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Abstract

Variable green energy sources were sought to supply the growing demand for energy with-
out impacting the environment. Wind and solar energy are at the forefront of the energy transi-
tion. However, their intermittent nature poses a challenge that necessitates the development
of energy storage technologies. Several technologies were studied over the years including
pumped hydro energy storage, compressed air energy storage, electrochemical energy stor-
age, and pumped thermal energy storage.

Pumped thermal energy storage provides a mean to store excess electrical energy in the
form of heat by employing a heat pump cycle during the charging process and a heat engine
cycle during the discharging process. There are multiple variations of pumped thermal energy
storage cycles of which Rankine and transcritical cycles. Unlike Brayton cycles, Rankine and
transcritical cycles typically operate at low-temperature levels < 200∘𝐶 which facilitate their
integration with low-temperature waste heat in order to boost their round trip efficiencies even
beyond 100%. Therefore, the focus of this thesis was to model and optimize Rankine and
transcritical thermally integrated small scale pumped thermal energy storage.

Critical to the storage system’s efficacy are the performances of its key components: the
compressor and expander. Geometric models were developed and validated for these com-
ponents, facilitating the determination of their isentropic efficiencies and their variation with
pressure ratio and rotation speed.

Additionally, a small-scale pumped thermal energy storage system model was developed
to study the system performance. The choice of working fluid and operating parameters were
guided by both a simplified optimization scheme and a multi-objective approach utilizing the
Non-Dominated Sorting Genetic Algorithm-II (NSGA-II). This yielded 𝑅13𝐼1 as the optimum
working fluid with source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =
140∘𝐶. This configuration led to a transcritical heat pump charging cycle and a subcritical heat
engine discharging cycle employing pressurized water as the storage medium.

Consequently, the compressor and expander geometric models were integrated into the
pumped thermal energy storage system model working with 𝑅13𝐼1 at the source and storage
temperature mentioned earlier which yielded a round trip efficiency of 𝜂𝑟𝑡 = 93%, energy
density 𝜌𝑒𝑛 = 12𝑘𝑊ℎ𝑟/𝑚3, and exergy efficiency 𝜓𝑒𝑥 = 29%.

Finally, a case study was demonstrated with the integrated cycle employed in a Dutch
household solar system where dual electric and thermal panels are employed for the electrical
and heat energy input in the pumped thermal energy storage. The system was developed for
a 1𝑘𝑊 electrical input from the solar system to be stored for further use during off peak hours.
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Nomenclature

Abbreviations

Abbreviations Definition
A-CAES Adiabatic Compressed Air Energy Storage
ASU Air Storage Uni

B-PTES Brayton Pumped Thermal Energy Storage
CAES Compressed Air Energy Storage
CSP Concentrated Solar Power

D-CAES Diabatic Compressed Air Energy Storage
ECES Electrochemical Energy Storage
GWP Global Warming Potential
HE Heat Engine
HEX Heat Exchanger
HP Heat Pump

I-CAES Isothermal Compressed Air Energy Storage
LMTD Logarithmic Mean Temperature Difference
LTES Latent Thermal Energy Storage
ODP Ozone Depletion Potential
ORC Organic Rankine Cycle
PCM Phase Change Material
PHES Pumped Hydro Energy Storage
PTES Pumped Thermal Energy Storage
RPM Revolutions Per Minute

R-PTES Rankine Pumped Thermal Energy Storage
SLM Standard Litres per Minute
STES Sensible Thermal Energy Storage
TES Thermal Energy Storage

TI-R-PTES Thermal Integrated Rankine Pumped Thermal Energy Storage
T-PTES Transcritical Pumped Thermal Energy Storage
TSU Thermal Storage Unit
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viii Nomenclature

Symbols

Symbol Definition Unit
Δ𝑇 Temperature Difference [𝐾]
Δ𝑇𝑙𝑚 Logarithmic mean Temperature Difference [𝐾]
�̇� Mass Flowrate [𝑘𝑔/𝑠]
�̇� Heat Transfer Rate [𝑊]
�̇� Volumetric Flowrate [𝑚3 𝑠−1]
�̇� Power [𝑊]
�̇� Rate of Total Energy [𝑊]
̇𝐾𝐸 Rate of Kinetic Energy [𝑊]
̇𝑃𝐸 Rate of Potential Energy [𝑊]
�̇� Rate of Internal Energy [𝑊]
𝛾 Ratio of Specific Heats = C𝑝/𝐶𝑣 [−]
𝜆 Latent Heat [𝑘𝐽 𝑘𝑔−1]
𝜔 Angular Velocity [𝑟𝑎𝑑 𝑠−1]
𝜌 Density [𝑘𝑔 𝑚−3]
𝜏 Torque [𝑁𝑚]
𝐴 Area [𝑚2]
𝐴 Heat exchange area [𝑚2]
𝑐 Velocity [𝑚 𝑠−1]
𝐶𝑝 Specific Heat Capacity at Constant Pressure [𝑘𝐽 𝑘𝑔−1 𝐾−1]
𝐶𝑣 Specific Heat Capacity at Constant Volume [𝑘𝐽 𝑘𝑔−1 𝐾−1]
𝐸 Total Energy [𝐽]

