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ABSTRACT 

The expanding use of renewable and sustainable energy systems is at the forefront of the global 

effort to reduce CO2 emissions and mitigate climate change. Thermal energy storage has become 

a critical component of many of these new and innovative systems, and research in this field has 

expanded to meet their requirements. Water has been traditionally used as a storage medium 

because of its high heat capacity and low cost, but depending on the application, the storage 

volume requirements may be excessively large. Phase Change Materials (PCMs) offer an 

opportunity to reduce the storage volume through latent energy storage. However, energy storage 

in PCM presents new challenges, and careful design of thermal storage is required to realize the 

benefits. The design of PCM storage must consider the system operation, operating temperature 

range, PCM properties, encapsulation, and the heat transfer fluid. In the current state-of-the-art 

literature, there is no standard method for designing PCM thermal storage based on system 

requirements. 

The objective of this thesis is to deliver a methodology to assess the feasibility of using PCM for 

thermal energy storage in place of water. This is done by identifying which applications benefit 

from PCM, comparing the analytical and numerical performance of water-only to hybrid water-

PCM storage, and developing a method to size PCM containment to achieve theoretical 

performance when PCM is beneficial. This research study develops analytical solutions for sizing 

PCM thermal energy storage based on system boundary conditions. These boundary conditions 

consist of the system itself (e.g. heat pump, absorption chiller), the energy source into the system, 

and the required load from the system (e.g. a building). The PCM is incorporated into a water tank 
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such that the water acts as both a heat transfer fluid and an energy store.  Analytical predictions 

of the total energy storage capacity in this hybrid water-PCM thermal storage unit are coupled to 

analytical predictions of the rate of melting and solidification to appropriately determine the 

required volume and encapsulation thickness of PCM thermal storage based on the system 

requirements. The results are verified against full-system numerical simulations based on case 

studies of solar absorption cooling and heat-pump heating. 

It is shown in this study that the total required volume of storage is a function of the temperature 

differential of the system, and the total mismatch in time between when energy is available and 

when it is required. A mathematical formulation is proposed which quantifies the required storage 

volume based on the temperature differential, the source and load profiles, and the percentage of 

PCM in the hybrid water-PCM storage unit. 

Furthermore, the rate of melting and solidification of the thermal storage is coupled to the overall 

storage size and required time for charging, and a mathematical formulation is proposed which 

solves for the PCM encapsulation thickness. The method assumes a conservative conduction-

dominated domain and demonstrates how complete melting can be ensured before the system 

reaches its maximum allowable temperature. The map the region of applicability of PCM thermal 

storage is also presented which is defined in terms of the non-dimensional Biot and Stefan numbers, 

in which systems utilizing PCM thermal storage will benefit from volume reduction when compared 

to using water only. This region is characterized with a low Biot number, corresponding to a 

slender geometry acting as a lumped system, as well as a low Stefan number, corresponding to 
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limited temperature differential and limited sensible energy storage. These characteristics favor 

the use of PCM thermal storage instead of water only.  

This thesis presents a novel contribution to the state-of-the-art literature in PCM thermal storage, 

which is established through the analytical methodology for sizing PCM thermal storage based on 

system boundary conditions. The details of the contribution are presented in the form of three 

journal publications that have been integrated into this sandwich Ph.D. thesis on PCM thermal 

energy storage.  
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Chapter 1: Introduction 

Thermal energy storage is a widely researched topic with many new applications in CO2 reducing 

technologies with demonstrated applicability to solar thermal heating [1], absorption cooling [2], 

heat and power cogeneration systems [3], geothermal heating [4], electric vehicles [5], and many 

others. The research pursued by this study focuses on the potential of Phase Change Materials 

(PCM) as an alternative to water, specifically in a hybrid PCM-water storage tank, and the thermal 

management applications that benefit the most from utilizing PCM thermal storage.  

Thermal storage in PCM presents a very interesting problem, as many mechanisms take place 

during the melting and freezing process. In addition to solving for the temperature profile, models 

of PCM must also solve for the melt front location. During melting and freezing, heat is transferred 

within the medium through conduction and potentially convection, and the characteristics of both 

change as the melt front moves. Heat transfer into the PCM encapsulations generally require a heat 

transfer fluid, and the temperature and heat transfer characteristics of this fluid must also be take 

into account. More importantly, the PCM storage units are situated within a system, and the 

characteristics of those systems will influence the melting and freezing process. Models 

incorporating these complex interactions can be used to predict the feasibility of PCM thermal 

storage in these systems.  While the study of PCMs for thermal storage applications is deep-rooted 

in the literature, it remains a state-of-the-art research topic with many recent publications on the 

subject matter [6 – 15].  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 2 of 245 

 

The objective of this thesis is to develop a methodology to study the feasibility of using PCM as a 

thermal store instead of water. This is done by identifying systems that benefit from PCM when 

compared to water, establishing the key parameters in both the system and the storage unit that 

influence this benefit, and designing an analytical method to size PCM encapsulations in order to 

achieve the expected benefit.  

The work presented in this thesis focuses on residential and commercial applications with operating 

temperatures appropriate for liquid water (e.g. T = 5 to 95°C), but with a limited operating 

temperature range (e.g. ∆T=5 to 30°C). Under limited temperature ranges, the volumetric energy 

storage density of sensible storage mediums (e.g. water) is restricted and thus large volumes are 

often required to meet the energy storage needs. In contrast, PCMs can maintain a high energy 

density around their melting temperature. While under these conditions the theoretical energy 

density of PCM is much larger than water, the limited thermal conductivity of PCM can inhibit its 

charging and discharging rate, and it can lead to deterioration in performance. There are many 

active and passive methods to improve the heat transfer rate through PCM modules, which must 

match the heat transfer rate required by the system. This study uses validated numerical models to 

describe the complex behavior of PCM melting and solidification from a system standpoint, with 

boundary conditions selected to reflect realistic charging and discharging behaviors in daily cycles.  

This work presents a novel methodology to appropriately select the storage type, the storage 

volume, the melting temperature, and the PCM encapsulation geometry. The study presents an 

analytical methodology to match the storage energy (kJ) and heat transfer rate (kW) to systems 
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operating under a limited temperature range. The two case studies presented in the first two papers 

are for solar absorption cooling systems and heat pump heating systems, while the third paper 

presents a generalized methodology for sizing PCM encapsulations. Analytical predictions of 

thermal storage performance are compared against results from validated numerical system 

models, and the impact of key parameters influencing the storage performance is thoroughly 

discussed in the three journal papers. 

1.1 Objective and Contributions 

The main objective of this study centres around identifying systems and applications that benefit 

from PCM as thermal storage instead of water. The contributions add together to form a 

methodology that can be used to asses the feasibility of using PCM in a variety of thermal systems. 

This methodology can be used to identify potential systems, compare PCM to water in terms of 

system performance, and size PCM encapsulations in order to achieve the expected benefits. 

The contributions of this Ph.D. work, which are fully documented in the three journal publications 

presented in this thesis, can be summarized into the following: 
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Main Contributions 

• Identified applications which can benefit from PCM storage for volume reduction which 

include: solar absorption cooling systems, and heat pumps systems for demand side 

management. These applications typically used water as the thermal storage medium, and 

this study successfully demonstrated substantial benefits from using PCM in place of water 

to reduce storage volume.  

• Developed a methodology to compare PCM and water in a system-environment, and 

quantifying the benefit of PCM in terms of system performance. This method can be used 

as a feasibility-study for a variety of systems to identify the potential benefit of using PCM 

based on system boundary conditions. These boundary conditions include operating 

temperature, charging and discharging rates, and storage requirements. 

• Developed an analytical method to size PCM encapsulations based on system 

requirements. This is done by matching the time required for melting with the time required 

for charging and discharging by the system. This linked the analytical melt-front models of 

PCM to the system and its transient behaviour. This novel analytical solution for 

encapsulation thickness based on system requirements introduces a new method to size  

PCM thermal storage. 

Secondary Contributions 

• Developed and verified models of PCM melting for use in TRNSYS system simulation 

platform 
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• Compared outputs of various modeling techniques including the enthalpy porosity and 

quasi-stationary methods. 

The contributions all revolve around the utilization of PCM’s energy storage potential in residential 

applications, with a focus on systems that exhibit limited operating temperature ranges. This was 

presented in three papers. The first paper demonstrates how hybrid PCM-water storage tanks can 

reduce storage volume in absorption cooling systems, which are very sensitive to operating 

temperature, and introduces a method to size hybrid PCM-water thermal storage. The second paper 

discusses how hybrid PCM-water storage tanks can reduce storage volumes for heat pumps, which 

also exhibit a limited operating temperature range. The third paper discusses a mathematical 

relationship between the system requirements and the encapsulation thickness of PCM in hybrid 

storage. The paper proposes a novel method to size rectangular PCM encapsulations based on the 

system heat transfer, temperature range, and storage requirements.  Below is a brief description of 

the main contributions of each publication. 

Paper I:  The paper “Performance enhancement of solar absorption cooling systems using thermal 

energy storage with phase change materials” was published in the journal Applied Energy.  The 

paper presented an analysis of the benefit of using hybrid PCM-water tanks in absorption cooling 

systems. Solar cooling systems utilize thermal collectors with a coolant flow that is diverted to the 

storage tank when the required temperatures are acquired, typically between 75 to 90oC.  This 

energy is used to drive an absorption cycle. An absorption cycle utilizes heat to separate a binary 
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fluid in a generator, which can be used to provide cooling capacity without the need for a 

compressor.  

The novel contribution in this work is in the development of an analytical approach to sizing PCM 

thermal energy storage in solar cooling systems. While empirical and mechanistic models for water 

thermal storage are available in the literature [16 – 18], no such models exist for PCM thermal 

storage. Case-by-case evidence from numerous full-scale experimental studies have shown the 

importance of thermal storage in solar absorption cooling systems, but no standard method is 

available to appropriately size the PCM thermal storage unit. Most applications utilize water as the 

thermal storage medium.  Since these applications operate under small operating temperature 

ranges (∆T between 15-30oC), large water storage volumes are typically required. The research 

shows that by incorporating PCM into the energy storage, the volume required was reduced by 

43%. 

Paper II:  In the paper “Performance of heat pump integrated phase change material thermal storage 

for electric load shifting in building demand side management” published in the journal Energy 

and Buildings, PCM was shown to reduce storage size when compared to water in residential heat 

pump applications. The purpose of thermal storage in this application was to shift the heat pump 

electrical demand to off-peak hours while still maintaining the thermal comfort of the occupants. 

Due to the limited operating temperature range of a typical heat pump condenser, the storage 

volume was reduced when hybrid water-PCM tanks were utilized instead of water-only storage. 

The operating temperature range of a condenser is limited by the type of heat exchanger used, and 
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deviations from that temperature can cause insufficient heat delivery (too cold) or COP 

deterioration (too hot). The operating temperature range can be limited to 10 to 15oC, which limits 

the volumetric energy density of water.  

The novel contribution from this work was the detailed numerical simulation of a heat pump system 

utilizing PCM thermal storage for demand side management, and the comparison of the results to 

analytical predictions. A commercially available ground source heat pump of 11 kW nominal 

heating capacity was simulated to heat a detached home in the UK using a baseboard heater, with 

a scheduled peak electricity period starting at 6 am and lasting 2, 4, and 6 hours. The home was 

maintained at 21±0.5oC, and thermal energy storage was added to reduce electrical consumption 

during peak periods. It was shown that hybrid PCM-water thermal storage can reduce storage 

volumes by over three-fold, and that sufficient storage volumes can sustain a home for a complete 

6-hour peak. 

Paper III:   The paper titled “Analytical and numerical sizing of phase change material 

encapsulation thickness in hybrid thermal storage tanks for residential heat pump systems” has 

been submitted to the journal of Applied Thermal Engineering. This paper used models of both 

water and hybrid PCM-water tanks for 1D encapsulations to match the requirements of a typical 

residential heat pump system. The study compared analytical and numerical predictions of the 

melting front progression and verified the results against the enthalpy porosity model.  

The main contribution from this paper is the development of the analytical method to solve for the 

PCM module thickness in terms of heat pump rating, temperature differential, storage medium, and 
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storage volume. The solution was obtained by approximating the heat transfer fluid temperature 

evolution over the charging period based on the system characteristics. This allowed embedding 

the system characteristics within the classical quasi-steady formulation, leading to development of 

a closed-form solution for the encapsulation thickness required. 

The three publications, which include details of each contribution noted above, are presented in 

this thesis in Chapters 3 through 5. An overall literature review is presented in Chapter 2 which 

lays out the state-of-the-art literature, the gap in knowledge, and the impact of these contributions. 

Details on the organization of this thesis in presented below.  
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1.2 Thesis Organization 

This thesis is organized into 6 chapters: 

Chapter 1 introduces the thesis with a background for the publications presented in this thesis. 

This chapter highlights the contributions of this academic work to the state-of-the-art literature in 

the field of PCM thermal storage and summarizes the organization of this thesis. 

Chapter 2 provides an overarching literature review that highlights the core focus of this study 

and the key research fields it pertains to.  This chapter introduces storage in PCMs, discusses 

analytical and numerical models of melting and freezing, and highlights system-level studies 

needed to quantify system performance changes as a function of changing the storage medium and 

capacity. 

Chapter 3 presents the first paper titled: “Performance enhancement of solar absorption cooling 

systems using thermal energy storage with phase change materials” 

Chapter 4 presents the second paper titled: “Performance of heat pump integrated phase change 

material thermal storage for electric load shifting in building demand side management” 

Chapter 5 presents the third paper titled: Analytical and numerical sizing of phase change material 

encapsulation thickness in hybrid thermal storage tanks for residential heat pump systems 

Chapter 6 concludes the thesis and recommends future work on the subject matter. 
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Chapter 2: Literature Review 

The core focus of this study is on PCM thermal energy storage and how it interacts with a system 

to improve its performance. The benefit of thermal energy storage, regardless of application and 

objective, is based on the ability to store energy during excess supply periods to be used during 

deficit periods. In solar applications, that translates into storing excess solar energy to be used in 

when solar irradiation is unavailable. In demand side management, storage can harvest ‘excess’ 

(curtailed) or fossil fuel free electricity during off-peak demand periods converted into heat 

(through a heat pump) and used as heating capacity during peak demand periods on the grid. 

Careful design of thermal storage units is required since improper selection and sizing of thermal 

storage units can result in reduced system performance. 

There are three mechanisms for thermal energy storage [19]: 

Sensible 

Sensible energy storage requires a change in the temperature of the medium, and the volumetric 

energy storage density [kJ/m3] can be described as: 

 

𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝜌𝐶𝑝∆𝑇      (1) 

 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 11 of 245 

 

Latent 

Latent energy storage does not require a large change in temperature, and utilizes the heat of fusion 

around the melting temperature: 

𝑞𝑉  𝐿𝑎𝑡𝑒𝑛𝑡 =   𝜌(𝐶𝑝,𝑃𝐶𝑀∆𝑇 +  𝐻)    (2) 

Chemical 

Chemical energy storage is the result of a reversible chemical reaction that is exothermic in one 

direction releasing energy, and endothermic in the other direction storing energy. Chemical energy 

storage was not investigated for this study as it is typically used in high-temperature applications 

above 100°C and is generally not found in residential/commercial applications. 

Water is the most commonly used thermal storage medium in residential applications, which is due 

to its large heat capacity, low cost of containment tanks, and wide commercial availability of 

typical hot water tanks. Applications of water storage vary from common hot water tanks at home 

to solar-thermal heating [1], co-generation systems [3], geothermal heating systems [4], and 

absorption cooling applications [2]. The energy storage density of water will vary across these 

systems since they each operate at unique temperature differences (∆𝑇) imposed across the storage. 

For example, hot water for residential use is heated up from a water mains temperature at 

approximately 10oC to a final temperature of approximately 60oC [1], making water’s theoretical 

energy storage density three times that of an absorption cooling system operating between 75 to 

90oC [2]. 
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Unlike water, latent energy storage capacity resulting from phase change is not  influenced by the 

temperature difference (∆𝑇).  PCMs typically have low specific heat capacity (𝐶𝑝)  which can limit 

the energy storage capacity relative to water if the operating temperature range of the energy 

storage is large.  For small temperature variations, the theoretical energy density of PCM can 

substantially surpass that of water, however, the rate of melting and solidification can still limit the 

potential of latent energy storage. The rate of melting and solidification is dependent on the system 

and its boundary conditions, therefore the rate of heat transfer through the PCM storage must match 

that required by the system.  Careful design of energy storage systems is thus required.   The current 

thesis is concerned with the development of models to assists with the design of hybrid PCM-water 

based energy storage systems.  

The following sections summarize literature findings under the subheadings: Analytical PCM 

Models, Numerical PCM Models, and Integrated System-Storage Literature 

2.1 Analytical PCM Models 

The most important feature of analytical PCM models is their ability to provide a closed-form 

relationship between various variables and the melt front movement. This aids researchers and 

engineers in understanding and quantifying the effect of changing thermal conductivity, 

encapsulation thickness, or melting time. Models of PCM melting and solidification must solve for 

the temperature profile and the melt front location with time. These models can be analytical or 

numerical, incorporating various geometries, solved in 1, 2 and 3 dimensions, and require boundary 

conditions and initial conditions.  
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The key variables influencing the melting and solidification behavior can be grouped into the 

following non-dimensional expressions: 

Thermal Diffusivity = 𝛼 =
𝑘𝑃𝐶𝑀

𝜌𝐶𝑝,𝑃𝐶𝑀
 (3) 

 

Stefan Number = 𝑆𝑡 =
𝐶𝑝,𝑃𝐶𝑀∆𝑇𝑃𝐶𝑀

𝐻𝑃𝐶𝑀
 (4) 

 

Fourier Number = 𝐹𝑜 =
𝛼𝑃𝐶𝑀

𝑥̂2 𝑡 (5) 

Thermal diffusivity (𝛼) measures the heat transfer rate through a medium and is a calculation of 

the ratio between the thermal conductivity over the sensible heat capacity of the medium. The 

Stefan number (𝑆𝑡) measures the ratio between sensible energy storage and latent energy storage 

in a medium. The Fourier number (𝐹𝑜) is a dimensionless time constant measuring the transient 

heat conduction rate and is calculated as the ratio of conductive transport rate to the storage capacity 

of the medium.  Analytical solutions to the melting problem aim to describe both the temperature 

profile and melt front location mathematically and incorporate all key variables in a closed-form 

solution. Stefan formulated the first mathematical expression describing the melting and freezing 

of PCM [20]: 
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𝑆𝑡
𝜕𝑢

𝜕𝜏
=  

𝜕2𝑢

𝜕𝜉2
 

(6) 

 

𝑢(𝜎(𝜏), 𝜏) = 0 (7) 

 

𝜕𝜎(𝜏)

𝜕𝜏
= − 

𝜕𝑢(𝜎(𝜏), 𝜏)

𝜕𝜉
 

(8) 

where non-dimensional variables are defined for: 

Space :  𝜉 =
𝑥

𝑥̂
 (9) ) 

 

Time:  𝜏 = 𝑆𝑡. 𝐹𝑜 (10) 

 

Temperature:  𝑢(𝜉, 𝜏) =
𝑇−𝑇𝑚𝑒𝑙𝑡

𝑇𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦−𝑇𝑚𝑒𝑙𝑡
 (11) 

 

Melt front:  𝜎(𝜏) =
𝑋(𝑡)

𝑥̂
 (12) 
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Explicit solutions to the above Stefan formulation exist for specific problems, and the simplest is 

the classical Neumann similarity solution. This solution works for 1-D melting at a constant 

temperature boundary and starting with an initial condition of 𝑇𝑜  =  𝑇𝑚𝑒𝑙𝑡.  

𝑇(𝑥, 0) = 𝑇𝑚𝑒𝑙𝑡 (13) 

The Neumann solution to the Stefan problem can be described as: 

𝑋(𝑡) = 2𝜆√𝛼𝑃𝐶𝑀𝑡 (14) 

 

𝑇(𝑥, 𝑡) =  𝑇𝐿 − ∆𝑇𝐿

𝑒𝑟𝑓 (
𝑥

2√𝛼𝑃𝐶𝑀𝑡
)

erf (𝜆)
 

(15) 

Where 𝜆 is the solution to the transcendental equation: 

𝜆𝑒𝜆2
erf(𝜆) =  

𝑆𝑡𝐿

√𝜋
 (16) 

 This error function solution provides a closed-form expression for the melt front location and 

temperature profile inside of a PCM encapsulation in a semi-infinite domain.  

Other approximate analytical solutions exist for the Stefan problem, and this study makes use of 

one of these known as the quasi-stationary approximation [20]. These approximations simplify the 

problem by making assumptions on the underlying problem and the physical phenomena involved. 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 16 of 245 

 

While these solutions can provide accurate approximations, they work only where the assumptions 

apply and will be highly erroneous when used outside of their range of applicability.  

The quasi-stationary approximation simplifies the Stefan problem by assuming a linear temperature 

profile in the PCM. Neglecting the non-linearity in the temperature profile implies that the sensible 

energy capacity of the liquid while the solid phase sensible energy is negligible. The quasi-

stationary approximation assumes: 

𝜕2𝑇

𝜕𝑥2
= 0 (17) 

Solutions to the quasi-stationary approximations exist for the following boundary conditions: 

Imposed temperature:   𝑇(0, 𝑡) = 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) (18) 

 

Imposed heat flux:   −𝑘𝑃𝐶𝑀
𝜕𝑇

𝜕𝑥
(0, 𝑡) =  𝑞̇𝑠(𝑡) (19) 

 

Imposed heat transfer coefficient:  −𝑘𝑃𝐶𝑀
𝜕𝑇

𝜕𝑥
(0, 𝑡) = ℎ [𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) − 𝑇(0, 𝑡)] (20) 

A region of applicability of the quasi-stationary problem can be described in terms of the Stefan 

and Biot numbers and is presented below in Figure 1.1.  
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Figure 1.1: Region of applicability of the quasi-stationary approximation based on the St and Bi numbers [20]. 

All analytical solutions to the melting and freezing problem rely on knowledge of the boundary 

conditions at the PCM surface.  For complex systems, however, boundary conditions for the PCM 

arise from the interaction of the energy storage with the other components of the system. Therefore, 

there is a need for numerical simulations of the system which allow for the results to be coupled 

with flow rates and controllers that influence component interaction. For this reason, case studies 

are essential to understand the interactions between various components in a realistic setting, and 

how the performance of PCM may be inhibited due to insufficient heat transfer rates.  The systems 

selected as case studies must show an essential need for thermal storage and operate under a limited 

temperature range such that there is a potential benefit from incorporating PCM into the thermal 

storage.  
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2.2 Numerical PCM Models 

Numerical models of heat transfer phenomena work by discretizing the domain of the problem and 

solving for the temperature and melt front location at discrete locations. In the case of phase change 

modeling, the movement of the melt front presents an especially difficult problem for designing a 

discretized grid. Numerical solutions to the melting and freezing problem can be categorized under 

fixed grid or adaptive mesh formulations. Fixed grid methods keep the mesh position constant, 

while adaptive mesh follows the melt front location. Fixed grid methods are the most widely used 

in the literature due to their stability and simplicity.  

The essential feature of a fixed grid approach is that the latent heat evolution is accounted for in 

the governing equation by defining either an enthalpy or an effective specific heat. This allows a 

single control volume to be able to exhibit a partial melting. The numerical solution can be carried 

out on a spatial grid that remains fixed throughout the calculation process.  

The enthalpy-porosity method is the most commonly used formulation in the literature [21] [22] 

[23].  It is based on numerical solution of the enthalpy transport equation using a fixed grid.  

Knowledge of the local enthalpy allows for determination of PCM temperatures and melt fraction.  

A transition temperature range is introduced to the problem, which represents the melting 

temperature range of the medium. This works well to describe the melting of organic PCMs.  

The other fixed grid formulation is the heat capacity method, which prescribes a heat capacity term 

which increases around the melting temperature [24] [25]. This method is unstable when compared 

to the enthalpy porosity method. The instability is due to sharp changes in the heat capacity and 
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causes the solution to be sensitive to the temperature interval around the phase change and the 

integration scheme.  

2.3 Integrated System-Storage Literature 

While the analytical and numerical models described above provide insight into the local melting 

and freezing phenomena, thermal energy storage is generally a component in a system (e.g. solar 

domestic hot water [26], building heating and cooling systems [27], absorption chillers [28]). In 

these systems, the design of the thermal energy storage unit must be undertaken at the system level, 

and it includes careful selection of the storage material, the storage volume, the containment design, 

and the operating temperature. 

Solar Hot Water Applications 

System-level models for sizing sensible water thermal storage tanks are widely used in literature. 

The most famous of which is the f-chart developed by Duffie and Beckman [16] for water thermal 

storage in solar thermal hot water systems. This method uses results from numerous numerical 

simulations to establish a mathematical relationship between the storage size and system 

parameters such as collector area, collector flow rate, and temperature differential. The drawbacks 

of this methods are that it only works for the conditions numerically modeled, and it does not 

account for mixing in the tank, charging and discharging cycles, or the integration of different 

storage materials (e.g. PCM). 
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While no such method is available for PCM thermal storage, the inclusion of PCM in the water 

tank of a solar domestic hot water system was investigated by many researchers [29 – 38]. Real 

and approximate solar and residential demand profiles were considered, and the studies showed 

that PCM increased the storage capacity due to its latent heat of fusion. However, storage capacity 

gains associated with PCM were marginal due to the large temperature differential of these 

systems. Furthermore, these results required matching the melting temperature of the PCM to the 

operating temperature range of the particular system, and this temperature range varied based on 

the solar insolation and demand profiles. The utilization of PCM in these systems improved 

performance by 1) reducing the temperature delivered to the collectors thus increasing thermal 

input, and  2) dampening the system temperature variation and thus decreased the auxiliary heat 

required in peak periods [32]. 

Absorption Cooling Applications 

Absorption cooling systems utilize thermal energy to extract vapor from a binary solution, which 

is then used for cooling. These systems provide cooling without the need for a compressor, 

allowing them to achieve higher electric COPs when compared to conventional vapor compression 

cooling systems. However, absorption coolers require thermal input, which can be provided via 

solar thermal collectors. Thermal energy storage is used in these systems in between the solar 

collectors and the absorption cooler to bridge the mismatch between when thermal energy is 

required and when it is stored. 
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The thermal energy is delivered to a component known as the generator within the absorption 

cooling cycle, and generators are typically designed to operate under limited temperature range 

∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 of 10-30oC [2] [39 – 41]. This limits the operating temperature range of the water thermal 

storage component, which reduces its energy storage density. Additionally, these systems tend to 

charge and discharge at moderate rates, unlike water heaters, with heat transfer rates that can be 

met by PCM encapsulations. While solar absorption cooling systems studied in the literature varied 

in cooling capacity between 3.5 to 210 kW [28], the charging and discharging periods were in the 

order of hours. These systems provide a unique opportunity for hybrid PCM-water thermal energy 

storage to reduce storage volume when compared to water only storage solutions. 

While volume reduction through PCM is the focus of this study, PCM storage can present other 

ways in which systems can benefit. Temperature modulation effect exhibited by PCM melting and 

solidification gives some components (e.g. heat pumps) a better performance during start-up. 

Furthermore, in certain systems such as solar thermal collectors, the total energy extracted can be 

increased due to operating at lower temperature differentials. In systems where water is used at 

higher temperatures to increase stooge capacity, heat losses from the system can increase when 

compared to low operating temperature ranges suitable for PCM. These factors are outside of the 

scope of this study, and only volume reduction is considered as a benefit when comparing water to 

PCM.  

Water is the most commonly used storage material in absorption cooling systems, and an f-chart 

method similar to that presented by Duffie and Beckman [16] was developed for absorption 
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systems by Joudi et al. [17] for sizing water storage in absorption cooling systems. This f-chart 

method also used extensive numerical modeling to evaluate water storage requirements for a 

particular building and developed a relationship to size water thermal storage.  Besides the 

methodology presented in this thesis, no such method is available for sizing PCM thermal storage 

components for absorption cooling systems. 

Many studies numerically modeled the overall absorption system performance to understand the 

impact of various variables including thermal energy storage [17] [42 – 46].   Studies show that 

water storage capacity improves system performance, but adding capacity past a certain point no 

longer contributed to additional performance [42] [47]. The required storage capacity can be 

quantified by the mismatch in time between the thermal energy is available and when it is required, 

and additional capacity beyond that does not increase system performance. The operating 

temperature range was studied by Atmaca et al. [43] and showed that as the temperature  in the 

generator was increased, the COP improved, but the solar collector efficiency decreased, making 

the selection of operating temperature range of the generator a complex one which is dependent on 

the characteristics of the collectors and absorption chillers in the system.  The optimal size of the 

storage unit was also shown to change with changing solar and heating profiles, and smaller tanks 

were required in periods with matching cooling requirements and solar insolation profiles in time 

[48]. 

Thermal storage in PCM was also investigated for absorption cooling systems, and storage volume 

reduction of up to 60% were shown to be possible for certain systems [46] [49]. However, proper 
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selection of melting temperature and encapsulation thickness were required in order to achieve 

these results. 

Heat Pump Applications 

The integration of thermal storage into heat pumps is a new concept stemming from efforts to level 

the electrical consumption through demand side management. Building “Heating, Ventilation and 

Air Condition” units (HVAC) were shown to be the largest consumer of energy, and aggregate 

control of this energy demand has been shown to have the potential to substantially reduce peak 

electrical demand [50 – 52].  

Heat pump performance is typically measured by their COP, which is limited by the Carnot 

efficiency given by: 

𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 ≤  
𝑇𝐻𝑜𝑡

𝑇𝐻𝑜𝑡 − 𝑇𝐶𝑜𝑙𝑑
 

(21) 

The temperatures 𝑇𝐻𝑜𝑡 and 𝑇𝐶𝑜𝑙𝑑 are the temperatures of the evaporator and the condenser in 

Kelvin.   Thermal energy storage  can be integrated into a heat pump system between the condenser 

and the building, which stores hot fluid to heat the building when the electrical demand is high. 

The operating temperature range of such a storage unit would be limited, and increasing condenser 

temperature (𝑇𝐻𝑜𝑡) will result in substantially decreasing the COP. For the heat pump simulated in 

chapters 4 and 5 of this study (Trane WPWD 024), increasing the load entering water temperature 

from 27oC to 49oC results in a 43% decrease in COP.  Most studies of thermal storage integration 

limit the operating temperature range of the condenser to within a ∆𝑇=10 to 15oC [53] [54]. The 
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selection of the operating temperature is also linked to the heat exchanger delivering the heat to the 

building. For example, air radiators operate at higher temperatures than in-floor heaters [27]. All 

these factors limit the operating temperature range of the storage unit and decrease the energy 

storage capacity of sensible mediums like water.  

Numerical studies have been used to quantify the impact and potential of water and PCM thermal 

storage to shift electric demand. A model was created by Kelly et al. [53] which demonstrated the 

ability of water and PCM storage to provide a buffer for heating in typical UK residences. The 

study showed that electric energy consumption increased when using storage, which was attributed 

to a higher condenser operating temperature. Renaldi et al. [54] numerically demonstrated how 

cost and CO2 emissions can be reduced when using water and PCM storage, and showed that in-

floor heaters performed better than radiators due to their lower operating temperature. Other studies 

showed that PCM can improve the COP of the heat pump especially in severe cold conditions [55]. 

Summary 

Thermal energy storage in PCM is widely researched in the literature, with many current 

publications in the fields of material design, component design, and system-level testing and 

modeling. Experimental and numerical research is active in many fields including solar, absorption 

cooling, heat pumps, and co-generation.   
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In component-level research, numerical and analytical models are utilized alongside experimental 

testing in order to characterize material properties, quantify melting and freezing time, and assess 

heat transfer enhancement techniques such as fins.  

