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Abstract 
In numerous energy systems there are discrepancies between the energy supply and demand. One 
such system is domestic water heater. The hot water heater is a sensible heat storage where the 
thermal energy is stored through change in temperature. The sensible heat storage has the 
disadvantage of high losses and low energy density.  

An alternative to the sensible heat storage is the latent heat storage. The latent heat storage stores 
energy through phase change and exhibits high energy density. This method of storing energy is 
consequently more compact. Furthermore the latent heat storage can be charged during off peak 
hour and discharged when peaks arise at almost constant temperature level. A material that is 
commonly used in latent heat storages is phase change material (PCM). These have refined 
properties for the purpose of storing energy at phase changes.  

The aim of the study in this report was to present a theoretical solution for a PCM thermal 
energy storage (TES) combined water heater for domestic water use in single-family households. 
This was done through a model in COMSOL Multiphysics analysing a PCM TES heat exchanger. 
The study moreover aimed to compare and evaluate various authentic PCM TES whit respect to 
numbers of PCMs and their phase change temperature. The focus laid on comparing single PCM 
TES to multi PCM TES. A PCM TES was to be suggested for the system defined 

A numerical simulation was performed from a previously built model. A user profile of hot water 
in single-family households was derived from the Swedish Energy Agency. The profile was 
divided up into two main areas, off peak and on peak. During off peak the PCM TES was melted 
and thereby charged and during the peak the PCM was solidified, discharged. Four cases for 
charging and discharging was studied. Two of each case had the properties of multi PCM TES 
and two of single PCM TES. Furthermore, two of the cases had PCMs with phase change 
temperatures in the range of 42-60°C and the other two in the range of 35-55°C.  



-3- 
 

The result of the study shows that a multi PCM TES with a high phase change temperature was 
preferable for the application studied. The capacity and power rate performance improvement 
from single to multi PCM TES during the discharging cycle reached up to 1,44% and 8,62% 
respectively. 
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Sammanfattning 
I flera energisystem finns skillnader mellan utbud och efterfrågan på energi. Ett sådant system är 
varmvattenberedaren. Varmvattenberedaren är en sensibel värmelagring där värmeenergi lagras 
genom temperaturförändring i mediet. Två nackdelar med den sensibla värmelagringen är höga 
energiförluster och låg energitäthet i mediet. 

Ett alternativ till den sensibla värmelagringen är den latenta. Den latenta värmelagringen lagrar 
energi genom en fasändring i mediet och har hög energitäthet. Denna metod för att lagra energi 
är följaktligen mer kompakt. Dessutom har den latenta värmelagringen goda egenskaper för att 
laddas upp vid låg användning och laddas ur, dvs. konsumeras, när användningen är högre vid 
nästan konstant temperaturnivå. Ett material som vanligen används vid latent värmelagring är 
Phase Change Material (PCM). Dessa har förfinade egenskaper i syfte att lagra energi vid 
fasändringar. 

Syftet med studien i denna rapport var att presentera en teoretisk lösning för en PCM Thermal 
Energy Storage (TES) kombinerad varmvattenberedare för hushållsvattenanvändning i enskilda 
hushåll. Detta gjordes genom modellering COMSOL Multiphysics där en PCM TES 
värmeväxlare analyserades. Studien syftade dessutom till att jämföra och utvärdera olika 
autentiska PCM TES med fokus på antalet PCM och deras fasändringstemperatur. Fokus lades 
på att jämföra en-PCM TES med två-PCM TES. Syftet var vidare att rekommendera en PCM 
TES för det definierade systemet utifrån studien. 

En numerisk simulering utfördes från en tidigare byggd modell. En användarprofil för 
varmvattenanvändning i enskilda hushåll fastställd från Energimyndigheten användes som grund i 
arbetet. Profilen delades upp i två huvudområden, låganvändning och höganvändning. Under 
låganvändning smältes PCM och laddades därmed upp och under höganvändning stelnades PCM 
och laddades därmed ur. Fyra fall för laddning och urladdning studerades. Två av varje fall hade 
egenskaperna av två-PCM TES och de andra två av en-PCM TES. Vidare hade två av fallen 
PCMer med fasändringstemperatur i området av 42 till 60° C och de andra två i området av 35 till 
55° C.  

Resultatet av studien visar att en multi PCM TES med hög fasomvandlingstemperatur var att 
föredra för den studerade applikationen. Kapacitetens och effektens prestandaförbättring från en- 
till två PCM TES under urladdningscykeln nådde upp till 1,44% respektive 8,62%. 
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Nomenclature 
 

Name   Symbol  Unit 

Specific Heat Capacity   cP kJ/kg K 

Enthalpy   h kJ/kg 

Temperature   T °C 

Temperature   T K 

Thermal Conductivity  k W/m K 

Density   ρ kg/m3 

Time   t s 

Velocity   u m/s 

Force   F N 

Thermal capacity  Q J 

Pressure   p Pa 

Gravitation   g m/s2 

Mass   m kg 

Radius   r m 

Volume   V m3 

Ratio   R - 

Phase Changing Material  PCM - 

Thermal Energy Storage  TES - 

Latent Thermal Energy Storage LTES - 

Sensible Thermal Energy Storage STES -  

Heat Transfer Fluid   HTF -  
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1 Introduction 
In numerous energy systems there are discrepancies between the energy supply and demand. By 
using proper thermal energy storage system one might develop a better solution for this 
mismatch. This would provide more balanced systems and thereby minimize the environmental 
and capital cost. (Felix Regin A. et al., 2007). One such system that could be improved is the 
domestic water heater.  