�̇�𝑒𝑙,𝑖𝑛 Electrical Inlet Power [𝑊]
�̇�𝑖𝑛 Thermal Inlet Power [𝑊]
�̇�𝑒𝑙,𝑜𝑢𝑡 Electrical Outlet Power [𝑊]
𝜂𝑟𝑡 Round-Trip Efficiency [−]
𝑔 Gravitational Acceleration [𝑚 𝑠−2]
ℎ Specific Enthalpy [𝐽 𝑘𝑔−1]
ℎ′ Ideal specific enthalpy [𝐽 𝑔−1]
𝐾𝐸 Kinetic Energy [𝐽]
𝑚 Mass [𝑘𝑔]
𝑀𝑊 Molecular Weight [𝑘𝑔 𝑚𝑜𝑙−1]
𝑝 Pressure [𝑃𝑎]
𝑃 Power [𝑊]
𝑃𝐸 Potential Energy [𝐽]
𝑄 Heat Energy [𝐽]



Nomenclature ix

Symbol Definition Unit
𝑅 Universal Gas Constant [𝐽 𝑚𝑜𝑙−1𝐾−1]
𝑠 Specific Enthalpy [𝐽 𝑘𝑔−1 𝐾−1]
𝑡 Time [𝑠]
𝑇 Temperature [𝐾]
𝑇′ Ideal temperature [𝐾]
𝑈 Internal Energy [𝐽]
𝑈 Overall heat transfer coefficient [𝑊 𝑚−2𝐾−1]
𝑉 Volume [𝑚3]
𝑋𝑒 Exit subscript [−]
𝑋𝑖 Inlet subscript [−]
𝑧 Height [𝑚]
𝑍 Compressibility Factor [−]
𝜂𝑖𝑠,𝑐 Compressor Isentropic Efficiency [−]
𝜂𝑖𝑠,𝑡 Turbine Polytropic Efficiency [−]
𝐶𝑂𝑃ℎ𝑝 Heat Pump Coefficient of Performance [−]
𝜂ℎ𝑒 Heat Engine Efficiency [−]
𝑇𝑠𝑡 Storage Temperature [𝐾]
𝑇𝑠𝑘 Sink Temperature [𝐾]
𝑇𝑠𝑟 Source Temperature [𝐾]
Δ𝑇𝐿ℎ𝑝 Heat Pump Lift Temperature [𝐾]
Δ𝑇𝐿ℎ𝑒 Heat Engine Lift Temperature [𝐾]
𝐸ℎ𝑒 Heat Engine Net Energy Output [𝐽]
𝐸ℎ𝑝 Heat Pump Net Energy Input [𝐽]
𝑡𝑐ℎ Charging time [ℎ]
𝑡𝑑𝑖𝑠 Discharging time [ℎ]
𝑄𝐻𝑇ℎ𝑝 High Temperature Heat Pump Heat Output [𝐽]
𝜌𝑒𝑛 Energy Density [𝐽 𝑚−3]
𝜌𝑝𝑤 Power Density [𝑊 𝑚−3]
𝜂𝑡𝑜𝑡 Total Efficiency [−]
𝜂𝑡ℎ Thermal Storage Efficiency [−]
𝑝𝑜𝑝 Operation Pressure [𝑏𝑎𝑟]
𝑝𝑎𝑡𝑚 Atmospheric Pressure [𝑏𝑎𝑟]
𝑇𝑎𝑡𝑚 Atmospheric Temperature [𝐾]
𝑇𝐵𝑝 Boiling Point Temperature [𝐾]
𝑝𝑐𝑟𝑖𝑡 Critical Pressure [𝑏𝑎𝑟]
𝜙𝐹𝐹 Filling Factor [−]
�̇�𝑚𝑒𝑎𝑠 Measured Volumetric Rate [𝑚3 𝑠−1]
�̇�𝑡ℎ Theoretical Volumetric Rate [𝑚3 𝑠−1]
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1
Introduction

Global energy consumption has experienced a substantial increase exceeding ninefold
during the preceding seven decades. Notably, hydrocarbon sources, namely coal, crude oil,
and natural gas, have dominated the energy sector, accounting for over 70% of the overall
energy supply by the year 2021, as visually depicted in the accompanying figure 1.1[29].

Figure 1.1: Global Energy Consumption for the Period from 1800 - 2021 Distributed by Energy Source [29]

Consequently, carbon emissions increased at an alarming rate of more than (7𝑋) over the
same period [11]. Thus, over the past 20 years more focus was given to renewable energy
sources resulting in a continuous growth of renewable energy sources with solar, wind, and
hydro-power spearheading the energy transition [66]. Unlike hydropower, wind and solar suffer
from intermittency where energy variation occurs daily as well as seasonally. Additionally,
matching energy supply with load demand poses another challenge for renewable energies.

Hence, innovative energy storage systems became a necessity where excess energy from
supply peak hours can be stored and then reused during high demand as modeled in figure
1.2 from one week in Minnesota in 2007 [30]. As can be seen in the graph, excess energy
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2 1. Introduction

from wind energy (green graph) can be stored during a charging period (orange graph) and
then used during high demand (purple graph). Many energy storage methods have been stud-
ied over the years to resolve the storage challenge including pumped hydro energy storage
(PHES), electrochemical energy storage (ECES), compressed air energy storage (CAES), and
pumped thermal energy storage (PTES).