In contrast, at the system-level, researchers have focused on experimental testing, with many papers 

presenting results for a full-size system. The few system-level models available are for particular 

systems, apply to water-storage only, and do no apply to other systems [16] [17]. In the current 

state-of-the-art literature, there is no standard method to size PCM thermal storage based on system 

requirements.  

This thesis addresses this gap in knowledge and presents an analytical methodology for sizing PCM 

encapsulations based on system temperature differential, energy storage requirements, 

charging/discharging rates, and PCM material properties. The methodology presented in this study 

applies for many systems utilizing hybrid PCM-water storage, in which water is used as the heat 

transfer fluid, and PCM is encapsulated with it. The details of this method, along with the remaining 

contributions of this study are presented in Chapters 3 -5 below.  
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Abstract 

Thermal energy storage has been shown to improve the efficiency of solar absorption cooling 

systems by capturing excess insolation during peak to meet cooling demand in low insolation 

periods. While water is the most commonly used thermal storage medium in solar cooling 

applications, the small operating temperature range of solar cooling systems limits its energy 

density. In contrast, Phase Change Materials maintain a high energy density under limited 

temperature ranges, and are ideally suited for such applications. Methods to select and size 
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appropriate thermal storage technologies in solar cooling applications vary between studies with 

no standard methodology being utilized across the literature. Moreover, there is limited 

quantification of the influence of thermal storage on system performance to motivate the additional 

capital investment in these systems. This study provides an analytical framework to quantify the 

benefit of the thermal energy storage. Predictions from the analytical model are compared to the 

results from a validated transient system simulation. The paper gives an engineering approach for 

predicting the expected benefit from both water and phase change materials based thermal storage 

for applications with limited temperature ranges. 

Key Words 

Thermal Energy Storage 

Phase Change Material 

Solar Cooling 

Absorption Cooling 

System modeling 

Nomenclature 

𝑓 -  Solar Fraction 

𝑞𝑉 -  Volumetric energy density (kJ/m3) 

𝐶𝑝 -   Heat capacity (kJ/kg.K) 

𝜌 -   Density (kg/m3) 

𝑄 -   Total energy stored (kJ)   

𝑉 -   Storage volume (m3) 

ℎ𝑓 -  Heat of fusion (kJ/kg)   

Tmax - Maximum system temperature (oC) 

Tmin -  Minimum system temperature (oC) 

∆𝑇 -  Temperature difference (oC) 

𝜏 -  Integration time period (hours) 
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𝑄 -  Total energy integrated over time 

period 𝜏 (kJ) 

𝑄̇ -  Instantaneous energy throughput 

(kW) 

𝐶𝑂𝑃 -  Coefficient of performance 

𝑆̇(𝑡) -  Incident solar radiation profile 

(kW/m2) 

𝐴𝑐 -  Collector area (m2) 

𝑒𝑐 -  Collector efficiency 

𝑓𝑉=0 -  Solar fraction when no thermal 

storage is used 

𝑓𝑉=∞ - Maximum allowable solar fraction 

with thermal storage 

Acronyms 

TES – Thermal Energy Storage 

PCM – Phase Change Material
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3.1 Introduction 

Space cooling represents a significant portion of electrical energy consumption in many climates, 

accounting for 20% of a typical US household annual electrical bill [1]. Electricity is required to drive 

a conventional compressor-based vapor cooling system, a major contributor to electric power demand 

peaking, causing annual peaks to occur during the summer for many climates (e.g. California [2], 

Ontario [3], Saudi Arabia [4]). In electrical transmission systems, peak electrical demand is generally 

met by fossil-based power plants capable of responding quickly and on-demand. Fossil-based electrical 

generation is a major contributor of CO2 emissions. Thus, reducing summer cooling peak would have 

a substantial impact on reducing CO2 emissions from the electrical generation sector. In Ontario, 

summer peak can result in a 250% increase in grid CO2 emissions per generated kWh [5] [6].  

Solar thermal driven absorption cycle systems provide an opportunity to offset peak electrical demand 

by utilizing solar radiation to provide cooling. Due to the temporal variation in incident solar radiation, 

thermal energy storage (TES) is typically utilized in these systems to improve the system performance. 

This study presents a novel analytical approach to assess the benefit of TES on the system performance. 

The framework can also be used to quantify the required storage volume, and compare volume 

reduction when using advanced thermal storage techniques that incorporate phase change materials 

(PCM).  

3.2 Background 

At the system level, experimental and numerical investigations in solar cooling systems generally focus 

on finding the combination of chiller, collector, and thermal storage type and capacity that is capable 

of maximizing system performance while minimizing investment costs. Critical details of numerous 
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experimental investigations are discussed in section 3.1 of this paper and summarized in Table 1. 

Although they vary in many key aspects, these experimental systems provide case studies for a specific 

set of equipment type and size at a specific climate and application. In such experiments it is difficult, 

however, to change the size of storage while keeping all other parameters constant in order to fully 

investigate the impact of thermal energy storage. These studies provide points for validating system 

models, and insight into the real complexities that arise for full installations. These experiments do not 

quantify the impact of one parameter (e.g. storage capacity) on the performance of the system while 

keeping all other conditions constant. 

Numerical system models (discussed in section 3.2 and Table 2) have the flexibility of simulating 

several different storage sizes under the same conditions. Confidence in the system model results is 

obtained through careful validation of components and their interactions. System simulations can be 

used to quantify the benefit of thermal energy storage on solar cooling performance, as is the aim of 

this study. However, the numerical simulations assume a case study with specifics regarding building 

cooling load, solar insolation profile, chiller and collector performance curves, control strategies, and 

other system specific characteristics.  

In the current state of the art there is no standard method to appropriately select the type and size of 

thermal energy storage for solar absorption cooling systems. This paper presents a novel generalized 

analytical framework, presented in section 4, to assess the influence of thermal storage on system 

performance. This analytical framework was verified by comparing it to a validated system simulation 

code, presented in section 5. The generalized approach is able to provide quantitative storage design 

guiding principles that are applicable to a variety of solar cooling system sizes and boundary conditions. 
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A typical solar cooling system, depicted in Figure 2, consists of a solar collector array used to capture 

solar radiation thermally through a coolant and deliver it to an absorption chiller.  The hot coolant is 

used to drive an absorption cycle and provide cooling to a chilled water loop.  

 

Figure 2: Depiction of a typical solar driven absorption cooling system with thermal energy storage. 

The absorption cycle consists of several components as shown in Figure 2. The hot coolant from the 

thermal storage tank is delivered to the generator which is an evacuated chamber containing a binary 

solution. The hot coolant is used to raise the temperature of the solution and extract dissolved vapor 

which flows to the connected condenser. The condenser uses the cooling tower to eject heat and 

condense the refrigerant vapor to liquid, which then passes through an expansion valve to the 

evaporator producing a cooling effect to the chilled water. The vapor then enters the absorber which 

mixes it with the solution from the generator while heat is rejected to the cooling tower. The solution 
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is then returned through a recuperating heat exchanger back to the generator for the cycle to be repeated 

[7].   

Figure 2 shows the energy flows across the absorption chiller unit along with typical temperatures at 

key points of the cycle.  The performance of the chiller system is related to the temperatures of the 

cooling tower, generator, and evaporator through a coefficient of performance (COP).   

𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑄𝑖𝑛 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟

𝑄𝑖𝑛 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟
     (1) 

 

Figure 3: Generalized energy interaction of an absorption chiller with linked components and their typical boundary 
temperatures. Temperatures used reflect the nominal operation of the YAZAKI [8] chiller used to verify the 
generalized analytical framework which in turn is applicable to a range of different absorption chiller models. 

The COP increases when the generator and the evaporator temperatures are high and the cooling tower 

temperatures are low while still within the design range of the unit.  The design point for the evaporator 

temperature, ranging between 4-7oC, is such that humidity control is possible by reaching the dew 

point. The cooling tower temperature, designed to be maintained between 30-35oC, is based on typical 

absorption chiller specifications [8] and substantially impacts the COP. The highest temperature in the 
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chiller is at the generator, and the COP increases as the generator temperature increases up to a 

maximum, which typically ranges between 60oC to 185oC, depending on the type of absorption chiller 

(Table 1).  

While many climates will be able to utilize solar cooling systems during peak hot summer days, it is 

most economically effective for climates in which substantial year-round cooling is needed [9] [10] 

[11] (discussed in detail in section 3). In most installations, the solar cooling system is used as a 

supplement to an existing conventional system, and solar fractions (𝑓) ranging from 0% to 100% have 

been reported (Table 1). The value of 𝑓 represents the cooling power provided by the solar cooling 

system over the total amount of cooling required. 

𝑓 =
𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑𝑒𝑑
      (2) 

Solar fraction can be increased by including thermal storage into these systems to allow for cooling 

during periods of low solar radiation. The role of TES in solar absorption cooling systems is to bridge 

the temporal mismatch between when thermal energy is available and when it is required. The optimal 

size of storage depends on the daily total available thermal energy and the degree of mismatch in time 

between when this energy is captured and when it is to be used. Water is typically used as the thermal 

storage medium with experiments utilizing tank sizes varying between 0 to 34 m3 for chillers providing 

nominally 4.5 to 174 kW of cooling power (Table 1). The addition of thermal storage of this size allows 

for a daily storage of energy, and the opportunity to provide evening/night cooling. 

Thermal energy can be stored in sensible, latent, or chemical forms. While sensible energy storage 

requires the temperature of the medium to increase in order to store energy, latent energy storage 

through phase change allows for storage and release of energy at near constant temperatures [12].  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 44 of 245 

 

The temperature of the fluid in the collector and storage tank influences the collector efficiency and 

the chiller COP.  It also impacts the energy storage requirements since the volumetric energy density 

of a sensible medium is described by: 

𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 =  (
𝑄

𝑉
) = 𝜌𝐶𝑝∆𝑇     (3) 

Where  

∆𝑇 =  ∆𝑇𝑠𝑦𝑠𝑡𝑒𝑚 =  𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛    (4) 

This can be compared against the energy density of a latent storage medium experiencing melting or 

solidification, where the volumetric energy density is described by: 

𝑞𝑉 𝐿𝑎𝑡𝑒𝑛𝑡 =  (
𝑄

𝑉
) =  𝜌(𝐶𝑝,𝑃𝐶𝑀∆𝑇 +  ℎ𝑓) where,  𝑇𝑚𝑖𝑛 <  𝑇𝑚𝑒𝑙𝑡 < 𝑇𝑚𝑎𝑥   (5) 

The additional ℎ𝑓 (kJ/kg) factor is due to the latent heat of fusion during melting and solidification. It 

only applies if the melting temperature is contained within the system temperature range. 

Hybrid thermal energy storage systems employ both water and PCM. The energy density for a hybrid 

system is the volumetric average of the above quantities described as:  

𝑞𝑉  ℎ𝑦𝑏𝑟𝑖𝑑 =  
𝑉𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 .𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒+ 𝑉𝐿𝑎𝑡𝑒𝑛𝑡 .𝑞𝑉 𝐿𝑎𝑡𝑒𝑛𝑡

𝑉𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒+ 𝑉𝐿𝑎𝑡𝑒𝑛𝑡
   (6) 

3.3 Literature Review 

While this study is concerned with the thermal energy storage component, it is vital to consider its 

impact from a system perspective. Many experimental and numerical studies have demonstrated the 
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performance of fully integrated solar cooling systems, and used the overall system performance as a 

metric of evaluation.   

A review of absorption cooling systems by Siddiqui et al. [13] described the various methods for solar 

cooling along with an overview of experimental and numerical studies in the field. The paper showed 

that solar thermal cooling through an absorption cycle is found to be more efficient than photovoltaic 

(solar electric) cooling. The study focused on the type of absorption chillers and working fluids 

currently used, and demonstrated how several new working fluids have shown good performance 

compared to the commonly used ammonia-water and LiBr-water. It was concluded that while solar 

absorption cooling systems have opportunities for reducing CO2 emissions, the capital costs associated 

must be reduced substantially to make the technology economically competitive. 

In solar absorption cooling systems, the generator temperature range is limited to a total ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 of 

10-30oC (Table 1). This is defined as the difference between the maximum and minimum temperatures 

at the generator, and is typically constrained by the solar collector and the chiller specifications.  This 

is also similar to the operation of most heat pumps [14] [15], with substantial deterioration in COP 

when operating away from the design point temperatures. While water remains the most widely used 

medium for thermal storage in solar cooling applications, the limited temperature range of these 

systems substantially reduces sensible energy density thus requiring large tank volumes.  

A recent critical review by Leonzio [16] discussed the state of the art studies on solar powered 

absorption cooling systems and the applicability of sensible (water) and latent (PCM) thermal energy 

storage in these systems. The study considered literature systems with half, single, double, and triple 

effect absorption chillers operated for space cooling and space heating, and reported the absorption 

chiller sizes, collector areas, and achieved solar fractions. Furthermore, the study tabulated the various 
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refrigerant/absorbent combinations currently used along with a summary of the studies that presented 

them. Various forms of energy storage in the literature were discussed and it was concluded that, while 

phase change materials (PCM) are the preferable choice, the added cost of complex thermal storage 

components further deteriorates the economic viability of the already capital-intensive solar absorption 

cooling systems. Furthermore, the relationship between thermal energy storage, PCM melting 

temperature, and the optimal system operating temperature was briefly discussed. 

The state of the art studies in solar absorption cooling are presented below and separated into sections 

3.1 Experimental Studies, and section 3.2 Numerical Studies. 

1.3.1 Experimental Studies 

Experimental results for full-scale solar cooling systems have been provided by a number of researchers 

from the literature. Summary of system parameters for these studies are provided in Table 1.   

A system built at Carlos III University in Madrid presented by Sayed et al. [17] included 49.9 m2
 of 

advanced flat plate solar thermal collectors that provided energy to a 2 m3 uninsulated water storage 

tank which delivered hot coolant to a YAZAKI LiBr/H2O chiller [8]. The data reflected operation 

during 20 summer days in 2003, and while no solar fraction was cited, the system was able to deliver 

5 to 7 kW of cooling during periods of solar irradiance of 500 to 700 W/m2. The maximum temperature 

allowable by the chiller was 90oC, while the minimum reported temperature was 58.7oC.  

A very similar study at Carlos III University by Rodriguez et al. [18] utilized the same experimental 

setup of 50 m2 of flat plate collectors, the 35 kW YAZAKI WFC10  chiller [8], and a  2 m3 water tank 

for hot storage. During the summer of 2004, an average of only 3 kW was produced over the 6.5 

hours/daily cooling period, much lower than the nominal power rating of the chiller. This is largely due 
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to the undersized collector area with respect to the chiller size. Despite the low output, it was concluded 

that the current operation would satisfy 56% of the cooling demand in a typical Spanish dwelling. 

A commercial chiller (Rotartica 045v [19]) of a smaller size was also investigated at Carlos III 

University by Izquierdo et al. [20]. The experimental setup used an oil loop with electric resistive 

heaters connected through a plate heat exchanger to power the 4.5 kW nominal chiller. The generator 

input was varied between 80-107oC reaching a maximum output of 5.5 kW at high generator 

temperatures. A COP of 0.49 was achieved in the 20 day operation, and the chiller was recommended 

for regions with outdoor dry bulb temperatures lower than 35oC.  

Another system built at the SERT research building in Phitsanulok, Thailand was studied by 

Pongtornkulpanich et al. [21] used 72 m2 of evacuated tube solar collectors connected to a 0.4 m3 hot 

storage tank along with a smaller tank for chilled water storage. This system installed the same 35kW 

YAZAKI chiller which delivered an average of 81% solar fraction over 12 months of operation in 

2006, with an average cooling load of 22.4kW for 8 hours/days. Similar to the above study, the 

maximum temperature was 95oC, while the minimum temperature was 70oC. 

X. Zhai et al. [22]  studied an adsorption air conditioning system at the Shanghai Research Institute of 

Building Science. An array of 150 m2 evacuated tube collectors utilizing a single water tank of 2.5 m3 

capacity powered two identical adsorption chillers. The two adsorption chillers, which are very similar 

to the operation of absorption counterparts, were rated 8.5kW each. A control system was designed to 

power both chillers from the same collector array. Over a three month period in the summer of 2005, 

the experiment reported an average solar fraction of 71.7% for 8 hours of typical daily operation, 

outputting an average of 15.3kW of continuous cooling. The maximum temperature during normal 

operation presented in this study was 80oC, while the minimum temperature was 60oC. 
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The Engineering School of Seville housed a solar cooling plant studied by Bermejo et al. [23] with a 

double-effect LiBr/H2O absorption chiller rated at 174 kW nominally. The installation used 352 m2 of 

linear Fresnel concentrating collectors along with an auxiliary natural gas burner to power the chiller. 

Over its operation period, the chiller produced an average daily cooling power of 135 kW and provided 

44% of the building’s cooling fraction. The authors pointed out that the natural gas consumption levels 

were high during cloudy days, making the technology less attractive with respect to CO2 emissions 

especially in certain climates. 

The impact of thermal energy storage on system performance is highly dependent on the degree of 

temporal mismatch between solar energy availability and load requirement. For example, a system 

installed in Tunisia studied by Balghouthi  et al. [24] showed an increase of solar fraction from 54% to 

77% when using a 0.4m3 storage tank for a 16kW nominal chiller installation. The gain in solar fraction 

was attributed to maintaining high coolant temperature overnight resulting in earlier daily start-up and 

longer running time. In contrast, TRNSYS simulations based on an experimental 16kW solar cooling 

system in Pittsburgh  by Qu et al. [25] showed that thermal storage did not improve the cooling 

performance. It was concluded that since the input and the load are in-phase, only a small buffer tank 

is needed.  

A small installation at Cardiff University investigated by Agyenim et al. [26] utilized 12 m2 of vacuum 

tube solar collectors to power a 4.5 kW LiBr/H2O absorption chiller while connected to 1 m3 of cold 

water storage. The cold storage experienced temperature fluctuations between 7.4 to 20oC, while the 

generator operating temperature varied between 60-85oC. As shown by equation 6, both the cold 

(evaporator) and warm (generator) side of the storage can benefit from utilizing phase change materials 
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instead of water due to the limited temperature range. The electrical COP of the installation of 3.64 and 

the thermal COP of 0.58 both fell short of expectations and were attributed to suboptimal system sizing. 

The performance of a 35 kW chiller was studied during a 5 year operation in Oberhausen, Germany by 

Ali et al. [27]. The installation used 100 m2 of evacuated tubes connected to 6.8 m3 of hot storage 

operating between 75 to 85oC. The installation also used 1.5 m3 of cold storage which fluctuated in 

temperature between 9 to 25oC. The installation was successful in delivering 25% solar fraction over a 

5 year period. It was concluded that 4.23 m2 of collector area per kW of cooling is required in order to 

ensure high enough temperatures to operate an absorption chiller. 

In more recent experimental investigations, a small scale prototype system installed in Milan, Italy 

presented by Rossetti et al. [28] used a medium temperature double-effect chiller operating between 

165-185 oC driven by parabolic trough collector array. The 23 kW chiller was coupled with 50 m2 of 

collector area with variable speed pumps controlling the exit temperature of the collector. Natural gas 

was used for supplementary heat during low insolation periods. The experiment used water thermal 

energy storage, with 0.75m3 of storage between the collector and the chiller’s generator (hot storage), 

and an additional 1.5m3 between the evaporator and the chilled space (cold storage). Large storage 

capacities caused startup times to be delayed, with cold start-up taking about 1.5 hours. This gave an 

advantage to having a storage-by-pass system when insufficient solar energy is available. The 

experimental data was used to create a validated TRNSYS model which was used to further investigate 

the system under various boundary conditions. TRNSYS simulations showed that the double-effect 

absorption cooling system consistently provided higher electric COPs when compared to both 

traditional HVAC and single effect solar cooling systems under a variety of boundary conditions.  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 50 of 245 

 

New Mexico’s Mechanical Engineering building contained a solar cooling plant studied by Mammoli 

et al. [29] . This solar plant utilized an array of 124 m2 flat plate collectors to power a 70 kW YAZAKI 

SH20 LiBr/H2O absorption chiller [8] with a generator operating between 75 to 88 oC. A large 34 m3 

tank was connected to the collector array, while seven 50 m3 cold storage water tanks were available 

for storing any additional cooling. Due to the large tank sizes, the storage inertia was carried through 

multiple days, making it difficult to easily calculate the solar fraction. It was reported that the cooling 

capacity supplied by the tanks contributed 14% to 20% of the total chilled water requirements. It was 

found that very large hot storage volumes resulted in large heat losses especially when insufficiently 

insulated, demonstrating how critical it is to size the thermal storage unit optimally in a solar driven 

absorption cooling system. 

An experimental study in Ningbo by Darkwa et al. [30] used 220 m2 of evacuated tube collectors to 

power a 55 kW chiller operating between 82-96 oC at the generator. The installation utilized a unique 

water storage system composed of 4 tanks totaling 16 m3 of storage capacity. The average output of 

the chiller was below the nominal value, however the experimental COP of 0.69 closely matched that 

of the chiller rated at 0.7. While the performance of the system changes as a function of number of 

tanks used, no study of the effect of thermal storage size on overall system performance was carried.  

Another study using partitioned water tanks by Li et al. [31] was installed in Hong Kong and it powered 

a 4.7 kW WFC-400S YAZAKI LiBr/H2O chiller with a 38 m2 array of flat plate collectors. The 2.75 

m3 storage tank was partitioned into two parts and operated between 65 and 90 oC. It was found that 

operating separate tanks resulted in reaching the required temperature 2 hours earlier, which meant 

additional cooling provided by the absorption chiller. This resulted in the partitioned operation showing 

15% improvement on the overall COP of the system. 
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PCM storage was investigated in a recent solar cooling experimental setup in Shanghai as published 

by Zhou et al. [32]. It used a 102 kW hybrid single/double effect chiller coupled with 1100 m2 of linear 

Fresnel collector array. The hybrid chiller was able to operate under a large generator temperature range 

between 85-180oC. The experiment used 5 m3 of salt-based PCM melting at 142oC as thermal energy 

storage, which used thermal oil as the heat transfer fluid between the PCM storage and the collector 

array. The experiment reported a 13.2% solar fraction, and was used to validate a numerical model of 

the system. Using the model, a seasonal solar fraction of 27.2% was predicted by increasing the 

collector concentration ratio while maintaining the same storage capacity. An optimal region 

combining collector area with storage volume was found where solar fraction is maximized. Additional 

storage capacities above 5 m3 showed no improvement to the system performance.  

A large scale low-temperature absorption chiller was studied by Sumathy et al. [9] in Shenzhen, China. 

This installation powered a 100 kW two-stage absorption chiller with a generator temperature operating 

between 60 to 72 oC. A total of 500 m2 of flat plate collectors were used to operate the chiller over a 9 

day period with an average COP of 0.42, which increased as a function of the heating medium 

temperature. The paper concluded that capital costs of absorption systems are too high for seasonal 

operation only, making this system not economically viable unless coupled with a heating and hot water 

system. It was also concluded that thermal storage can be avoided by designing a system to meet mainly 

the day-time cooling demand, and that an optimization problem exists to balance the heating and 

cooling needs year round.  

Experimental data for full scale installations in Reunion Island by Praene et al. [33] showed how critical 

it is to size thermal storage, especially with the presence of both cold storage and hot storage. Similarly 
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Yeung et al. [34] concluded years before how thermal energy storage can slow down heat-up times 

reducing the quality of the stored water and resulting in lower chiller performance.  

Key parameters from all experimental studies discussed above are summarized in Table 1.  

Table 1: Summary of experimental solar absorption cooling system installations published in literature. 

FP: Flat Plate  ET: Evacuated Tube  PT: Parabolic Trough   

LFR: Linear Fresnel Reflector 

*Adsorption Chillers 

Experimental 

Study 

City 

(Latitude) 

Collector 

Area 

(m2) 

Water 

Tank Size 

(m3) 

Absorption 

Chiller 

Nominal 

Size (kW) 

Solar 

Fraction 

(%) 

Generator 

Operating 

Temperature 

(oC) 

Cooling 

Output 

(kW) 

Period of 

Operation 

A. Syed et al. [17] Madrid, Spain 

(40.4oN) 

49.9 FP 2.0 35 - 58.7-90 5 - 7 20 days, 

Jul. Aug. 

2003 

M. Rodriguez et al. 

[18] 

Madrid 

(40.4oN) 

50 FP 2.0 35 56 65-80 10-15 Jun – Oct. 

2004 

M. Izquierdo et al. 

[20] 

Madrid, Spain 

(40.4oN) 

- - 4.5 - 80-107 5.5 

MAX 

Aug. 2005 
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A. 

Pongtornkulpanich 

et al. [21] 

Phitsanulok, 

Thailand 

(16.8oN) 

72 ET 0.4 35 81 70-95 22.4 12 

months, 

2006.  8 

hrs/day 

X. Zhai et al. [22] Shanghai, 

China 

(31.2oN) 

150 ET 2.5 2 x 8.5 * 71.7 60-80 15.3 Jun-Aug, 

2005. 8 

hrs/day 

P. Bermejo et al. 

[23] 

Seville, Spain 

(37.4 oN) 

352 LFR - 174 44 145-180 135 2008-2009 

M. Balghouthi  et 

al. [24] 

Bordj-Cedria, 

Tunisia 

(36.7oN) 

39 PT 0.4 16 77 150-160 11.0 Summer 

2010 

M. Qu et al. [25] Pittsburgh, 

USA (40.4oN) 

52 PT - 16 - 140-160 10.0 Summer, 

2007 

F. Agyenim et al. 

[26] 

Cardiff, UK 

(51.5oN) 

12 ET 1.0 (cold) 4.5 - 60-85 4.09 Summer/ 

Fall 2007 

A. Ali et al. [27] Oberhausen, 

Germany 

(51.5 oN) 

108 ET 6.8 (hot), 

1.5 (cold 

35.2 25-70 75-85 - Aug. 2002 -  

Nov. 2007 

A. Rossetti et al. 

[28] 

Milan, Spain 

(45.5oN) 

50 PT 0.75 

(hot), 1.5 

(cold) 

23 - 165-185 22.8 

MAX 

Jul-Oct, 

2015 
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A. Mammoli et al. 

[29] 

Albuquerque, 

USA (35.1oN) 

124 FP 34 70 - 75-88 - Aug. 21 

and 22, 

2009 

J. Darkwa et al. 

[30] 

Ningbo, China 

(29.9oN) 

220 ET 16 

(4 tanks) 

55 - 82-96 - 7 days in 

Aug. 2010 

Z. Li et al. [31] Hong Kong, 

China 

(22.4oN) 

38 FP 2.75  

(2 parts) 

4.7 - 75-100 - Jan. – Dec. 

1999 

L. Zhou et al. [32] Shanghai, 

China 

(31.2oN) 

900 - 

1100 LFR 

5 - 8.5 

(PCM) 

102 13.2 85-180 93.4 N/A 

(Published 

2017) 

K. Sumathy et al. 

[9] 

Shenzhen, 

China (22.2 

oN) 

500 FP - 100 - 60-72 66.7-

108.4 

9 days Apr. 

1999 

J. Praene et al. [33] Reunion 

Island 

(21.1oS) 

90 FP 1.5 30 100 70-95 17 

MAX 

Jan. 2010 

M. Yeung et al. [34] Hong Kong, 

China 

(22.4oN) 

38.2 FP 2.75 4.7 55 60-80 2.5 July, 1987 
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While many experimental systems are available in literature, they are designed to satisfy the needs of 

a particular building, and no standard method is used across the above studies to appropriately size 

thermal energy storage and quantify its benefit. This study uses an analytical approach to select and 

size the appropriate thermal storage capacity, taking into account all major parameters influencing the 

required storage volume, and quantifies the added solar fraction expected. This analytical approach 

was verified using a validated numerical model, and a case study that utilized experimental system data 

using a single stage YAZAKI chiller, a stratified water storage tank and a control system similar to the 

experimental systems to demonstrate the effectiveness of this novel methodology. The numerical 

modeling used to verify the analytical approach was similar to numerical studies discussed in detail 

below in section 3.2. 

1.3.2 Numerical Studies 

A number of system-level numerical studies, many of which have been published recently, have been 

conducted to assess and predict the performance of solar absorption cooling systems.  

A TRNSYS based simulation by Shirazi et al. [35] used a 1,023 kW absorption chiller operating 

between 88-98oC to meet the demands of a typical US hotel as per the department of energy 

specifications. The simulations varied the collector area between 1023 - 5115 m2 while varying water 

storage capacity between 10 - 179 m3. The study investigated several configurations including a 

constant vs. variable speed pump for controlling the solar collector output, and using an auxiliary heater 

in parallel or in series with the storage tank. The simulations showed up to 20% improvement in system 

performance when using a parallel auxiliary heater combined with a variable speed pump with a 

variable temperature set point linked to instantaneous cooling load. The study also showed that 
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additional storage capacity past a certain point did not contribute to the solar fraction, but that optimal 

storage capacity changed depending on the collector size and control strategy.  

In another study very similar to the one described above, Shirazi et al. [36] investigated the impact of 

using a single, double, and triple effect chiller with capacities of 1,023 - 1,163 kW on the same 

simulated hotel building. The TRNSYS simulation used chillers operating between 88oC for single 

effect up to 210oC for triple effect. The simulation varied collector area between 1023 - 5115 m2 while 

varying water storage capacity between 10 - 179 m3. The study showed that optimal storage capacity 

changed as a function of the chiller, and while mutli-effect chillers performed marginally better under 

certain configurations, the higher temperature set points caused substantial losses from the system. The 

paper showed that the appropriate storage capacity was a complex function of the system size, 

temperature set point and load requirement.  

A study by Atmaca et al. [37] focused on the effect of collector and storage parameters on the COP and 

solar fraction produced by an absorption cooling plant simulated for Antalya, Turkey. The study 

showed how COP increases while the collector efficiency decreases as a function of the generator 

temperature. The reference temperature, described as the minimum allowable temperature to the 

generator, was studied in detail showing the optimization problem between deteriorating collector 

efficiency and improving chiller COP as the temperature increases. Of the three selected set points (80, 

85, and 90oC), it was shown that the lower temperature (80oC) resulted in the minimum energy draw 

from the auxiliary heater. Furthermore, the study showed that larger tanks cannot reach the specified 

set point resulting in lower system performance. The study concluded that a finely controlled system 

set point is critical to minimizing auxiliary heating, and that oversizing the storage unit may result in a 

decreasing trend of performance. This study demonstrates how critical it is to appropriately size the 
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thermal energy storage, and how component sizing will change with the temperature characteristics of 

the specific system in question along with the collector and chiller performance curves. 

A TRNSYS simulation by Ortiz et al. [38] described a system very similar to the experimental setup 

presented by Mammoli et al. [29], which analyzed the performance of a 70 kW YAZAKI chiller. An 

array of 124 m2 of flat plate double glazed collectors was used to power the chiller through a 35 m3 

water tank. The simulation was used to investigate possible effects of using such large storage volumes, 

especially the model predictions of increasing cooling performance with decreasing heating medium 

temperature, which contradicted the experimental findings of Li et al. [30] and Sumathy et al. [34]. The 

cooling-dominated climate of Albuquerque resulted in more gains from operation during the summer 

compared to winter heating, but heating was also investigated for the months of December and January. 