 

In most homes in developed countries hot tap water is used. The hot tap water is heated in a 
water heater where the hot water is stored until demand rises. The water is here stored by 
sensible thermal energy storage (STES). One of the disadvantages of STES is that it is 
cumbersome i.e. the tank does not store more energy than the water holds. This results in the 
requirement of big water heaters to supply enough hot water for sudden use e.g. a shower or 
bath. Due to large storage-size, higher thermal losses may occur and large space requirement is 
needed, thus a big hot water tank is not always desirable. Another consequence of irregular use of 
hot water is the sudden demand of high power input and thereby use of energy of a higher level 
i.e. low exergy efficiency (Persson T, 2000).  

 

A way of storing thermal energy besides STES is by latent heat storage (LTES), which is 
considered to be a more efficient and compact storage method (aha K. Aldoss, Muhammad M. 
Rahman, 2014). A way of storing latent heat is by using phase changing material (PCM). These 
have the advantages of isothermal phase transition, high energy storage density (Hamid Ait 
Adine, Hamid El Qarnia, 2009) and can be tailor-made for each system to meet the temperature 
requirements (Justin NW. Chiu, Viktoria Martin, 2013). Several studies have been carried out in 
using PCMs for thermal energy storage e.g. for solar energy (Hussain H. Al-Kayiem, Saw C. Lin, 
2014), buildings (Vineet Veer Tyagi, D. Buddhi, 2005) and cooling (Justin NW. Chiu, Viktoria 
Martin, 2013).  

 

The heat transfer and storing process using PCM has the course of a heat transfer fluid (HTF) 
charging and discharging the PCM by transferring heat from itself to the PCM and vice versa; 
During the charging cycle the HTF transfers thermal energy to the PCM that will store the heat 
as latent heat. Additional heat will be stored in sensible region. The HTF will thereby transfer 
heat along the PCM bed during this process. During the discharging cycle on the other hand the 
reverse will occur, the HTF will regain its heat from the PCM that will now release its stored 
thermal energy (Taha K. Aldoss, Muhammad M. Rahman, 2014).    

 

One issue with PCM is the low thermal conductivity that leads to low heat transfer power rate. 
There are several techniques of enhancing the efficiency and power rate for PCM based thermal 
energy storage (TES) systems. Examples of such methods are improving the thermal conductivity 
of the system or of the PCMs by addition of fins, dispersion of highly conductive particles or 
encapsulation (Justin NW. Chiu, Viktoria Martin, 2013). An alternative approach of improving 
PCM TES systems is by using multistage PCM TES where a series of PCMs with descending 
melting temperature are used along the bed. Taha K. Aldoss and Muhammad M. Rahman studied 
single versus multi PCM TES and concluded that the system attains higher performance both in 
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charging and discharging using multi PCM TES. They also found out that an increase of number 
of stages also improved the system performance further. Nevertheless the improvement takes off 
after three stages (Taha K. Aldoss, Muhammad M. Rahman, 2014). H.A. Adine and H. El Qarnia 
created a mathematical model with one and two PCMs respectively in a shell-and-tube heat 
storage unit and their conclusion where likewise Taha K. Aldoss and Muhammad M. Rahman 
that the multi PCM TES where preferable to single PCM (Hamid Ait Adine, Hamid El Qarnia, 
2009).  

 

J. NW. Chiu and V. Martin studied the performance improvement for single PCM versus multi 
PCM TES using a fined pipe during both complete and incomplete charging and discharging 
cycle for cooling. This was done through a numerical study using COMSOL Multiphysics 
V4.1a/V4.2. Their conclusions were that the multi PCM based TES reached up to 40% higher 
performance than the single based one (Justin NW. Chiu, Viktoria Martin, 2013). In this work an 
analysis of single and multi PCM TES combined with a water heater for a single-family-
household will be presented. The analysis will focus on modelling PCM TES emphasizing the 
optimal numbers of PCMs and optimal phase change temperature.  

 

1.1 Hot water use  
25% of the energy consumption in Sweden is used for space heating including the heating of tap 
water (Persson T, 2000). In 2008 Swedish Energy Agency and Statistics Sweden performed a 
study on hot water use in single-family-households. In this study a selection of 34 single-family-
households in the Stockholm area formed the basis for the project and measurements regarding 
hot water use was executed. This study resulted in, among other things, a profile for an average 
single-family-households presented in Figure 1 (Stengård L, Levander T, 2009).  

 

    
 

Figure 1 User profile for warm water (Stengård L, Levander T, 2009) 
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As shown in Figure 1, during the time period studied the hot water use is relatively constant apart 
from the period between 15:30 and 15:45. At this time the demand is peaking and approximately 
110 litres of hot water is used in 15 minutes.  

 

1.2 Water heater 
One of the most common methods of heating tap water in Sweden is through a water heater.  A 
schematic figure of a tap water heating system is provided in Figure 2. 

 

 

Figure 2 Schematic for a water heater 

 

As presented in Figure 2 cold fresh water is provided to the water heater. The cold water is 
thereafter heated to a higher temperature via a heat exchanger. According to Boverket the water 
has to be at a temperature above 60°C when leaving the tank to avoid growth of Legionella 
(Boverket, 2015). Hence, the water heater works as a STES tank. 

One of the challenges using heat storage for domestic hot water supply in low energy buildings is 
to supply enough hot water for sudden use e.g. a shower or bath. The consequence of this is the 
requisite of a big storage of hot water to meet a sudden need. In an economical investment 
perspective the difference in cost for a water heater of 35 litres and 100 litres is approximately 
2000kr (PriceRunner, 2015). In energy perspective the big water heater is not preferable as, stated 
earlier, because of high losses and large space requirement. The ideal tap-water heating system 
ought to work at a constant temperature and thermal power level but still be able to provide an 
output meeting the demand that arises when an abrupt use of hot water is needed. Thus the 
water heater would not need to provide a high efficiency for one tapping and it would neither 
need to hold high amount of energy as STES. 

A way of improving the water heater system is combining the water heaters’ sensible heat storage 
with latent heat storage using PCM. This system would ideally consist of a small water heater to 
meet the average demand during the day but also with the ability to meet a sudden peak. The 
PCM TES ought to be charged when demand is low and discharged when peak arises. 
Schematics of the PCM TES incorporated in the water heating system that will be studied are 
shown in Figure 3, Figure 4 and Figure 5. 