Figure 1.2: Minnesota Daily supply and demand with storage of renewable energy in 2007. Green: Wind Energy
Supply. Red: Energy Demand. Orange: Excess Energy Storage. [30]

1.1. Energy Storage Methods
1.1.1. Classifications

Energy storage can be classified into four main types which are: (i) Mechanical, (ii) Electro-
chemical, (iii) Electro-thermal, and (iv) chemical energy storage technologies [53] [27] as can
be seen in figure 1.3.

i Mechanical: is the storage of excess electrical energy in the form of potential or kinetic
energy with the most common examples being pumped hydro energy storage, compressed
air energy storage, etc.

ii Electro-thermal: is the storage of excess electrical energy in the form of heat with the
common example of pumped thermal energy storage, liquid air energy storage, etc.

iii Electro-chemical: is the storage of excess electrical energy in batteries where the electro-
chemical potential of the materials is exploited. Typical examples are conventional solid-
state Li-ion batteries, flow batteries, etc.

iv Chemical: is the storage of excess electrical energy by altering the chemical bonds of
compounds like using excess electrical energy in an electrolyser to produce hydrogen 𝐻2.

1.1.2. Comparison
Table 1.1 along with Figure 1.5 different aspects of the different storage technologies in-

cluding round trip efficiency 𝜂𝑟𝑡 which is the ratio of energy output to the input energy, energy
density 𝜌𝑒𝑛 which is the ratio of delivered energy to the storage volume, and energy cost
$/𝑘𝑊ℎ𝑟 which is represented by the bubble size.

It can be seen that pumped hydro energy storage is the leading technology in large-scale
energy storage as it has reached the commercial development stage with over 100𝐺𝑊 instal-
lation as can be seen in figure 1.4 [52]. They have high output power and high round trip effi-
ciency of 60−90% [27] [53] which made them the benchmark in energy storage technologies.
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Figure 1.3: Energy Storage Technologies Comparison Based on Their Classifications [27] [53]

However, they suffer from high reliance on geography and topography as a consequence of
their need for a high amount of water with sufficient elevation [65] in addition to their relatively
low energy density of around (0.2 − 2 𝑊ℎ𝑟/𝐿).

Electrochemical energy storage is the second highest grid-scale energy installation [52] as
it provides geographical independence but suffers from high installation costs, especially at
large scale with a low lifetime of 10 − 15 𝑦𝑒𝑎𝑟𝑠.

Chemical energy storage has high energy density with geographical independence but
suffers from relatively low efficiency and high cost.

Even though electro-thermal energy storage is in the initial commercial deployment stage,
it has gained attraction in recent years due to its relatively high energy density and round trip
efficiency in addition to its low cost and geographical independence. Hence, it will be the focus
of this thesis and will be referred to from now on as Pumped Thermal Energy Storage (PTES).

Figure 1.4: Global Deployments of Grid-Scale Electricity Storage Systems in 2020 [52]
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Table 1.1: Technical Characteristics of Energy Storage Technologies Based on Their Classifications [27] [53]

Figure 1.5: Energy Storage Technologies where the circle size represents the energy cost of Pumped Hydro
Energy Storage (PHES), Diabatic Compressed Air Energy Storage (D-CAES), Adiabatic Compressed Air Energy
Storage (A-CAES), Rankine Pumped Thermal Energy Storage (R-PTES), Brayton Pumped Thermal Energy

Storage (B-PTES), Carbon Dioxide Pumped Thermal Energy Storage 𝐶𝑂2, Lithium Ion Batteries (Li-ion Batteries)
and Flow Batteries [53] [27]

1.1.3. Electro-Thermal Energy Storage
Electro-thermal energy storage is referred to in many literature articles under different

names like Carnot battery, pumped thermal energy storage, and pumped heat energy storage.
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In any case, they refer to an emerging energy storage technology where excess electrical en-
ergy is stored in the form of heat by using the energy to heat a hot reservoir through a heat
pump cycle working between low-temperature and high-temperature reservoirs [58]. Elec-
tric heated energy storage will also be included in this type as it uses excess electricity to
directly heat the storage fluid through the electric heater [20]. The heat is then consumed
in a heat engine cycle to generate power as depicted in figure 1.6a. There are three main
categories of PTES: Brayton B-PTES, Rankine R-PTES, and transcritical T-PTES which will
be detailed further in the following sections. The main advantage of PTES is their theoreti-
cal location independent while having a round trip efficiency of around 30 − 60% and energy
density 50 − 500𝑊ℎ𝑟/𝐿 as can be seen from Table 1.1. The main components in pumped
thermal energy storage are the compressor, expander, heat exchangers, pump, and storage
reservoirs as can be seen in Figure 1.6b [17]. Figure 1.6b demonstrate the main components
for the Rankine and transcritical cycle, while the Brayton cycle has a similar layout with the
valve replaced with an expander and the pump replaced with a compressor. Based on the
employed cycle, interaction with the storage system can be either through sensible heat like
in the case of Brayton and transcritical cycles with either direct or indirect contact, or phase
change materials latent heat storage like in the case of Rankine Cycle which will be detailed
further in the next chapter.