Mazloumi et al. [39] simulated the operation of a LiBr/H2O absorption chiller under the varying 

conditions of four summer months in Ahwaz, Iran. The study varied the storage volume and collector 

area to find the optimal solution for each month, and showed a strong correlation between the collector 

flow rate and the storage tank size. Smaller tank sizes were required for months having better time-

matching of the solar irradiance and cooling load, which also resulted in higher COP values. The 

optimal storage size varied from month to month due to climate conditions. 

A feasibility study by Balghouthi et al. [40] investigated the performance of a LiBr/H2O chiller under 

Tunisian climate conditions. The TRNSYS simulation succeeded the experimental work later presented 

by Balghouthi et al. [24], and studied the effect of varying the collector area and the storage volume on 

the operation of an absorption chiller. The simulation predicted that the 150 m2 building will require 

30 m2 of flat plate collectors and an 11 kW chiller coupled with 0.8 m3 of thermal storage to minimize 

the consumption of the auxiliary gas fired. 
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Pintaldi et al. [41] used TRNSYS to simulate a high temperature solar absorption system rated to 

operate at 200-240oC temperature range. The 103 kW chiller designed to run a commercial office 

building in Sydney, Australia was coupled with a collector area that was varied between 103 to 412 m2 

while also varying the thermal storage size between 1 to 27 m3. The study used an experimentally 

validated PCM storage model to assess the storage density of various thermal energy storage mediums 

including: water, oil, salt PCM, and Aluminium-Tin Alloy PCM. The study showed that PCMs can 

reduce storage volume by over 60% compared to water while still providing the same energy capacity. 

The study concluded that while PCM storage can reduce storage volume, they can decrease the 

efficiency of the collector. Furthermore, the melting temperature of the PCM must be well aligned with 

the operating temperature range of the chiller to fully utilize the thermal storage capacity.  

Fan et al. [42] used a MATLAB code to simulate a PCM storage component coupled with a solar 

cooling system in order to predict the performance for a 2400 m2 office building on the hottest day in 

Netherlands. The study used a 100 kW nominal cooling demand along with a 1000 m2 collector array 

operated with a shell-in-tube PCM storage tank melting at 166-173oC. A single PCM storage unit 

contained 30 tubes adding up to 0.33 m3/unit. The system was operated between 180 – 160oC, and the 

study investigated the effect of: 1) Constant vs. variable building cooling profile, 2) Collector 

temperature setpoint of 175 or 180oC, and 3) Number of PCM units of either 24 or 44 units (8 to 16 

m3).  The study showed that a solar fraction of 100% can be achieved using 44 units of PCM storage. 

A study by Joudi et al. [43] considered using f-charts, similar to those originally presented by Duffie 

and Beckman [44] for solar hot water systems, to design solar absorption cooling plants based on a 

large data set from numerical modeling. TRNSYS was used to generate the data set based on a 600 m2 

guest house for the Iraqi Solar Energy Research Centre in Baghdad. Input data was varied to describe 
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the outdoor solar radiation, temperature, and humidity and generated outputs of absorption chiller 

cooling power, COP, and cooling solar fraction. Two variables, Xc and Yc, were selected to describe 

the system using average values for collector efficiency, COP, incident radiation, and time interval. 

The study then empirically correlated the solar fraction to these variables, which can then be used to 

predict the solar fraction for other systems. The required storage volume per collector area was also 

described as a complex empirical correlation based on the energy absorbed by the collector, the energy 

received at the generator, and the energy loss to the environment.  The paper concluded that, while the 

simulation was based on a specific case study, the resulting f-chart can be used to quickly estimate the 

performance of any system architecture in any type of building and climate conditions.   

A study by García et al [45] simulated the air-conditioning necessities of an educational center in Puerto 

Lumbreras, Spain with an 8 kW chiller connected to 1.5 m3 of water thermal storage. The facility had 

been in operation since 2006, and the study was looking into using neural networks to predict the 

performance of the system based on key temperatures. The study concluded that, while still only a 

rough estimate, the neural network models performed well compared to using the manufacturers data 

only. The study suggested using neural networks to analyze results from a TRNSYS simulation of the 

same system as a means to generate a universal solar cooling design tool. 

A study in Cyprus by Florides et al. [46] used TRNSYS to simulate the operation of an 11 kW chiller 

for domestic cooling application. The study varied the collector area and storage size and presented 

their impact on the auxiliary heat from the boiler. It was shown that storage volume had negligible 

impact on auxiliary heating requirements for the specified system, while the collector area had a much 

more pronounced impact on reducing auxiliary heating. The optimum system size selected for this case 

study, based on maximum economic life cycle savings, consisted of a 15 m2 array of parabolic 
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collectors along with 0.6 m3 of hot water storage. The study concluded that while the absorption system 

saves on running costs, its capital cost is currently too high making it economically unviable. The study 

approximated that the total system cost needs to be 40% of the current chiller cost alone in order to be 

competitive. 

Mateus et al. [10] also studied the economic viability of solar absorption cooling in three European 

cities: Berlin, Lisbon and Rome. The paper used TRNSYS to simulate different building types 

(residential, office and hotel) and was able to establish performance using year-round simulation with 

climate data from these locations along with costs of gas, water and electricity. It was concluded that 

the minimum cost system occurs at design solar fractions between 20 to 60 %, and that only the Rome 

case study was able to break even in costs. The study concluded that while running costs were lowered, 

the capital costs of absorption system needs to be substantially reduced before solar cooling can be 

competitive with conventional systems. 

The economic viability of solar absorption system was also the focus of research by Eicker et al. [11] 

who simulated the system in various climates. The study considered the specifications of 106, 176, and 

229 kW single effect chillers with a constant 10 m3 of water storage combined with collector area 

varying between 440 – 1320 m2. The case study considered a three-story office space, and detailed the 

cost of the collector, storage unit, absorption chiller, cooling tower and backup heater along with pumps 

and controls. The costs of the solar cooling system were compared to the cost of a standard electric 

vapor compression-based system. The study showed that water storage represents only 5% of total cost 

while the collector and the chiller can contribute 30-40% of the cost each. The study showed that solar 

fractions between 50 to 80% are possible, however a supplementary system is usually required to 

achieve 100% of cooling loads. The current payback period of a typical installation was found to be 
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over 17 years, and while primary energy reductions between 30-79% are possible, major investment 

cost reductions must take place before solar absorption cooling system become an economically viable 

option 

A summary of the numerical studies and their key parameters is shown in Table 2. 

Table 2: Summary of numerical solar absorption cooling system studies published in literature. 

Numerical Study City/Country 

(Latitude) 

Collector 

Area (m2) 

Storage Size 

(m3) 

Absorption 

Chiller 

Nominal Size 

(kW) 

Solar 

Fraction 

(%) 

Publication 

Year 

A. Shirazi et al. [35] Typical  

USA hotel 

1023 

to 5115 

10 to 179 

(Water) 

1,023 10 

to 85 

2016 

A. Shirazi et al. [36] Typical  

USA hotel 

1023 

to 5115 

10 to 179 

(Water) 

1,023 to 

1,163 

20 

to 90 

2016 

I. Atmaca et al. [37] Antalya, Turkey 

(36.9oN) 

50 3.75 10.5 55 to 100 2003 

M. Ortiz et al. [38] Albuquerque, 

USA (35.1oN) 

124 FP 35 70.3 - 2010 

M. Mazloumi et al. 

[39] 

Ahwaz, Iran 

(31.3oN) 

56.4 to 

59.8 

0.65 to 1.0 17.5 - 2008 

M. Balghouthi et al. 

[40] 

Tunisia 

(~33.9oN) 

8 to 42 0.1 to 2 11 23 to 85 2008 
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S. Pintaldi et al. [41] Sydney, 

Australia 

(33.9oS) 

103  

to 412 

1 to 27 

(Water, oil, 

PCM) 

103 35  

to 80 

2017 

Z. Fan et al. [42] Netherlands 

(~52.1 oN) 

1,000 8 to 16 

(PCM) 

100 88  

to 100 

2014 

K. Joudi et al. [43] Baghdad, Iraq 

(33.3oN) 

40-240 1 to 48 35-140 0 to 100 2003 

J. García et al [45] Puerto 

Lumbreras, 

Spain (37.6oN) 

- 1.5 8 - 2011 

G. Florides et al. [46] Cyprus (35.1oN) 15 0.8 11 37 2002 

T. Mateus et al. [10] Berlin 

(Germany, 

Lisbon 

(Portugal, 

Rome(Italy) 

3-3000 0.2-90 10-1400 2 to 100 2009 

U. Eicker et al. [11] - 440  

to 1320 

10 (Water) 106 

to 229 

50  

to 80 

2015 

 

The numerical investigations discussed above show the range of applications and component sizes 

being considered for solar absorption cooling systems. Most numerical simulations attempt to quantify 

the benefit of thermal energy storage to system performance by varying the storage size and monitoring 
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the solar fraction. While numerical results consistently show that thermal storage does improve solar 

fraction, the case study methodology being used by the literature is unable to apply these results onto 

new systems with different loads and boundary conditions. This study uses a validated transient system 

simulation similar to the ones discussed above, but it utilizes the results from the simulation as a tool 

to validating a simplified analytical framework. The analytical framework presented section 4 in this 

study is generalized in order to be applicable to a variety of solar absorption cooling system 

configurations. 

The benefit of thermal energy storage must be assessed by considering a system context. This can be 

investigated by systematically formulating the system in terms of its boundaries and constraints.  The 

system boundaries include the source and load profiles, and the degree of temporal mismatch between 

the energy availability from the source (e.g. sun) and its requirement at the load (e.g. building cooling). 

The system constraints include limitations to temperature and flow rate at various points in the system, 

which directly influence the performance of the thermal energy storage component. The system will 

behave differently from its rated steady state point(s) when it is operated as a transient with constraints 

and time-varying boundary conditions.  As such, numerical modeling of the system is useful for 

assessing the role of storage on system performance. 

This study uses the novel analytical approach, based on a variety of full-size installations from the 

literature, to predict the impact of thermal storage on system performance, quantify the influence of 

temperature range on the required storage volume, and assess the potential for PCM thermal storage as 

a means to reduce the size of the TES component.  The analytical model was compared against 

numerical simulations of a solar absorption system consisting of a collector array, a storage tank, and 

an absorption chiller. Components models were carefully selected and validated against experimental 
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data. PCM melting and solidification was modeled numerically in TRNSYS [47] and verified against 

analytical models applied to a rectangular geometry.  

3.4 Analytical Model 

The aim of the analytical model is to define the benefit of thermal energy storage in terms of additional 

performance per volume, which can be used to quantify the value of additional system performance 

gained with respect to the required additional capital investment in storage.  

𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =  
∆𝑓

𝑉
      (7) 

In a performance vs. volume curve, a sample sketch of which can be seen in Figure 3, the benefit of 

storage is the slope of the curve.  

 

Figure 4: Sketch of a performance vs. storage volume curve as described by analytical framework. 

This curve can be defined by three parameters:  
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1) The performance with no storage (𝑓𝑉=0). 

2) The performance with infinite storage (𝑓V=∞). 

3) The benefit of storage (
𝜕𝑓

𝜕𝑉
) 

The following approach aims to approximate the above terms analytically with knowledge of the 

system boundary and profiles, which allows predicting the above performance vs. volume curve for a 

range of system parameters. This approach can then be used to clarify the role of PCM thermal storage, 

which can be quantified by either: 

1) Increasing the performance 𝑓 for undersized water storage while maintaining the same storage 

volume. 

2) Reducing storage volume while maintaining same performance 𝑓 

From equation (1), we get: 

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟 =  𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙. 𝑄𝑖𝑛 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟    (8) 

The performance parameter 𝑓 from equation (2) can defined as the solar fraction in terms of energy 

input into generator: 

𝑓 =
𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑𝑒𝑑
=  𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑄𝑖𝑛 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
   (9) 

With no thermal storage, the instantaneous energy input to the generator comes directly from the solar 

collector, which can be described by: 

𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟 =  𝑀𝑖𝑛 [𝑆̇(𝑡). 𝐴𝑐. 𝑒𝑐(𝑡). 𝐶𝑂𝑃(𝑡),    𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑(𝑡) ]  (10) 
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The effective solar cooling rate will be the minimum of either the available cooling capacity or the 

required cooling rate. The collector efficiency, 𝑒𝑐(𝑡), and chiller performance,  𝐶𝑂𝑃(𝑡), both change 

as a function of the instantaneous temperature and flowrate of the system. The functions 𝑒𝑐(𝑡) and 

𝐶𝑂𝑃(𝑡) can be approximated through numerical simulations, and will vary with profiles, storage 

volumes, and respective component sizes. 

By integrating the above expression over the time period of 𝜏 and dividing by total required cooling 

we get an expression for solar fraction with no storage: 

𝑓𝑉=0 =  
∫  {𝑀𝐼𝑁[𝑆̇(𝑡).𝐴𝑐.𝑒𝑐(𝑡).𝐶𝑂𝑃(𝑡),     𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑(𝑡)]}

𝜏
𝑡=0 𝑑𝑡

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
  (11) 

Since no storage is present, the instantaneous cooling of the system is the minimum of the available 

cooling power or the maximum cooling demand required at each instant. Equation (11) is the integral 

of the difference in cooling supply and demand, which provides the starting point for solar fraction 

with V=0 based on the boundary profiles.  

Total cooling demand is separated into a “No-Storage Cooling” and a “Storage Cooling” region in 

Figure 5 below. Equation (11) represents the integration area marked “No-Storage Cooling” divided 

by integral of  𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑(𝑡) as depicted. Thermal storage can act to move “Excess Cooling” into 

the region of “Storage Cooling”. 
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Figure 5: Sketch of integration areas describing cooling capacity with and without thermal energy storage. 

The collector efficiency and COP will change in time due to temperature fluctuations with boundary 

profiles, making this value difficult to predict without transient simulations.  

Steady-state models of the collector and chiller, which are most commonly used in system simulations, 

become more valid when thermal energy storage capacity dominates the transience of the system. By 

slowing down changes in temperature, the collector and chiller can be assumed to be at a quasi-steady 

state at each time step. As the storage capacity of the system diminishes, steady state models become 

less accurate. While 𝑒𝑐(𝑡) and 𝐶𝑂𝑃(𝑡) change with temperature, systems with small allowable 

∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 impose smaller changes to these quantities. 

By adding TES, the system is assumed to be able to store excess heat and move it to later time periods 

to provide cooling. There exists an analytical asymptote at V=∞ which is defined as: 

𝑓V=∞ =
𝑀𝐼𝑁[∫{𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑠𝑜𝑙𝑎𝑟(𝑡)}𝑑𝑡,      𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑]

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
    (12) 

Here 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑠𝑜𝑙𝑎𝑟(𝑡) is the total cooling capacity regardless of time mismatch, which is defined as: 
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𝑄̇𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑎𝑟 =  𝑆̇(𝑡). 𝐴𝑐 . 𝑒𝑐(𝑡). 𝐶𝑂𝑃(𝑡)    (13) 

Thus, the performance of the system with infinite storage capacity can be defined as: 

𝑓V=∞ =
𝑀𝐼𝑁[∫(𝑆̇(𝑡).𝐴𝑐.𝑒𝑐(𝑡).𝐶𝑂𝑃(𝑡))𝑑𝑡,      𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑]

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
   (14) 

This equation represents the maximum cooling the system is able to deliver. In Figure 5, the “Excess 

Cooling” area can be smaller or larger than the “Storage Cooling” area, and only the smaller quantity 

will be delivered as effective cooling, hence the minimum term in the above equation. 

With a single discharge of the thermal energy storage unit, the total energy delivered to the absorption 

chiller can be approximated as: 

∫ 𝑄̇𝑖𝑛 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑓𝑟𝑜𝑚 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =  𝑞𝑣. 𝑉    (15) 

Where 𝑞𝑣 is the volumetric energy storage density described in equations (3), (5) and (6), and  𝑉 is the 

added thermal storage capacity. The performance of the system can then be described by a baseline 

performance of 𝑓𝑉=0 plus added performance due to thermal storage: 

𝑓 = 𝑓V=0  +  𝐶𝑂𝑃𝑎𝑣𝑔
𝑞𝑣.𝑉

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
    (16) 

The assumptions associated with the above formulation are: 

1) There is a minimum baseline performance regardless of storage volume, plus additional 

performance added based on the added energy storage capacity.  

2) A constant ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚  that is not a function of storage volume. 
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3) Constant volumetric energy storage density, 𝑞𝑣, of the thermal storage medium based on the 

same ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚. 

4) The time period, 𝜏, for integrating the profiles is for a single charge and a single discharge of 

the thermal storage unit.  

5) Heat losses from the storage unit are negligible over the time period 𝜏. Heat losses can be 

embedded as a storage efficiency term. 

With these assumptions, equation (16) may be differentiated with respect to storage volume to get: 

𝜕𝑓

𝜕𝑉
=  

𝑞𝑉.𝐶𝑂𝑃

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑
      (17) 

This expression 
𝜕𝑓

𝜕𝑉
 defines the benefit of thermal storage in terms of added performance per added 

storage volume.  

This slope is valid between regions of no storage, V=0, to regions of infinite storage capacity, V=∞ as 

shown in figure 2. These values described in equations (11) and (14) are a function of the instantaneous 

values of the profiles integrated over time.  

Numerical solutions can be used to predict the instantaneous performance, however they are time 

consuming and apply only to the particular system being simulated. The exact solution requires the 

knowledge of heat input into the system, as well as the efficiencies of every component as a function 

of time. The analysis is simplified substantially when assuming that the average collector efficiency, 

𝑒𝑐, and load efficiency factor 𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 are not a function of storage size. Generally in thermal 

systems 𝑒𝑐, and 𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 are functions of temperature, which in turn is influenced by storage 

volume, making this assumption more applicable to systems with small ranges of ∆𝑇. Systems with 

limited ∆𝑇 typically benefit from using PCM thermal energy storage, making this assumption 
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applicable for systems targeted by this study. Removing the non-linearity associated with storage 

volume, there exists a volume, Vmax, at which the system will reach a maximum performance. This 

volume can then be defined as: 

𝑉𝑀𝐴𝑋 =  
𝑓V=0 −𝑓 V=∞

𝐶𝑂𝑃
𝑞𝑣

𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑

     (18) 

For systems with small ∆𝑇, the required volume is then simply a function of the temporal mismatch in 

energy (𝑓V=0 − 𝑓 V=∞), and the energy density of the storage unit based on a constant ∆𝑇, 𝑒𝑐, and 

𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙. The relationship of 𝑒𝑐 and 𝐶𝑂𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 with respect to storage volume may also be 

imbedded through empirical correlations based on experiments from real components to better reflect 

system performance. While they may be easily added, no empirical correlations are used in this 

analytical framework. 

3.5 Numerical Models 

In order to test the ideas presented in the analytical approach above, a case study system was sized and 

selected using validated components available in experimental systems from literature. This case study 

was numerically simulated using TRNSYS platform and compared against results from the analytical 

approach.  

The main components of a typical solar absorption cooling system, depicted in Figure 2, are the solar 

collector array, the thermal storage unit, and the absorption chiller unit. This section summarizes the 

numerical models for these components, and their verification and validation against the literature. 

Along with these main components, a set of flow and temperature controls were used to ensure stable 

system behavior under various boundary conditions. The boundary conditions, described by the solar 
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radiation and cooling demand profiles, are shown in this section, and their applicability to real systems 

is discussed. 

The TRNSYS17 platform [47] was used to model the system. It is transient thermal systems simulation 

software with standard modular components mostly written in Fortran. Generally, simple models and 

1D approximations are used which enables the model to capture the physics for small time resolution 

while still maintaining simplicity to perform multi-day or annual simulations. The simplified models 

of system components are summarized below. 

1.5.1 Flat Plate Solar Collector 

The solar thermal collector component was modeled as a standard TRNSYS17 type1a. This model 

assumes a quadratic efficiency curve for the collector as a function of incident radiation, inlet 

temperature, flow rate, and outdoor temperature. The parameters of the component model were taken 

from Kalogirou [48], and the performance was compared against flat plate manufacturer data [49] and 

experimental results from full scale solar cooling system in Madrid [17] which is presented in the 

Appendix A. 

The maximum temperature for flat plate solar thermal collectors in full scale installations is limited to 

between 90-95oC ( [17] [21] [22]). High temperatures increase collector losses, and the model captures 

the reduction in the collector efficiency as coolant temperature increases. The flow rate of the collector 

also affects the temperature and performance of the collector, and it was varied in the simulation to 

capture flow rate sensitivity.   
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The size of the installation, expected solar incidence, and other aspects of a specific system determines 

the total area of collectors to be used.  Typical sizes from the literature are summarized in table 1 and 

varied between 38 – 150 m2. 

1.5.2 Thermal Storage 

1.5.2.1 Stratified Water Thermal Storage 

The thermal energy storage model used was a standard TRNSYS17 Type4a, a stratified 20-node water 

tank with fixed inlets. The low number of nodes showed substantial numerical mixing, but was 

preferred since real storage tanks will inherently contain similar levels of mixing at these expected flow 

rates [50]. With typical insulation, the losses were calculated to be within 2% of the total energy for 

typical daily operation.  Depending on the rated cooling capacity of the chiller, the size of the storage 

tanks varied between about 0.4 m3 to 3 m3.  For systems requiring nighttime cooling, the benefits of 

the storage unit can be considerable. 

1.5.2.2 Rectangular PCM module Thermal Storage 

The current work explores the use of a hybrid thermal storage system in which PCM is encapsulated 

within a water tank.  The TRNSYS water tank model described above was modified to contain a set of 

horizontal thin rectangular PCM modules occupying a prescribed percentage of storage volume. 

Discrete horizontal slabs allow the assumption of constant water temperature at individual numerical 

nodes along the height of the tank. Matching the water tank, 20 nodes were used representing 20 

individual slabs, with each slab given a unique transient melt front location and average temperature. 

A schematic of the simulated hybrid water-PCM tank is shown in Figure 6.  
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The melting and freezing process within the PCM modules is modeled using a quasi-stationary 

approximation [51]. The mathematical description, along with verification of the model, is included in 

the Appendix B. While this model simplifies the analysis in TRNSYS, its validity depends on the PCM 

module geometry and the exterior flow conditions. A region of applicability defined by the Bi (Biot 

number) and St (Stefan Number) shows that this model is applicable in this system for modules with 

thickness of 2 cm or less.  

 

Figure 6: Schematic representing Hybrid Water-PCM numerical model with stratified nodes of water and horizontal 
PCM slabs in the middle of each node. PCM slabs of 2 cm thickness are simulated in this paper.  
* Dimensions change based on selected tank size. 

 

The PCM quasi stationary model assumes each slab is perfectly symmetric, melts uniformly in one 

direction, and takes into account the added thermal resistance imposed by the melt front. The model 
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assumes that the boundary temperature changes slowly.  The presence of water in the hybrid storage 

system reduces sharp temperature transients thus ensuring the applicability of this modeling approach.  

Sensible energy storage in the PCM module is modeled as well by assuming a conduction-dominated 

linear temperature profile across the PCM slab. The linear temperature profile assumption works well 

for quazi steady applications with relatively slow changes in the heat transfer fluid temperature as is 

the case in this application. The average heat capacity of the PCM is used to calculate the average 

temperature changes over time. 

Studies have shown that PCM materials while in liquid form are prone to being supercooled, and can 

reach temperatures well below their melting point without discharging any of their latent heat [52] [53] 

[54]. It was shown that some PCMs can be in liquid form with up to 30oC supercooling, and that 

nucleators can be used to supress the supercooling degree to nearly zero. However, organic PCMs (such 

as paraffin wax used in this study) tend to have negligible supercooling [52]. While no modeling of 

liquid supercooling was performed in this study, the assumption of negligible supercooling works well 

for organic PCMs operating at the temperature range suitable for solar absorption cooling. 

The melting temperature of the PCM is selected according the system, and the thermal properties of 

various materials were used based on melting temperatures ( [12] [55] [56]). The most suitable material 

found for this system was RT80HC [57] which is a paraffin exhibiting a melting temperature range of 

approximately 78oC-80oC.  

1.5.3 Absorption Chiller 

Absorption chiller manufacturers provide a steady-state performance map of the chiller at various set 

points of temperature of the hot coolant, the chiller water, and the cooling tower. The absorption process 
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in this paper was modeled based on the performance maps for a LiBr-Water 35kW YAZAKI WFC-10 

absorption chiller. This identical chiller unit was used in a full scale installation in Madrid for laboratory 

space cooling [17] and in a similar experimental installation at SERT research institute in Thailand 

[21]. This chiller was also used in a large restaurant cooling system in Salerno, Italy [58].  

As given by manufacturer specifications, the maximum temperature allowable to the chiller is 95oC, 

while the minimum temperature required to drive the chiller was 65oC, giving a total system 

temperature window, ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚, of 30oC. The flow rate from the storage tank to the generator of the 

chiller can be reduced by up to 30% of its rated flow rate.   This reduces the cooling capacity and this 

effect is captured by the mathematical model.  The effect of flow rate was investigated in the simulation 

independently of the collector to observe its effect on the overall system performance. 

The cooling loop set point of the chiller was assumed to be 7oC, which corresponds to both the chiller 

data [8] and the experimental results available [17] [21].  Absorption chillers require cooling towers, 

which in this simulation were assumed to be provided by a 30oC sink as per rated manufacturer data. 

The electrical components represent less than 1% of the energy to the chiller [8], and were not analyzed 

as a part of this study. 

1.5.4 Thermal System Controls 

For the system to operate properly, a set of controls must be imposed to emulate the thermal controls 

used in real systems. These are grouped under flow control, temperature control, and cooling rate 

control. The flow control ensures that the collector flow is turned off at night and that the chiller is 

turned off when not in use. The temperature control ensures that the maximum and minimum 

temperatures of the system are constrained. The cooling rate control ensures excess energy is delivered 
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back to storage when the chiller output exceeds the required cooling demand. These are described in 

more detail in the Appendix C. 

1.5.5 Source and Load Profiles 

The system boundaries can be defined at two key points, the source (solar radiation) and the load 

(cooled space), as shown in Figure 2. The simulations presume repeating daily periodic operation such 

that the system returns to its initial state at the end of each day thus removing the impact of initial 

conditions while allowing the assessment to be performed for a specified 24 hour period.  This daily-

periodic steady state is typical for solar cooling systems with storage sizes in the range summarized in 

Table 1. 

The benefit of thermal storage is impacted by the load profiles due the degree of mismatch between 

solar irradiation and the demand profile. The simulation investigates a solar incident radiation profile 

depicted in Figure 7. Three different cooling profiles were strategically selected to represent various 

degrees of mismatch to the solar irradiance profile, and are shown in Figure 8. In all cases, the total 

available solar radiation is perfectly matched to deliver 𝑓 =100% with 200 m2 of collector area provided 

sufficient storage is available. The impact of changing collector area was also investigated to assess 

the benefit of thermal storage for conditions in which excess or insufficient solar energy was available. 
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Figure 7: Solar radiation profile for a typical summer day. July 1st, 30ON, 8kWh/m2
.day. 

Hourly solar irradiance profiles were approximated based on a method described by Duffie and 

Beckman [44], and were calculated for a location at latitude 30oN on July 1st with 8 kWh/m2.day of 

available solar energy. These parameters were chosen to represent an average within the range of 

studies summarized in Table 1. 
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Figure 8: Cooling demand profiles. (A) In-Phase demand profile emulating daytime cooling. (B) On-of-Phase 

demand profile emulating nighttime cooling. (C) Flat demand profile emulating constant cooling. 

 

Cooling profiles are a function of the building, the temperature set points, and the cooling system. Solar 

cooling systems described in the literature considered relatively constant cooling rates during the day 

and night [17] [21] [22], but many profiles are possible depending on the user needs and the building 

function. 

3.6 Results and Discussion 

To accurately quantify the benefit of storage, and compare it against simple analytical predictions 

shown in subsection 3, the transient numerical model described in subsection 4 was used to predict 

cooling performance. Solar cooling fraction (𝑓) is the performance indicator chosen, and storage 

volume is the key parameter being investigated.  

The results are designed to test the analytical approach by changing one main parameter at a time: 

1) The degree of temporal mismatch of solar availability and load 

• Varying load profile (Figure 9) 
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2) The degree of size mismatch of source and load components 

• Varying collector area (Figure 10) 

 

3) The effect of PCM thermal storage 

• Varying the percentage of PCM thermal storage (Figure 11) 

 

4) The effect of system temperature range 

• Varying 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 of the system (Figure 12) 

Figure 9 shows the solar fraction (𝑓) as a function of storage volume under the three different cooling 

load profiles. Without any storage, the system is always at its minimum performance especially for 

out-of-phase source and load profiles (e.g. nighttime cooling), which can reach near-zero cooling. 

Regardless of the amount of temporal mismatch between the source and load boundary profiles, there 

is a linear relationship between the cooling solar fraction and storage volume, with a near constant 

slope for all three cooling profiles investigated. 
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Figure 9: Cooling solar fraction vs. storage volume at various cooling demand time requirements (water only tanks).  

200 m2 collector area, 35 kW chiller, average COP of 0.67, 192 kWh daily cooling demand. 

 

Using water-only storage tank, the slope of the linear region in Figure 9 corresponds to the analytical 

predictions based on the energy density of water thermal energy storage as given by equations (3). This 

slope shows good agreement with simulation results when using the actual average COP and ∆𝑇 from 

the simulation. The analytical equation for the slopes assumes that all energy absorbed in the storage 

medium is released and used for cooling at a constant COP. The COP was derived from a model of a 

10 ton YAZAKI chiller at steady conditions. The average COP of the chiller over an average day was 

0.67 which is comparable to a steady-state COP of 0.65 based on average generator temperature 

between 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 of 80oC. 
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As per equation (17), the benefit of thermal storage (
𝑑𝑓

𝑑𝑉
) is a function of the medium energy density, 

average COP, and the total cooling demand. When the allowable ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 is known, the energy density 

𝑞𝑉 can be accurately predicted. For small system ∆𝑇, as is the case for most absorption cooling systems, 

the average daily COP did not change drastically.  

Note that in Figure 9 the simulated system never reaches a solar fraction of 1. This is because the 

simulated system was sized based on the analytical model which uses average values for collector 

efficiency and COP. The numerical simulation takes into account the non-linear nature of collector 

efficiency and COP and their changes with time, which is reflected in lower performance than 

analytically predicted. 

The benefit of storage 
𝑑𝑓

𝑑𝑉
 is independent of collector area, efficiency, and solar profile. As the collector 

parameters change, the minimum (V=0) and maximum (V=∞) system performance will shift up or 

down, but the rate of change of solar fraction with respect to storage volume remains the same. This 

hypothesis was verified using the numerical model by changing the collector area as shown by Figure 

10. 

 

 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 82 of 245 

 

 

 

Figure 10: Cooling solar fraction vs. storage volume at various collector areas (water only tanks). Constant cooling 
demand of 8 kW. 35 kW chiller, average COP of 0.67, 192 kWh daily cooling demand. 

 

Since the system with 200 m2 of area was iteratively sized to just meet 100% solar fraction, decreasing 

the area to 100 m2 resulted in insufficient solar energy for the cooling required, and therefore a lower 

solar fraction for V=∞. As expected, increasing the area to 300 m2 did not result in any change since 

all excess energy is rejected from the system due to over temperature. However, the initial slope which 

defines the benefit of thermal storage in terms of solar fraction is the same regardless of collector area. 

From Figure 9 and 9, the constant slope verifies the assumption that ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 is constant for the range 

of the profiles investigated, which directly influences the average COP for the chiller.  
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As per equation (17), the rate of change of solar fraction with storage volume is linearly dependent on 

the energy density of the storage medium. As such, replacing a water-only storage unit with a hybrid 

storage incorporating PCM should result in a change in the slope of solar fraction. This is shown using 

latent PCM storage to displace sensible water storage in Figure 11. As the %volume occupied by PCM 

increases, the slope 
𝑑𝑓

𝑑𝑉
 increases accordingly, and closely matches the analytical slope defined by 

equation (17). This figure quantifies the benefit of various thermal storage strategies, and the potential 

for reduction in storage volume due to using PCM.  