  

Water Heater 

Energy input 

Fresh water (Hot) 

Fresh water (Cold) 
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Figure 3 Uncharged PCM  

 

 
Figure 4 Discharging PCM 

  

 
Figure 5 Charging PCM 

 

Figure 3 presents the case of an uncharged PCM; this is equivalent to the case of no PCM unit. 
Figure 4 presents the discharging cycle. During this cycle the PCM will solidify and release heat to 
the cold HTF and thus heat the water. The charging cycle is presented in Figure 5, during this 
cycle the hot water in the water heater is circulated through the PCM unit by a pump. The HTF 
will heat and melt the PCM and thus charge it.  

Water Heater 

Energy input 

Fresh water (Hot) 

Fresh water (Cold) 

Water Heater 

Energy input 

Fresh water (Hot) 

Fresh water (Cold) 

PCM 

Water Heater 

 Energy input 

Fresh water (Hot) 

Fresh water (Cold) 

PCM 

PCM 
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2 Problem & Objectives  
The aim of the study in this report is to present a theoretical solution for a PCM TES combined 
water heater for domestic water use in single-family households. This will be done through a 
model in COMSOL Multiphysics analysing a PCM TES heat exchanger. The study moreover 
aims to compare and evaluate various authentic PCM TES with respect to numbers of PCMs and 
their phase change temperature. The focus will lay on comparing single-based PCM TES to 
multi-based. A PCM TES will be suggested for the system defined and the expected results of the 
study are: 

- A mathematical model for single- and multistage-based PCM TES with the purpose of 
calculating the outlet temperature, power rate and to visualize the charging/discharging 
process for the cases studied.  

- A comparison of the cases studied with respect to the outlet temperature, power rate and 
storage capacity. 

- A recommendation of a PCM TES for the system concerned with respect to numbers of 
PCMs and their phase changing temperature. 

- A brief environmental evaluation of the system recommended.  
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3 Method & Model 
COMSOL Multiphysics were used to create a model based on numerical analysis.  The model 
considered is a development of a model created by Justin N.W. Chiu and Viktoria Martin in 2013. 
This model has been tested against a lab rig and determined to be valid within 5% for gelled 
PCMs and 15% for non-gelled PCMs (Justin NW. Chiu, Viktoria Martin, 2013).  The PCMs 
studied for this application are paraffin’s ant thus non-gelled. The model for this study is an axial 
symmetric finned pipe in a TES tank with a 2 times 2 storage units for the PCM, see Figure 6. 
The flow direction differs from charging and discharging as seen in Figure 6. This is due to the 
requirement of reverse order of the PCMs in the case of charging and discharging as later 
elucidated.  

 

 

When analysed, the model is down scaled to a two-dimensional axial symmetric module to ease 
the calculations. The height and diameter of the model is 6,7 cm and 6,8 cm respectively, further 
measurements of the module can be found in Appendix 1. The model depicts a module of the 
TES that can be up-sized for the need of a larger storage unit as this work mainly aims to 
compare performance improvement from single to multi PCM TES and to evaluate the phase 
changing temperatures. 

Assumption of homogenous and isotropic properties of the PCMs and further no thermal 
resistance through surfaces has been made to ease the calculations further. The fluids are 
moreover presumed to be Newtonian and incompressible. Adiabatic properties are assumed at 
the surfaces facing the ambience. The mesh size for the case of discharging was determined 
experimentally to give an error bellow 1% when comparing to a finer mesh. The mesh size for 
the case of charging was determined by the calculation time. The finest mesh that offered a 
calculation time under 24 hour for one cycle where chosen. The relative tolerance used 
contributes to an error of maximum 0,07% when comparing to a finer tolerance. 

Figure 6 Module in COMSOL Multiphysics 

 

Hot Inlet 

Cold Inlet 
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The configuration acts as a counter current heat exchanger between the HTF and PCMs where 
the efficiency can be determined from 

 

 
𝜂!"# =

𝑇!" − 𝑇!"#
𝑇!" − 𝑇!"#$%&

 (1) 

 

where 𝑇!"#$%& is the phase changing temperature of a single PCM TES or the average phase 
change temperature of multi PCM TES. When using a single or multi-PCM TES with the same 
𝑇!"#$%& the denominator will adopt the same value. Hence, it is the outlet temperature that 
determines the efficiency.  

A single PCM system has only one phase changing temperature and the outlet temperature of the 
HTF will therefore never exceed or fall below this temperature. As the driving force for the heat 
transfer consists of the temperature difference between the PCM and HTF it is preferable to 
have a high phase changing temperature when discharging and a low when charging. However, 
for a single PCM system the phase changing temperature will be fixed and the same for charging 
and discharging. A multi PCM system allows the TES to have several phase changing 
temperatures to avoid this obstacle. Consequently a multi-PCM TES enables the HTF to reach 
higher temperatures when discharging the PCMs at the same time as it enables it to reach lower 
when charging. This difference between single and multi PCM TES systems is presented in 
Figure 7 where the straight lines demonstrate the phase changing temperature and the arrows the 
temperature of the HTF along the bed for the case of charging and discharging. Since a multi 
PCM system enables the HTF to lower/higher outlet temperatures than the single one this is 
considered preferable in most cases.  
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Figure 7 Single versus multi based PCM TES  

 

3.1 Governing equations 
The model developed in COMSOL Multiphysics is based on the continuity, momentum and 
energy equation presented in Equation (1), (2) and (3) respectively. 

 

 𝜕𝜌
𝜕𝑡 + ∇𝜕𝑢 = 0 

 

(2) 

 
𝜌
𝜕𝐮
𝜕𝑡 + 𝜌𝐮 ⋅ ∇𝐮 = −∇𝐩+ ∇ 𝜇 ∇𝐮+ ∇𝐮 ! −

2
3 𝜇 ∇𝐮 𝐈 + 𝐅 

 

(3) 
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𝜌 ⋅ 𝑐!