(a) Charging Heat Pump and Discharging Heat Engine Cycles in Pumped Thermal Energy storage
[43]

(b) Pumped Thermal Energy Storage Main Components [17]

Figure 1.6: Pumped Thermal Energy Storage Concept and Main Components. (a) Charging Heat Pump and
Discharging Heat Engine Cycles. (b) Heat Pump and Heat Engine Main Components
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1.2. Thesis Outline
The outline of the rest of the thesis is as follows:

• Chapter 2 presents the literature review of the different pumped thermal energy storage
technologies along with their major components and typical performances as depicted
in the different literature.

• Chapter 3 presents the work of modeling the major components of the pumped thermal
energy storage namely the compressor and expander. A geometric model of a scroll
compressor is presented in this chapter with their geometry, thermodynamic model,
model validation, results, and discussion. A similar model is also presented for a scroll
expander.

• Chapter 4will detail modeling of pumped thermal energy storage detailing the heat pump
and heat engine cycles along with their sensitivity analysis. Additionally, fluid selection
will be provided based on the fluids’ properties as well as their performance in the cycle.
Finally, a simple optimization scheme, as well as a multi-objective optimization scheme,
will be detailed to determine the optimum working fluid as well as operating conditions.

• Chapter 5 details the integration of the compressor and expandermodels into the pumped
thermal energy storage model and provides a more reasonable storage performance
based on the compressor and expander isentropic efficiencies. Additionally, a case
study is proposed where the small scale pumped thermal energy storage system is in-
tegrated into a dutch household solar system. The solar system uses dual electric and
heat solar panels where excess electric energy is used to drive the heat pump com-
pressor and heat is used to provide the low temperature thermal integration to boost the
system efficiency.

• Chapter 6 finalize the thesis by providing a conclusion based on the previous chapters
and recommendations for future work.

The structure of the thesis can be seen in figure 1.7
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2
Literature Review

In this chapter, a literature review will be presented tackling the different parts of the thesis.
First, a review of the different Pumped Thermal Energy Storage thermodynamic cycles will be
detailed. Second, the different components that make up the cycle will be detailed like the
compressor, expander, and heat exchanger. Third, the thermal energy storage system will be
presented. Fourth, different working fluids will be discussed.

2.1. Basic Concept
PTES was first patented in 1934 by Fritz Marguerre under the name of Thermodynamic

Energy Storage [25]. Ever since multiple variations of PTES have been studied that span a
huge range of applications.

The basic concept work by having a heat pump charging cycle that uses excess electrical
input to upgrade the temperature from a low-temperature reservoir to a high-temperature (Heat
Storage) reservoir as can be seen in Figure 2.1. The stored heat is then consumed in a
heat engine discharging cycle working between the high-temperature and low-temperature
reservoirs to generate electricity.

Figure 2.1: Pumped Thermal Energy Storage Basic Concept of Using Heat Pump in The Charging Cycle and
Heat Engine In the Discharging Cycle [43]

Figure 2.2 shows different concepts of the cycle. In Figure 2.2a, electricity is used to directly

9
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heat a storage medium which is then used to derive a HE cycle to generate electricity. Even
though this is technically not a pumped thermal energy storage, it was included in this category
for completeness. Figure 2.2b, HP and HE are used in a reversible cycle operating between
cold temperature and hot temperature reservoirs. In Figure 2.2c, heat integration is introduced
with hot storage where a hot source temperature is upgraded to a higher temperature in an HP
cycle and stored in the hot storage 𝑇𝑠𝑡 which is then used in a HE cycle to generate electricity.
Finally, Figure 2.2d shows heat integration with cold storage where a refrigeration cycle is used
to cool the low-temperature cold storage, and then heat from the high-temperature source
is used in a HE cycle operating between the high-temperature source and low-temperature
storage.

Figure 2.2: The main concept of PTES Systems (a) Electric Heater Heat Engine (b) Reversible PTES Working
Between Cold and Hot Temperatures (c) Heat Integration with Hot Storage PTES (d) Heat Integration With Cold

Storage PTES [52]

As mentioned in the previous chapter, there are three main categories of PTES based on
the thermodynamic cycle employed which are Brayton (B-PTES), transcritical (T-PTES), and
Rankine (R-PTES). The categorization is based on the state of the working fluid in the cycle.
In B-PTES, the fluid is in a supercritical state throughout the cycle therefore no phase change
occurs. While in R-PTES, the fluid is in sub-critical mode throughout the cycle with phase
change occurring across an evaporator and a condenser. Finally in T-PTES, part of the cycle
is supercritical while the other part is subcritical therefore phase change only occurs on the
low-pressure side as demonstrated in figure 2.3.

Therefore, an overall categorization of PTES based on the concepts and the employed
thermodynamic cycles can be seen in figure 2.4 which will be detailed in the following sections.

2.1.1. Brayton B-PTES
B-PTES refers to a Brayton cycle where the working fluid is in a supercritical single phase

throughout the cycle. The main types of Brayton PTES are electric heater with heat engine
cycle and heat pump with heat engine which will be detailed later.