Using PCM can result in a reduction in storage volume. In Figure 11, for the same solar fraction of 0.7, 

the volume of storage can be reduced from 4 m3 of water-only to 2.25 m3 of 75% PCM hybrid storage, 

which closely matches the expected plotted analytical results described by the 3.4 Analytical Model 

section of this study.  

Alternatively, PCM can provide higher performance given the same storage volume. In Figure 11, solar 

fraction increases from 0.6 to 0.8 when using a 3 m3 tank with 75% PCM instead of water only. 

These results are valid for the linear region of 𝑓(𝑉), but are less accurate as solar fraction approaches 

its minimum and maximum. At high volumes, the system never reaches maximum and minimum 

temperatures, and ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚  becomes a function of storage volume. The temperature range of the 

system can also become a function of source and load profiles when a highly mismatched system is 

used, as is the case for very small collector area hindering the system from reaching the maximum 

allowable temperature. The analytical approach described above requires the system temperature range, 

∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚,  not be a function of storage volume or profiles.  For well-designed systems, the system 
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should operate within its design temperature, resulting in closer predictions to that of the simplified 

analysis. 

 

 

Figure 11: Cooling solar fraction vs. storage volume at various PCM volume %. Constant cooling demand of 8 kW. 
35 kW chiller, average COP of 0.67, 192 kWh daily cooling demand. 
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specifications, a smaller ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 is possible. Furthermore, other applications exhibit even smaller 
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= 5oC [8]. Figure 12 shows the increase in storage volume of water-only and 50% PCM hybrid storage 

when changing ∆𝑇𝑆𝑦𝑠𝑡𝑒𝑚 from 30oC to 20oC. Actual system temperature fluctuations were used from 

the simulation, which corresponded to 31.2oC and 21.2oC respectively.  

 

Figure 12: Cooling solar fraction vs. storage volume for PCM and Water at various temperature differences., 200 m2 
collector area, 50% of storage PCM material RT80HC [57], constant cooling demand of 8 kW, 35 kW chiller, average 
COP of water and PCM 0.67 and 0.69 respectively, 192 kWh daily cooling demand. 
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increase of 50% in volume for same solar fraction, while hybrid-PCM storage will only require an 

increase of 20%. This is the key advantage of PCM thermal storage; the ability to maintain energy 

density when the temperature range it is exposed to is limited, but only if the temperature range falls 

within the melting temperature of the medium. This is vital for systems requiring a fine control of 

temperature and exhibiting prominent deterioration in performance due to temperature changes. 

3.7 Economic Considerations of Thermal Storage 

While the studies summarized in Tables 1 and 2 agree on the ability of solar absorption cooling systems 

to reduce CO2 emissions from the electric grid, many studies have concluded that the capital cost of 

these systems remains too high to be competitive with conventional compressor-based chillers in the 

absence of a financial CO2 emission penalty. 

Sumathy et al. [9] concluded that for absorption cooling plant to be economically viable, substantial 

year round cooling must be need, or the integration of solar heating and hot water is required to ensure 

the system is contributing to cost savings year round. This result was similar to the findings of Florides 

et al. [46] who showed that the total system cost needs to be in the order of C£ 2,000 (Cypriot pound), 

while the current chiller cost alone is in the order of C£ 4,800.  

Mateus et al. [10] studied the energy costing structure of three European cities, and showed that all 

solar absorption cooling applications (except for residential Rome) failed to break even economically. 

It was shown that even with solar fractions of 60%, the running costs reduction was only in the order 

of 35-45% due to maintenance and water consumption. The authors went on to show that significant 

cost savings were achieved by varying storage capacity between 0 to 0.07 m3/m2, however no 

significant change in cost or solar fraction occurred when increasing storage capacity above .07 m3/m2. 
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The economic impact of thermal storage on the solar cooling performance is a function of many factors 

including the price of electricity that would otherwise be used in a traditional compressor-based cooling 

system. Eicker et al. [11]  was able to divide the capital cost of the system onto the major components, 

and showed that the collectors and chiller contribute the majority of the system cost (~30-40% each) 

followed by the cooling tower and control costs and finally the thermal storage unit (~5% of cost). The 

low cost of thermal storage presents an opportunity for improving the performance of the overall 

system with negligible additional capital cost. 

Using the novel analytical methodology presented in section 4, the economic benefit of thermal energy 

storage can be calculated by predicting the performance vs. volume curve (sketched in Figure 4) and 

using regional electricity and component prices. The performance vs. volume curve can be 

approximated using three key values: 1) Performance with no storage (𝑓𝑉=0), 2) Performance with 

unlimited storage(𝑓V=∞), and 3) The performance-storage slope (
𝜕𝑓

𝜕𝑉
). These values can be calculated 

using equations (11), (12) and (17) and are a function of the solar irradiance profile, cooling load 

profile, and the operating temperature range of the system. The operating temperature range will impact 

the rated COP, the collector efficiency, and the energy density of the storage medium. The analytical 

model is then able to calculate the additional cooling power the system is capable of providing through 

the integration of thermal storage capacity. This can be used to quantify the economic impact the 

thermal energy component individually. 

For example, a building with cooling requirements shown in Figure 8 would require 77 kWhe/day if 

cooled by a traditional compressor-based system (with an average COP of 2.5). Assuming the current 

price of electricity of €0.2928/kWhe in Germany [59] as an example, the cost of cooling this building 

would be €22.5/day. Using the building discussed in this study as an example (Figure 12 water storage 
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with ∆T=31.2oC with constant cooling requirement), while assuming the quoted cost of water thermal 

storage by Eicker et al. [11] to be the €800/m3,  the simple payback period for the tank alone would be 

in the range of one year. While the payback period of thermal storage will depend on current cost 

factors, this case study highlights how significant of an impact thermal energy storage has on the 

economic value of solar cooling systems.  

The potential for using PCM as a storage medium instead of water also depends on the system 

characteristics such as the operating temperature set points. The analytical methodology presented in 

this study is capable of selecting the appropriate size of thermal storage, and quantify the benefit of 

that thermal storage in terms of added solar fraction, which in turn can be used to quantify the added 

economic value of storage for various solar cooling systems.  

3.8 Conclusion 

This study introduces an analytical framework to quantify the benefit of thermal energy storage with 

respect to common solar cooling system profiles and parameters. The analytical approach considers a 

systems context with simplifying assumptions strategically selected to target small operating 

temperature ranges. Solar absorption cooling systems, with many full size experimental investigations 

available in literature, are a good example of systems exhibiting a limited operating temperature range. 

Numerical simulations were carried out, based on validated component models, and were used to verify 

the analytical predictions.  

The analytical model was tested against numerical simulations by changing the cooling profile, the 

collector area, the storage medium, and the operating temperature. In each case, the analytical model 
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predicted the performance vs. volume curve well, and quantified the benefit of water and Phase Change 

Material thermal energy storage. 

Using the analytical predictions and numerical results, it was shown that Phase Change Material 

thermal storage can reduce storage volume by 43% in this system while maintaining the same 

performance for a system temperature range of 30oC. The numerical simulations used rectangular slabs 

with thickness of 2 cm which allowed for sufficient heat transfer area for the simulated systems. 

Analytical predictions deviated away from numerical results for Phase Change Material storage for 

large melting thickness or insufficient heat transfer area. 

The analytical approach presented in this study can be used to select and appropriately size the thermal 

storage component in solar cooling systems using estimated profiles and system parameters. The 

approach is limited to thermal systems exhibiting a low operating temperature range. While absorption 

cooling systems are reported to be economically unviable in many cases due to their large capital costs, 

the addition of thermal energy storage can substantially improve performance in some cases with 

minimal additional costs. The novel analytical model is able to predict the benefit of storage which can 

be used to assess its economic viability. 

Appendix 3A: Flat Plate Collector Validation 

Data from Vitosol 100 solar thermal collector [49] were used and compared against experimental data 

from Syed et al. [17] who used the same collectors. These collectors were compared against model 

results using the TRNSYS17 type1a quadratic efficiency model for solar thermal collectors. The model 

requires the input of the tested flow rate, intercept efficiency, efficiency slope, and efficiency curvature. 
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The flow rate, intercept, and slope were acquired from Kalogirou [48] for advanced collectors and 

compared against the experimental and manufacturer data shown below in Figure 13. 

 

Figure 13: TRNSYS collector model output compared to experimental data. 1000 W/m2, 10oC ambient, 0.015kg/s.m2, 
5oC to 100oC inlet temperature 

 

Appendix 3B: PCM Mathematical Model 

The quasi stationary approximation, taken from Alexiades and Solomon [51], can be described by: 

𝑄̇𝑃𝐶𝑀 =  
(𝑇𝑓𝑙𝑢𝑖𝑑

𝑖 − 𝑇𝑚𝑒𝑙𝑡)

(
1

ℎ𝐴𝑐𝑜𝑛𝑣
+ 

𝑆

𝑘𝐴𝑃𝐶𝑀
)
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=  
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𝑃𝐶𝑀

     (A.2) 

𝑉𝑃𝐶𝑀 =  𝐴𝑃𝐶𝑀𝑆𝑃𝐶𝑀     (A.3) 
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Where 𝑄̇𝑃𝐶𝑀 is the energy input rate into the PCM module, 𝑇𝑓𝑙𝑢𝑖𝑑
𝑖  is the coolant temperature at node 𝑖, 

𝑇𝑚𝑒𝑙𝑡 is the melting temperature of the PCM, ℎ is the heat transfer coefficient assumed constant 

100W/m2K for this simulation, 𝐴𝑐𝑜𝑛𝑣 is the heat transfer area of PCM, 𝑆 is the current molten thickness, 

𝑘 is the thermal conductivity of PCM material, 𝐴𝑃𝐶𝑀 is the rectangular area of the PCM module, 𝑚̇𝑓𝑙𝑢𝑖𝑑 

is the mass flow rate of the fluid, 𝐶𝑝 is the heat capacity of the coolant, 
𝜕𝑇𝑓𝑙𝑢𝑖𝑑

𝑖

𝜕𝑥
 is the change in fluid 

temperature as it travels across node 𝑖, 
𝜕𝑆𝑃𝐶𝑀

𝜕𝑡
 is the change in molten thickness over time, 𝜌 is the 

density of PCM, 𝑉𝑃𝐶𝑀 is the volume of PCM. 

This model takes into account the added thermal resistance during melting, which makes it very 

applicable near the melting region. This is verified against the analytical Stefan problem for melting 

with initial and final conditions equal to the melting temperature as shown in Figure 14. 

 

Figure 14: Stefan Problem - Analytical vs. TRNSYS results for 2cm and 5cm slab thickness. 40oC melting 

temperature. Hf=200 kJ/kg. 
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The sensible heating and cooling of PCM was assumed to occur as a perfectly mixed volume with 

linear temperature profile. The surface temperature of the PCM is calculated based on the average 

temperature of the PCM and a linear profile through the liquid or solid slab based on the heat flux and 

thermal conductivity. The temperatures and molten thickness were solved explicitly using previous 

time step values. The effects of the sensible portion of the model appear when verifying against the 

Neumann problem with subcooled initial condition and superheated boundary condition. This is shown 

in Figure 15. 

 

Figure 15: Neumann Problem - Analytical vs. TRNSYS results for 2cm and 5cm slab thickness. 40OC melting 
temperature. Hf=200 kJ/kg. 20OC initial condition, 60OC coolant inlet temperature. 
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Appendix 3C: Thermal System Controls 

For the system to operate properly, a set of controls must be imposed similar to thermal controls used 

in real systems. These can be reduced to: 

Temperature Control:  

The maximum temperature is controlled at the outlet of the collector, such that energy is released from 

a temperature control valve to maintain the outlet temperature at the maximum, simulated to behave 

perfectly (e.g. provide exactly 95oC or less). The minimum temperature is controlled at the inlet of the 

chiller, such that any temperature entering at a lower temperature is simply returned to the storage tank, 

which effectively acts to limit the minimum temperature. The minimum temperature of the system may 

deviate slightly below the minimum temperature due to lower return temperatures from the chiller. 

Flow Control 

The flow rate through the solar collector is assumed to be constant. The flow rate is diverted to the 

storage tank only if the temperature of the outlet is higher than that at the top node of the storage tank. 

This ensures that flow rate is shut off from the tank during night time and energy is never extracted 

from the system by the solar collectors. The flow rate across the chiller is assumed to be a constant 

unless zero cooling is required. 

Cooling rate control  

While not provided by manufacturer data, it is assumed that the COP and performance of the absorption 

cooling unit is not changed when operating below its maximum instantaneous capacity. This allows 
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for excess energy to be diverted back to the storage tank, which is required for any benefit from thermal 

energy storage.  
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ABSTRACT 

Heat pumps have the potential to reduce CO2 emissions due to building heating when compared to 

fossil- based heating (e.g. natural gas, oil, wood), specifically when used in regions with low-CO2 

electrical generation. In many regions, emissions from the electric grid tend to peak during peak 

demand periods due to the dispatching of fossil-based generation. The design of buildings as 

distributed thermal storage units can act to diminish the peaks in the grid, reduce the overall CO2 

emissions from residential heating, in- crease the utilization of low-CO2 technologies (nuclear, hydro, 

wind, solar, etc.…), while maintaining the thermal comfort of the occupants.  

This study is concerned with how thermal energy storage can be integrated into heat pump systems to 

improve demand flexibility, and ultimately allow the heating system to remain off during peak periods. 

Heat pumps tend to operate under a limited temperature range, which limits the energy storage density 

of water as a thermal storage medium. Phase change materials (PCM) can be used as thermal storage, 

and they benefit from the ability to maintain a high energy density under limited temperature 

conditions. The challenge is that PCMs have a relatively low thermal conductivity which can limit the 

rate of charging and discharging of the stored thermal energy.  
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In the current state-of-the-art literature, there is no standard methodology to size PCM thermal energy 

storage units for heat pump systems. This study presents novel results that compare numerical and 

analytical predictions of a hybrid PCM-water thermal storage tank, and proposes a reduced analytical 

methodology for sizing PCM thermal storage tanks for heat pumps used for demand side management. 

System-level numerical simulations, considering the transient complexities of the melting and 

solidification process in a system environment, are compared against a simplified analytical 

predictions of thermal storage performance. Storage tanks containing 75% PCM modules of 2 cm 

thickness were able to reduce storage volume by over three-fold of water-only storage operating under 

a ΔT = 10 °C. Peak periods ranging between 2 and 6 h in a residential household were sustained when 

the appropriate storage volume is used. Analytical methods for estimating the required volume are 

presented that ease the storage sizing and discuss the expected benefits and their limitation.  
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Nomenclature 

𝐶𝑂𝑃 – Coefficient of performance (-) 

𝑄 – Thermal energy (kJ)  

𝑄̇ – Thermal energy input rate (kW) 

𝑊-  Electric energy (kJ) 

𝑇 – Temperature (oC) 

∆𝑇 – Temperature Differential (oC) 

𝑉 – Volume (m3)  

𝑡 – Time (hours) 

𝜌 – Density (kg/m3) 
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𝐶𝑝 – Sensible heat capacity (kJ/kg.K) 

ℎ𝑓 – Latent heat of fusion (kJ/kg) 

𝑘 – Thermal conductivity of PCM (kW/m.K) 

𝑞𝑉 – Volumetric energy density (kJ/m3) 

∆𝑇 – Temperature differential across the storage (K) 

𝑈𝐴 – Overall heat transfer conductance (kW/K) 

𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 – Heat capacity of the building (kJ/K) 

𝐵𝑖 – Biot Number (-) 

𝑆𝑡 – Stefan Number (-) 

𝑆 – melting thickness (m) 

𝑚̇ − mass flow rate (kg/s) 
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Acronyms 

DSM – Demand Side Management 

TES – Thermal Energy Storage 

PCM – Phase Change Materials 

HVAC – Heating, Ventilation, and Air Conditioning 

Subscripts 

ℎ𝑒𝑎𝑡𝑖𝑛𝑔 – Refers to the COP during heating mode 

𝑖𝑛 –Required energy entering the control volume 

𝑜𝑢𝑡 – Useful energy exiting the control volume 

𝐻𝑜𝑡 – The temperature of the sink (condenser) in a heat pump 

𝐶𝑜𝑙𝑑 – The temperature of the source (evaporator) in a heat pump 

𝑚𝑎𝑥 – Maximum temperature allowed in the storage unit  

𝑚𝑖𝑛 – Minimum temperature allowed in the storage unit 

𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 – Thermal storage in sensible mediums 

𝐿𝑎𝑡𝑒𝑛𝑡 – Thermal storage in latent phase change material 

ℎ𝑦𝑏𝑟𝑖𝑑 – Thermal storage in a hybrid water-Phase Change Material tank 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 107 of 241 

 

𝐿𝑜𝑠𝑠𝑒𝑠 – Heat losses from the building to the environment 

𝑖𝑛𝑑𝑜𝑜𝑟 -  The temperature inside the building  

𝑜𝑢𝑡𝑑𝑜𝑜𝑟 -  The ambient temperature outside the building  

𝑃𝑒𝑎𝑘 – Period of peak electric demand from the grid resulting in high CO2 emissions due to fossil 

fuel generators  
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4.1 Introduction 

In 2010 buildings contributed 6% of the of global greenhouse gas emissions [1], and most of the 

CO2 emissions from buildings were due to fossil-fuel based heating. In cold climates like Canada, 

residential heating represented 62% of the total residential energy usage in 2015, and natural gas 

was the dominant energy source representing 45% of the total residential energy usage [2]. In 

regions with a low-CO2 centralized grid, electric-based heating with heat pumps has the potential 

to substantially reduce emissions in the residential sector. However, electric heating can contribute 

to peaks in electricity demand which act to increase CO2 emissions from the grid.   As such, 

buildings utilizing a centralized grid for heating should be designed with embedded storage to level 

the electric demand. This study evaluates the applicability of Phase Change Material (PCM) 

thermal storage integrated into heat pump systems to provide the building energy storage required 

to level the grid. 

Centralized electric generation is commonly used in many countries, and it allows the utilization 

of electricity with low CO2 emissions, such as large nuclear and hydroelectric power plants, as 

well as distributed renewable generation sources such as solar and wind. Centralized hydroelectric 

and nuclear power plants generate approximately 80% of the electricity produced in Canada [3] 

and 27.5% of total electricity generated in US [4].  Without storage, centralized power systems 

require the balancing of the grid, where the instantaneous demand and supply of electricity is 

tightly controlled. This leads to the dispatching of gas-fired generators during peak demand periods 

while curtailing renewable energy during low demand periods. In Ontario, high resolution data is 

provided by the Independent Electricity System Operator (IESO) [5] which gives specific 
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generation details of the instantaneous electricity supply mix and shows the dispatching of natural 

gas generators during peak, resulting in over 250% increase in CO2 emissions. 

Demand side management (DSM) strategies can be used to reduce peak demand and level the 

peak, resulting in reduced CO2 emissions from peaking power plants while avoiding the 

curtailment of renewable energy. One such implementation of consumer level DSM is the use of 

thermal energy storage (TES), which provides useful energy storage that is charged during off-

peak periods and discharged during on-peak periods. This ultimately means users can turn off 

heating equipment and rely on storage during periods of high grid CO2 emissions. Many studies 

have shown the benefit of controlling various appliances to the reduce grid peak, and all studies 

agree that HVAC equipment represent the largest energy consumer in residential and commercial 

applications. While researchers have demonstrated anecdotal evidence of the benefit of thermal 

storage based on various case studies, there is no standard method available in the literature for 

selecting and sizing the appropriate thermal energy storage medium. This study proposes an 

analytical method for selecting and sizing PCM thermal energy storage units for heat pumps used 

for demand side management and demonstrates how latent energy storage can substantially reduce 

storage volumes when compared to using water only.  

Latent energy storage methods employing PCM provide a novel approach to maintain high energy 

density levels when operated over a small temperature range around the melting temperature of 

the material [6]. While PCM storage can maintain a high theoretical energy density under limited 

temperature, the materials commonly used tend to have a low thermal conductivity, which limits 

the rate of energy delivery and extraction. For that reason, the design of PCM storage must ensure 
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that the instantaneous heat transfer rate required by the system (e.g. heat pumps in HVAC 

applications) matches that delivered to the PCM storage tank. Thermal storage in PCM has been 

investigated for solar hot water heating [7], absorption cooling [8], and heat pump applications 

(Table 1), but no standard method is used for sizing the PCM encapsulations geometry across 

various applications.  

Most heat pump applications, summarized in Table 1, utilize water as the thermal storage unit 

despite small operating temperature ranges across the storage unit.  This is due to a lack of a 

reduced model for sizing PCM encapsulations as a function of system requirements. This study 

presents a reduced analytical model that addresses this gap in knowledge for a specific PCM 

encapsulation geometry and demonstrates how PCM thermal storage can reduce storage volume 

by over three-fold in heat pump heating applications when compared to using water only.  The 

study also shows the region of applicability where PCM outperforms water as a thermal storage 

unit as a function of the non-dimensional Biot and Stefan numbers.  

Table 3: Summary of experimental and numerical studies utilizing PCM thermal storage in heat pumps. 

Type Author Location Application Heat Pump 
Thermal 
Output 

(kW) 

Storage Paper Notes 

EXP K. Nagano 
[45] 

Sapporo, Japan Smale Scale Air 
Conditioning 

  PCM  
0.015 m3 
Tm=20oC 

Proof of concept. Granulated PCM in floor 
for cooling application. Showed 89% shifting 
in cooling load to nighttime 

EXP A. Real 
[40] 

Madrid, Spain Residential 6.76  PCM 
Tm= 10oC 
and 27oC 

Experimental setup for competition in 
Madrid in September 2012. PCM maintains 
constant COP. Cold and warm PCM storage. 
Multiple control schemes to turn on heat 
pump and storage. ON/OFF control of Heat 
pump 

EXP H. Benli 
[41] 

Elazig, Turkey Model 
Greenhouse 

5.5 (ground 
source) 

PCM 
300 kg 
Tm=22 oC 

Greenhouse heating using ground source 
heat pump. Integrated PCM storage unit.  
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EXP F. 
Agyenim 
[46] 

 Newtownabbey, 
UK 

Residential 
Heating 

  PCM 
93 kg 
Tm=58oC 

Finned annular PCM tubes. Melting and 
solidification of RT58 PCM. Tabulated 
required volumes to meet demand is 
different types of UK residences. Highlighted 
how low thermal conductivity hinders 
discharge rate. 

EXP W. 
Youssef 
[47] 

London, UK  
 
Standard UK 
dwelling 

10 PCM 
30 kg 
Tm=17 oC 

Showed that indirect solar assisted heat 
pump system exerted a significant effect on 
system stability and performance efficiency. 

EXP 
NUM 

Y. 
Hamada 
[48] 

Fukuoka, Japan Kyudenko R&D 
Institute 

40 (average 
load) 

PCM  
15.5 m3   
Tm=49oC 

Carbon Fiber Brushes. Not enough melting 
in PCM. Load Shifting 

EXP J. Wu [49] Guangdong, 
China 

Experimental ~1 
(charging 
rate)  

22% PCM 
0.09 m3 
Tm=55oC 

Water heater with PCM embedded in 
standard water tank. Marginal change to 
overall capacity. Charging between 10 to 
60oC.  

EXP D. Zou 
[50] 

Guangdong, 
China 

Experimental - 7% PCM 
0.125m3 

Tm=43 oC 

Water heater with PCM embedded in 
standard tank. Small %PCM and marginal 
improvement in performance. PCM 
increased 2nd charging time and stabilized 
COP.  

EXP 
NUM 

J. Long  
[51] 

Foshan, China Experimental ~3.4 PCM 
Tm=56 oC 

Pressure of HP fluid as charging PCM. 
Control of wet bulb and dry bulb 
temperatures 24  and 20 +/-  0.2 oC 

NUM N. Kelly 
[52] 

Glasgow, UK UK Residential 
Houses 

10  50% PCM 
0.5 m3 

Tm=48 oC 

Operational cost of heat pump during load 
shifting. Showed that 1 m3 of water is 
comparable to 0.5 m3 of 50% PCM. Storage 
can increase operational costs if sized 
incorrectly. 

NUM J. Mazo 
[53] 

Córdoba, Spain   - PCM 
Tm=48 oC 

Energy Plus model. Simple ON/OFF Control. 
PCM Radiant Floor. Granulated Material. For 
Peak shifting.  

NUM L. Cabrol 
[54] 

Various UK 
locations 

Domestic 
Building Heating 

9  PCM  
10 cm slab 
Tm=22.5 oC 

TRNSYS model. PCM in floor slab. PID heat-
up, then On/Off during peak. Night time 
setback investigated (20 to 19 oC). Compare 
to concrete. Melting temperature of 22.5 is 
recommended. 

NUM Z. Han  
[55] 

Harbin, China Heating with 
hybrid solar 
ground assisted 
Heat pump  

10 PCM 
0.95 m3 
Tmelt =30oC 

MATLAB simulation. Solar and ground 
assisted heat pump. PCM slab storage. 
On/OFF control using tank temperature to 
determine heat pump running time 

 

The results presented in this paper demonstrate how PCM thermal storage can reach its predicted 

analytical potential and reduce storage volume when sized appropriately to the system, but careful 

selection of the encapsulation geometry, melting temperature, operating temperature range, and 

flow rates is critical to ensuring adequate performance of the thermal storage unit. The paper uses 
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a validated numerical model of a heat pump heating system with hybrid water-PCM storage tank, 

completed with controls and setpoints representing realistic transient operation, and compares the 

results against a reduced analytical prediction of hybrid water-PCM storage. 

4.2 Background 

Demand side management is a research field involved in the planning, scheduling, and controlling 

of electric loads for leveling the grid, utilizing more renewable energy sources, and reducing the 

overall CO2 emissions from the grid. Residential heating during winter is a major consumer of the 

overall energy in cold regions, making it a potential target for implementing thermal energy storage 

to make the electric demand more flexible. This study is focused on the use of thermal energy 

storage in residential heating applications to reduce the peak in electric grids. Thermal energy 

storage can be used to displace other types of storage, especially when heating is performed by an 

electric device such as a heat pump.  

Demand side management in electric grids acts to ease the burden of balancing the centralized 

electrical supply by making the demand more flexible. The concept of demand side management 

was first described in detail in the 1980s by Gellings et al. [9] [10] [11], who outlined the different 

objectives of DSM depicted in Figure 1: 1) Peak Clipping, 2) Valley Filling, 3) Load Shifting, 4) 

Strategic Conservation, 5) Strategic Load Growth, and 6) Flexible Load Shape. 
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Figure 16: The various objectives of demand side management [11] . 

The focus of this study is on Peak Clipping and Load Shifting through thermal storage to address 

increased CO2 emissions from the electric grid during peak times. By increasing the thermal 

storage capacity of the heating system, a controller can minimize energy consumption in peak 

periods. For DSM to work effectively, several strategies must be used simultaneously.  Those 

strategies which relate to this work are best summarized by Palensky et al. [12] into categories of: 

1) Energy Efficiency, 2) Time of Use, 3) Demand Response, and 4) Spinning Reserve. Demand 

Response is the part that describes both the flexibility and participation of the consumer market in 

DSM. Demand response is generally aimed to optimize the load shape, and it works alongside 

time-of-use incentives to augment the consumption pattern (e.g. peak clipping). TES is one way 

to augment the demand response of residential buildings, allowing more flexibility in scheduling 
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operation while still maintaining the comfort of the occupants. This will only work alongside a 

time-of-use strategy with a controller designed to minimize cost or maximize incentives. 

A study by Denholm et al. [13] discussed the role of storage in improving the utilization of 

renewable energy sources and showed that for a grid operating with 80% solar PV and wind, 

renewable electricity curtailment can be reduced from 33% to 9% when storage amounting to one 

day’s load is added. While the above study did not specify the type of storage, energy storage can 

take the form of thermal storage as opposed to electrical storage. In cold climates, thermal energy 

storage can be charged during off-peak times to reduce the electrical demand at peak times.   

The core focus of this study is on TES selection, and its integrations into heat pump systems for 

DSM. As previously mentioned, storage is one of many strategies required to reduce grid CO2 

emissions, and must work along with other appliances to achieve the best performance. Studies 

have demonstrated how several appliances for multiple users can be scheduled to minimize cost 

in a time-of-use environment [14-20], and most have demonstrated that building HVAC constitutes 

the largest energy sink, making them ideal for DSM strategies. Studies also demonstrated how 

aggregate users can be controlled simultaneously to meet the goals of cost reduction, CO2 

emissions reduction, and grid levelization [21] [22] [23]. Thermal applications usually entail the 

use of a thermostatic controller which can use temperature setpoint to control energy use and 

respond to DSM strategies [24]. 

The residential sector is a major electricity consumer in many cases, attributing to 29% of 

electricity consumption in the EU-15 members [25], 35% in Canada [3], and 21% in the US [26]. 

Unlike industry, the end-use of electricity in the residential sector can be very similar, with 
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majority of energy consumption going towards HVAC, lighting, refrigerators and freezers, hot 

water, and other miscellaneous appliances [27]. The demand response of residential buildings can 

be divided into thermal loads (e.g. heating, cooling, hot water), and non-thermal loads (e.g. 

lighting, appliances). The demand response of thermal loads can be augmented using TES, making 

residences able to turn off HVAC equipment during high electric demand periods. . Thermal 

storage can lengthen the period in which heating equipment operate under reduced electric 

consumption while still maintaining the comfort of the occupants.  

Residential heating can be accomplished through several different systems, some of which were 

compared experimentally by Cholewa et al. [28] which included: A) Centralized system for 

heating and hot water, B) Centralized system for heating and hot water with thermal stations for 

control at each unit, and C) de-centralized heating and hot water at each unit. The results from 

Cholewa et al. [28] were compared to the results from Yao et al. [29] for UK residences, and both 

were compared against the numerical model proposed in this study in section 3 in this paper.  

While Cholewa et al. [28] discussed systems with gas-fired boilers, it is possible to use heat pumps 

to meet the same heating demands electrically. Gas-fired boilers inherently emit CO2 through 

combustion, while the emissions from heat pumps are directly tied to the CO2 emissions of the 

electrical grid, which can be low with the inclusion of renewables and nuclear. This is especially 

true in regions using a large mix of low-CO2 electricity sources such as the province of Ontario in 

Canada [3]. This study considers a decentralized heat pump heating system for single homes with 

TES for load shifting during peak electric demand. 
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Heat pumps are based on a vapor-compression cycle that use electric input into a compressor to 

move thermal energy from a cold source to a hot sink as described in Figure 2.  The vapor-

compression cycle allows the transfer of heat from a cold to hot environment, which produces 

thermal energy output larger than the electrical input. The output and performance of a heat pump 

is described a coefficient of performance (COP): 

𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =  
𝑄𝑜𝑢𝑡

𝑊𝑖𝑛
      (1) 

where 𝑄𝑜𝑢𝑡 is the heat output from the heat pump, and 𝑊𝑖𝑛 is the electrical input into the heat 

pump.  

 

 

Figure 2: Basic operation of a vapor compression heat pump system. 

The COP is a function of the source and sink temperatures, which is a relationship limited by the 

Carnot efficiency given by: 
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𝐶𝑂𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 ≤  
𝑇𝐻𝑜𝑡

𝑇𝐻𝑜𝑡−𝑇𝐶𝑜𝑙𝑑
     (2) 

Where 𝑇𝐻𝑜𝑡 is the temperature of the hot sink and 𝑇𝐶𝑜𝑙𝑑 is the temperature of the cold source in 

Kelvin.  