𝜕𝐓
𝜕𝑡 + 𝑢 ⋅ ∇ 𝑇 = −(∇ ⋅ 𝑞)+ τ𝐒−

𝑇𝜕𝜌
𝜌𝜕𝑇 |!

𝜕𝜌
𝜕𝑡 + 𝑢 ⋅ ∇ 𝑝 + Q (4) 

 

To take in to account the natural convection due to gravitation Boussinesq approximation is used 
and presented in Equation (5).  

 

 𝐹 = 𝑔 ⋅ ∆𝜌 (5) 

 

The charging/discharging capacity of the PCM TES at any given time 𝑡! is determined by 

 

 

Q!"# = 𝑄

!!

!!

⋅ 𝑑𝑡 
(6) 

 

where 𝑄 is the thermal power rate of the system. This can be determined by 

 

 𝑄 𝑡 = 𝑚!"# ⋅ 𝑐!  !" ⋅ 𝑇!" 𝑡 − 𝑐!  !"# ⋅ 𝑇!"#(𝑡) !"# (7) 

 

where 𝑇!"# can be determined by  

 

 

𝑇!"# =
1

𝑉!"#
𝑇! ⋅ 𝑢(𝑟) ⋅ 2𝜋 ⋅ 𝑟 ⋅ 𝑑𝑟

!!"!#

!

 
(8) 

 

where the volumetric flow rate is 

 

 

𝑉!"# = 𝑢(𝑟) ⋅ 𝜋 ⋅ 𝑟! ⋅ 𝑑𝑟

!!"!#

!

 
(9) 
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Due to the assumption of incompressible flow properties 𝜌 is constant. According to Afshin J. 
Ghajar and Yunus A. Çengel 𝜌 ought to be evaluated at the bulk mean fluid temperature, 𝑇!, at 
all times. 𝑇! is determined by 

 
𝑇! =

𝑇!" + 𝑇!"#
2  (10) 

 

(Afshin J. Ghajar, Yunus A. Çengel, 2011).  

 

3.2 Material 
The materials used in the model are water, aluminium and paraffin’s. Figure 8 demonstrates 
where each material is used.  

  

 
Figure 8 TES Material 

  

3.2.1 Pipe & Heat Transfer Fluid 
The HTF for this application is water since this is the fluid that is entering the system from the 
water heater. The pipe is made out of aluminium since this have the advantages of low density, 
high thermal conductivity and resistance to corrosion.  

 

3.2.2 PCM 
The PCMs used in the model are paraffin’s. The PCMs are divided up into high- and low-
temperature PCMs, see Figure 9. In each temperature area three PCMs are chosen: One for the 
single-based PCM TES and two for the multi-based PCM TES. The two used for the multi-based 
PCM TES have the requirement of having the average phase changing temperature of the single 
one in that zone to be able to compare the cases correctly. The PCMs are denoted PCMXX 
where XX specify the phase changing temperature of that PCMs. All PCM property data were 

PCM 

 

Aluminum 

 

Water 
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based on authentic materials from RUBITHERM. The materials used has a price between 5,95 
and 12,94 EUR per kg. (RUBITHERM, 2014).  

 

  
Figure 9 PCM temperature zones 

 

For the both the high and the low temperature PCMs multi versus single PCM TES were studied. 
Thus, the four cases studied were: 

- PCM60 & PCM42 (multi PCM, high temperature zone) 
- PCM50 (single PCM, high temperature zone) 
- PCM55 & PCM35 (multi PCM, low temperature zone) 
- PCM44 (single PCM, low temperature zone) 

The latent heat storage of the PCMs was derived from the cP-curves provided by RUBITHERM. 
The cP-values differ from the melting and solidifying process (RUBITHERM, 2014). The 
convective properties of the PCMs are disregarded in the solid phase. J. NW. Chiu and V. Martin 
recommend defining the solid phase by one degree below the phase changing temperature (Justin 
NW. Chiu, Viktoria Martin, 2013).  

 

3.3 Operation 
The user profile in Figure 1 formed the basis for this work and thus it is this behaviour profile 
the combined water heater will be designed for. The system being concerned is a water heater 
with an inlet temperature of the water at 8,6 °C (Stengård L, Levander T, 2009) and outlet 
temperature of 61 °C (Boverket, 2015). Furthermore, the TES system concerning has the 
properties of Table 1. The velocity corresponds to the velocity in one module if 20 TES where 
put in parallel. An assumption of constant flow through the pipes over time has been made to 
ease calculations.   
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Table 1 Properties of the carging- and discarging-cycle 

 Property Symbol Value 

 

Discharging 

Velocity uD 0,00128 m/s  

Time tD 900 s 

 

Charging 

Velocity uC 0,0002 m/s 

Time tC 85500 s 

 

A model for each case was developed resulting in 8 models. 4 of the models were developed for 
the case of charging and the 4 remaining for the cases of discharging. In the charging cycle the 
boundary conditions provided an inlet temperature of 61 °C and the assumption of a uniform 
temperature of 8,6 °C for the TES. This corresponds to the “worst case scenario” of the PCMs 
being completely discharged. In the discharging cycle the PCMs were assumed to have a 
temperature of 61 °C witch corresponds to a completely charged TES. The inlet temperature in 
this case was 8,6 °C. 

 

3.4 Sensitivity analysis  
A sensitivity analysis was performed to determine the models sensitivity to fluctuating inlet values 
and boundary conditions set by the application. The sensitivity analysis was performed at the case 
of discharging PCM55. The properties were varied by 10% and are presented in Table 2. For 
each study the outlet temperature and the thermal capacity was examined.  