2.1.1.1. Electric Heater with Heat Engine
K. Attonaty et al. [4] demonstrated the cycle where charging is done through an electric

heater in which fan-driven air is heated up to 900∘𝐶 and heat is stored in packed bed hot
storage. However, the round trip efficiency is reported to be lower than the other types with
𝜂𝑟𝑡 = 41% in a 200 𝑀𝑊ℎ storage without the use of the combustion chamber as can be seen
in Figure 2.5.

2.1.1.2. Heat Pump and Heat Engine
The basic Brayton cycle (heat pump and heat engine) is demonstrated by the work of [43]

where the cycle configuration is shown along with the T-s Diagram which shows the charging
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Figure 2.3: Brayton, Rankine and Transcritical Cycles [38]

Figure 2.4: Overall PTES Categories

Figure 2.5: Electric Heater Charging Cycle with Brayton Heat Engine Discharging Cycle [4]
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and discharging phases of the cycle as can be seen in Figure 2.6. During the charging phase
designated by numbers (1-4) in figure 2.6, electrical excess energy is used to drive a HP with
heat is stored in a thermal energy storage. The cycle is then reversed during the discharging
phase (1’-4’) where the stored energy is consumed to drive a turbine to generate electricity.

The working principle is that the working fluid is adiabatically compressed from low pres-
sure and low temperature (1) to high-pressure high temperature (2) with a compressor driven
by excess electricity. The heat is then isobarically removed and stored in the hot storage (3).
The high-pressure low temperature (3) is then expanded in a turbine to reach the low-pressure
low temperature at point (4) with the energy of the turbine being used to reduce the compres-
sor load. Heat is then isobarically added from the cold storage to reach (1) where the cycle
continues. This cycle is then reversed in the discharge phase as mentioned earlier with the
expansion energy used to generate electricity.

The shown heat exchangers denoted as (HEX A and HEX B) are used to maintain tem-
perature stability at the compressor and turbine inlets.

Figure 2.6: Brayton Cycle Heat Pump (charging) and Heat Engine (discharging) (a) Configuration and (b)T-s
Diagram where (1-4) HP charging (1’-4’) HE discharging [43]

There are two common cycles studied in literature based on the work of Isentropic ltd. and
Malta Inc. as can be seen in Figure 2.7 [72]

A. White et al. [73] investigated the Isentropic Ltd. cycle using argon as the working
fluid where they stressed the importance of the temperature ratio across the high-temperature
storage 𝑅 = 𝑇2

𝑇3
where 𝑇2 is storage temperature inlet and 𝑇3 is storage temperature outlet in

the performance of the cycle where energy density 𝜌𝑒𝑛 increases with an increase of R. This
is achieved by increasing the cycle pressure ratio PR. Additionally, the authors stressed the
importance of the machine (compressor and turbine) polytropic efficiency 𝜂𝑝𝑜𝑙,𝐶 𝑎𝑛𝑑 𝜂𝑝𝑜𝑙,𝑇
where higher values result in an increase of the cycle round trip efficiency 𝜂𝑟𝑡. Similarly, J.D.
McTigure et al. [45] studied the same cycle with a 2 𝑀𝑊 and 16 𝑀𝑊ℎ energy storage system
working with argon as the working fluid with iron oxide 𝐹𝑒3𝑂4 packed bed hot storage at a
storage temperature of 𝑇𝑠 = 778𝐾. The study showed that a round trip efficiency is a strong
function of machine polytropic efficiency where 𝜂𝑟𝑡 = 70% and 𝜂𝑟𝑡 = 50% can be achieved
with 𝜂𝑝𝑜𝑙 = 0.99 and 𝜂𝑝𝑜𝑙 = 0.9 respectively. T.Desrues et al. [14] studied the cycle for large-
scale energy storage of around 900𝑀𝑊ℎ energy storage using argon as the working fluid. The
paper reasoned that achieving high round trip efficiency of around 𝜂𝑟𝑡 = 70% can be done by
either increasing the polytropic efficiency to around 𝜂𝑝𝑜𝑙 = 0.94 with low-temperature storage
𝑇𝑠 = 593𝐾 or by increasing the hot temperature storage to 𝑇𝑠 = 1323𝐾 with 𝜂𝑝𝑜𝑙 = 0.84.
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(a) Isentropic ltd (b) Malta Inc.

Figure 2.7: Different Brayton Cycles (a) Isentropic ltd. (b) Malta Inc. [72]

R. Laughlin [39] studied a basic Brayton cycle that resembled the one developed by Malta
Inc. The cycle was working with argon as the working fluid with molten salt and liquid hy-
drogen as the high and low-temperature storage respectively. The high temperature storage
of 823𝐾 and low temperature storage of 300𝐾 were employed with polytropic efficiencies of
the compressor and expander 𝜂𝑝𝑜𝑙,𝐶 = 0.93 and 𝜂𝑝𝑜𝑙,𝑇 = 0.93 respectively which achieved a
round trip efficiency of 𝜂𝑟𝑡 = 75%.

M. Petrollese et al. [58] studied a thermally integrated cycle based on Malta Inc where
a concentrated solar power was integrated into the cycle to boost its round trip efficiency as
can be seen in Figure 2.8. However, only 𝜂𝑟𝑡 = 60% was reported with the heat integration
with 𝜂𝑝𝑜𝑙 = 0.90 which is attributed to the inclusion of the solar exergy input in the efficiency
calculation.