The COP of a heat pump improves when the temperature differential between the source and the 

load decreases. The COP can be improved by reducing the hot side temperature, which requires 

the use of larger heat exchangers inside the building. For example, air handling units with forced 

air radiators operate at higher temperature (45-55oC) when compared to in-floor heating system 

(30-40oC) [30]. 

The COP of heat pumps can also be improved by increasing the temperature of the source. Ground 

source heat pumps (GSHP) utilize the temperature of the ground as a source, which improves the 

COP in cold climates compared to air source heat pumps (ASHP). Bernier [32] presented a 

methodology to size the borehole field required to match the GSHP capacity and showed that 

proper size cannot be calculated without knowledge of the ground temperature and thermal 

conductivity, and the annual thermal load. Bernier presented his results for a typical commercially 

available GSHP with the nominal size of 10.5 kW, and the performance curves of these heat pumps 

were compared against the water-to-water heat pump numerically simulated in this study.  

Nighttime setback is another method for reducing energy consumption, which acts to lower the 

indoor temperature at night and therefore reducing heating requirements. The experimental results 

from Cholewa et al. [28] included the nighttime setback of some units, and the validated numerical 

results from Yao et al. [29] also used a nighttime setback schedule to 15oC, with indoor temperature 

increased to 19oC when occupants are in the buildings. Nighttime setback fits under the Energy 
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Efficiency part of a DSM strategy, and can provide permanent reduction of energy consumption 

during the night.  

The problem with nighttime setback is the peak in consumption when the set point is increased at 

the start of the day [29], and it can add to the overall electric grid peak. Alternatively, if the 

objective is CO2 reduction rather than energy reduction, it may be better to maintain the 

temperature of the house at required user comfort prior to the start of the day and avoid the peak 

in energy consumption. TES can also be used, which can be charged during low-demand periods 

to be discharged at peak demands periods. This allows thermal storage to maintain user comfort 

while still minimizing CO2 emissions from the grid. However, thermal storage increases the overall 

energy consumption, and is not an energy efficiency solution.  

While this study focuses on hybrid water-PCM tanks working on the hot side of a heat pump 

system, as shown in Figure 3, the use of PCM in buildings can come in different ways. A review 

by Moreno et al. [37] discussed various research efforts towards utilizing PCM thermal storage in 

space heating and cooling applications. The study discussed the many different configurations of 

PCM storage, such as hot storage, ice storage, or both in the same system. Various applications 

have found a way to utilize and benefit from PCMs, which include: heat pump defrosting, solar 

assisted heat pumps, load shifting of air conditioning, PCM for heat recovery, and many more. 

While the melting temperature of the PCM varied across different applications, the system 

temperature difference ∆𝑇 was always small for applications that benefit from PCM.  This study 

focuses on how the system temperature difference  ∆𝑇 is essential to the selection of thermal 
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storage medium, and specifically on the impact of using latent energy storage in PCM instead of 

sensible energy storage in water for heat pumps with limited ∆𝑇. 

 

Figure 3: Schematic representing the residential heat pump heating system simulated in this study, with the 
integration of hybrid water-PCM storage on the condenser side of the heat pump. 

A review by Kapsalis et al. [38] discussed the vastly different building applications involving 

PCMs, from glazing materials for solar collectors to PCM-embedded building facades. Various 

studies reported that the use of PCM improved the COP, improved load shifting flexibility, and 

reduced oscillations. Load shifting, especially for prolonged periods of time, represents the largest 

energy storage requirements when compared to shorter time oscillations associated with solar 

collectors. This study focuses on sizing thermal storage for load shifting, but the analytical 

techniques used can be utilized for several different applications including solar heating. The 

effectiveness of PCM energy storage is very sensitive to the minimum and maximum ambient 

temperature observed over a day, and passive applications in building materials are unable to 

control the maximum and minimum temperatures over a day [39] [40] [41]. Unlike passive storage 
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in building materials, heat pump systems can control temperature changes across a PCM storage 

unit and can eliminate the inconsistencies related to outdoor environment.  

TES integrated heat pump systems have shown promise to improve demand response and have 

been the subject of many studies. The energetic and exergetic aspects of water (Hepbasli et al. 

[42]) and PCM storage (Moreno et al. [37], Pardinas et al. [43], and Sarbu et al. [44]) were 

discussed in various experimental and numerical applications space heating, space cooling, 

ventilation and domestic hot water production. There currently is no standard method to design 

and size PCM based thermal energy storage for heating and heat pumps applications, and this 

study presents a reduced analytical method to approximate the type and size of thermal energy 

storage and its expected benefit. 

In most studies, the operating temperature range of any heat pump is limited to between 10-20oC 

before substantial deterioration in COP. This study focuses on systems with thermal storage 

integrated on the hot (condenser) side of the heat pump, as depicted in Figure 3. State of the art 

experimental and numerical studies on heat pumps with hot thermal storage are critically discussed 

in the next section and summarized in Table 3. The focus is on the operating temperature range, 

selection of storage component, and key findings. 

Due to its complexity, studies have focused on the melting and solidification of PCMs for heat 

pump applications. An experimental study by Agyenim et al. [46] investigated the heat transfer 

characteristics of RT58, a paraffin wax melting between 53 and 56oC, in a finned cylindrical tube 

containing 93 kg of the TES. Heat transfer enhancement techniques have been implemented to 

tackle the low thermal conductivity problem. An experimental study by Hamada et al. [48] 
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considered the melting of PCM storage tanks with carbon fiber brushes. While the brushes 

improved the thermal output of the PCM storage tank, the numerical results did not match the 

experimental findings well. The numerical and experimental data were matched by using the brush 

diameter as a fitting parameter, and recommendations for improving the results were discussed. 

On the system level, solar-assisted ground-source heat pumps (similar to ground-source heat 

pumps used in this study) are widely studied in the literature, with many studies integrating thermal 

storage into their experimental setup. The experimental results of a hybrid solar-ground source 

reversible heat pump was analyzed by Wang et al. [33], which used numerical modeling to analyze 

the system performance in May and concluded that the tank volume must match the energy 

intensity, with a suggested 20–40 L/m 2 yielding the highest energy efficiency for the case study. 

An experimental investigation by Stojanovic et al. [34] monitored the performance of a solar 

assisted heat pump system over a full year of operation between February 2007 and February 2008. 

The study reported a seasonal performance factor (SPF) of 2.85, the definition of the SPF is similar 

to that of COP: the total heat pump thermal output over the total heat pump electric use, how- ever 

it accounts for additional electric usage in controls and other auxiliary equipment. An experimental 

investigation by Xi et al. [35] studied the performance of a 4.6 kW solar assisted ground source 

heat pump in Shijiazhuang, China. The system was tested during cold conditions and showed much 

larger ground temperature fluctuations during continuous heating modes, while intermittent 

heating allowed the ground temperature to recover during off periods. The study also showed 

marginal increase in COP when solar collectors were integrated into the system, with heating 

capacity increasing by 8–9% while power consumption increased by 5%. 
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Heat pump water heaters are another application of thermal storage in heat pumps, but they 

typically exhibit a large temperature range therefore limiting the benefit of PCM. The use of PCM 

as thermal storage in water heaters was experimentally studied by Wu et al. [49], and compared 

the performance with and without PCM in water tanks. It was shown that the accumulated energy 

storage during charging was higher for the PCM tank when compared to water, however it was 

only marginal compared to the overall storage capacity since the system was charged and 

discharged between 10 and 60oC. Experimental results of a hybrid PCM-water tank were presented 

by Zou et al. [50], which compared the charging behavior of hybrid tanks to that of water only. 

The study reported a COP increase from 3.58 to 3.74 when using PCM, with PCM contributing an 

additional 14% of storage capacity. The large ∆𝑇 association with water heaters generally limits 

the applicability of PCM as a storage option compared to water.  

The integration of PCM into heat pumps has complex implications on the transient operation of a 

heat pump, including the compressor work and operating pressure. An experimental and numerical 

study by Long et al. [51] investigated the performance of an air source heat pump water heater 

utilizing PCM thermal energy storage. The heat pump with a rated input power of 1.1 kWe and a 

COP approximately 3.1 was used to charge the paraffin wax with an average melting temperature 

of 56oC. Experimental data was acquired describing the transient temperature of the PCM, the 

pressure of the compressor, and the compressor’s electric work. It was evident that as the 

temperature of the storage unit increased, so did the compressor work and pressure to attain higher 

heat sink temperatures. The numerical model presented was used to compare the experimental 

melting front against predictions and showed good agreement with experimental data. The study 
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concludes that heat pumps with thermal storage using PCM can be modeled to accurately predict 

the benefits of utilizing off-peak electrical energy. 

Numerical studies have been used to simulate a system similar to that investigated by this study, 

with a focus on the impact of PCM thermal storage on load shifting of heat pumps. A model of 

heat pump load shifting in residential UK houses was presented by Kelly et al. [52], where hot 

water and PCM buffer tanks were used to provide storage. The simulation used a PCM buffer tank 

maintained between 50-55oC, with salt-hydrate PCM melting at 48oC, and varied the volume and 

percentage of PCM. Successful storage sizes were able to follow a peak schedule while still 

maintaining room temperature above 18oC. The energy consumption when load shifting was 

higher than that of an unconstrained system, which was due partly to higher heat pump condenser 

temperature when using storage, causing deterioration in COP. The results presented by Kelly et 

al. were verified against the TRNSYS code used in this study, and were shown to be within 3.2% 

of the heat pump power output and heat output under transient conditions. 

TES generally increases the overall consumption of the system and is only beneficial when 

adequate price differential exists be- tween peak and non-peak periods. This study aims to provide 

an analytical framework that can be used to estimate the benefit of thermal storage without the 

need for complex numerical modeling. TES is largely dependent on the temperature, flow rates, 

and heat transfer rates of a transient system, and they can hinder the performance of storage when 

improperly selected 

Renaldi et al. [56] presented the cost reduction due to load shifting under three different types of 

tariffs. Water storage tanks with volumes between 120 to 300 liters were tested, with an 8.5 kW 
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heat pump system operating with ∆𝑇=10oC across the storage unit. It was shown that operating the 

heat pump system at a condenser temperature of 35oC (In Floor Heating) resulted in lower cost 

and CO2 emissions when compared to operating at 50oC (Radiator). The study showed that while 

TES can reduce the overall cost of a heat pump system under some tariffs, the set temperatures of 

the heat pump can have even more significant impacts on operation costs. Arteconi et al. [30] used 

TRNSYS simulation software to model the heat losses from a building envelope being heated by 

an air-source heat pump and considered the operation with and without a demand-side 

management controller. The study compared using an underfloor heating system operating 

between 30-40oC to using a radiator operating between 45-55oC. The study showed that using a 

DSM control did not significantly change the total energy consumed by the system, but it was able 

to shift the consumption profile away from the peak period. 

Some studies have shown that using PCM thermal storage can improve the COP of a heat pump 

operation. A study by Han et al. [55] used MATLAB to simulate the operation of a solar-assisted 

ground source heat pump with PCM storage. The simulation showed that utilizing solar and ground 

heat was able to maintain an average COP of 3.28 during the severely cold winter season in Harbin, 

China. The reason for COP increase was attributed to the PCM storage increasing the energy 

recovery from the solar collectors. 

Geothermal boreholes, which are simplified as a constant- temperature input in this study, are very 

complex in their engineering design, sizing and selection. A study by Bernier [32] used a case 

study building having a floor area of 1486 m 2 and calculated the length of the borehole required 

to meet the demand of the heat pump system. The study showed the challenges in bore hole field 
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sizing is very complex, and requires knowledge of ground loads, seasonal thermal imbalances, 

ground temperature, and ground heat transfer. The cost of the borehole field can at- tribute a large 

percentage of the overall cost of a GSHP, and there- fore over sizing the borehole field can result 

in substantial cost in- crease. The study showed that improved thermal conductivity of grout 

reduced the required field size by 23%. The study concluded that the use of high efficiency ground-

source heat pumps can result in substantial CO 2 savings. Geothermal boreholes exhibit large 

thermal storage capacities, but unlike water and PCM with charging time intervals of the order of 

hours, geothermal storage changes in the time scale of days, weeks and months. 

4.3 Numerical Model 

This study presents a novel detailed numerical model of a ground-source heat pump operating with 

a baseboard heater and a thermal storage unit and uses the system as a case study to demonstrate 

the benefit of PCM thermal storage and compare the results to reduced analytical approximations 

of storage performance. Analytically, the required volume for effective demand response is a 

function of the energy density of the storage medium. The volumetric energy density of water is 

described by: 

𝑞𝑉 
𝑊𝑎𝑡𝑒𝑟

=  (
𝑄

𝑉
) = 𝜌𝐶𝑝∆𝑇     (3) 

where 

∆𝑇 =  ∆𝑇𝑠𝑦𝑠𝑡𝑒𝑚 =  𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛     (4) 

The temperature range of a heat pump system is generally constrained, with low temperatures 

requiring very large heat exchangers, and high temperatures substantially reducing the COP of the 
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heat pump. Furthermore, most heat pump systems are designed for a limited operating temperature 

range, ∆𝑇, depending on the hot heat exchanger (e.g. in floor heating at 30-40oC and radiators at 

45-55oC [30] [56]). The small ∆𝑇 causes the energy storage density of water to be very low, which 

requires larger volumes and increases the cost of thermal storage.  

Alternatively, PCM can be used as a storage medium, and they have the benefit of maintaining 

high energy density in low temperature ranges bounding the PCM melting temperature. The 

volumetric energy density of PCMs is defined by: 

𝑞𝑉 
𝑃𝐶𝑀

=  (
𝑄

𝑉
) =  𝜌(𝐶𝑝,𝑃𝐶𝑀∆𝑇 + ℎ𝑓)    (5) 

where, 

𝑇𝑚𝑖𝑛 <  𝑇𝑚𝑒𝑙𝑡/𝑠𝑜𝑙𝑖𝑑. < 𝑇𝑚𝑎𝑥      (6) 

A typical storage system will use water as a heat transfer fluid, making most PCM storage tanks a 

hybrid of water and PCM. The energy density of a hybrid PCM-Water tank is described by: 

𝑞𝑉 ℎ𝑦𝑏𝑟𝑖𝑑 =  
𝑉𝑊𝑎𝑡𝑒𝑟 .𝑞𝑉 𝑊𝑎𝑡𝑒𝑟+ 𝑉𝑃𝐶𝑀 .𝑞𝑉 𝑃𝐶𝑀

𝑉𝑊𝑎𝑡𝑒𝑟+ 𝑉𝑃𝐶𝑀
    (7) 

This study demonstrates how: 1) Thermal storage can improve the demand response of residential 

buildings, 2) Analytical models can predict required energy storage volumes for peak periods, 3) 

Hybrid water-PCM tanks can reduce storage volumes compared to water only systems. By adding 

TES to heat pumps, it improves their demand response flexibility, and allows them to be scheduled 

optimally to reduce cost and ultimately CO2 emissions applied to an appropriate Time-of-Use 

strategy. 
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TES is widely used in literature for DSM, with numerous experimental and numerical studies 

discussed in detail in the Background Section of this paper. The system being considered in this 

study, depicted in Figure 3, is composed of a ground-source heat pump, using a borehole field with 

incoming fluid temperature at 6oC, and is used to charge a thermal storage tank to various 

temperatures. The storage tank circulates water through a baseboard heater and provides heat to 

the building. The numerical model of the thermal storage unit allows for by-passing the storage 

such that heat can flow from the heat pump directly to the baseboard heater with minimal storage 

capacity at the top node. The thermal store is kept charged at maximum temperature, 𝑇𝑚𝑎𝑥, until 

the scheduled peak electricity period, where the operating temperature of the heat pump’s hot side 

is decreased, and the thermal storage unit fully discharges until reaching the minimum allowable 

temperature, 𝑇𝑚𝑖𝑛, required to maintain thermal comfort. The values of 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 are a 

function of the building heat exchanger (e.g. baseboard heater which operates between 35-45oC).  

The losses for the tank were shown to be less than 2% with adequate insulation, and losses were 

assumed to flow into the building. This study proposes an analytical framework to select and size 

the appropriate thermal storage component in residential applications and predicts the reduction in 

energy consumption during peak as a function of TES type and volume.  

A carefully validated numerical model was simulated in TRNSYS [57] to reflect the transient 

performance of the heat pump system and was used to compare the benefit of water-only and 

hybrid water-PCM thermal energy storage on the overall load shifting performance. 

TRNSYS is a system simulation software, which uses reduced numerical models of thermal 

components to simulate transient system behavior. Some component models are described in terms 
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of their steady-state operation, such as solar collectors and heat pumps, and model the changes in 

performance as a function of input parameters (e.g. solar radiation, input coolant temperature, and 

flow rate). Conversely, transient components such as thermal storage are discretized in one 

dimension, with each discrete node containing a perfectly mixed volume of water of a constant 

heat capacity. The simulation platform simulates the system at each time step and uses the outputs 

of various component models to re-establish the new condition in the transient components, which 

are used as inputs in the next time step. This discretized numerical scheme is able to track the 

performance of a system without the need for complex component models (e.g. 3-D Computational 

Fluid Dynamics simulation) and allows for long term system simulations.  

The model can track overall system performance as a function of one or more parameters (e.g. heat 

pump size, flow rate, and set-point temperature), and can be used to optimize the system for one 

or more objective functions. The TRNSYS model can also implement realistic controls of the 

system, such as thermostats, which reflect the operation of the system under real conditions.  

Since TRNSYS is using simplified models to describe the operation of various components, they 

require user inputs to validate and match the performance of components to commercially 

available components. Components must be validated across the full range of parameters in which 

they are used, and extrapolation of the models can result in non-realistic behavior of the 

components.  

The components used in the simulation can be separated into: 3.1 Water-to-Water heat pump 3.2 

Thermal Storage Unit 3.3 Baseboard heat exchanger 3.4 Building heat loss 3.5 Controls and 

Settings Below is a brief discussion of each of the above component models: 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 129 of 241 

 

Water-to-Water heat pump 

 A steady state model of a single-stage Water-to-Water heat pump unit is available in 

TRNSYS as component ‘Type 927’ with tabulated values for a Trane WPWD 024 Heat Pump. 

Heat pump performance is described by their Coefficient of Performance (COP), and the model 

captures the changes in heat pump COP and capacity as a function of source and load temperatures 

and flow rates. The performance of the simulated heat pump unit was compared against data from 

Bernier [32] for several ground source heat pump units available commercially and is shown in 

Figure 4. The TRNSYS simulated component exhibits a COP curve like that of commercially 

available heat pump units for the range of applicable ground source inlet temperatures, which 

allows for the prediction of the electrical input and thermal output of typical heat units based on 

manufacturers data. 
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Figure 4: Comparison of TRNSYS water to water heat pump model (Trane WPWD 024) to several commercially 
available ground source heat pump units rated 3 ton (10.5kW) as presented by Bernier [32]. 

Thermal Storage Unit 

The TES unit modeled in this study simulated a hybrid tank consisting of both water and PCM, 

which can be interchanged within the tank using a PCM volume fraction. The sensible and latent 

energy storage components are discussed separated below: 

Sensible Energy Storage  

The water storage tank was modeled as ‘Type4a’ in TRNSYS, which assumes a stratified, one 

dimensional, 20-node tank with fixed inlets. The numerical model inherently introduces mixing 

into the tank, and this numerical mixing increases as the number of nodes decreases. The 20-node 

tank simulated showed similar mixing to that of experimental tanks at the anticipated flow rates 
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[58] observed in the current study. The daily heat losses from an insulated tank operating at the 

temperature range of this application (35-55oC) was less than 2% of total capacity, and losses 

during the discharging period were negligible.  

PCM Thermal Storage 

Latent energy storage was numerically modeled in this study as a hybrid water-PCM tank with the 

PCM encapsulated in 2 cm thick horizontal rectangular slabs. Symmetric one-dimensional melting 

and solidification in the thickness was modeled in TRNSYS (by modifying Type4a) using the 

quasi-stationary approximation [59] at each slab. The model contained 20 slabs of PCM 

individually modeled at equal vertical locations matching the 20-nodes of the water tank. Figure 5 

below depicts the hybrid water-PCM tanks. 

 

Figure 5: Schematic representing the geometry of the hybrid water-PCM tank with slender rectangular PCM 
modules of 2cm thickness. 
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The quasi-stationary model is applicable in a region defined by the Biot and Stefan Numbers [59], 

taking into account the added thermal resistance during melting, and works well for slender PCM 

slabs modeled in this study (e.g. 2 cm thickness). The presence of water in the tank slows down 

temperature changes with time and improves the applicability of the inherently quasi-steady 

model. Sensible energy storage is also modeled in the PCM using the average sensible heat 

capacity and assuming a linear temperature profile through the thickness.  

The PCM tank model was verified against the Stefan and Neumann problems, and full details of 

the mathematical description and verification of the model is described in Hirmiz et al. [60]. The 

PCM module was also tested against the enthalpy porosity model described by Teamah et al. [7]. 

The heat transfer coefficient was assumed constant at 100 W/m2K for this simulation. 

Various PCMs for thermal storage are available in literature  [6] [61] [62] and they were selected 

and tested in the model based on their melting temperature. The melting temperature was always 

centered between the maximum (charged) and minimum (discharged) temperature across the tank, 

which in this simulation required a PCM melting at approximately 40oC. An example of a paraffin 

material exhibiting this melting temperature is heneicosane (C21H44), an alkane with 21 carbon 

atoms tabulated by Sharma et al. [61]. The properties of the PCM used in this study are shown in 

Table 4.  

Table 4: Properties of PCM used in the numerical model 

Melting temperature 40oC 

Density 800 kg/m3 

Latent heat of fusion 220 kJ/kg 

Sensible heat capacity 2.0 kJ/kg.K 

Thermal Conductivity 0.14 W/m.K 
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Baseboard heat exchanger 

The heat transfer to the building envelope was modeled in TRNSYS as a cross flow heat exchanger 

‘Type5f’ with water as the hot source fluid and air as the cold load fluid. The heat exchanger 

parameters were selected to reflect the performance of a baseboard heater [63] and the results are 

shown in Figure 6. The TRNSYS parameters used to simulate the heat exchanger are shown in 

Table 5, and the overall heat transfer coefficient and flow rate were scaled up to match the required 

heat demand of the application. 

 

Figure 6: Comparison of TRNSYS heat exchanger performance against the manufacturer data of a baseboard 
heater [63]. 

Table 5: The TRNSYS parameters used to simulate the baseboard heater per 0.3048 m in length (1 ft). 

 Heat Exchanger Parameter Value 

TRNSYS Component Type5f (cross-flow) 

Source-side flow rate 0.063 kg/s 

Overall Heat Transfer 9 W/K 

Load-side flow rate (Air) 0.2 kg/s 

Load-side temperature (Air) 20 oC 
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Building Envelope 

Efforts have been made to quantify space heating load for residential buildings (Kalema et al. [64], 

Yao et al. [29], Florides et al. [65], Minea et al. [66], and Woo et al. [67]). In this study, the building 

envelope was modeled as a single zone with a constant heat loss coefficient (UA) and a constant 

thermal mass, which can be described mathematically as: 

𝑄𝑂𝑈𝑇 𝐿𝑜𝑠𝑠𝑒𝑠=𝑈𝐴(𝑇𝑖𝑛𝑑𝑜𝑜𝑟−𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟)     (8) 

𝑑𝑇𝐼𝑛𝑑𝑜𝑜𝑟

𝑑𝑡
=

(𝑄𝐼𝑁 𝐵𝑎𝑠𝑒𝑏𝑜𝑎𝑟𝑑− 𝑄𝑂𝑈𝑇 𝐿𝑜𝑠𝑠𝑒𝑠)

𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
     (9) 

The thermal mass of the building, 𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔, was modeled after a light-weight wooden structure as 

described by Kalema et al. [64] with a value of 190 kJ/oC.m2 of floor area. The house modeled in 

this study was validated against data presented by Yao et al. [29] for typical UK residences (a 

detach house and a flat) with a floor area of 80 m2 as shown in Figure 7. The figure shows the 

response of the heating load in the TRNSYS model compared to data from Yao et al. with set point 

temperature changing between 15 to 19 oC depending on occupancy. It can be seen that the 

TRNSYS model is able to respond to changes in the temperature setpoint of the building and shows 

the transient change in heat demands from the heat pump as a function of time. The actual heat 

transfer profile will change with changing environmental conditions, but the model output of the 

transient behavior reflects that of a typical operation and can capture the influence of thermal 

storage during transient operating. The model assumed an outdoor temperature of 3oC, UA of the 

envelope of 0.3 kW/oC (detach house) and 0.15 kW/oC (apartment), and a heat pump load set point 

of 40oC.  
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Figure 7: Verification of TRNSYS model predictions against the transient data presented by for UK flats. 

The total heat demand was compared against the experimental results from Cholewa et al. [28] for 

residential flats in Poland using three different heating systems. The three types of heating systems 

consisted of A) a centralized heating system, B) a decentralized system using thermal stations, and 

C) a decentralized system at each flat using a bi-functional gas boiler. Figure 8 shows the energy 

consumption per day for heating as a function of outdoor temperature.  

The simplified building envelope model is meant for system-simulations with a focus on the 

thermal storage unit, and while realistic heat demands are required, there is no need for a multi-

zone detailed building envelope models reflecting the operating of a single case study building. 

The model’s prediction of total heat flow was therefore compared against experimental data from 

literature to show applicability to different climates. The experimental results from Poland show 
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consistently lower heating demands than the modeled UK apartments, however the trend of 

increase of heat demand as a function of outdoor temperature is captured well. While the total heat 

demand of any building will change as a function of outdoor conditions, ventilation, occupancy, 

and other factors. It can be seen from Figure 8 that the TRNSYS model is able to reflect a realistic 

heat demand based on outdoor temperature.  

 

Figure 8: Comparison of TRNSYS model of UK flat as presented by Yao et al. [29] against experimental data 
from Cholewa et al. [28] 

Controls 

Several levels of controls were simulated to ensure stable system operation, which are divided 

into: 1) Indoor Thermostat, 2) Storage Thermostat. 

1) Indoor Thermostat 
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The model used a single stage thermostatic ON/OFF controller which maintained the 

temperature of the house to within desired levels (e.g. 21 ± 0.5oC). When the temperature 

exceeded the maximum limit, the baseboard heater flow was reduced which reduced the 

heat input to the building. If the indoor temperature drops below the occupant comfort 

level, which is set to 21.0 ± 0.5 oC, the simulation is discarded. This ensured that the heat 

exchanger was sized such that peak heating requirements can be met, which resulted in 

different sizes based on heat losses and operating temperature. A detached home required 

60 m of the baseboard heater described in Figure 6 operating at an average 40oC. The inlet 

temperature to the baseboard heater is controlled by a separate Storage thermostat. 

2) Storage thermostat 

A temperature set point is prescribed at the inlet of the baseboard heater, 𝑇𝐼𝑁 𝐵𝑎𝑠𝑒𝑏𝑜𝑎𝑟𝑑, 

which drops during peak to allow the discharge of the storage unit. A 3-stage thermostat is 

used to control 𝑇𝐼𝑁 𝐵𝑎𝑠𝑒𝑏𝑜𝑎𝑟𝑑: 

Stage 1: when the temperature drops below the upper limit, the heat pump is turned on first 

stage (11 kW nominal capacity). 

Stage 2: When the temperature continues to drop below middle limit, the heat pump is 

turned on full (22 kW nominal capacity, never occurs during peak for this study) 

Stage 3: If the temperature drops below minimum limit, an auxiliary heater is turned on 

with an additional 11 kW capacity.  
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Heat pumps generally operate with an ON/OFF control, and modern heat pumps have two stages 

(low, high), while the state of the art heat pumps can have continuous variable speed drive control. 

An experimental investigation by Karlsson et al. [31] focused the variable speed drive (VSD) 

control of a compressor in a ground source heat pump and compared the seasonal performance 

factor to that of a simple ON/OFF operation. The study quantified COP for two systems: a) using 

a supplementary heater outside the heat pump, and b) using a supplementary heater within the heat 

pump. The study showed that the COP can be improved by + 8–+ 22% using VSD when the heater 

is included in the heat pump (e.g. system b), however the ON/OFF system showed higher seasonal 

performance factor which includes all equipment used for control. The study concluded that higher 

efficiencies are required for motors and controllers used for controlling the compressor and the 

ground source pump in order to achieve higher seasonal performance factor using VSD 

System Verification (Appendix A) 

The overall system simulation described above was verified against results from Kelly et al. [52], 

who simulated a typical UK household heated with a heat pump and equipped with a 500 l hybrid 

water-PCM tank. Transient results of the UK households demonstrated the effect of demand side 

management on the heat pump power consumption, and the capability of PCM-water storage to 

meet the heating demands during high electric demand periods.  

The details of the simulation conditions, including the building characteristics, heat pump 

specifications, radiators, and operating temperature are described in Appendix A. The transient 

results of the heat output and power consumption over a 48-hour period were compared against 

the results from the TRNSYS simulation described above. The operating temperature was stated 
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to be between 45-55OC, but the air-source heat pump maintained the storage tank between 50-55oC 

using an on/off controller with a 10OC deadband. The low temperature differential is the main 

reason for considering PCM thermal energy storage to displace water. The two simulations showed 

good agreements, and the TRNSYS simulation was able to predict the heat and power consumption 

within 3.2 %. 

The study concluded that while thermal storage can shift peak demands, the overall power 

consumption, CO2 emissions, and running costs all increased when using demand side 

management. This was due to tank volume and capacity not being optimized for the system 

requirements. The analytical methodology presented in the Results section below demonstrates 

how to size PCM thermal storage to match the total demands during peak periods. 

4.4 Results 

The results of this study are meant to demonstrate the applicability of PCM thermal storage in a 

typical residential heating application coupled with a ground-source heat pump. An analytical 

prediction of the maximum energy storage density of PCM and water is used to guide and compare 

the results obtained from the model described above.  

The expected benefit of thermal storage can be defined as the reduction in electricity consumption 

during peak per volume of storage: 

𝐵𝑒𝑛𝑒𝑓𝑖𝑡 =  
𝑃𝑒𝑎𝑘 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑉𝑜𝑙𝑢𝑚𝑒
=

∆𝑊𝑃𝑒𝑎𝑘

𝑉
   (10) 
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where 

∆𝑊𝑃𝑒𝑎𝑘 =  𝑊𝑁𝑜 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑊𝑊𝑖𝑡ℎ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒    (11) 

where 𝑊is the cumulative electrical input into the compressor (in kWh), which is the integral of 

the instantaneous work curve: 

𝑊 =  ∫ 𝑊̇𝑑𝑡
𝑃𝑒𝑎𝑘 𝐸𝑛𝑑

𝑃𝑒𝑎𝑘 𝑆𝑡𝑎𝑟𝑡
      (12) 

This integral is the area under of curve sketched in Figure 9.  

 

Figure 9: Schematic representing the integral of electricity used during peak with and without demand side 
management. The RED profile represents the no-storage case, and the BLUE profile represents a storage case 
with demand side management. 

The heat loss from the building during peak (𝑄𝑃𝑒𝑎𝑘), assuming the indoor temperature is tightly 

controlled, is not a function of storage type and temperature. The heat losses from a single detached 

house can be described by: 
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𝑄𝑃𝑒𝑎𝑘 = ∫ 𝑄̇𝑃𝑒𝑎𝑘
𝑃𝑒𝑎𝑘 𝐸𝑛𝑑

𝑃𝑒𝑎𝑘 𝑆𝑡𝑎𝑟𝑡
𝑑𝑡 =  ∫ 𝑈𝐴 (𝑇𝑖𝑛𝑑𝑜𝑜𝑟 − 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟)

𝑃𝑒𝑎𝑘 𝐸𝑛𝑑

𝑃𝑒𝑎𝑘 𝑆𝑡𝑎𝑟𝑡
𝑑𝑡   (13) 

 

Where UA is the overall heat transfer conductance of the building.  