Two of the properties studied were the boundary conditions of the application received from the user profile in  

Figure 1: the time of the discharging cycle and the velocity of the HTF. Both of these conditions 
will vary under real circumstance and thus are these properties important to study. Further was a 
variation of the inlet temperature to be analysed. The inlet temperature for the discharging cycle 
might not be a constant as assumed in this study but vary over time. The specific heat capacity 
was analysed too. This property is studied since data provided by the producers might be 
optimistic. The values provided might be derived from a lab environment and thus hard to meet 
in a more practical one.  

 

Table 2 Properties for sensitivity analysis 

Varied Property Value Varied value 

Velocity, uD 0,00128 m/s  0,00141 m/s 

Time, tD 900 s 990 s 

Specific heat capacity, cP See Appendix 2 See Appendix 2 

Inlet temperature, T 8,6°C 7,74°C 
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4 Results & Discussion 
Four cases for charging and four cases for discharging have been studied. Two of each case have 
the properties of single PCM TES and the other two multi PCM TES. Additionally two of each 
case were studied in the high temperature zone and two in the low. In the results the outlet 
temperature, the thermal capacity and the thermal power rate is presented, discussed and 
compared. The capacity ratio and power rate ratio are evaluated by equation (11) and (12) 
respectively. 

 
R!"#"!$%& =

Q!"#$
Q!"#$

 (11) 

 
R!"#$% =

𝑄!"#$
𝑄!"#$

 (12) 

 

One of the ratios examined is the capacity and power rate ratio between single and multi PCM 
TES. For this calculation the multi PCM TES’s capacity and power rate will be found in the 
numerator in equation (11) and (12) respectively. The other ratio studied is the capacity and 
power rate ratio between high and low temperature PCM. For this ratio the high temperature 
PCM TES’s capacity and power rate will be found in the numerator in equation (11) and (12) 
respectively.  

The aim of the study was to compare PCM TES as different properties with authentic PCMs. 
Therefore properties such as the cP-curve for each material are different from another. This may 
cause flaws in the results, though these are not considered as errors as these are part of the 
formulation of the task. However it should be taken into consideration when reviewing the 
results.  

A sensitivity analysis has been performed to analyse the models sensitivity to fluctuating 
properties. The result of this is presented and discussed in this section. A brief economical and 
environmental discussion is presented too. Limitations of the model and analysis are declared in 
the end of the results and discussion section.  

 

4.1 Discharging 
For the discharging cycle four cases have been studied. The results of the study will be presented 
and discussed in this section. The results contain the aspects of outlet temperature, thermal 
capacity and thermal power rate.  It is interesting to study the outlet temperature since the aim of 
the PCM TES is to heat the HTF and thus provide a high outlet temperature. The thermal 
capacity is interesting to study since it tells which one of the cases that can discharge the highest 
amount of energy at the time concerned. The thermal power rate is studied to investigate the 
power output at each and every time among the cases studied and to examine how this changes 
over time. 
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4.1.1 Outlet temperature 
The outlet temperature of the HTF for the 4 cases of discharging is presented in Figure 10. The 
outlet temperature is the temperature of the HTF when leaving the TES.  

 
Figure 10 Outlet temperature of HTF, Discharging 

 

The outlet temperature for the cases is evaluated by the same method and the only divergent 
factor among the cases is the PCM properties. Figure 10 shows that the case of PCM42 & 
PCM60 provides the highest outlet temperature with a minimum of 23,3 °C. The case of PCM44 
provides the lowest temperature to the HTF with a minimum of 21,5 °C. The PCMs in the high 
and low temperature zone respectively follows the same trend. This is a result of the low and 
high temperature PCMs respectively have the same average phase changing temperature. No 
larger difference is seen between the multi and single PCM TES due to short cycle time and thus 
only little phase change and further little latent energy utilized. The outlet temperature presented 
in Figure 10 would increase if models were combined in series. Therefore the outlet temperature 
is not the one aimed for but a result of the downscaled module studied. 

 

4.1.2 Thermal Capacity 
It is interesting to analyse the thermal capacity and the thermal capacity ratio between the cases 
studied to evaluate what case offers the highest transfer of energy during the period of time 
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studied. The discharging capacity of the PCM TES cases at every time up to 900 seconds is 
displayed in Figure 11. This figure implies that the case of high temperature zone PCMs 
discharge higher amount of energy to the HTF than the low temperature PCMs during the cycle. 
It also shows that the single and multi PCM TES is almost similar in its capacity after 900 
seconds. To summarise, PCM42 & PCM60 is the most preferable case in the capacity aspect 
since it provides the highest amount of energy to the HTF during limited time of the discharging 
cycle. Nevertheless, this will be investigated further by the capacity ratio. 

 

 
Figure 11 Thermal Capacity, Discharging 

 

In the following results the capacity performance improvements for two aspects are presented, 
the singe versus multi PCM and high versus low temperature zone PCM. Note that the first 
values are to be disregarded from because of oscillations due to the stiff problem phenomenon. 
In the following graphs, the 100 first seconds will be disregarded from to avoid this error in the 
results. However, these values will be displayed in Appendix 3 and Appendix 4.  
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Figure 12 Capacity Ratio, Single versus Multi PCM, Discharging 

 

In Figure 12 the capacity ratio between the cases of multi and single PCM TES in the high and 
low temperature zone respectively are displayed. Figure 12 demonstrate that the capacity 
performance improvement from single to multi PCM TES in the high temperature zone is up to 
1,25 % for this application. In the low temperature zone the capacity performance improvement 
from single to multi PCM TES is 1,44 %. Figure 12 also indicate that the ratio exceed 1 at all 
times which imply that the multi PCM TES is preferable for all times during the discharging 
cycle, even though low and close to 1 at times.  

 

 
Figure 13 Capacity Ratio, High versus Low temperature zone PCM, Discharging 
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Figure 13 demonstrates the capacity ratio between the cases of high and low temperature PCMs. 
The red line corresponds to the capacity ratio of high and low temperature single PCM TES. The 
blue corresponds to the capacity ratio of high and low temperature multi PCM TES.  