Figure 2.8: Concentrated Solar Power (CSP) Brayton PTES Charging Cycle Configuration and T-S Diagram [59]

2.1.2. Rankine R-PTES
Unlike Brayton PTES, Rankine PTES works in the subcritical state with phase change

occurring at an evaporator and a condenser. The cycle was demonstrated by [43] which is
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shown in figure 2.9 with a heat pump charging and heat engine discharging cycles similar to the
one described in Brayton PTES. High efficiency of the cycle can be achieved by either a lower
temperature lift in the heat pump cycle which targets improving HP 𝐶𝑂𝑃ℎ𝑝, or by increasing
the temperature difference in the heat engine cycle which targets improving the HE 𝜂ℎ𝑒.

The working principle is slightly different than Brayton PTES. In the charging cycle, the
vapor is adiabatically compressed from low pressure and low temperature (2) to high pressure
and high temperature (3) utilizing the excess electrical energy. The heat of compression is
removed and stored in hot storage through an isobaric condenser where the working fluid
phase changes from vapor (3) to liquid (5). The high-pressure and low-temperature liquid at
the outlet of the condenser is expanded in an expansion valve to low-pressure low temperature
where two-phase occurs (1). The two-phase fluid enters the evaporator at (1) and exits at (2)
as saturated vapor where heat is added to the fluid from cold storage or from atmospheric
conditions and the cycle repeats. In the discharge cycle, the saturated liquid is pumped from
low-pressure low temperature (1’) to high pressure (2’). The hot storage is then consumed
to heat the fluid to high pressure and high-temperature superheated vapor (4’) through the
evaporator. The superheated vapor is then expanded to low pressure and low temperature
in a turbine to generate electricity (5’) which is then cooled down in a condenser to saturated
liquid at point (1’) where removed heat can be stored in the cold storage or removed at the
atmospheric condition and the cycle continues.

Figure 2.9: Ideal Rankine PTES (a) Configuration and (b) T-s Diagram (1-5) HP charging cycle (1’-5’) HE
discharging cycle Where Storage is Done Between (3-5) During Charging and (2’-4’) During Discharging [43]

R-PTES has three main configurations which are heat pump and heat engine, thermal
integrated Rankine cycle, and electric heater Rankine cycle. Additionally, several working
fluids were reported like refrigerants, water, ammonia, and hydrocarbons [38].

2.1.2.1. Electric Heater Rankine Cycle
Electric heater Rankine cycle work by having a resistive heating element to heat the hot

storage during the charging cycle which is then used in a Rankine cycle to generate electricity.
SIEMENS Gamesa [36] proposed a plant working by heating air using electric heat which is
then driven through a packed bed of rocks to store thermal energy at a maximum storage
temperature between 500 − 800∘𝐶 [20] during the charging cycle. In the discharging cycle,
cold air is heated from the thermal storage unit which is then used to superheat steam in a
Rankine heat engine cycle which is used to generate electricity as designed by the light and
dark green lines in figure 2.10. SIEMENS Gamesa [36] are working to construct a commercial
scale electric heated TES with a storage power of 100 𝑀𝑊 in Hamburg, Germany with an
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outlook round trip efficiency of 𝜂𝑟𝑡 = 50% after their successful deployment of a demonstrator
scale 5.4 𝑀𝑊 in 2019 which J.R. Eggers et al. anticipated that it had a round trip efficiency of
30%–47% [20].

Figure 2.10: Electric Heater Rankine Cycle plant by SIEMENS Gamesa [20]

2.1.3. Heat Pump and Heat Engine
The basic heat pump and heat engine cycle Rankine cycle working without heat integration

was rarely investigated which is attributed to its low efficiency. W.D. Steinmann [69] inves-
tigated the cycle using water as the working fluid which is operating at a low temperature of
25∘𝐶 as can be seen in figure 2.11. Two cases were investigated by the paper with different
high pressure 100 𝑏𝑎𝑟 and 140 𝑏𝑎𝑟 at storage temperatures of 400∘𝐶 and 550∘𝐶 respectively
with reported round trip efficiencies of 𝜂𝑟𝑡 = 38.6% and 𝜂𝑟𝑡 = 41.8% respectively. Hence the
paper concluded that the cycle efficiency can only achieve 𝜂𝑟𝑡 = 40%. Consequently, R-PTES
is normally investigated with the deployment of thermal integration.

2.1.3.1. Thermal Integrated Rankine Cycle
Thermal integration in R-PTES is the utilization of low temperature < 200∘𝐶 waste heat to

increase the round trip efficiency of the storage system. This is achieved by decreasing the
temperature lift across the heat pump charging cycle to improve the heat pump coefficient of
performance 𝐶𝑂𝑃ℎ𝑝.