During peak, the heat losses are balanced by heat input from the heat pump as well as the storage 

unit: 

𝑄𝑃𝑒𝑎𝑘 =  𝑄𝐻𝑒𝑎𝑡 𝑃𝑢𝑚𝑝,𝑃𝑒𝑎𝑘 + 𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒     (14) 

where the heat from the heat pump can be defined as: 

   𝑄𝐻𝑒𝑎𝑡 𝑃𝑢𝑚𝑝,𝑃𝑒𝑎𝑘 = 𝐶𝑂𝑃. 𝑊𝑃𝑒𝑎𝑘          (15) 

And the heat from storage can be defined as: 

𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑞𝑉. 𝑉      (16) 

where 𝑞𝑣 is the energy storage density from equation 7, and 𝑉 is the storage volume. Equation 16 

presumes that the storage fully discharges during the peak. 

The electricity displaced during peak by storage can then be defined in terms of the heat delivered 

by storage, 𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒, and the average 𝐶𝑂𝑃 of the heat pump when no storage is used: 

∆𝑊𝑃𝑒𝑎𝑘 =  
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒

𝐶𝑂𝑃
=

𝑞𝑉.𝑉

𝐶𝑂𝑃
                (17) 

The benefit of storage can be represented by the slope of the line ∆𝑊𝑃𝑒𝑎𝑘(𝑉) , and this slope is a 

function of only the energy density of the medium and the average 𝐶𝑂𝑃 of the heat pump: 
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𝜕∆𝑊𝑃𝑒𝑎𝑘

𝜕𝑉
=  

𝑞𝑉

𝐶𝑂𝑃
       (18) 

The above expression defines the maximum theoretical benefit expected from storage. Actual 

performance will be lower than the above due to incomplete discharge, incomplete solidification 

of PCM, and heat losses. Analytical predictions in equation 18 are compared against transient 

numerical results in Figures 10 to 13, and the outcomes are discussed in detail in this section. 

The numerical model was used to simulate a case study of a detached home, similar to that 

described by Yao et al. [29], with an 11 kW heat pump similar to commercially available models 

described by Bernier [32]. The simulation calculated the total electrical energy consumed by the 

heat pump during a pre-scheduled peak period.  The results, summarized in Table 6, were 

compared against analytical predictions to demonstrate the influence of key parameter on thermal 

storage performance.  

Table 6: Summary of results 

Parameter Values Tested Figure 

Storage volume (m3) 0.125 to 4 Figures 10 to 13 

Peak duration (hours) 2, 4, and 6  Figure 10 

Storage avg. set point (oC) 40, 45, and 50 Figure 11 

PCM fraction (%) 0, 25, 50, and 75 Figure 12 

System ∆𝑇 (oC) 10, 5 Figure 13 

 

The first tested parameter was the duration of the peak, shown in Figure 10. The base case, 

represented by the initial starting point with no storage, represents a case without any demand 

response control. As storage is added to the system, a DSM strategy is implemented to keep the 

heat pump off starting at 6 am for durations of 2, 4 and 6 hours. The system is allowed to reach a 

pseudo-steady state, given over 24 hours of previous continuous operation, and is then exposed to 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

 

Page 143 of 241 

 

a change in storage temperature by a ∆𝑇=10oC.  The change in storage temperature allows the 

storage to discharge while the heat pump remains off. The initial slope is always sharper, and it 

represents the added benefit of the building’s thermal capacity as described in section 3.4.  

 

Figure 10: Heat pump electricity consumption during peak as a function of water storage volume for various 
peak durations. Storage set point = 40oC. System ∆T=10oC. COP=3.4. 

The numerical results after the initial drop remain at a near constant slope, 
𝜕∆𝑊𝑃𝑒𝑎𝑘

𝜕𝑉
, which closely 

matches the analytical slope defined by Equation 18. The numerical data matches the slope well 

for small to mid-sized storage units, but storage volume can be underpredicted by as much as 15% 

as the storage volume increases. The deviations from the analytical slope are due to incomplete 

discharge of the storage unit, with large tanks never being able to fully reach their minimum 

temperature as prescribed by the controller.  
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It is shown in Figure 10 that the total required storage size is a function of the total energy required 

during peak, and as the peak period increases, the total demanded energy increases, and the storage 

size must increase accordingly.  

The temperature set point of the hot storage unit influences the COP, which in turn influences total 

energy consumption during peak as represented by Figure 11. As the temperature set point 

increases, the power consumption during peak increases for all storage volumes. It is interesting 

to see the change in slope due to the change in COP of the heat pump as predicted by Equation 18. 

As the temperature set point of storage increases, the COP decreases, and the slope 
𝜕∆𝑊𝑃𝑒𝑎𝑘

𝜕𝑉
 

increases due to the inverse relationship in equation 18.  
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Figure 11: Heat pump electricity consumption during peak as a function of water storage volume for various 
hot storage set points. Peak duration=6 hours. System ∆T=10oC. COP=3.4, 2.7, and 2.5 for Storage Tset=40 oC, 
45 oC, and 50oC accordingly. 

Furthermore, all three storage set points require approximately same storage size, approximately 

2.25 m3 of water at  ∆𝑇=10oC to meet the heating demands of detached household (approximately 

30 kWh for a 6-hour peak). The volume is constant regardless of temperature setpoint because:  

1)  𝑄𝑃𝑒𝑎𝑘 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ≠ 𝑓(𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡,𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒)     (19) 

The required thermal energy for the peak period is constant regardless of set point and 

storage volume 

2)  𝑞𝑉 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ≠ 𝑓(𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡,𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒)     (20) 
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The energy density is constant since the ∆𝑇 is maintained constant and the storage medium 

is water only. 

3)  𝑉 =  
𝑄𝑃𝑒𝑎𝑘

𝑞𝑉
          (21) 

The required volume for zero heat pump consumption is always the thermal energy 

required divided by the volumetric energy density of the medium.  

In can be seen in Figure 11 that the numerical results deviate away from analytical predictions for 

large storage volume, which means it must have lower energy density. The energy density of a 

sensible medium, as described by equation 3, is a function of the temperature differential across 

the storage medium (∆𝑇). For a well-mixed tank, as the storage volume of water increases, the 

changes in temperature with time slow down, and for very large storage volumes the storage 

temperature never reaches the minimum allowable temperature during discharging, which in turn 

lowers the overall energy storage density. 

To demonstrate the benefit of PCM thermal storage, the volume fraction of PCM is changed in 

Figure 12 while keeping all other parameters constant. Detailed numerical predictions of hybrid 

water-PCM storage with 2 cm thick PCM slabs are compared against analytical predictions, and 

the results match within +/- 0.2 kWh of electric consumption (3% of total peak electric 

consumption). The numerical model captures the transient heat transfer behavior of the 

solidification process during discharging, and matching analytical predictions demonstrates that 

complete solidification occurs in these cases. Incomplete solidification for large volumes of PCM 

results in numerical predictions to deviate from analytical predictions.   
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Figure 12: Heat pump electricity consumption during peak as a function of storage volume for various PCM 

volume fractions. Peak duration=6 hours. System ∆T=10oC. COP=3.4. Tmelt=40oC 

The slope 
𝜕∆𝑊𝑃𝑒𝑎𝑘

𝜕𝑉
 expressed in Equation 18 is a function of the storage energy density, and as the 

%PCM is increased, the slope increases, and less storage volume is required to maintain the same 

performance. Since the operating temperature range in this case is maintained to ∆𝑇=10oC, 

between 35oC and 45oC, the energy storage density of PCM is much larger than that of water. 

Storage volumes can be reduced by over 3-fold when using hybrid thermal storage with 75% PCM 

volume fraction.  

The main benefit of PCM thermal storage is its ability to maintain high energy density, 𝑞𝑉, under 

limited temperature differentials (∆𝑇). The limited thermal conductivity of PCM, however, can 

result in incomplete solidification during discharge, resulting in lower performance. This is 
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especially true when the driving temperature differential between the fluid and the PCM is limited. 

The numerical model of a hybrid water-PCM storage system described in section 3 considers the 

transient heat transfer behavior of PCM during solidification, and its interaction of the 

instantaneous heat demand and temperature control systems. The simplified analytical predictions 

assumed that complete solidification occurs during discharging.  

The effect of limited operating temperature range on the performance of thermal storage is 

demonstrated in Figure 13, which shows the impact of limiting ∆𝑇 from 10 to 5oC. The slope  

𝜕∆𝑊𝑃𝑒𝑎𝑘

𝜕𝑉
 expressed in equation 18 is a function of 𝑞𝑉, which in turn is a function of the temperature 

difference ∆𝑇 (equations 3, 5, and 7). As expected, the performance of water deteriorates 

substantially due to the linear relationship between heat capacity and allowable temperature 

difference, while PCM maintains most of its energy density.  
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Figure 13: Heat pump electricity consumption during peak as a function of storage volume for water and 50% 

PCM at System ∆T=5 and 10oC. Peak duration=6 hours. COP=3.4. Tmelt=45oC 

The key to designing PCM thermal energy storage is in the rate limitations of charging and 

discharging occurring in transient operation. Given the heat transfer rates required for this case 

study, limiting the temperature difference to 5oC did not substantially influence the solidification 

of a 2 cm slab of PCM.  This geometry is effective for a wide range of heating applications, and 

for both a detached home and an apartment the results of PCM thermal storage matched the 

analytical approximations for the same 2 cm thickness slab geometry.  

The reduced analytical model was able to track the full-system numerical simulation well, and the 

maximum error in each figure is shown in Table 5 below. The maximum error was always 

observed for large storage volumes where the analytical prediction approaches zero, which is due 
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to the energy density of the storage medium not reaching its maximum theoretical expectations. 

The maximum error was 1.65 kWh which corresponds to approximately 13% of the total required 

electrical energy during peak.  

Table 7: Maximum error between the analytical and numerical model for the presented results. 

Figure 9 10 11 12 

Maximum Error (kWh) 0.48 1.65 0.48 1.63 

 

The performance of the hybrid water-PCM can be limited by several factors, including a mismatch 

between the size of the heat pump and the load heat exchanger (e.g. baseboard heater). The heat 

pump should have a thermal output such that it is able to match the expected heat losses from the 

building, while the load heat exchanger must be sized to deliver this thermal output to the building 

at the design temperature. As the size of various components change, it is crucial to operate the 

system at the appropriate flow rates to maximize system output.  

The performance of PCM can also be limited due to improper selection of the melting temperature. 

The melting temperature best suited for this application was the average temperature across the 

storage temperature change (∆𝑇). For example, when the storage temperature was changed from 

50oC to 40oC during peak, the best suited PCM melting temperature was 45oC (Figure 12).  

The applicability of PCM thermal storage instead of water as a thermal storage medium can be 

summarized by the temperature differential, the sensible heat capacity, the latent heat capacity, the 

thermal conductivity, the heat transfer coefficient, and the encapsulation thickness. All these 

parameters are captured by the Biot and Stefan numbers defined as: 
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𝑆𝑡 = 𝑆𝑡𝑒𝑓𝑎𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 =  
𝐶𝑝,𝑃𝐶𝑀∆𝑇𝑃𝐶𝑀

ℎ𝑓
     (22) 

 

𝐵𝑖 = 𝐵𝑖𝑜𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 =  
𝑈.𝐿

𝑘𝑃𝐶𝑀
     (23) 

 

Where 𝑈 is the heat transfer coefficient on the PCM encapsulation surface, 𝐿 is half of the 

encapsulation thickness (due to symmetry), and 𝑘 is the thermal conductivity of the PCM.  

The region in which the solutions to the above thermal storage problem, in terms of PCM 

encapsulation thickness of 2 cm, falls within the applicable region of the analytical quasi-stationary 

solution for PCM melting and freezing as shown in Figure 14. 
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Figure 14: The solutions for PCM thermal storage encapsulation based on Figures 9-12 superimposed on the 
region of applicability of the quasi-stationary application based on the Biot and Stefan numbers as described 
in [59]. 

The results from Figures 9 to 12 all have the same Biot number, which is based on the 

encapsulation thickness, the convective heat transfer coefficient, and the thermal conductivity of 

the PCM as per equation 23. All those parameters are kept constant, and only encapsulation 

thickness of 2cm was modeled in this study. The Stefan number is different based on the operating 

temperature setpoint, as per equation 22, and this study varies the temperature setpoint as well as 

the system ∆𝑇, which causes a change in the Stefan number.  

   Results in Fig 10-13 
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4.5 Conclusion 

Heat pumps represent an opportunity to reduce CO2 emissions by moving away from fossil-based 

heating in residential applications. Thermal energy storage integrated into the building heating 

system can reduce peaks in the electric grid and help better utilize renewable and low-CO2 energy 

sources. Thermal storage in phase change materials is a better fit for heat pump applications due 

to the limited temperature differential and steady rate of heat input and output.  

This study investigated the feasibility of integrating phase change material (PCM) thermal storage 

into heat pump systems to assist in demand side management (DSM). A validated numerical model 

describing a heat pump heating system with hot storage was developed and the results were 

compared against simplified analytical predictions that can be used in the design of such systems 

and predict the benefit of thermal storage. The study shows that: 

• Thermal energy storage can completely offset peak demand periods ranging between 2 

to 6 hours with sufficient storage volumes, however storage volumes for water only can 

be very large. A volume of 2.5 m3 of water is required for 6 hours of load shift in a detached 

home. 

• The reduced analytical model is able to track the numerical system simulation, and the 

maximum error was observed to be within 13%. The maximum error occurs for large 

storage volumes in which the analytical predictions approach zero electric consumption. 

The errors are due to actual energy density of storage mediums not reaching their 

maximum potential. This is because water is not able to reach the minimum allowable 

temperature during discharging, and PCM not able to fully solidify during discharging.  
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• The encapsulation thickness of 2 cm used in this study can match the rate of heat transfer 

required by the system for most storage volumes until they approach zero electric 

consumption. A region of applicability of PCM thermal storage was defined in terms of the 

Biot and Stefan numbers, and they fall within the applicable region of the analytical quasi-

stationary approximation for melting and solidification. 

• Substantial volume savings can be attained when using a hybrid PCM-water tank 

compared to using water-only in a limited temperature environment ∆𝑇=10oC or lower. A 

hybrid PCM water tank with 75% PCM can reduce storage volume by up to 3-fold 

compared to water only.  

• The heat exchangers (e.g. baseboard heater) used to deliver the heat to the home are 

sized to operate at specific inlet fluid temperature. As the storage unit discharges, the fluid 

temperature provided to the heat exchanger drops, but it must be maintained above a 

minimum design temperature. For this reason, thermal storage units are typically charged 

to a higher temperature than that required by the heat exchanger to ensure adequate heat 

transfer during discharging. The COP of the heat pump will decrease as the storage 

temperature increases, which causes the total daily electric consumption to increase when 

using storage.  The COP was reduced from 3.4 to 2.5 when changing charged storage 

temperature between 40oC to 50oC. The benefit of thermal energy storage is to reduce 

CO2 emissions from the grid by utilizing low-CO2 electricity during off-peak periods. 

Thermal storage is not an energy efficiency solution and it will generally lead to an increase 

in the overall electric consumption over a day.  

• Using low temperature heat exchangers (e.g. in-floor heating) can be combined with 

thermal storage to increase the COP while responding to demand side management 

simultaneously.  
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Appendix 4: System Verification 

The predictions of the present code were verified against the results of Kelly et al. [52] for a typical 

UK detached home. They simulated the operation of water thermal energy storage, with and 

without phase change material (PCM), acting to shift the electric consumption of the heat pump to 

off-peak periods. The system they studied is shown in Figure A.1. It provides the space heating 

requirements through two radiators. In addition, it provides hot water demand dispersed 

throughout the day. The building parameters are given in Table A.1. The air source heat pump 

(ASHP) parameters are given in Table A.2. 
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Figure A.1. Schematic of the system studied by Kelly et al. [52]. 

Table A.1. Building parameters 

Fabric element U-value (W/m2K) Area (m2) 

Glazing 3.3 24 

External walls 0.37 134 

Ground floor 0.09 68 

Upper floor 0.13 68 

Additional information  

Total building floor area 136 m2 

Total building volume 448 m3 

Total heated volume 136 m3 

Average air change rate (air-changes-per-hour) 0.5 
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Table A.2. Air source heat pump parameters 

Effective mass (kg) 110 

Effective mass specific heat (J/kgK) 3700 

Heat loss modulus UA 15 

Pump rating (W) 95 

Mass flow rate at rated pump power (kg/s) 0.26 

Maximum ASHP inlet temperature (oC) 65 

Nominal water return temperature (oC) 45-55 

 

In their simulations they considered a hybrid buffer tank of 500 lit containing 50% PCM by 

volume. They simulated several days to reach almost a steady state. They plotted the hours of 

operation, power and heat output from the ASHP. As seen from Figure A.2., the operation of the 

pump was shifted to off-peak hours (Midnight, late afternoon, and late evening) due to the thermal 

buffer introduced by the tank. The results show good agreement with the TRNSYS simulation 

described in this study, and a maximum deviation of 3.2% was observed for both power and heat 

output.  
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Figure A.2: Comparison of present code predictions for pump power and heat output with the results 
reported by Kelly et al. [51]. (Time= 48 hours denotes to the mid night of third day of simulations). 
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Chapter 5: Analytical and numerical sizing of phase change material thickness 

for rectangular encapsulations in hybrid thermal storage tanks for residential 

heat pump systems 
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Abstract 

Thermal energy storage is essential to the operation of many systems. It plays a vital role in many 

renewable and CO2-reducing technologies which have a mismatch in time between when thermal 

energy is available and required. Water is the most commonly used thermal storage medium in 

many applications, however, for systems with a small temperature operating range, large storage 

volumes may be required since the energy storage capacity of water is proportional to the 

temperature range.  In contrast, phase change materials (PCMs) can maintain high energy 
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capacity under limited temperature conditions, but they typically have low thermal conductivities 

which results in slow melting/solidification rates.  As such, careful design of the encapsulation 

geometry is required to take advantage of phase change thermal storage. Systems using phase 

change materials must ensure complete melting, and the encapsulation thickness must be designed 

according the system needs.  

Models of hybrid storage tanks employing both water and PCM are investigated, with PCM 

encapsulations embedded in water. This study uses a novel application of analytical formulations 

of 1-D melting to size rectangular PCM encapsulation to match the requirements of a residential 

heat pump system. With boundary conditions that reflect the heat pump and storage 

characteristics, the proposed analytical solution links encapsulation thickness to system 

requirements. The analytical formulation is derived for encapsulation thickness in terms of heat 

pump rating, temperature differential, storage material, and storage volume. The solution was 

verified through system-level numerical simulations using TRNSYS and an in-house enthalpy-

porosity modeling tools detailed in the paper. The verifications have shown a good agreement, 

and the melt thickness predictions were within 4% between both models. The study proposes using 

the methodology as a standard for designing hybrid water-phase change material thermal storage 

for heat pumps, which can be expanded to various PCM geometries and thermal systems.  
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Analytically sizing PCM encapsulations based on system requirements 

Case study of residential heat pumps for demand side management 
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Nomenclature 

𝐵𝑖 Biot Number 𝑇𝑓 Final temperature of storage (°C) 

𝐶𝑂𝑃 Coefficient of performance 𝑇𝑞𝑠 Temperature profile based on quasi-

stationary approximation (°C) 

 

𝐶𝑝 Heat capacity (kJ/kg.K) 𝑇(𝑥, 𝑡) PCM Temperature profile(°C)) 

𝐹𝑜 Fourier Number ∆𝑇 Temperature difference (°C) 

𝐻 Heat of fusion (kJ/kg)   𝑡 Time (s) 

ℎ Heat transfer coefficient (W/m2.K) 𝑡𝑜 System/storage time constant (s) 

𝑘𝑃𝐶𝑀 Thermal conductivity of PCM  

(W/m.K) 

𝑢 Non-dimensional temperature 

𝑆𝑡 Stefan Number 𝑄 Total thermal energy integrated 

over time period 𝜏 (kJ) 

 

𝑇𝑜 Initial temperature of storage (°C) 𝑄̇ Thermal energy rate (kW) 

 

𝑇𝑓𝑎𝑐𝑒 Temperature of the PCM-water 

interface (°C) 

𝑞𝑉 Volumetric energy density (kJ/m3) 
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𝑇𝐹𝐿𝑈𝐼𝐷 Temperature of convective water on 

the water-PCM interface (°C) 

𝑉 Storage volume (m3) 

𝑇𝑚𝑎𝑥 Maximum system temperature (°C) 𝑞̇𝑃𝐶𝑀 Rate of heat transfer into PCM  

(W/m2) 

𝑇𝑚𝑒𝑙𝑡 PCM melting temperature (°C) 𝑥 Spatial location in the direction of  

PCM melting (m) 

𝑇𝑚𝑖𝑛 Minimum system temperature (°C) 𝑋(𝑡) Melt location in time (m)  

𝜌 Density (kg/m3) 𝐿 PCM module thickness (m) 

 

 

𝑥̂ Arbitrary length scale (m) 𝜎 Non-dimensional melt location 

𝜉 Non-dimensional space 𝜆 Scaling parameter in Neumann  

solution 

 

𝜏 Non-dimensional time 𝛼 Thermal diffusivity (m2/s) 

∅𝑃𝐶𝑀 PCM volume fraction   
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5.1 Introduction 

Global energy consumption has been steadily growing with an average increase of 2% per year in 

primary energy supply between 2000 and 2015 [1], with most of the energy supply being derived 

from fossil-based sources resulting in substantial CO2 emissions. Reducing the global reliance on 

fossil fuels and improving the efficiency of energy systems are essential to reducing CO2 emissions. 

Thermal energy storage is a vital component of many systems acting to reduce CO2 emissions, 

such as solar domestic hot water heaters [2], electric-grid demand-side management systems [3] 

and solar or waste heat and absorption chillers [4]. In these systems, the design of the thermal 

energy storage unit includes careful selection of the storage material, the storage volume, the 

containment design, and the operating temperature. 

Thermal energy storage is particularly beneficial in systems that have an inherent mismatch in time 

between thermal energy supply and demand. Materials used for thermal storage can be divided into 

three types: sensible, latent, and chemical [5]. In sensible storage materials, the energy stored is 

proportional to the temperature change of the medium, while energy can be stored at near constant-

temperatures for Phase Change Materials (PCMs) around their melting temperature. This study 

focuses on storage materials for residential and commercial building applications, in which water 

is the most commonly used material. The study focuses on systems that benefit from incorporating 

PCM into water storage.  

The rate of melting and solidification is still seen as the biggest obstacle to the wide expansion of 

PCM thermal storage into commercial systems [5] [6] [7] [8], and several researchers have reported 
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results for various methods to enhance heat transfer. The heat transfer enhancement methods can 

be divided into passive or active: passive methods include careful choice of encapsulation 

geometry, fins, and embedded particles [6]. Some active methods have been investigated by 

researchers which include ultrasonic vibrations [9] and electrohydrodynamics [10]. These methods 

can act to enhance the effective thermal conductivity of PCM materials and hence reduce the 

required charging/discharging time for full deployment of PCM latent heat. 

This study focuses on the influence of the rectangular encapsulation geometry on the PCM heat 

transfer. Careful sizing of the PCM encapsulations is required to ensure that the latent heat 

capabilities for energy storage are fully exploited. This study utilizes analytical solutions to the 

quasi-stationary approximation, which models the melting and solidification of PCM to solve for 

rectangular encapsulation thickness. By assuming boundary conditions that reflect the system 

operation, the analytical solution links encapsulation thickness to system requirements. In the 

current state-of-the-art literature, there is no standard method to size the PCM encapsulations based 

on system parameters such as charging/discharging rates, storage volume and operating 

temperature range. In space heating applications, the charging rate is more important since the 

time-scales are generally shorter than typical discharging periods, but this will vary based on the 

application. This study demonstrates how to size encapsulation thickness to ensure complete 

melting during charging under varying system parameters. The predictions were verified by 

numerical simulations of charging a hybrid water-PCM tank by a heat pump. 
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5.2 Background 

Applications of PCM thermal storage 

In solar domestic hot water systems, solar energy is captured through thermal collectors and is 

circulated to a storage tank through a heat transfer fluid. Water is the most commonly used storage 

method in these systems [2]. Water thermal storage has many advantages over PCM in some 

applications due to its simplicity, lower cost [11], wider availability, and quick discharging rates. 

Water has a large energy density under large temperature differentials, making it ideal for domestic 

hot water heating applications. Typically, solar heaters raise water temperature from the mains at 

approximately 10°C up to 60°C with an overall temperature differential of ∆𝑇 =50°C [12]. While 

water tends to be the cheapest type of thermal storage medium compared to latent and chemical, it 

has a relatively low energy density if the system operating temperature ranges are small [11]. 

Many systems exhibit much more limited temperature ranges, such as building heating and cooling 

systems (chillers, absorption chillers, heat pumps, and geothermal boreholes) that operate under a 

system temperature differential (∆𝑇) below 30°C. In these applications, PCM thermal energy 

storage has the potential to reduce storage volume compared to water due to the large latent heat 

absorbed in limited temperature range when operated around the melt temperature. 

Phase change materials (PCMs) are generally divided into organic, inorganic, and eutectic. Organic 

materials, including paraffins, tend to be non-corrosive and self-nucleating which reduces the 

possibility of supercooling the liquid beyond the melting temperature [13], a problem commonly 
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encountered by inorganic materials [14]. In contrast, inorganic materials can have twice the energy 

density of organic materials, but they tend to be corrosive and prone to large levels of supercooling 

[13] [14]. Eutectics are mixtures of two or more materials, resulting in a melting temperature falling 

over a large range. The most widely used PCMs in research are paraffins (organic) and salt hydrates 

(inorganic) [15], with paraffins showing better stability of thermo-physical properties as it is cycled 

for long term when compared to salt hydrates [15] [16]. Applications of PCM are usually 

characterized as low temperature (0-80°C), medium temperature (90-150°C), or high temperature 

(>150°C) [8]. For melting temperatures below 100°C, paraffins and salt hydrates are shown to be 

the most promising and widely used mediums [17]. Both paraffins and salt hydrates are 

commercially available as micro/macro encapsulated products [18]. 

A review by Mengjie et al. [19] described the numerous applications of PCM thermal energy 

storage in buildings, and their integration into the building envelope as well as heating and cooling 

equipment. While researchers utilized various materials, the melting temperature selection ranged 

between 10 to 39°C for envelope applications and from 15 to 77°C for equipment applications. The 

use of thermal energy storage, and PCM specifically, was shown to improve the efficiency of some 

equipment and to better maintain the thermal comfort of occupants due to their inherent 

temperature modulating effect when operated near the melt temperature. Examples of PCM 

integration into buildings include building core, external façade, suspended ceilings, ventilation 

equipment, and residential hot water in hybrid water-PCM tanks [20].  
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Systems integrating PCM into the building envelope expose storage to an uncontrolled 

environment temperature range, which substantially changes the energy density of PCM. The use 

of PCM thermal storage for cooling buildings was studied by Souayfane et al. [21]. While PCM 

performed well under certain temperature conditions, extremely hot summer periods changed the 

operating temperature range resulting in incomplete solidification of PCM during the night. 

Consequently, most applications of solar thermal energy storage employing PCM are found in 

European climates where daily temperature fluctuations are small [8]. 

Alternatively, active thermal storage integrated into the heating and cooling equipment can be 

temperature controlled, and the imposed system temperature differential can be maintained 

constant regardless of external conditions. An example of such temperature controlled thermal 

systems are heat pumps. Commercially available heat pumps usually operate within a temperature 

differential ∆𝑇 from 20 to 30°C [22]. Thermal energy storage has been incorporated into heat 

pumps in many applications for the purpose of electric-grid demand side management, with some 

experimental studies utilizing PCM as a thermal storage medium [23] [24] [25]. The rate of heat 

delivery and recovery into PCM thermal storage depends on the encapsulation geometry, 

temperature differential, and melting temperature. This makes designing PCM thermal storage 

much more complex when compared to water, especially for heating and cooling applications in 

which water makes an excellent working fluid. Currently, no standard design method is available 

in the state-of-the-art literature to size PCM encapsulation in heat pump applications.  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 180 of 245 

 

Absorption cooling systems utilize thermal energy from solar and waste heat sources to provide 

cooling and displace the use of a compressor, another example of thermal equipment operating 

under limited temperature differentials. Full scale installation of solar cooling systems by Syed et 

al. [26], Pongtornkulpanich et al. [27], and Zhai et al. [28] used water thermal storage, and operated 

the storage tanks with an average temperature differential ∆𝑇 =25°C. The energy storage density 

of a paraffin (for example RT80HC [5] [29]) is ~2 times larger than that of water when operating 

at a temperature differential ∆𝑇 =25°C. While PCM thermal storage presents an opportunity for 

reducing storage volumes, most applications of solar cooling utilize water instead of PCM as the 

thermal storage medium [30] [31].  

The encapsulation design of PCM thermal storage is critical to the performance of storage in these 

applications, and encapsulation geometry must consider heat transfer rates, reduce supercooling, 

and allow for volume change during phase transformation [14]. While many studies, especially for 

inorganic PCMs, have utilized micro- and even nano-encapsulation geometries [14], they tend to 

be expensive and non-competitive in simple residential applications where water is most 

commonly used.  

A critical review by Xie et al. [32] discussed state of the art research utilizing macro-encapsulations 

of PCMs imbedded in water. The encapsulation thicknesses for most studies were in the order of 

centimeters. Hybrid water-PCM tanks have the advantages of water thermal storage, making them 

interchangeable with water tanks in many cases, but can increase energy storage density in limited-

temperature applications through PCM latent heat. 
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The current study focuses on hybrid water-PCM tanks integrated into heat pump systems.  This 

application is an excellent candidate for PCM storage due to the limited operating temperature 

range for space heating.  Moreover, the integration of thermal energy storage into a heat pump 

system allows the opportunity for electrical load shifting by charging the thermal storage during 

non-peak electrical periods. 

Models of PCM melting and solidification 

The design of PCM thermal energy storage depends on the system it is integrated within, and the 

parameters such as storage volume, charging rate, temperature differential, and rates of charging 

and discharging must influence encapsulation thickness.  As such, mathematical modelling of the 

PCM heat transfer should be based on system level boundary conditions.  

The wide use of water storage in thermal systems has resulted in many system-level engineering 

design methods for storage volume. For example, the f-chart method is used to size water storage 

units in solar hot water systems [33], and utilizes a chart-based approach using results from 

extensive numerical simulations. The method solves for storage volume based on system 

parameters such as collector area, collector flow rate, and hot water consumption. While the f-chart 

method applies only to solar hot water systems under the conditions simulated, it was expanded to 

other systems such as absorption cooling by Joudi et al. [34], who utilized the f-chart method to 

design solar absorption cooling systems and using the TRNSYS platform to generate a numerical 

database. The method provided approximate required storage volumes based on incident solar 

radiation, outdoor temperature, and humidity. Unlike water thermal storage there is no standard 
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system-level method to size PCM or hybrid water-PCM storage tanks for thermal systems. The 

current study imposes system-level boundary conditions to existing analytical models of PCM 

melting and solidification to predict melting behaviour under system operation.  The work provides 

a tool to size PCM encapsulation thickness based on system parameters. 