From Figure 13 it can be determined that the capacity performance improvement for the 
discharging cycle reach up to 9,04 % when using multi PCMs in the high temperature zone 
instead of in the low temperature zone. For single PCM the capacity performance improvement 
in the high temperature zone is 9,23 %.  The ratio for both single and multi PCM TES exceed 1 
at all times which proves that the high temperature zone PCM TES is the most preferable for the 
discharging cycle.  

 

4.1.3  Thermal Power rate 
The thermal power rates of the studied PCM TES cases at all times are presented in Figure 14. It 
is interesting to consider this aspect to evaluate the performance of the PCM TES further. It is of 
interest to be able to compare the thermal power rate of the cases studied and to evaluate what 
case has the highest power rate at all times.  

As the PCMs are discharged the thermal power rate decreases which is indicated by the graph. 
Figure 14 demonstrates that the case of PCM42 & PCM60 provides the highest power rate at 
most times. In this aspect, the PCM42 & PCM60 is most preferable. The figure also indicates that 
the power rate is higher for the high temperature PCM cases at all times. To analyse these 
observations further power rate ratios among the cases will be studied. 
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Figure 14 Thermal Power rate, Discharging 

 

Bellow the power rate performance improvements from two aspects are presented. Note that the 
first values are to be disregarded from because of oscillations due to the stiff problem 
phenomenon. In the following graphs, the 100 first seconds will be disregarded from to avoid 
this error in the results. However, these values will be displayed in Appendix 5 and Appendix 6. 
Furthermore, trend lines have been introduced to give a clearer view of the trend of the values 
and to disregard the disturbances caused by the peaks and dips that can be seen in Figure 14. 
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Figure 15 Thermal Power rate Ratio, Single versus Multi PCM, Discharging 

 

Figure 15 presents the power rate ratio for single to multi PCM TES for the high and low 
temperature PCMs at all times. The graph is jagged and hard to read wherefore the trend lines 
have been introduced to give an understanding of how the trend of the ratio behaves. From the 
trend of the graph it can be concluded that there is a performance improvement from single to 
multi PCM TES for both the PCMs in the high and the low temperature zone when disregarding 
from the first 100 seconds. In the high temperature zone the power rate performance 
improvement is up to 8,62% when using multi PCM TES instead of single for this application. In 
the low temperature zone the power rate performance improvements is 3,48% when using multi 
PCM TES instead of single.  

 

 
Figure 16 Capacity Ratio, High versus Low temperature zone PCM, Discharging 
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The power rate performance improvement from low to high temperature zone is presented in 
Figure 16. The graph proves that there is a power rate performance improvement when using 
PCMs in the high temperature zone instead of PCMs in the low temperature zone for both single 
and multi PCM TES. From Figure 16 it can be determined that the power rate performance 
improvement for the discharging cycle reach up to 19,1 % when using multi PCMs in the high 
temperature zone instead of in the low temperature zone. For single PCM the power rate 
performance improvement in the high temperature zone is 15,4 %.  

To summarise, multi PCM TES is preferable to single PCM TES for the discharging cycle when 
studying outlet temperature, capacity and power rate. Although no performance improvement 
from single to multi PCM of a larger altitude is seen. This is explained by no or only little phase 
change during the discharging cycle. A higher performance improvement from single to multi 
PCM would presumably appear if the cycle time was increased beyond 900 seconds since this 
would utilize the latent heat storage in the phase change. Further, the high temperature PCMs is 
superior to the low temperature PCMs for discharging in all aspects concerned. Consequently, 
the case of PCM42 & PCM60 is the most preferable case in the aspect of outlet temperature, 
capacity and power rate for the discharging cycle. The mesh size error can produce an error of a 
maximum of 1%. If this error would inflict on the values presented the result of high temperature 
zone multi PCM being the most desirable case for the discharging cycle would still remain.  

 

4.2 Charging 
The charging cycle was studied through 4 cases. Since the mesh size for the charging cycle was 
determined by time and not by the size of the error it should be kept in mind when reviewing the 
results that these might differ from the reality. Nevertheless the purposes of the results are to 
examine and present an estimation of the charging cycle. The result of the charging cycle is 
presented bellow where the outlet temperature and the thermal capacity are presented. It is of 
interest to study these results to receive an apprehension of if and when the PCMs are fully 
charged. 

 

4.2.1 Outlet temperature 
The outlet temperature of the HTF for the 4 cases of discharging is presented in Figure 17. 
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Figure 17 Outlet temperature of HTF, Charging 

 

Figure 17 indicates that after approximately 30000 seconds the outlet temperature is stabilising 
for the multi PCM cases. This gives an indication of fully charged PCM TESs and that this is 
reached after 30000 seconds corresponding to 8,3 hours. Furthermore, as indicated by the graph 
the single PCM cases are fully charged after 40000 seconds corresponding to 11 hours as the 
outlet temperature is stabilising then. To investigate this further the thermal capacity is studied. 

The oscillation in the beginning of the charging cycle may be caused by the stiff problem 
phenomenon. The oscillation may also be a consequence of the big mesh size for the charging 
cycle, which may give inexact results. Both of these sources of errors are triggered by rapid 
development of events, which is the case in the first 1500 second where the oscillation occurs. 
Nevertheless, the importance of the discharging cycle is not to contemplate each and every value 
but to see to the big picture and answer the questions of if and when the PCMs are fully charged 
and to compare the cases among each other in a bigger perspective.   

 

4.2.2 Thermal Capacity 
The capacity of the PCM TES at every time is displayed in Figure 18 for the cases studied. This 
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reach their full capacity. These cases reached their full capacity after approximately 30000 
seconds. Although, all cases reaches its full capacity before the cycle is complete.  
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Figure 18 Thermal capacity, Charging 
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in Figure 19 and Figure 20 and will be disregarded from in the results. Hence, the first 1500 
seconds will be marked red in the graphs. The capacity ratio between the multi and single PCM 
TES for each temperature zone is presented in Figure 19. 