H. Jockenhöfer et al. [35] investigated heat integration from district heater smart solar
system or shallow geothermal energy sources in a Rankine cycle using butane as the working
fluid with a combined sensible (STES) and latent (LTES) thermal energy storage based on
pressurized water and potassium nitrate phase change material (PCM) in order to match the
temperature profile of the working fluid and cooling medium as can be seen in figure 2.12. The
paper concluded that in order to achieve higher round trip efficiency, the source temperature
𝑇𝑠𝑟 in the charging cycle has to be increased and the sink temperature 𝑇𝑠𝑘 in the discharging
cycle has to be decreased and demonstrated that a round trip efficiency of 𝜂𝑟𝑡 = 125% can
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Figure 2.11: Ideal Heat Pump and Heat Engine Reversible Rankine Cycle [69]

be achieved with 𝑇𝑠𝑟 = 100∘𝐶 and 𝑇𝑠𝑘 = 15∘𝐶. The paper also stressed on maintaining a
low pinch minimum temperature Δ𝑇𝑚𝑖𝑛 in the evaporator, condenser, and PCM heat storage
to achieve high round-trip efficiency. Finally, the authors studied the main sources of exergy
losses in the cycle and concluded that the HP evaporator, ORC (HE) condenser, and rotating
machinery (compressor and expander) are the main sources of exergy loss as can be seen in
Figure 2.13.

G.F. Frate et al. [23] investigated the influence of source and storage temperatures in
a similar cycle working by varying the source temperature 𝑇𝑠𝑟 = 80 − 110∘𝐶 and the storage
temperature 𝑇𝑠𝑡 = 110−200∘𝐶 and the influence of different working fluids on the performance
of the cycle. The paper concluded that R1233ZD(E) was the most suitable fluid based on
performance, safety, and environmental considerations which achieved a round trip efficiency
𝜂𝑟𝑡 = 130% at 𝑇𝑠𝑟 = 110∘𝐶. Additionally, the paper concluded that increasing the storage
temperature results in a decrease in round-trip efficiency due to increasing temperature lift in
the HP cycle. Finally, the authors conducted a sensitivity analysis over the cycle and concluded
that isentropic efficiencies of the rotating equipment have a high influence over round-trip
efficiency.

G.F. Frate et al. [24] provided a multi-objective optimization scheme utilizing Pareto Front
for thermally integrated pumped thermal energy storage with source temperature 𝑇𝑠𝑟 ≤ 80∘𝐶
with respect to cycle parameters round trip efficiency 𝜂𝑟𝑡, energy density 𝜌𝑒𝑛, and exergy effi-
ciency 𝜓𝑢𝑡 as can be seen in Figure 2.14. Different scenarios to account for different weights
of the parameters were studied as demonstrated below with and without the employment of a
regenerator:

⎡
⎢
⎢
⎢
⎢
⎣

𝜂𝑟𝑡 𝜓𝑢𝑡 𝜌𝑒𝑛
𝑊1 1/3 1/3 1/3
𝑊2 1/2 1/2 0
𝑊3 1/2 0 1/2
𝑊4 2/3 0 1/3

⎤
⎥
⎥
⎥
⎥
⎦
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Figure 2.12: Thermal Integrated Rankine Pumped Thermal Energy Storage (TI-R-PTES) [35]

Figure 2.13: Main Components Responsible for Exergy Losses in Organic Rankine Cycle Heat Engine (ORC)
and Heat Pump (HP) in District Heater Smart Solar Thermal Integrated Rankine Cycle [35]

The paper concluded that an energy density of 10 − 15 𝑘𝑊ℎ/𝑚3 can be easily achieved
which is much higher than PHES which has a typical value of 0.5 − 2 𝑘𝑊ℎ/𝑚3 and CAES
which has a typical value of 3 − 6 𝑘𝑊ℎ/𝑚3. Additionally, a realistic round trip efficiency of
0.5−0.6% can be achieved with the authors claiming that higher values are not realistic as they
require inefficient exploitation of the waste heat source. Moreover, the paper demonstrated
that energy density and round trip efficiency are competing in the cycle with maximizing one
will require to minimize the other as can be seen in figure 2.15. For the case with a regenerator,
the author reported having a high impact on exergy efficiency but a low impact on round-trip
efficiency and energy density. For the fluid, Cyclopentane was reported to be the best fluid
for maximizing round trip efficiency and exergy efficiency but it has low energy density while
R245fa was reported to have the opposite effect.

Considering the promising results of the simulations, several experimental investigations
were carried out like the work of O.Dumont et al. [19] who conducted an experimental inves-
tigation of heat integrated reversible Rankine cycle working with R1233ZD(E) as the working
fluid and was able to demonstrate a round trip efficiency of 𝜂𝑟𝑡 = 72.5% as can be seen in
figure 2.16. The author also claimed that a higher efficiency of around 𝜂𝑟𝑡 = 100% can be
achieved with better optimization of the volumetric machine and the control and thermal insu-
lation. The paper demonstrated the possibility of using the same equipment in the charging
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Figure 2.14: TI-PTES (a) without regenerator (b) with regenerator [24]

and discharging cycle with the compressor modified to work as an expander in the discharging
cycle.

Even though high efficiency is reported, utilizing PCM in energy storage is still experi-
mental. Having both a PCM and sensible require proper control to ensure the charging or
discharging of both systems occurs at the same rate. Finally, using sensible heat only will
result in a lower exergy efficiency as will be described later.

Finally, it is estimated that 1/3 of waste heat in EU is in the range of 100 − 200∘𝐶 as can
be seen in figure 2.17 [55] which can be exploited in the pumped thermal energy storage.

