. Heat transfer and pressure drop 

The object-oriented model structure of the TIL library supports the interchangeability of the correlations that 
describe transport phenomena such as heat transfer and pressure drop (Tegethoff, 2011). Using the 
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definitions for the heat transfer area in Eq. (7), the hydraulic diameter in Eq. (9), and the inner hydraulic-
cross sectional area in Eq. (13), the heat transfer and pressure drop in the pillow plate channels are calculated 
using the following correlations: The pressure drop in the two-phase flow is approximately calculated using 
Swamee-Jain correlation (Swamee and Jain, 1976). The following heat transfer correlations are applied for 
the fluid inside the pillow plate channel, depending on the process and flow regime:  

For evaporation Shah Chen (Collier and Thome, 1996) is applied, for condensation the correlation of Shah 
(Shah, 1979) is applied, and for single-phase flow of superheated gas, subcooled and supercritical conditions 
the correlation of Gnielinski Dittus Boelter (Baehr and Stephan, 1996) were used. 

3. VALIDATION 

The model validation was carried out with measurment data from Selvnes et al. (2021b) for a pillow plate 
heat exchanger cold storage with water as the PCM between the plates. As refrigerant CO2 was used as the 
circulating medium for charging and discharging the storage tank. Within the test facility, the pillow plates 
are stacked horizontally on top of each other with defined distance spacers in a container filled with water. 
Gravity convection of the water can therefore be neglected. Due to short operation times heat losses to the 
ambient are neglected. The geometry data of the investigated pillow plate heat exchanger are shown in Table 
1. The length and height were kept constant, while the distance between the pillow plates and thus the space 
for the PCM was varied between 15, 30 and 45 mm. 

On the refrigerant side, each plate is divided into 3 serial hydraulic flows with flow deflectors and all plates 
are flown through in parallel. On the outer perimeter of the plate there is an area where the plates are welded 
together with no refrigerant channel in between. This area does not primarily participate in heat transfer and 
is accounted for by an correspondingly reduced length, height and heat transfer area as shown in Fig. 1 in 
Selvnes et al. (2021b). 

The mass of water and the initial volume are calculated using Eq. (1) with the initial density of the liquid 
(charging) or frozen water (discharging). Due to the difference in density between liquid and solid water at 
0 °C of 

  
𝜌𝑖𝑐𝑒

𝜌𝑙𝑖𝑞𝑢𝑖𝑑
=

916.76 𝑘𝑔 𝑚³⁄

999.84 𝑘𝑔 𝑚³⁄
= 0.917 ,       Eq. (15) 

there is a corresponding difference of mass and energy for charging and discharging. 

The maximum charge and discharge latent energy is calculated as a reference using the water mass and the 
enthalpy of fusion: 

 𝐸𝑝𝑐𝑚,𝑚𝑎𝑥,𝑙𝑎𝑡𝑒𝑛𝑡 =  𝑚𝑤𝑎𝑡𝑒𝑟 ⋅ Δℎ𝑓𝑢𝑠𝑖𝑜𝑛 with Δℎ𝑓𝑢𝑠𝑖𝑜𝑛,𝑤𝑎𝑡𝑒𝑟,0°𝐶 = 332.5 𝑘𝐽 𝑘𝑔⁄  .  Eq. (16) 

Water mass and latent energy values are shown in Table 1 for the different plate distance arrangements. 

A total of 12 validation measurement series were used, 6 for charging and 6 for discharging and two different 
refrigerant mass flows for each plate spacing (Selvnes et al., 2021b). Table 2 summarizes the important 
boundary conditions for the validation points: plate geometry, measurement time, measured refrigerant 
mass flow rate, inlet pressure and mean water initialization temperature. As shown in Figure 8, a total of 27 
temperature sensors, distributed on three plates (2, 6, 9), placed at a distance of 2-3 mm from the plate 
surface and almost equally long sections along the internal serial flow channels in the water/ice layer record 
the dynamic temperature distribution within the PCM. The pressure difference on the refrigerant side is 
recorded by two pressure sensors at the inlet and outlet of the heat exchanger. 
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Table 1: Geometry and property data of the tested pillow-plate heat exchangers. The material data for water 
are taken from VDI Wärmeatlas (2012). 

 

Table 2: Boundary conditions for validation measurement points for the charging and discharging 

 

Figure 6 shows the TIL testbench used for dynamic model validation of the Modelica/Dymola model. 

As shown in Figure 7a, the charging case inlet refrigerant conditions are defined on the bubble line and the 
outlet conditions can be found time-dependent on the dew line, gas- or two-phase region. In the event of 
discharge, Figure 7b, shows the refrigerant inlet and outlet conditions that can be calculated using the energy 
balance of the secondary glycol circuit and are in the two-phase and liquid region and can therefore clearly 
determined including the energy balance.  