 

0	  

2000	  

4000	  

6000	  

8000	  

10000	  

0	   20000	   40000	   60000	   80000	  

Ca
pa

ci
ty
	  [J
]	  

Time	  [s]	  

PCM42	  &	  
PCM60	  

PCM50	  

PCM35	  &	  
PCM55	  

PCM44	  



-29- 
 

 
 Figure 19 Capacity Ratio, Single versus Multi PCM, Charging 

 

Figure 19 prove that the multi PCM TES is preferable to the single PCM TES for the charging 
cycle of high temperature PCMs since the capacity ratio exceeds 1 at all times. The figure 
demonstrate that the capacity performance improvement from single to multi PCM TES in the 
high temperature zone is up to 42,0 % for this application. In the low temperature zone the 
capacity performance improvement from single to multi is positive and up to 23,2 % before circa 
16000 seconds. After 16000 seconds the capacity ratio is negative.  

 

 
Figure 20 Capacity Ratio, High versus Low temperature zone PCM, Discharging 

 

The capacity performance improvement from low to high temperature PCMs is presented in 
Figure 20. From this figure it can be determined that the capacity performance improvement for 
the charging cycle reach up to 7% when using multi PCM TES in the high temperature zone 
instead of in the low temperature zone. However, for single PCM the capacity ratio fall bellow 1 
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at all times. The capacity performance improvement from high to low temperature PCM for the 
case of single PCM reach up to 20,4 %. 

The result of the charging cycle shows that the multi PCM TES cases have a shorter charging 
time. Consequently the circulation pump would have to work during a shorter period of time and 
thus less energy is consumed if a multi PCM TES was chosen. Therefore the multi PCM cases are 
preferable to the single ones in this aspect.  

From the thermal capacity ratios it can be decided that the multi PCM TES is superior to single 
for the high temperature PCMs at all times. Though, the result is equivocal for the low 
temperature PCMs. It is moreover difficult to tell from the cases studied if the low temperature 
PCMs are to prefer before the high temperature PCMs or vice versa.  

Because of the long time of the charging cycle the importance lies within selecting a TES that is 
fully charged during the time of the cycle. As presented, all of the cases will be fully charged 
during the cycle. In perspective of the charging cycle it does therefore not matter which of the 
cases that will be chosen for the application considered although it would be preferable with a 
multi PCM TES. 

 

4.3 Economics & Sustainability 
The results of the study indicate that water heater combined with a PCM TES could be reality. 
This would allow the water heaters to be reduced in size and hence reduce the losses that occur at 
large STES units. This would benefit the economics along with the environment. 

The application of the PCM TES has the function of a thermal battery. The application enables 
the user to shift peak load to another period. This could be used for consuming energy at low 
prices and using this energy storage in periods of the day with higher prices. Another usage of the 
application would be to enable renewable energy sources such as wind, waves and sun to charge 
the PCM when the energy sources are offered and used when demand rises. From the 
environmental perspective this is attractive since it enables one to choose when to consume 
energy unrelated to our behaviour. This would also enable the use of energy more even and thus 
more predictable. Further, this would benefit our energy production and power plants as they can 
run at an even rate.  

The disadvantage with the PCM TES combined water heater is the possible higher economical 
cost. The PCM is not very expensive but a TES might be. The cost of the PCM TES unit ought 
ideally therefore not to exceed the price difference up to a larger water heater. Though, if the 
price would exceed this might be seen as an investment for the environment with the economical 
advantages of shifting peak load and reducing the losses. In a long term perspective the 
investment would optimistically pay off, if not economically, environmentally. 

 

4.4 Limitations 
The limitations of the model and analysis contain several aspects. One aspect is the limitation of 
the initial values and boundary conditions, which are discussed in the sensitivity analysis. Further 
limitations are the assumptions and approximations made, e.g. the assumption of Newtonian 
fluids, assumption of incompressible fluids and Boussinesq approximation. These 
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approximations are all widely acceptable and simplify the complexity of the modeling 
considerably while the accuracy is held high.  

The non-existence of analytical calculations but only numerical modeling is the larges limitation 
of the model. This results not only in an error in its self but an error when the mesh size, relative 
tolerance and step size is enlarged from zero. For this study the mesh size for the discharging 
case gave a known error of maximum 1 %. An even finer mesh would be appropriate but this 
would result in a more time consuming program, which was not possible within the time limit. 
For the charging cycle on the other hand, the computational time was too long to find 
convergence in the result and thereby decide a proper error. This limits the results of the charging 
cycle to be mere approximations. To summarize, a finer mesh and step size together with a lower 
relative tolerance ought to decrease the error of the model and thereby make it more credible. 

The numerical modeling caused oscillations in the beginning of the cycles studied. This limited 
the analysis since the first values were to be disregarded from. The model is earlier established to 
be valid within 15 % for non-gelled paraffins and the accuracy lies therefore within this limit. For 
the discharging cycle no big improvement is seen from single to multi PCM. This could be 
explained by the short time of only 900 seconds for the cycle concerned. During this time the 
latent heat storage in the PCMs will not impact as much as the sensible one because of the rapid 
flow and slow phase changing process. Thus the latent energy is not used. If the cycle time would 
increase the improvement from single to multi PCM ought to be higher since the PCM would 
phase change. 

The cases studied in this report and the conclusions made are specific for the PCMs studied. This 
could be seen as a limitation since the conclusions are not as general. Although, one can argue 
that the results are more interesting since the properties are realistic and could be obtained in real 
settings.  

In this study the economical perspective has not been studied in detail. This limitation cause lack 
in the aspect of economical sustainability and the conclusions will further not take this aspect 
into consideration. 