Analytical and numerical models of PCM melting and solidification have been proposed in the 

literature [35] [36] [37]. Analytical models provide a closed-form solution of the problem, with a 

clear relationship between the objective function and the dependant parameters. Analytical 

methods can solve for the rate of heat transfer into PCM modules, which when combined with the 

storage capacity requirements, can be used to size thermal energy storage for a system.  

The most basic analytical problem of PCM melting was proposed by J. Stefan in 1890 as a system 

of partial differential equations [35]. The Neumann solution is obtained if the starting temperature 

of the solid PCM is equal to its melting temperature. Solutions are also available for initial 

temperatures below the melting temperature (PCM is initially subcooled). The set of equations 

describing the Stefan and Neumann problems along with standard solutions are available in the 

Appendix. 

The quasi-stationary approximation is an analytical solution that simplifies the Neumann problem 

by neglecting sensible energy storage in the PCM. A full description of the quasi-stationary 

approximation along with the solution proposed in this study is shown in section 3 of this paper. A 

region of applicability of this assumption can be defined by the Stefan and Biot numbers and was 

presented by Alexiades and Solomon [35]. This region of applicability is shown in Figure 17, and 
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the results discussed in this study are superimposed on the figure and they all fall within the region 

of applicability. The Stefan and Biot numbers are defined as: 

𝑆𝑡 = 𝑆𝑡𝑒𝑓𝑎𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 =  
𝐶𝑝,𝑃𝐶𝑀∆𝑇𝑃𝐶𝑀

𝐻𝑃𝐶𝑀
 

 

(1) 

𝐵𝑖 = 𝐵𝑖𝑜𝑡 𝑁𝑢𝑚𝑏𝑒𝑟 =  
ℎ𝐿

𝑘𝑃𝐶𝑀
 

 

(2) 

 

Figure 17: Region of applicability of the quasi-stationary approximation based on imposed St and Bi numbers 
[35]. 
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This study uses the quasi-stationary approximation to establish an analytical method for sizing 

PCM encapsulations based on system requirements, and the results section demonstrates how these 

analytically predicted design points ensure the complete melting of PCM during charging. All 

results discussed in this study, defined as PCM thickness design points, fall within the applicable 

region of the quasi stationary approximation. These design points were superimposed on Figure 1 

above, and they all fall within the region of applicability of the quasi-stationary model. The region 

of applicability of the quasi-stationary model coincides with the region where PCM thermal storage 

is most beneficial, which can be characterized by a low Stefan number (limited ∆𝑇) and a low Biot 

Number (slender encapsulations). This method was also verified by comparing it to numerical 

enthalpy porosity solutions and the agreement was within 4%. 

Numerical methods use a discretized grid in one, two or three dimensions to track the melt front 

and temperature profile in the PCM can be applied. While several approaches to numerically 

modeling the melting and freezing process are available in literature as presented by Dutil et al 

[38], the enthalpy porosity model remains the most widely used. The enthalpy porosity 

methodology utilizes a fixed-grid mesh and applies an enthalpy relationship as a function of the 

PCM temperature. A melting temperature range is required to utilize the enthalpy porosity, and the 

enthalpy increases in this range to account for latent energy storage. Other methods include the 

heat-capacity method [36] [37], but it tends to be sensitive to the melting temperature range making 

it difficult to reach a converged solution. For these reasons, the enthalpy porosity model was 

selected in this study to verify the applicability of the analytical quasi-stationary approximation. 
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The details of the enthalpy porosity model used in this study is fully described by Teamah et al. 

[39]. 

 

5.3 Analytical Modeling 

Analytical models can predict the heat transfer quantity and rate through a PCM thermal storage 

tank. This study solves the quasi-stationary approximation by assuming a boundary temperature 

profile, and the assumed temperature profile is intentionally defined in terms of the source heating 

rate (heat pump), temperature differential, storage material, and storage volume. This links the 

encapsulation thickness to the system characteristics during charging. This section presents the 

quasi-stationary problem, the boundary condition used, and the solution for encapsulation thickness 

in terms of system characteristics. 

The energy storage capacity of any medium can be described by: 

𝑄𝑇𝐸𝑆 =  𝑞𝑣. 𝑉 (3) 

where 𝑞𝑣 is the volumetric energy density and 𝑉 is the storage volume. The volumetric energy 

storage density of water-only storage can be described by: 

𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 =  (
𝑄

𝑉
) = 𝜌𝐶𝑝∆𝑇 (4) 
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Unlike sensible storage mediums, PCMs can store energy in melting and solidification, which is 

reflected by the additional heat of fusion term (𝐻) in the energy storage density of PCMs: 

𝑞𝑉 𝐿𝑎𝑡𝑒𝑛𝑡 =  (
𝑄

𝑉
) =  𝜌(𝐶𝑝,𝑃𝐶𝑀∆𝑇 +  𝐻) (5) 

Which is applicable when  𝑇𝑚𝑖𝑛 <  𝑇𝑚𝑒𝑙𝑡 < 𝑇𝑚𝑎𝑥. 

The terms 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑎𝑥 represent the minimum and maximum temperatures the storage is 

exposed to. In the case of residential heating,  𝑇𝑚𝑖𝑛 is the temperature setpoint of the building, 

while 𝑇𝑚𝑎𝑥 is the setpoint temperature of the heat pump output. While 𝜌, 𝐶𝑝, and 𝐻 are material 

properties, the temperature difference ∆𝑇 is imposed by the system specifications. The temperature 

differential ∆𝑇 affects both the energy storage density and heat transfer rate of PCM thermal 

storage. 

For hybrid storage systems, utilizing both water and PCM, the energy density of storage can be 

written as: 

𝑞𝑉  ℎ𝑦𝑏𝑟𝑖𝑑 =  (1 − ∅𝑃𝐶𝑀). 𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 + ∅𝑃𝐶𝑀 . 𝑞𝑉 𝑃𝐶𝑀 (6) 

where ∅𝑃𝐶𝑀  is the PCM volume fraction. 

The above equation can be used to size the required storage volume based on the charging time 

period. For example, the required volume to charge a storage tank is: 
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𝑉 =  
𝑄̇𝐻𝑒𝑎𝑡 𝑃𝑢𝑚𝑝.. 𝑡𝑜

𝑞𝑉
 (7) 

The charging time period 𝑡𝑜 is very important to the selection and modeling of thermal energy 

storage, and while this study focuses on daily cycles of storage, seasonal thermal storage is also 

widely researched. Like daily storage, seasonal storage can utilize sensible mediums such as water, 

aquifers, rocks, and geothermal boreholes. Seasonal storage research has also utilized latent and 

chemical energy storage [40]. Storage time, an important parameter to the operation of thermal 

storage, can be described based on both charging and discharging stages. For the case of daily 

cycles, the charging time of storage can be described by: 

𝑡𝑜 =  
𝑞𝑉.𝑉

𝑄̇𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔,𝑎𝑣𝑔. 
 = 

𝑞𝑉.𝑉

𝑄̇ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝,𝑎𝑣𝑔.
 (8) 

where 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔,𝑎𝑣𝑔. is the average rate of thermal power from the heat source throughout the 

charging period.  

The above equation is a function of the heat source, and this study substitutes this term into the 

quasi-stationary approximation to solve for the rate of melting of the PCM modules. This results 

in a mathematical relationship that can be used to solve for the rectangular encapsulation thickness 

of the PCM module based on the system requirements.  

It is important to know that there will be two time scales in each system, one for charging and the 

other for discharging. The discharging time scale can be obtained by introducing 𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔, 𝑎𝑣𝑔 

into equation 8 above, and the two timescales are linked through total energy stored, 𝑞𝑉. 𝑉. This 
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study focuses on charging, which is the smaller time scale for typical space heating applications 

since heat pumps are sized larger than the average heating demand. 

The quasi-stationary approximation [35] can be expressed as: 

𝜕2𝑇

𝜕𝑥2
= 0 (9) 

𝑇(𝑋(𝑡), 𝑡) =  𝑇𝑚𝑒𝑙𝑡  ,             𝑡 > 0 (10) 

𝜌𝐻
𝜕𝑋

𝜕𝑡
=  −𝑘𝑃𝐶𝑀

𝜕𝑇

𝜕𝑥
(𝑋(𝑡), 𝑡) ,             𝑡 > 0 (11) 

where 𝑋(𝑡) is the melt front location in a one-dimensional rectangular system.  

The quasi-stationary model assumes that the sensible heat capacity in the PCM is negligible. This 

assumption is valid in a region of Stefan and Biot numbers shown in Figure 17. This assumption 

works well for limited temperature differentials where latent energy storage is much larger than 

sensible energy storage in the PCM modules. 

It is important to note that the quasi-stationary approximation neglects the sensible heat capacity 

in the liquid during melting, which in turn results in a linear temperature profile in the liquid. 

However, prior to and after melting, the temperature of the PCM is assumed to change which takes 

into account the sensible capacity of the PCM material. This is why the sensible component of 

PCM is still accounted for in equation 5.  

The initial condition for melting a fully solidified PCM module is described by: 
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𝑋(0) = 0 (12) 

Typical solutions to the quasi-stationary approximation are based on imposed boundary conditions. 

The boundary condition applied at 𝑥 = 0 can be described by one of: 

Imposed temperature:   𝑇(0, 𝑡) = 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑡) (13) 

 

Imposed heat flux:   −𝑘𝑃𝐶𝑀
𝜕𝑇

𝜕𝑥
(0, 𝑡) =  𝑞̇𝑠(𝑡) (14) 

 

Imposed heat transfer coefficient:  −𝑘𝑃𝐶𝑀
𝜕𝑇

𝜕𝑥
(0, 𝑡) = ℎ [𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) − 𝑇(0, 𝑡)] (15) 

The real boundary condition is generally imposed by a system, and in the case of active hybrid 

water-PCM thermal energy storage shown in Figure 18 and Figure 19, the convective boundary 

condition is more applicable due to the flow of water over the encapsulation. However, the 

temperature profile of the convective fluid is usually assumed uniform in space and constant with 

time. The 1-D analytical model presented in this study assumes a uniform convective temperature 

profile in space, but linearly increasing with time as the charging stage evolves. 

The location of the melt front is influenced by many parameters including the temperature of the 

heat transfer fluid, the heat transfer coefficient, the melting temperature, and the PCM properties. 

This study links these parameters to the operation of a system, and when these parameters are 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 190 of 245 

 

inputted into the model, a location front is outputted. Symmetry is assumed to occur on both sides 

of the slab such that the melt fronts meet in the centre of the slab matching the time required for 

charging by the system. 

 

Figure 18: Thermal resistance diagram of the quasi-stationary approximation for 1D melting with a convective 
boundary condition. 
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Figure 19: Depiction of the numerically simulated hybrid water-PCM tank with rectangular encapsulation and 
20 nodes 

As the fluid exist the bottom of the storage unit it enters the heat pump and absorbs heat thus 

increasing the temperature of the fluid. This temperature increase is inversely proportional to the 

flow rate. For an 11 kW heat pump with a design flow of 0.57 kg/s, the temperature rise of the fluid 

is approximately 4.6°C. The fluid in turn enters the top of the storage tank, and this causes a 

temperature differential from the top to the bottom of ~4.6°C of the tank at any instant in time. The 

numerical TRNSYS simulations in this study discretize each layer of PCM, as shown in Figure 3, 

which takes into account this temperature variation. However, it is shown in the results section that 

this temperature differential has a negligible effect on the average melting behaviour of the overall 

storage unit. This was demonstrated by increasing the flow rate to 2 kg/s, which in turn minimizes 

this temperature differential to ~1.3°C, and showing negligible change to the average melt rate.” 
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A novel temperature profile for the water, 𝑇𝑓𝑙𝑢𝑖𝑑(𝑡), is proposed which is described by: 

𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) =  𝑀𝐼𝑁 [𝑇𝑜 +  
𝑡

𝑡𝑜
∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛),   𝑇𝑓𝑖𝑛𝑎𝑙] (16) 

which assumes a linear temperature increase with time from the starting temperature 𝑇𝑚𝑖𝑛 to the 

final (maximum) temperature 𝑇𝑚𝑎𝑥 within the period 0 < 𝑡 < 𝑡0. The equation (16) is valid only 

if the storage tank is subjected to charging only, with no simultaneous charging and discharging, 

during the time period 𝑡0. The term 𝑡0 is the charging associated with the thermal storage heat 

capacity and the rate of charging of the system as defined in equation 8.  

The temperature 𝑇𝑚𝑖𝑛 is the starting temperature prior to charging, generally the lowest allowable 

temperature in the system, and 𝑇𝑚𝑎𝑥 is the final and highest allowable temperature in the system.  
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Figure 20: Schematic of the imposed linear temperature profile of the heat transfer fluid over time relevant to 
charging at constant heat transfer rate. 

If the system reaches its maximum temperature before storage is fully charged, it is no longer able 

to deliver the full charging power, and therefore the charging rate of the storage becomes 

insufficient for the application. The key to designing the encapsulation thickness for PCM storage 

is to match the time scale 𝑡𝑜 to that provided by the quasi-stationary approximation. 

This analytical method is designed to model slender rectangular modules, where the thickness is 

the variable being solved for. The length and depth are then designed to provide the required 

volume for storage. The convective flow along the length of the module is assumed to be uniform, 

and water is assumed to be the heat transfer fluid in for this hybrid water-PCM storage tank. The 
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average temperature of the convective boundary is allowed to vary (increase) with time as the 

storage unit is charged. The model gives a 1-D treatment of the melt front, and the quasi-stationary 

model is used, which neglects the sensible heat capacity of the PCM. This assumption is shown to 

be valid for limited temperature applications, where sensible energy storage is negligible compared 

to latent energy storage, and the region of applicability is defined in Figure 17. The model assumes 

that the temperature profile through the solid region is flat, and that all heat transfer through the 

liquid is used for melting the PCM module.  

The encapsulation material, or the shell, was not studied as part of the scope of this study. However, 

the encapsulation material plays an important role in the heat transfer mechanism. The shell 

material and thickness will impact the heat transfer rate into the PCM by adding additional 

resistance. Furthermore, the added thickness of the shell takes away from the PCM storage volume, 

and must be taken into account when designing a hybrid PCM-water tank. The impact of the 

encapsulation thickness is most pronounced in thin modules, while thicker modules (or design 

points) presented in this study will be less impacted by both the heat transfer resistance and volume 

displacement of the shell material. 

Solving the set of equations for the convective heat transfer boundary condition, the quasi-

stationary solution becomes: 

𝑋𝑞𝑠(𝑡) =  −
𝑘𝑃𝐶𝑀

ℎ
+ √(

𝑘𝑃𝐶𝑀

ℎ
)

2

+ 2
𝑘𝑃𝐶𝑀

𝜌𝐻
∫ (𝑇𝐹𝐿𝑈𝐼𝐷(𝑠) − 𝑇𝑚𝑒𝑙𝑡)𝑑𝑠

𝑡

0

 (17) 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 195 of 245 

 

 

𝑇𝑞𝑠(𝑥, 𝑡) = 𝑇𝑚 + (𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) −  𝑇𝑚)
ℎ (𝑋(𝑡) − 𝑥)

ℎ𝑋(𝑡) +  𝑘𝑃𝐶𝑀
 (18) 

 

𝑞̇𝑃𝐶𝑀(𝑡) =  
𝑘𝑃𝐶𝑀

𝑋(𝑡)
 (𝑇𝑓𝑎𝑐𝑒(𝑡) − 𝑇𝑚𝑒𝑙𝑡) (19) 

Where 𝑇𝑓𝑎𝑐𝑒 is the temperature at 𝑥 = 0 defined as: 

 

𝑇𝑓𝑎𝑐𝑒(𝑡) =
𝑇𝑚𝑒𝑙𝑡 +

ℎ𝑋(𝑡)
𝑘𝑃𝐶𝑀

𝑇𝑓𝑙𝑢𝑖𝑑(𝑡)

1 +
ℎ𝑋(𝑡)
𝑘𝑃𝐶𝑀

 (20) 

 

A well-designed PCM module will completely melt within the charging time period 𝑡𝑜 described 

in equation 8. The PCM melt front at 𝑡𝑜 can be used to describe the design thickness: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 2 ∗ 𝑋𝑞𝑠(𝑡0) 

 

(21) 

The design thickness is twice that of the solution due to symmetry in the module. The quasi-

stationary solution 𝑋𝑞𝑠(𝑡0) can be described by: 
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𝑋𝑞𝑠(𝑡0) = −
𝑘𝑃𝐶𝑀

ℎ
+ √(

𝑘𝑃𝐶𝑀

ℎ
)

2

+ 2
𝑘𝑃𝐶𝑀

𝜌𝐻
∫ (𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) − 𝑇𝑚𝑒𝑙𝑡)𝑑𝑡

𝑡𝑜

0

 

 

(22) 

 

The integral can be expressed in terms of the assumed linear profile for 𝑇𝐹𝐿𝑈𝐼𝐷(𝑡) as: 

 

∫ {𝑀𝐼𝑁 [𝑇𝑜 +  
𝑡

𝑡𝑜
∗ (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑜),   𝑇𝑓] − 𝑇𝑚𝑒𝑙𝑡} 𝑑𝑡

𝑡𝑜

0

 

 

(23) 

 

The above integral is solved to obtain a closed-form solution for 𝑋𝑞𝑠(𝑡0): 

 

𝑋𝑞𝑠(𝑡0) = −
𝑘𝑃𝐶𝑀

ℎ
+ √(

𝑘𝑃𝐶𝑀

ℎ
)

2

+
𝑘𝑃𝐶𝑀

𝜌𝐻
(𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑜)𝑡0  

 

(24) 

 

Finally, we can solve for the “Design Encapsulation Thickness” as a function of system 

requirements, by including the heat pump and storage components describing 𝑡0 in equation 8, and 

we get: 
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Design Encapsulation Thickness = 𝟐 ∙ 𝑿𝒒𝒔(𝒕𝟎)  

= 𝟐 ∙ [−
𝒌𝑷𝑪𝑴

𝒉
+ √(

𝒌𝑷𝑪𝑴

𝒉
)

𝟐

+
𝒌𝑷𝑪𝑴

𝝆𝑷𝑪𝑴𝑯
(𝑻𝒇𝒊𝒏𝒂𝒍 − 𝑻𝒐) 

(𝒒𝒗.𝑽)𝑺𝒕𝒐𝒓𝒂𝒈𝒆

𝑸̇𝑯𝒆𝒂𝒕 𝑷𝒖𝒎𝒑
] 

 

(25) 

The above equation 25 solves for PCM encapsulation thickness as a function of thermal 

conductivity, heat transfer coefficient, density, temperature, energy density, volume, and heat input 

from the heat pump. 

The formulation proposed in this study works for matching PCM melting rate to the rate of charging 

of the heat pump. This result was verified against numerical simulations of a hybrid PCM-water 

storage tank charged by a heat pump, and the following section describes the details of the 

numerical simulations. 
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A sample calculation using the equations presented in this section is in Table 8:  

Table 8: Sample calculation of encapsulation thickness using the analytical formulation presented in this study. 

 

INPUTS OUTPUTS 

Symbol Units Value Symbol Units Value Equation 

Water 

ρ kg/m3 1000 qv,sens. kJ/m3 125400 4 

Cp kJ/kg°C 4.18 qv,PCM kJ/m3 234000 5 

PCM 

𝜌 kg/m3 900 qv,hybrid kJ/m3 179700 6 

Cp kJ/kg°C 2 𝐭𝐨 hours 1.13 8 

H kJ/kg 200 𝐗𝐪𝐬(𝐭𝐨) meters 0.0113 25 

k kW/mK 0.00028 
 

   

h kW/m2K 0.1 
 

   

%PCM % % 50%     

del.T 

To °C 30     

Tf °C 60     

Volume V m3 0.25     

Heat 

Pump 
Q̇ kW 11     
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It is important to note that due to symmetry the encapsulation thickness is equal to twice the value 

of 𝑋𝑞𝑠(𝑡0) plotted below as per equation 25.  

5.4 Numerical Modeling 

This study considers the charging behaviour of a hybrid water-PCM thermal storage unit using a 

heat pump and compares the rate of charging to analytical predictions. The system being used as a 

case study is shown in Figure 21, a ground source heat pump used to charge a hybrid water-PCM 

storage tank with rectangular PCM encapsulations. The TRNSYS system simulation platform [41] 

was utilized in this study, and the numerical models of the thermal storage unit and the heat pump 

used in the study are described in detail below. 
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Figure 21: Schematic of ground-source heat pump system integrating hybrid water-PCM thermal storage. 

Two methods were used to numerically simulate the PCM: 

• The numerical TRNSYS model of PCM melting: this model assumes quasi-stationary heat 

transfer behaviour, in which the sensible heat storage capacity of the PCM is neglected. 

This assumption is valid for small temperature differentials as is the case for this study, and 

a region of applicability based on the Stefan and Biot numbers is shown in Figure 17. The 

numerical simulation predicts the transient temperature profile of the convective fluid 

outside the PCM module, and is used to verify the applicability of the linear temperature 

profile proposed in equation 16 used for the analytical predictions. Full details of the 

TRNSYS model, including verification against analytical predictions, is described in 

Hirmiz et al. [31].  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 201 of 245 

 

• The numerical enthalpy porosity method: this method does take into account the sensible 

heat capacity of the liquid and solid phases. This model was used to verify the quasi-

stationary assumption used by the analytical model. 

TRNSYS model 

Thermal Storage 

Water thermal energy storage is modeled numerically using a standard TRNSYS17 component 

(Type4a). The component was modeled using 20 nodes, and the low number of nodes induces 

numerical mixing which is observed in the results during charging and discharging. Numerical 

mixing occurs in control volume algorithms, which is unable to resolve a sharp temperature change 

as predicted for a perfectly stratified tank with no mixing. In experimental studies, mixing is shown 

to occur due to many factors including: inlet jet momentum, buoyant plume entrainment, heat 

losses, and axial conduction in the tank. The number of nodes used in the numerical simulation can 

be changed to match the expected mixing rate in the tank. Experimental data from Zurigat et al. 

[42] was compared against the numerical tank model used in this study, and mixing levels in a 

stratified tank matched that seen in the experimental results for the flow rates tested in this study.  

With a typical fibreglass insulation (0.04 W/m.K, 5 cm) the heat losses from the tank was less than 

2% of the total heat transfer, and heat losses were neglected to match the analytical results. Heat 

losses can be easily added to the analytical equations to provide more accuracy for high heat-loss 

applications. 
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PCM thermal storage was modeled by modifying Type4a to include the melting and solidification 

in a rectangular PCM encapsulation embedded in the water tank. The numerical model assumes 

discretized PCM encapsulations are embedded in the centre of each water node, as shown in Figure 

19, with a linear temperature profile across the PCM liquid layer. The rate of heat transfer into and 

out of the PCM is described by: 

 

𝑄̇𝑃𝐶𝑀 =  
(𝑇𝐹𝐿𝑈𝐼𝐷,𝑖 −  𝑇𝑚𝑒𝑙𝑡)

(
1

ℎ𝐴𝑐𝑜𝑛𝑣
+  

𝑆
𝑘𝐴𝑃𝐶𝑀

)
=  𝑚̇𝑓𝑙𝑢𝑖𝑑𝐶𝑝

𝜕𝑇𝐹𝐿𝑈𝐼𝐷,𝑖

𝜕𝑥
 

 

(26) 

 

 

𝜕𝑆𝑃𝐶𝑀

𝜕𝑡
=  

𝑄̇𝑃𝐶𝑀

(𝜌𝐻𝑓𝐴)
𝑃𝐶𝑀

 

 

(27) 

 

 

𝑉𝑃𝐶𝑀 =  𝐴𝑃𝐶𝑀𝑆𝑃𝐶𝑀 

 

(28) 

 

The properties of Palmitic acid [7] used in this study are outlined in   
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Table 9. While Palmitic acid has a melting temperature range between 57.8 to 61.8°C, the simulated 

melting temperature was varied in this study while keeping material properties constant to compare 

against analytical predictions. This allowed isolating the effect of key parameters influencing the 

PCM encapsulation design thickness such as system temperature difference, storage volume, heat 

pump size, and PCM volume fraction as presented in the results of this study. 
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Table 9: Properties of Palmitic acid [7] PCM used in this study. 

PROPERTY SYMBOL UNITS VALUE 

Density 𝜌 kg/m3 900 

Heat Capacity 𝐶𝑝 kJ/kg.K 2.0 

Heat of fusion 𝐻 kJ/kg 200 

Thermal Conductivity 𝑘𝑃𝐶𝑀 W/m.K 0.28 

Heat transfer coefficient ℎ W/m2.K 200 

 

Ground-Source Heat Pump 

A standard TRNSYS type927 component model of a water-water heat pump, with data sheet from 

Trane WPWD 024 model, was used to provide numerical results for charging using a heat pump. 

The performance of the heat pump is described by a steady-state model that accounts for the 

changes in the COP and heating capacity as a function of the source and sink temperatures. The 

performance of the heat pump was compared against the performance of commercially available 

ground-source heat pumps presented by Bernier [22] as shown in Figure 22.  
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Figure 22: Performance of typical ground-source heat pumps presented by Bernier [22] compared against the 
heat pump numerically simulated in TRNSYS in this study. 

The above figure was taken from Bernier [22], and the TRNSYS ground source heat pump 

performance was superimposed over the commercially available models. Large variation in COP 

at high temperatures is seen, and this is largely due to variation in the design of the commercial 

ground-source heat pumps. 

Enthalpy Porosity Model 

The enthalpy porosity is found to be a robust numerical model to solve for melting problem. An 

in-house FORTRAN code was developed whose governing equations are as follows: 
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𝜌𝑉𝑗,𝑘

𝜕𝑖

𝜕𝑡
|
𝑗,𝑘

= −𝑘𝐴𝑘

𝜕𝑇

𝜕𝑅
|

𝑘
+ 𝑘𝐴𝑘−1

𝜕𝑇

𝜕𝑅
|

𝑘−1
+ 𝑘𝐴𝑗

𝜕𝑇

𝜕𝑍
|

𝑗
− 𝑘𝐴𝑗−1

𝜕𝑇

𝜕𝑍
|

𝑗−1
              (29) 

The LHS of the equation represents the storage term, and RHS accounts for two-dimensional 

conduction. The above terms are defined as: 

𝜕𝑇

𝜕𝑅
|

𝑘

= 2
𝑇𝑗,𝑘

𝑖 − 𝑇𝑗,𝑘+1
𝑖

𝑅𝑘−1 − 𝑅𝑘+1

   (30) 

 

𝜕𝑇

𝜕𝑅
|

𝑘−1

= 2
𝑇𝑗,𝑘

𝑖 − 𝑇𝑗,𝑘−1
𝑖

𝑅𝑘 − 𝑅𝑘−2

   

 

(31) 

 

𝜕𝑇

𝜕𝑍
|

𝑗

= −
𝑇𝑗,𝑘

𝑖 − 𝑇𝑗+1,𝑘
𝑖

𝐿
     (32) 

 

𝜕𝑇

𝜕𝑍
|

𝑗−1

=
𝑇𝑗,𝑘

𝑖 − 𝑇𝑗−1,𝑘
𝑖

𝐿
 

(33) 

 

𝜕𝑖

𝜕𝑡
|

𝑗,𝑘

=
𝑖𝑗,𝑘

𝑖 − 𝑖𝑗,𝑘
𝑖−1

∆𝑡
 

 

(34) 
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The enthalpy porosity formulation is based on prescribing a heat capacity relationship as a function 

of temperature which substantially increases around the melting temperature range of the material, 

and it can be written as: 

 

𝑖(𝑇) = 𝐶𝑝,𝑠𝑇                           𝑇 < 𝑇𝑚1     

 

(35) 

 

𝑖(𝑇) = 𝐶𝑝,𝑠𝑇 +
𝑟𝑠(𝑇 − 𝑇𝑚1)

∆𝑇𝑚

            𝑇𝑚1  <  𝑇 < 𝑇𝑚2    

 

(36) 

 

𝑖(𝑇) = 𝐶𝑝,𝑙𝑇 +  𝑟𝑠              𝑇 > 𝑇𝑚2                 

 

(37) 

 

The code was written to solve for rectangular geometries and several validation and verification 

cases were presented in a previously published paper [39]. Very good agreement was found 

between the present code results and the literature, and melt thickness predictions were within 4%. 

5.5 Results 

The results in this study provide a comparison between the newly proposed analytical solution and 

numerical predictions of PCM melting on a system level. Analytical solutions provide a closed-

form relationship that can be readily solved for a range of parameters, limited by the selection of 
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boundary conditions imposed by a system. Numerical solutions can handle changes in boundary 

conditions and accurately describe the behaviour of many components, like heat pumps in this 

study, but they only apply to the case being studied and are complex to re-apply to every system. 

While the proposed analytical model is solved for a linear temperature boundary condition, 

described in section 3, other profiles can be used based on the system characteristics. 

The quasi-stationary approximation is a simplification of the Stefan problem, which is solvable for 

a range of boundary conditions. The selection of a convective boundary condition with a linear 

temperature profile in time can reflect the operation of a heat pump used to charge the hybrid PCM-

water storage tank. This charging process was numerically modeled in the TRNSYS platform for 

a full-scale tank with embedded rectangular PCM encapsulations, as well as using the enthalpy-

porosity formulation for rectangular encapsulations, and both were compared against the analytical 

approximation. The TRNSYS simulation uses the quasi-stationary approximation, but does not 

assume a temperature profile for the water with time. Rather, it uses the heat pump model to predict 

the water temperature over time. In contrast, the enthalpy porosity method does not use the quasi-

stationary approximation, and therefore is used to verify the applicability of this assumption.  

The linear temperature profile imposed on the analytical prediction (equation 16) can be substituted 

into the quasi-stationary approximation, which can then solve for the encapsulation thickness. This 

allows the analytical formulation to be used to design PCM encapsulations based on system 

parameters such as temperature difference, heat pump size, storage material, and storage volume. 
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The results below compare the analytical and numerical models of PCM melting during the 

charging of a PCM tank, which are tested for the following range of parameters: 

1. Temperature difference (∆𝑇) 

2. Storage volume (𝑉) 

3. Heat pump rated output (𝑄̇) 

4. PCM volume percentage (∅𝑃𝐶𝑀) 

5. Flow Rate (𝑚̇) 

Each contains Design Points; the analytical design predictions of melt time and encapsulation 

thickness (based on equation 25 for half the thickness or 𝑋𝑞𝑠(𝑡0))  
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Effect of Temperature Difference 

The temperature differential is one of the most important parameters influencing the behaviour of 

PCM thermal energy storage, and it impacts multiple aspects of the melting problem. The 

temperature differential impacts the ratio between sensible and latent energy storage, as reflected 

by the Stefan number, which substantially influences the energy density of PCMs and that of water. 

In addition, the temperature differential changes the rate of heat transfer in the conduction 

dominated problem of PCM melting, which impacts the charging and discharging rates of PCM 

thermal storage.  

The results in Figure 23 below show both analytical and TRNSYS predictions of the PCM melt 

rate in time for system temperature differences of 10, 20 and 30°C.  The analytical predictions are 

calculated exactly as presented in the sample calculations and equations in Table 8. The results 

show good agreement (within 4% of melt thickness prediction) between the analytical and 

numerical predictions and demonstrate the effectiveness of the selected boundary condition in the 

analytical formulation.  
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Figure 23: Analytical vs. numerical (TRNSYS) results for PCM melting thickness as a function of time for 

various system ∆T. Volume=0.25 m3, heat pump size = 11 kW, 50% PCM by volume, final temperature = 60°C, 

initial temperature = 30, 40, and 50°C, melting temperature = 30, 40, and 50°C, charging flow rate=0.57 kg/s. 