For the charging case, only the refrigerant inlet conditions are known from pressure and temperature 
measurements at the bubble line, which enables the inlet enthalpy to be calculated. The outlet enthalpy 
cannot be calculated based on outlet pressure and temperature when conditions are in the two-phase region. 
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Figure 6: TIL Validation test bench. 
 

 

Figure 7a: CO2 side charging case and Figure 7b: discharging case plotted in the p-h-chart. 

 

Figure 8: Temperature sensor positions of 27 sensors on Plates 2, 6 and 9 with 2-3 mm distance to plate-surface 
(Selvnes et al., 2021b). 
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4. RESULTS 

Figure 9 shows simulated and measured charging temperatures for refrigerant and SLE cells plotted versus 
the refrigerant enthalpy for the 30-mm plate at time t = 945 s. Temperature sensors mounted in SLE material 
with 2-3 mm distance to plate surface in Plates 2, 6 and 9.  

The model discretization is set to 9x5 (nVLE x nSLE): the refrigerant side is divided into 9 cells and the SLE side 
divided into 5 water cells perpendicular to the refrigerant flow. The length of each SLE cell is calculated from 
the plate spacing 𝛿0 and the SLE discretization nSLE as follows: 

     𝛿𝑠𝑙𝑒−𝑐𝑒𝑙𝑙−𝑙𝑒𝑛𝑔𝑡ℎ =
𝛿0

𝑛𝑆𝐿𝐸
 .     Eq. (17) 

With a plate spacing of 15, 30 and 45 mm and a discretization of 5, the sle-cell-lengths are 3, 6 and 9 mm. In 
all cases, the temperature sensor for the measurement is located within the first layer of the discretized cells 
at a distance of 2-3 mm from the plate. 
 
The measured temperatures shown in Figure 9 mainly scatter mainly between the simulated temperatures 
of the first 2 cells. The refrigerant pressure drop of 0.7 bar leads to a temperature decrease of 1.4 K at an 
inlet pressure of 32.6 bar.  

 

Figure 9: Simulated and measured charging temperatures for refrigerant and SLE cells plotted versus the refrigerant 
enthalpy for the 30-mm plate C3 at time t = 862 s. Temperature sensors mounted in SLE material with 2-3 mm 

distance to plate surface in Plates 2, 6 and 9. 

 

The simulated convective heat transfer coefficients on the refrigerant side are 3000-6000 W/(m²K) for 
evaporation on charging 1500-3000 W/(m²K) for condensation on discharging. The values are therefore in a 
relatively high range that is typical for CO2, depending on the heat transfer in the gas, two-phase or liquid 
range. The bottleneck is not the convective heat transfer on the refrigerant side, but the heat conduction 
through the PCM (water). The mean relative deviation between simulated and measured pressure drop on 
the refrigerant side is for the discharging approximately 3.5 %. The relative deviation of the energy balance 
of the simulated discharging system is in a range of 2 % within the measurement if the heat loss to the 
environment is neglected. 
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4.1. Charging Process 

The measured and simulated temperature distributions for the charging process of C3-30 mm point are 
plotted versus time in Figure 10. The simulated charging process starts with an initial PCM temperature of 9 
°C. The simulated temperatures in SLE-cells 1 and 2 are plotted for each refrigerant cell 1-9. The measured 
27 water temperatures were averaged over the measuring points on Plates 2, 6 and 9 to 9 mean values 
plotted in Figure 9. Furthermore, the mean SLE inlet and outlet temperatures (summary.T_sle_A/B) averaged 
over the SLE discretization are shown. The discretization of the SLE cells causes steps features in the 
simulated temperature profile, while the measured data shows only small fluctuations, which are partly due 
to supercooling effects. The measured values are about in the area between the simulated temperature of 
the SLE-cells 1 and 2 and show good agreement with the simulation. The average values 
(summary.T_sle_A/B) at inlet and outlet show significantly higher values due to consideration of layers 
further away from the plate and the measurement sensors.  

To determine the time required for complete charging, the charging process simulation is extended until the 
last SLE/water cell is frozen, as shown in Figure 11. As boundary conditions, the experimental data for C3 – 
30 mm were taken and extrapolated until complete freezing. Complete freezing occurs only after 3 hours. 

Figure 12 shows the simulated charge curve plotted versus time as the relative charge  

  𝐸𝑝𝑐𝑚,𝑐ℎ𝑎𝑟𝑔𝑒,𝑟𝑒𝑙 =
∫ �̇�𝑟𝑒𝑓

𝑡

0

𝑚𝑤𝑎𝑡𝑒𝑟⋅Δℎ𝑓𝑢𝑠𝑖𝑜𝑛
 .       Eq. (18) 

At the end of the experiment, the storage is 88 % charged within a period of 1.8 h. The time for full charge is 
3 h and the relative charge is more than 100 % at 115 % due to the additional sensible heat of the water. The 
kinks in the charging curve result from the discretized SLE cell geometry and the temperature steps seen in 
Figure 11. 