 

4.5 Sensitivity analysis  
A sensitivity analysis has been performed to determine the models sensitivity to differing inlet 
values and boundary conditions. The varied properties and values are to be found in Table 3 
together with the results of the sensitivity analysis.  

The model appears tolerant to all properties examined; none of the properties give a larger 
alteration than the variation base of 10%. Nevertheless, as presented in Table 3 the model is most 
sensitive to varying the time of the discharging cycle. As a consequence of this it is important to 
design the TES rather too big than to small too be able to supply enough hot water for a sudden 
peak. However, the model is relatively tolerant to variation of velocity and inlet temperature. This 
is favourable since the velocity and inlet temperature fluctuates for the real scenario. The model is 
most tolerant to errors in the specific heat capacity where a change of specific heat capacity of 
10% gives a 1,47% difference of the outlet temperature and 1,35% difference of the capacity. 
This is desirable since the error of the specific heat capacity is hidden, i.e. the error cannot be 
proven unless tests are done.  
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Table 3 Properties and Results, Sensitivity analysis 

Varied 
Property 

Value Variatio
n 

Varied 
value 

Outlet 
temp. after 
cycle [°C] 

Outlet 
temp. 
difference 

Capacity 
after cycle 
[J] 

Capacity 
difference 

None - - - 23,0  3237  

Velocity, uD 0,00128 
m/s  

10 % 0,00141 
m/s 

22,6 1,63 % 3149 2,74 % 

Time, tD 900 s 10 % 990 s 22,0 4,31 % 3047  7,61 % 

Specific heat 
capacity, cP 

See 
Appendix 
2 

10 % See 
Appendix 
2  

22,6 1,47 % 3193 1,35 % 

Inlet 
temperature, 
T 

8,6°C 10 % 7,74°C 22,4 2,49 % 3237 1,93 % 
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5 Conclusions & Future work 
In this report a study of PCM TES combined water heater for domestic water use in single-family 
households has been performed. The study has been executed using COMSOL Multiphysics 
where eight cases have been modelled and studied. The results of the models containing the 
outlet temperature, thermal capacity and thermal power rate are presented in the previous 
section. In the previous section the cases were also compared among each other and the 
conclusions made are presented bellow. 

For all cases of discharging it has been proven that the multi PCM TES has a higher performance 
level than the single one, however a small improvement. The capacity and power rate 
performance improvement from single to multi PCM TES reached up to 1,44% and 8,62% 
respectively during the discharging cycle. It was also found that the high temperature PCMs are 
preferable to the low temperature PCMs for the discharging cycle. The capacity and power rate 
performance improvement from low to high temperature PCM TES reached up to 9,23 % and 
19,1 % respectively during the discharging cycle. Thus, for the discharging cycle it can be 
concluded that the case of PCM42 & PCM60 is the most preferable for the TES of the cases 
studied.  

The capacity performance improvement from single to multi PCM TES reached up to 42,0 % for 
the charging cycle and the outlet temperature at the end of the cycle was 61 °C for all cases 
studied. The capacity performance improvement from low to high temperature PCM was 
equivocal and will therefore be disregarded from. The conclusion for the charging cycle was that 
all cases would be fully charged during a cycle and that multi PCM TES was preferable. The 
selection of low or high temperature PCMs does therefore not have major impact on the 
charging cycle.  

Consequently the recommended PCM TES for the system studied when both the charging and 
discharging cycle is considered is the multi PCM TES in the high temperature zone and thus 
PCM42 & PCM60. Combining the water heater’s sensible heat storage with this PCM TES would 
enable one to shift peak load. This would allow the water heater to be reduced in size and hence 
reduce the losses that occur at large STES units, which would be beneficial for the environment.   

The time of this study has been limited and the calculation time of the model long, circa 24 hours 
at most. Since the project has been limited to 400 hours, it would be of high interest for future 
work to run the program at a finer mesh and step size to obtain a more exact result. Furthermore, 
future work ought to study the convection at the surfaces facing the ambience and its 
contribution to the properties of the heat exchanger. It would also be of high interest to study the 
cycles directly combined and furthermore to study half time charging cycles and longer 
discharging cycles since this might be a reality. 

For future work it would be of interest to compare materials at the same properties with only 
changing the phase changing temperature to have a result that is more analogue. If in an 
extension putting this work into reality an economical analysis should be performed studying 
how the TES heat exchanger ought to be designed to be economically sustainable.   
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Appendix 
Appendix 1 
Dimensions of the axial symmetric model in 2D in presented in Figure 21. 

 

 
Figure 21 Detailed measurements of module 
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Appendix 2 
Figure 22 presents the specific heat capacity, cP, for PCM55, discharging. The blue line 
corresponds to the specific heat capacity analysed in the discharging cycle and the red line to the 
varied values studied in the sensitivity analysis.  

 

 
Figure 22 Specific heat capacity, cP,, for PCM55, discharging 
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Appendix 3 
In Figure 23 the capacity ratio between the cases of single and multi PCM TES for the first 100 
seconds of the discharging case is presented. 

 

 
Figure 23 Capacity Ratio for the first 100 seconds, High versus low temperature zone, PCM 
discharging 
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Appendix 4 
In Figure 24 the capacity ratio between the cases of high and low temperature zone PCM TES 
for the first 100 seconds of the discharging case is presented. 

 

 
Figure 24 Capacity Ratio for the first 100 seconds, Single versus multi PCM, discharging 
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Appendix 5 
In Figure 25 the power rate ratio between the cases of single and multi PCM TES for the first 
100 seconds of the discharging case is presented. 

 

 
Figure 25 Power rate Ratio, for the first 100 seconds, High versus low temperature zone, PCM 
discharging 
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Appendix 6 
In Figure 26 the power rate ratio between the cases of high and low temperature zone PCM TES 
for the first 100 seconds of the discharging case is presented. 

 

 
Figure 26 Power rate Ratio for the first 100 seconds, Single versus multi PCM, discharging 
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