The novel contribution of this study is around the design points, which are calculated based on the 

analytical model presented in this study, with sample calculations shown in Table 8. For example, 

Table 8 shows that for a ∆𝑇 of 30°C the design thickness is 1.13 cm, while Figure 23 shows the 

same point for ∆𝑇 of 30°C. The time to fully charge decreases as the ∆𝑇 decreases, which yields 

thinner modules being required. The design point melt thickness was calculated using equation 25.  
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It is evident that the rate of melting during charging is substantially influenced by the temperature 

differential at the boundary, which in turn changes the required PCM encapsulation thickness for 

the same storage volume and heat pump size.  

The solution presented in equation 25 can provide a clear relationship between the design 

encapsulation thickness and any given parameter. Analytical prediction of the melt front profile is 

sensitive to the system temperature difference (∆𝑇), and equation 5 can be substituted into equation 

25 for 100% PCM to give: 

Encapsulation Thickness = 2 ∙ 𝑋𝑞𝑠(𝑡0)  

= 2 ∙ [−
𝑘𝑃𝐶𝑀

ℎ
+ √(

𝑘𝑃𝐶𝑀

ℎ
)

2

+
𝑘𝑃𝐶𝑀

𝐻
 ∆𝑇(𝐶𝑝,𝑃𝐶𝑀∆𝑇 +  𝐻)

(𝑉)𝑆𝑡𝑜𝑟𝑎𝑔𝑒

𝑄̇𝐻𝑒𝑎𝑡 𝑃𝑢𝑚𝑝
]  

 

(38) 

where ∆𝑇 = (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑜) 

The term ∆𝑇 appears twice in the above relationship. The first term increases the heat transfer rate 

into the PCM, which allows for faster melting matching the rate required by the heat pump. As  ∆𝑇 

increases, the melt front moves faster, and thicker modules can be used. The second term impacts 

only the sensible component of PCM, and accounts for the added sensible capacity in the PCM. 

The interesting part of equation 38 is that the PCM melt front rate was determined using the quasi-

stationary assumption of negligible sensible heat storage, but time to charge does account for the 

sensible heat capacity. However, the sensible component can be negligible for low Stefan numbers, 

and the non-linear portion of ∆𝑇 disappears, making the design point a function of the heat transfer 
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driving potential of ∆𝑇 only. This was verified by using both the TRNSYS model (Figure 23), 

which uses the quasi-steady assumption, and the enthalpy porosity model (Figure 24) which takes 

into account the sensible heat storage in the PCM module. The analytical method closely matches 

the predictions of the enthalpy porosity numerical model, which provides confidence in the 

analytical model and the selected boundary condition.  

 

Figure 24: Analytical vs. numerical (Enthalpy Porosity) results for PCM melting thickness as a function of 
time for various system ∆T. Volume=0.25 m3, heat pump size = 11 kW, 50% PCM by volume, final temperature 

= 60°C, initial temperature = 30, 40, and 50°C, melting temperature = 30, 40, and 50°C, charging flow rate=0.57 
kg/s. 
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As expected, larger thermal stores require longer time to charge, which allows the PCM melt front 

to increase, and thicker modules can be used. 

The boundary condition accounts for a change in the term 𝑡0 with respect to storage density, as 

shown in equation 8, with 𝑡𝑜 ∝ ∆𝑇 in the sensible regime. Changing the term 𝑡0 leads to a change 

in the time constant required by the system, and an increase in 𝑡0 results in an increase in melt 

thickness, which means the system can tolerate thicker PCM encapsulation. 

This result is predicted for a conduction-dominated melting domain, which applies to 

encapsulations exhibiting low Stefan and Biot Numbers (slender encapsulations under limited ∆𝑇). 

Natural convection in the liquid domain can play an important role outside of this region, acting to 

increase the effective thermal conductivity through the liquid, which reduces the melting time and 

increases the allowable design encapsulation thickness. Therefore, not including natural convection 

in this study is a conservative assumption. Natural convection is limited in the geometry presented 

in Figure 19 due to its low Biot and Stefan numbers. 

Figure 23 shows how the impact of temperature differential on the selection of encapsulation 

thickness, where ∆𝑇 of 10°C requires encapsulation thickness of 0.85 cm while ∆𝑇 of 30°C requires 

2.2 cm of encapsulation thickness. 

Effect of Storage Volume 

The selection of storage volume is directly linked to the needs of the system, and the volume 

selection can be based on the rate of heat transfer from the heat pump and the energy capacity of 



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 215 of 245 

 

the storage volume, which together define the required time period for storage. The selection of 

storage volume in turn impacts the design of PCM encapsulation, which is shown in Figure 25 for 

storage volumes of 0.25, 0.5 and 0.75 m3. The analytical model can track the design changes of 

PCM encapsulation based on the selected storage volume for the application. The analytical model 

takes into account the longer charging period associated with larger volumes, so larger volumes 

can have thicker encapsulation for the same heat pump size. 

The melting thickness profile with time is not substantially influenced by changes in storage 

volume when compared to ∆𝑇. This is evident in both analytical and numerical solutions. In 

equation 8, storage volume influences the time parameter 𝑡𝑜, while the temperature differential 

impacts equation 25 directly. Since results are plotted as a function of time, the only impact seen 

from these profiles is based on the change of the parameter 𝑡𝑜.  
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Figure 25: Analytical vs. numerical (TRNSYS) results for PCM melting thickness as a function of time for 
various storage volumes. Heat pump size = 11 kW, 50% PCM by volume, final temperature = 60°C, initial 

temperature = 40°C, melting temperature = 40°C, charging flow rate=0.57 kg/s. 

Although the time profiles are not substantially changed by storage volume, the required 

encapsulation thickness is significantly changed. The required encapsulation thickness for a hybrid 

water-PCM tank increases from 1.6 cm to 3.0 cm when the storage volume is changed from 0.25 

to 0.75 m3, which also changes the time required for complete melting from 0.94 to 2.8 hours. 

These parameters are critical to ensuring appropriate design of PCM storage tanks to ensure 

complete melting.  



Ph.D. Thesis – R. Hirmiz; McMaster University – Mechanical Engineering 

Page 217 of 245 

 

Effect of Heat Pump Size 

The size of the heat pump is inversely correlated to the time constant 𝑡𝑜  (equation 8). It can be 

seen from Figure 26 that larger heat pumps require a smaller encapsulation thickness while keeping 

storage volume constant, which is because the time to fully charge is smaller for larger heat pumps. 

This is used to show the effect of heat pump size, however the heat pump size is generally 

determined by the building requirements, and storage volume is sized to the heat pump. Both heat 

pump size and storage volume do not change the melt thickness profile as drastically as the 

temperature differential ∆𝑇. The analytical boundary condition selected can track the transient 

system behaviour well, especially for low charging rates with respect to the storage volume where 

the melting rate is decreased, and the rate of increase in boundary temperature is slow.  
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Figure 26: Analytical vs. numerical (TRNSYS) results for PCM melting thickness as a function of time for 
various Heat pump sizes. Volume=0.25 m3, heat pump size = 5, 11, 17 kW, 50% PCM by volume, final 

temperature = 60°C, initial temperature = 40°C, melting temperature = 40°C, charging flow rate=0.57 kg/s. 

Effect of PCM percentage 

Changing PCM percentage impacts the storage capacity similarly to changing the storage volume 

as they both impact the term 𝑡𝑜. However, the effect of changing the PCM percentage impacts the 

design encapsulation thickness. Figure 27 shows how both analytical and full-system numerical 

simulations predict the melting rate closely. As the %PCM increases, the overall energy density of 

storage increases, which causes the term 𝑡𝑜 to increase as per equation 8. This means larger %PCM 
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results in larger design PCM encapsulation for the same heat pump size and storage volume which 

hold is the heat transfer coefficient is similar for the different PCM packing densities. 

 

 

Figure 27: Analytical vs. numerical (TRNSYS) results for PCM melting thickness as a function of time for 
various volume percentage of PCM. Volume=0.25 m3, heat pump size = 11 kW, 25%, 50%, and 75% PCM by 

volume, final temperature = 60°C, initial temperature = 40°C, melting temperature = 40°C, charging flow 
rate=0.57 kg/s. 

In the above formulation, the rate of PCM melting is not highly impacted by the % of PCM. One 

of the key factors that influence the heat transfer rate into the PCM encapsulations is the heat 

transfer coefficient of the fluid outside. In this study, the heat transfer coefficient is kept constant 
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at 100 W/m2.K, however this coefficient is a function of many factors including the channel height 

between the PCM encapsulations. The heat transfer coefficient is included in the analytical 

formulation through the Biot number.  

In the above example, for 50% PCM, the Biot number is equal to 2.8, with a design encapsulation 

thickness of 1.6 cm. If the heat transfer coefficient is increased from 100 to 500 W.m2K, the model 

predicts an increase in design thickness to 1.9 cm (increase by 19%), and the Biot number increases 

to 17.4 (increase by over 500%). While the heat transfer coefficient is not extensively studied in 

this paper, it is an input to the analytical model and is taken into account. Any design of PCM-

water storage containments must have approximations for the heat transfer coefficient, and the 

model described in this paper will be able to evaluate the sensitivity of this coefficient on the design 

encapsulation thickness. 

Effect of Flow Rate 

Flow rate is not considered in the analytical model, but real systems are sensitive to flow rates, and 

the effect of flow rate can be seen numerically. Flow rates influence the operation of a thermal 

system in multiple ways, for example the heat transfer fluid (water) circulating between the heat 

pump and the storage tank is governed by the equation: 

𝑄̇ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 = (𝑚̇𝐶𝑝∆𝑇)
𝐹𝑙𝑢𝑖𝑑

 

 
(39) 
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The temperature rise in the heat pump,  ∆𝑇𝑓𝑙𝑢𝑖𝑑, is inversely proportional to the flow rate 𝑚̇ for the 

same heat input rate 𝑄̇ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝. If this flow rate is decreased substantially, the system will reach 

the maximum allowable temperature earlier due to a higher temperature rise ∆𝑇𝑓𝑙𝑢𝑖𝑑. Furthermore, 

the flow rate 𝑚̇ can cause a change in the convective heat transfer coefficient in both the heat pump 

and the storage unit, and low flow rates cause lower heat transfer coefficient which can cause 

𝑄̇ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 to decrease.  

For a heat pump with 11 kW capacity, the water circulated between the heat pump and the storage 

unit will exhibit a 4.6°C temperature rise at the rated flow rate of 0.57 kg/s. The TRNSYS 

simulation discretizes different slabs of PCM vertically located in the tanks, exhibited in Figure 3, 

and takes into account the impact of this temperature rise along the height of the tank. The impact 

of this temperature rise on the average melt front thickness was tested by increasing the flow rate 

to shown in Figure 1. The temperature rise for the higher flow rates of 1 kg/s and 2 kg/s are 2.6°C 

and 1.3°C respectively. Figure 28 shows how the influence of flow rate is negligible for systems 
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operating above a flow rate 𝑚̇ >0.57 kg/s, which is the rated flow rate for the heat sink in the 

commercially available 11 kW heat pump modeled in this study. 

 

Figure 28: Analytical vs. numerical (TRNSYS) results for PCM melting thickness as a function of time for 
various charging flow rates. Volume=0.25 m3, heat pump size = 11 kW, 50% PCM by volume, final temperature 

= 60°C, initial temperature = 40°C, melting temperature = 40°C, charging flow rate = 0.57, 1, and 2 kg/s. 

The design points solved for in the results section, shown in Figures 7 to 12, all fall within the 

applicable region of the quasi-stationary approximation as shown below in Figure 1. All design 

points for complete melting for this application represent negligible sensible heat capacity, which 

is true for systems exhibiting small temperature ranges as the heat pump charging system 
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investigated here. This further verifies the applicability of the analytical model presented in this 

study for the design of rectangular PCM modules in heat pump systems.  

Conclusion 

This study presents a novel analytical solution of PCM melting to design the rectangular 

encapsulation thickness of a hybrid water-PCM tank charged by a heat pump. This is done by 

assuming a linearly increasing temperature profile of the water inside the tank with time, and the 

rate of increase is linked to the heat pump rated capacity, the storage volume, and the storage 

medium. The linear profile is designed to link the melt front problem with the external system 

conditions  

The results were compared against numerical simulations, using both TRNSYS and in-house 

enthalpy porosity formulations, and good agreement was found (within 4% of melt thickness 

prediction). Analytical design points were shown to ensure complete melting without reaching 

maximum allowable temperatures. For the case study presented in this paper, the encapsulation 

thickness varied from 0.8 to 3.0 cm based on changing various system parameters. 

The temperature differential of the system ∆𝑇, defined as the difference between the minimum and 

maximum allowable temperature, is the most influential parameter on the melting thickness profile 

over time. This is because the temperature differential impacts both heat transfer rate and the energy 

density of the storage. Smaller temperature differentials required thinner encapsulations while 

keeping the required charging rate constant. The temperature differential also impacts the Stefan 
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and Biot numbers associated with PCM encapsulations, and it impacts the applicability of the 

quasi-stationary solution as shown in Figure 17.  

The analytical solution presented in equation 25 for design encapsulation thickness was tested 

under varying 1) temperature differences (∆𝑇), 2) storage volumes, 3) heat pump sizes, and 4) PCM 

percentages.  Unlike ∆𝑇, the storage volume, heat pump size and %PCM influence the term 𝑡𝑜 in 

equation 8. While changing the volume, heat pump size, and PCM percentage all impact the 

analytical design points for encapsulation thickness, it does not substantially change the melt front 

profile over time. Equation 25 shows that the closed-form relationship between design thickness 

and the studied parameters and is more sensitive to the term ∆𝑇 as compared to the term 𝑡𝑜. 

The study presents a novel method for substituting system-level variables into analytical solutions 

of PCM melting to system level analysis to simplify the design of encapsulation. It can provide 

robust prediction for the required PCM encapsulation thickness in terms of design and operating 

parameters. Further work will focus on other encapsulation geometries and orientations, non-linear 

fluid temperature profiles and discharging temperature profiles however the mythology present is 

expected to hold within the range of applicability present by the bounds of the Stepan and Biot 

number. 
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Appendix 5: The Quasi-Stationary Approximation 

The most basic analytical problem was mathematically described by J. Stefan in 1890 (known as 

the Stefan problem) as a system of partial differential equations [35]: 

𝜌𝐶𝑝,𝑃𝐶𝑀

𝜕𝑇

𝜕𝑡
=  𝑘𝑃𝐶𝑀

𝜕2𝑇

𝜕𝑥2
  ,             0 < 𝑥 < 𝑋(𝑡),       𝑡 > 0 (a1) 

 

𝑇(𝑋(𝑡), 𝑡) =  𝑇𝑚𝑒𝑙𝑡  ,             𝑡 > 0 (a2) 

 

𝜌𝐻
𝜕𝑋

𝜕𝑡
=  −𝑘𝑃𝐶𝑀

𝜕𝑇

𝜕𝑥
(𝑋(𝑡), 𝑡) ,             𝑡 > 0   

(a3) 

Alternatively, the quasi-stationary approximation assumes 

𝜕2𝑇

𝜕𝑥2
= 0 (a4) 

  

𝑇(𝑋(𝑡), 𝑡) =  𝑇𝑚𝑒𝑙𝑡  ,             𝑡 > 0 

𝜌𝐻
𝜕𝑋

𝜕𝑡
=  −𝑘𝑃𝐶𝑀

𝜕𝑇

𝜕𝑥
(𝑋(𝑡), 𝑡) ,             𝑡 > 0   

Where 𝑋(𝑡) is the melt front location in a one-dimensional rectangular system.  
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The initial condition for melting a fully solidified PCM module is described by: 

𝑋(0) = 0 (a5) 

 

The above formulation can be expressed in the following non-dimensional parameters: 

𝜉 =
𝑥

𝑥̂
    (a6) 𝜏 = 𝑆𝑡. 𝐹𝑜   (a7)  𝑢(𝜉, 𝜏) =

𝑇−𝑇𝑚𝑒𝑙𝑡

𝑇𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦−𝑇𝑚𝑒𝑙𝑡
    (a8)   𝜎(𝜏) =

𝑋(𝑡)

𝑥̂
  (a9)- 

Where 

𝛼 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 =
𝑘𝑃𝐶𝑀

𝜌𝐶𝑝,𝑃𝐶𝑀
 

(a10) 

 

𝑆𝑡 = 𝑆𝑡𝑒𝑓𝑎𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 =  
𝐶𝑝,𝑃𝐶𝑀∆𝑇𝑃𝐶𝑀

𝐻𝑃𝐶𝑀
 

(a11) 

 

𝐹𝑜 = 𝐹𝑜𝑢𝑟𝑖𝑒𝑟 𝑁𝑢𝑚𝑏𝑒𝑟 =
𝛼𝑃𝐶𝑀

𝑥̂2
𝑡 (a12) 

The non-dimensional form of the Stefan problem can then be written as: 

𝑆𝑡
𝜕𝑢

𝜕𝜏
=  

𝜕2𝑢

𝜕𝜉2
 

(a13) 
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𝑢(𝜎(𝜏), 𝜏) = 0 (a14) 

 

𝜕𝜎(𝜏)

𝜕𝜏
= − 

𝜕𝑢(𝜎(𝜏), 𝜏)

𝜕𝜉
 

(a15) 

 

𝜎(0) = 0 (a16) 

Solutions to the Stefan problem can be obtained when assumptions are made, such as the Neumann 

solution with the initial condition: 

𝑇(𝑥, 0) = 𝑇𝑚𝑒𝑙𝑡 (a17) 

The Neumann solution to the Stefan problem can be described as: 

𝑋(𝑡) = 2𝜆√𝛼𝑃𝐶𝑀𝑡 (a18) 

𝑇(𝑥, 𝑡) =  𝑇𝐿 − ∆𝑇𝐿

𝑒𝑟𝑓 (
𝑥

2√𝛼𝑃𝐶𝑀𝑡
)

erf (𝜆)
 

(a19) 

Where 𝜆 is the solution to the transcendental equation: 

𝜆𝑒𝜆2
erf(𝜆) =  

𝑆𝑡𝐿

√𝜋
 (a20) 
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The Neumann solution to the Stefan problem is only applicable when the initial temperature is 

equal to the melting temperature. Alternatively, Neumann proposed a solution to the two-phase 

Stefan problem with initial conditions different from the melting temperature: 

𝑇(𝑥, 0) = 𝑇𝑆 < 𝑇𝑚𝑒𝑙𝑡 (a21) 

The solution to the two-phase Stefan problem also takes the form of an error function, with separate 

expressions for temperature in the liquid and solid regions, and a transcendental equation for 𝜆. 

While these solutions are valid for constant temperature boundary conditions, they fail to reflect 

the effects of varying boundary conditions with time, which is the case in most thermal storage 

components.  

The quasi-stationary approximation 

The quasi-stationary approximation has the flexibility of providing solutions for varying boundary 

conditions as a function of time. The quasi-stationary assumes: 

𝜕2𝑇

𝜕𝑥2
= 0 (a22) 

This assumption implies that the storage capacity (𝜌𝐶𝑝,𝑃𝐶𝑀) is low compared to the heat of fusion 

(𝐻), which is valid when the temperature differential (∆𝑇) is limited.  

The enthalpy porosity model validation 
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The enthalpy porosity model utilized in the study presumes melting to be conduction dominated 

[40]. Temperature boundary condition varies along the module due to water flow. The code was 

validated using data by Jones et al. [44] for molten fraction, and the test facility used by Jones et 

al. is shown below in Figure 1.A. N-eicosane was used as PCM with a melting temperature of 36.4 

°C), and a transparent polycarbonate cylinder was used with an acrylic base for encapsulation 

material to allow for visualization. Starting with a subcooled PCM at 23 °C, the base of the cylinder 

was kept at 32°C while the walls were maintained at 45°C. Thermocouples were used to measure 

the temperature inside the PCM during melting. Digitalization of the photographs allowed for 

measurement of the molten fraction as a function of time. Figure A.2. shows the molten fraction 

prediction from present code compared to Jones et al. [44] results. There is an overall very good 

agreement with a maximum deviation of 4.7%. 

 
 Figure A.1. Schematic of the experimental facility studied by 

Jones et al. [44]. 
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Figure A.2. Comparison of present code prediction to 

Jones et al. [44]. 
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Chapter 6: Summary, Conclusions and Future Research 

In this chapter, a summary of the thesis is presented which focuses on the main contributions 

achieved by this study and concludes the main findings presented in this work. Recommendations 

on future work to advance this research are also discussed.  

6.1 Summary and Conclusions 

This study focuses on the utilization of PCM thermal energy storage in low temperature residential 

applications, which would typically utilize water only storage, and presented the opportunities, 

challenges, and the state-of-the-art literature surrounding the use of PCM. The study considered 

the problem from a system point-of-view, and demonstrated how storage volumes can be reduced 

in certain systems when compared to using water-only storage.  

In the current state-of-the-art literature presented in Chapter 2, it was demonstrated that while PCM 

remains a highly researched topic, there is no standard method to design PCM modules to match 

thermal system requirements. The main contribution from this study, which was presented in the 

journal papers in Chapters 3, 4 and 5, was the methodology to size PCM modules in hybrid water-

PCM tanks that can fully melt and solidify within the rate and time requirements of the system. 

Chapter 3 focuses on solar absorption cooling systems, Chapter 4 focuses on heat pump systems, 

while Chapter 5 presents a generalized methodology that works for both systems with a case study 

for heat pumps in a demand-side management scenario.  
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The methodology presented in this study addressed all key parameters that influence the benefit of 

PCM when compared to water-only storage, which included:  

• Storage capacity 

The benefit of any storage unit, utilizing water or PCM, is dependant on the 

mismatch in time between when thermal energy is available and required. In 

Chapters 3 and 4, a novel method was used to quantify the maximum storage 

capacity required by a system. These journal papers investigated two different 

systems, and demonstrated how additional storage capacity beyond this point will 

not result in any additional benefits from the system. Furthermore, a novel slope-

based method, based on storage volume, was presented to quantify the benefit of 

utilizing hybrid water-PCM in place of water-only storage based on the system 

operating temperature differential.  

• Allowable temperature differential of the system: 

Systems that benefit from utilizing PCM thermal storage in place of water-only 

storage tend to have a small operating temperature range. It was shown that systems 

operated under a limited ∆𝑇 < 30oC had an opportunity to reduce storage volumes 

by using hybrid PCM-water storage. This is because the sensible energy storage 

density of water is highly limited under these conditions. However, these benefits 

can only be realized when the PCM is fully melted and solidified. 
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• Melting temperature of the PCM 

While the limited temperature differential presents an opportunity, it can only be 

realized if the PCM material has a melting temperature that falls in the middle of 

the operating temperature differential. Having a melting temperature outside of this 

range does not allow for the utilization of the latent storage properties of the PCM. 

Furthermore, selecting a temperature close to the minimum and maximum 

temperatures limits the heat transfer potential and results in incomplete melting or 

solidification.  

 

• Encapsulation thickness 

With a limited system temperature differential ∆𝑇 and a properly selected melting 

temperature, the encapsulation thickness of the PCM must be designed to match the 

heat transfer rate requirements of the system. This study utilized the analytical 

quasi-stationary approximation for melting and solidification, along with a novel 

transient temperature profile of the storage, to solve for the encapsulation thickness 

as a function of the system requirements. Chapter 5 demonstrated that using this 

methodology will ensure the complete melting and solidification of the PCM within 

the time requirements of the system, and ensure that the heat transfer rates from and 

into the PCM match that needed by the source and the load.  
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The main contributions from this study were aligned to address these parameters, which resulted 

in: 

• A novel analytical methodology for designing hybrid PCM-water storage units based on 

system requirements. 

• Demonstration of the applicability of this methodology in a range of systems that have a 

potential to benefit from PCM storage such as absorption cooling and heat pump systems.  

• Development of a novel slope-based methodology for comparing hybrid storage to water-

only storage in a system setting. 

In addition to these contributions, additional tools were generated by this study which were used 

to achieve the main contributions, and in themselves are secondary contributions to the state-of-

the-art research in the field. These secondary contributions include: 

• Developing and verifying hybrid PCM-water storage models within the TRNSYS thermal 

systems simulation platform 

• Comparing the output of numerical methods (the enthalpy porosity method and the custom 

numerical hybrid water-PCM TRNSYS module) against the analytical quasi-stationary 

approximation 

In conclusion, PCM thermal energy storage presents opportunities and unique challenges to many 

thermal systems requiring storage. This study contributed to the art of engineering in the field of 

thermal energy storage by presenting opportunities for using PCM thermal storage, presenting 
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explicit methods to test and quantify the expected benefits of using PCM storage over traditional 

water tanks, and demonstrating the applicability of these methods in a variety of thermal systems.  

6.2 Recommendations for Future Research 

In this thesis, a number of contributions were presented which act to address the design challenges 

associated with PCM thermal storage. As designing PCM thermal storage is a complex problem, 

with many aspects to be considered, there are many opportunities to build on this work. Expansion 

of the analytical methods presented, and additional challenges not addressed by this study include: 

• Develop design standards 

The main goal of this study is to generate a standard design method for PCM storage units, 

focusing on hybrid water-PCM tanks. The method presented in this study can be written as 

an engineering standard which can be used to aid in the design of storage capacities, storage 

material, and encapsulation thickness. 

• Analytical solution for different storage profiles  

The method presented in this study was verified against a linearly increasing temperature 

profile, which is characteristic of systems exhibiting a near-constant heat rate input and 

output throughout the charging and discharging process. Another common temperature 

profile would be an exponential temperature profile characteristic of a near-constant 

temperature source or load. The methodology remains the same, but the solution to the 

encapsulation thickness will be different. Other temperature profiles based on real systems 

can also be investigated. 
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• Experimental validation  

While PCM melting and solidification has been experimentally explored, full-scale  

system-level experimental validation of this method are not available. Experimental 

research can expand this method in a controlled lab setting,  and test the range of 

applicability.  

• Investigating other encapsulation geometries 

This study focused on rectangular encapsulations, however other geometries should be 

investigated which would expand the use of this method. This includes cylindrical, 

spherical, and other common geometries. 

• Investigating other encapsulations geometries 

Natural convection was negligible in this study, however this phenomenon can substantially 

influence the melting rate of PCM in other encapsulation and storage arrangements. The 

impact of this term should be further explored from a system level in hybrid PCM-water 

storage systems. 

 

The field of PCM thermal energy storage is a promising one, with numerous researchers and 

many recent developments, and these recommendations will aid in the advancement of this field. 
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Appendix I: PCM Storage Selection and Sizing Procedure 

This appendix integrates the protocols established in Chapters 3 to 5 to create a procedure to 

standardize the selection and sizing of hybrid water-PCM thermal storage units. This procedure is 

envisioned to be a part of a mechanical engineering standards publication. 

This procedure can be used to analytically: 

1) Quantify the benefit of hybrid water-PCM storage to that of water only 

2) Size PCM encapsulations to match system requirements 

The procedure flow chart is described in Figure 29 below. 

 

Figure A.1: Flow chart of using analytical methodology described in this thesis. 
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This procedure can be described as: 

A1. Purpose and Scope 

A1.1 Purpose 

The purpose of this standard is: 

A1.1.1 To specify the methods and procedures to be used to evaluate PCM thermal storage 

compared to water 

A1.1.2 Establish the applications that are covered in this method 

A1.1.3 Specify a method to calculate the expected benefit of PCM storage 

A1.1.4 Specify a method to calculate PCM encapsulation thickness for hybrid PCM-water storage 

tanks 

 

A1.2 Scope 

A1.2.1 This standard prescribes the methods of evaluating PCM thermal storage based on thermal 

system application requirement 

A1.2.2 This standard prescribes the methods of analytically sizing rectangular PCM encapsulations 

in hybrid PCM-water storage tanks 

A1.2.3 This standard does not include encapsulations of geometries other than rectangular. 

A1.2.4 This standard does not include systems that exhibit simultaneous charging and discharging 

cycles.  
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A2 Definitions 

PCM – Phase Change Materials 

Thermal Storage – Heat storage medium. Water and/or PCM 

Systems – The thermal system consisting of all components 

Boundary conditions – The environment with which the thermal system and its components interact 

 

A3 Procedure 

A3.1 Evaluating the benefit of PCM thermal storage compared to water 

A3.1.1 Identify system metric to be influenced by storage 

 Example 1: Solar thermal heating: Solar Fraction  

𝑆𝑜𝑙𝑎𝑟 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑓 =  
𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑠𝑜𝑙𝑎𝑟 𝑠𝑦𝑠𝑡𝑒𝑚

𝑇𝑜𝑡𝑎𝑙 ℎ𝑒𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑
 

 Example 2: Electrical consumption of a heat pump during grid peak   

∆𝑊𝑃𝑒𝑎𝑘 =  
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒

𝐶𝑂𝑃
=

𝑞𝑉. 𝑉

𝐶𝑂𝑃
 

A3.1.2 Identify system performance with no storage 

 Example 1: Solar fraction with no storage. This is part of typical engineering design taking 

into account solar and building demand profiles.  

A3.1.3 Identify maximum system performance with unlimited storage 

 Example 1: Solar fraction of 1 if the collectors are sized to capture energy equal to or larger 

than the total heat demanded by the building 
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A3.1.4 Identify the slope of system performance with respect to storage volume and volumetric 

energy density 

 Example 1: the change in solar fraction with thermal storage: 

∆𝑓

∆𝑉
=  

𝑞𝑣. 𝑉

𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑎𝑡 𝐷𝑒𝑚𝑎𝑛𝑑
 

 Example 2: the change in heat pump electric consumption with thermal storage : 

  

∆𝑊𝑃𝑒𝑎𝑘 =  
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒

𝐶𝑂𝑃
=

𝑞𝑉. 𝑉

𝐶𝑂𝑃
 

A3.1.5 Identify the benefit of PCM thermal energy storage based on system operating temperature 

differential ∆𝑇 

 PCM benefit =
𝑞𝑣,ℎ𝑦𝑏𝑟𝑖𝑑

𝑞𝑣,𝑤𝑎𝑡𝑒𝑟
=  

{ 
𝑉𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 .𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒+ 𝑉𝐿𝑎𝑡𝑒𝑛𝑡 .𝑞𝑉 𝐿𝑎𝑡𝑒𝑛𝑡

𝑉𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒+ 𝑉𝐿𝑎𝑡𝑒𝑛𝑡
}

𝑞𝑉 
𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒

 

where 

𝑞𝑉 𝐿𝑎𝑡𝑒𝑛𝑡 =  (
𝑄

𝑉
) =  𝜌(𝐶𝑝,𝑃𝐶𝑀∆𝑇 + ℎ𝑓) 

𝑞𝑉 𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 =  (
𝑄

𝑉
) = 𝜌𝐶𝑝∆𝑇 

Volume reduction to achieve maximum performance can be calculated using: 

 Example 1: Solar thermal heating  

 ∆𝑽𝒐𝒍𝒖𝒎𝒆 = 𝑽𝑾𝒂𝒕𝒆𝒓− 𝑽𝑯𝒚𝒃𝒓𝒊𝒅 = 𝑻𝒐𝒕𝒂𝒍 𝑯𝒆𝒂𝒕 𝑫𝒆𝒎𝒂𝒏𝒅. (𝒇𝑽=∞ − 𝒇𝑽=𝟎). (
𝟏

𝒒𝒗,𝒘𝒂𝒕𝒆𝒓
−

𝟏

𝒒𝒗,𝒉𝒚𝒃𝒓𝒊𝒅
) 

A3.2 Sizing rectangular PCM encapsulations 

This methodology is summarized by the procedure described in Table 8 of this thesis. 