4.2. Discharging Process 

Similar to the charging process, Figure 13 shows the simulated and measured dynamic temperature 
distribution for the discharging process plotted versus time for the D6-30 mm point. The simulated 
discharging process starts with an initial PCM temperature of -0.75 °C. The simulated temperatures in SLE-
cells 1 and 2 are plotted for each refrigerant cell 1-9. The measured 27 water temperatures were averaged 
over the measuring points on Plates 2, 6 and 9 to 9 mean values plotted in Figure 13. Furthermore, the mean 
SLE inlet and outlet temperatures (summary.T_sle_A/B) averaged over the SLE discretization are shown. The 
measured values are about in the area between the simulated temperature of the SLE-cells 1 and 2 and show 
good agreement with the simulation. 

To determine the required time for complete discharging, the discharging process simulation is extended 
until the last SLE/water cell is melted, as shown in Figure 14. As boundary conditions, the experimental data 
for D6 – 30 mm were taken and extrapolated until complete freezing. Complete melting occurs only after 
14 hours. 

Figure 15 shows the simulated discharge curve plotted versus time as the relative charge  

  𝐸𝑝𝑐𝑚,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒,𝑟𝑒𝑙 = 1 −
∫ �̇�𝑟𝑒𝑓

𝑡

0

𝑚𝑤𝑎𝑡𝑒𝑟⋅Δℎ𝑓𝑢𝑠𝑖𝑜𝑛
 .     Eq. (19) 

At the end of the experiment, the storage is 54 % charged within a period of 2.6 h. The time period for 
complete zero charge is 14 h.  
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Figure 10: Simulated and measured charging temperature profile versus time for C3 - 30 mm plate. 

 

 

Figure 11: Simulated charging temperature profile versus time for C3 - 30 mm plate. Extrapolation until complete 
freezing of PCM (water). 

 

Figure 12: Simulated relative charging curve versus time for C3 - 30 mm plate. 
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Figure 13: Simulated and measured discharging temperature profile versus time for D6 - 30 mm plate. 

 

Figure 14: Simulated discharging temperature profile versus time for C6 - 30 mm plate with extrapolation until 
complete melting of PCM (water) material. 

 

Figure 15: Simulated relative discharging curve versus time for D6 - 30 mm plate. 
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A summary of the simulation and measurement results for different plate geometries for charging and 
discharging is shown in Table 3. The period of the measurement time, simulation of 100 % charging and 100 
% discharging and the energy content in kWh and rel. PCM charge for charging and discharging case.  

Table 3: Simulation and measurement results for different plate geometries for charging and discharging.  

 

5. CONCLUSIONS  

The current study presents a numerical model of a CTES unit using water as PCM the storage medium and 
CO2 as refrigerant. The model was developed for both component design and system simulation and can be 
used to optimize and study the heat exchangers and systems. The heat exchanger in the CTES unit consists 
of a stack of stainless-steel pillow plates immersed into a stainless-steel container filled with water as PCM 
melting and freezing at 0 °C. The charging and discharging processes of the PCM-CTES unit are carried out 
through evaporation and condensation of the CO2 circulating inside the plates, respectively. The dynamic 
model of the PCM-CTES unit is developed in the object-oriented programming language Modelica using the 
component library TIL-Suite. The model of the PCM-CTES unit is validated by using previously published 
experimental data from a test facility with an identical setup. Various heat exchanger configurations, storage 
medium and refrigerant parameters are tested, and the model demonstrates good agreement with the 
experimental data for both dynamic charging and discharging cases using different geometries with different 
plate distances. The model allows flexible use with different PCMs in different temperature ranges and thus 
enables a wide range of possible uses in future applications. 
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NOMENCLATURE  

CTES Cold Thermal Energy Storage A area [m²] 
HT heat transfer b thickness [m] 
hyd hydraulic c specific heat capacity [J/(kg K)] 
ini initialization E Energy [J] 
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max maximum d Diameter [m] 
min minimum h specific enthalpy [J/kg] 
PCM Phase Change Material i index 
SLE Solid Liquid Equilibrium j index 
TES Thermal Energy Storage m mass [kg] 
VLE Vapor Liquid Equilibrium n index 
  p pressure [bar] 
 thickness [m] q quality [-] 
 delta [-] T Temperature [°C] 
 thermal conductivity [W/(m K)] V Volume [m³] 
 density [kg/m²] w wall 
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