2.1.4. Transcritical T-PTES
For transcritical PTES, the high-pressure side is in a supercritical state, and therefore

phase change doesn’t occur and the condenser in the R-PTES HP charging cycle is replaced
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(a) Non Regenerator Cycle Competing Window (b) Regenerator Cycle Competing Window

Figure 2.15: Pareto Front for optimization of different configuration linearized against the ideal values value
which are 𝜂𝑟𝑡 = 1.08, 𝜓𝑢𝑡 = 0.2, 𝜌𝑒𝑛 = 15.17 𝑘𝑊ℎ/𝑚3[24]

Figure 2.16: Schematic of the TI-R-PTES Experiment Done By University of Liage Which Demonstrated Utilizing
the Same Scroll as a Compressor in the Charging Cycle and Expander in the Discharging Cycle [19]

Figure 2.17: EU Industrial Waste Heat [55]

with a heat exchanger as can be seen in figure 2.18. The direction of the arrows in figure 2.18a
represents the charging HP cycle which corresponds to figure 2.18b red lines from point (1 -
4) while the discharging HE cycle run in the opposite direction and represented by the blue
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lines with corresponding numbers (1’ - 4’).
A. Koen et al. [38] investigated 176 working fluids in T-PTES cycle based on 𝜂𝑟𝑡, 𝜌𝑒𝑛 along

with safety and environmental consideration with water, Therminol D12, and Therminol 66 as
storage mediums. Ambient temperature is used as the lower temperature of the cycle. The
paper demonstrated that Trifluoroiodomethane (R13I1) achieved the highest cycle round trip
efficiency of 𝜂𝑟𝑡 = 57.6% as can be seen in figure 2.19. However, considering all parameters
like 𝜌𝑒𝑛, 𝑠𝐶𝑂2 and Ammonia were the best. Additionally, the authors studied the effect of stor-
age temperature on the performance of the cycle and concluded that increasing the storage
temperature (𝑇2) results in an increase in 𝜌𝑒𝑛 but a decrease in the machine performance due
to losses.

(a) Schematic of the T-PTES
(b) T-s Diagram of Ideal 𝑠𝐶𝑂2 Cycle (red) charging (blue)

discharging

Figure 2.18: Transcritical PTES Cycle Operating at Atmospheric Low Temperature (a) Schematic (b) T-s
Diagram of the charging (Red) and Discharging (Blue) cycles [38]

Figure 2.19: Maximum Round Trip Efficiency Achieved for Each Fluid with Their Corresponding Storage
Temperature [38]

Consequently, most of the work in T-PTES revolves around supercritical carbon dioxide
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𝑠𝐶𝑂2 as the working fluid. Hence, MAN energy solutions partnered with ABB Switzerland
to build a T-PTES with 𝐶𝑂2 as the working fluid [12]. Accordingly, M. Morandian et al. [48]
investigated the performance of the plant proposed by ABB using pressurized water for hot
storage and ice slurry salty water for cold storage as can be seen in figure 2.25. A maximum
of 𝜂𝑟𝑡 = 60% was demonstrated for 50 𝑀𝐽 energy storage with isentropic efficiencies between
𝜂𝑖𝑠 = 0.85 − 0.88%. The authors highlighted that due to variations in heat capacity 𝑐𝑝 around
the critical point, multiple storage tanks are required to match the profile of working fluid and
avoid exergy loss as can be seen in figure 2.21. Similarly, M. Mercangöz et al. [47] investigated
the ABB plant for 1 𝑀𝑊 and 50 𝑀𝑊 pilot scale and commercial scale plants and concluded
a round trip efficiency 𝜂𝑟𝑡 = 51% and 𝜂𝑟𝑡 = 65% respectively. The main contribution of
the commercial scale efficiency increase is attributed to the increase in machine isentropic
efficiency.

(a) Schematic of ABB T-PTES
(b) T-s Diagram of 𝐶𝑂2 ABB plant (red)
charging (blue) discharging

Figure 2.20: ABB 𝐶𝑂2 T-PTES (a) layout (b) T-s Diagram of the Charging (Red) and Discharging (Blue) Cycles
[48]

Figure 2.21: Thermal profile of hot water storage in T-PTES[48]

A summary of the studied cycles can be seen in table 2.1. From the table, it is clear
that Brayton cycles generally operate at high temperatures > 200∘𝐶 which makes them not
suitable for low temperature heat integration. Rankine and transcritical cycles operate at lower
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temperatures than Brayton cycles with possible low temperature heat integration. With heat
integration, high round trip efficiencies were reported even higher than 100%.

2.2. Components
The major components of PTES are compressor, expander, thermal energy storage, heat

exchangers, and working fluids as can be seen in figure 2.22. Components’ types, perfor-
mance, and selection criteria will be detailed in the following sections.

Figure 2.22: PTES Components; Piston [34] ; Screw [34] ; Scroll [13]; Roots [2]; Rotary Vane [60]; Radial [7];
Axial[8]

2.2.1. Compressor and Expander Machines
The compressor and expander are used in the heat pump and heat engine cycles. While

compressors use electric power to increase the enthalpies of the working fluid, expanders
work in reverse by consuming the fluid enthalpies to generate electric power. The main types
of machines are volumetric and turbomachines.

2.2.1.1. Machine Selection
Volumetric machines generally are used for small-scale applications with power ranges

(< 1 𝑀𝑊) featuring low flow rate 10 − 100 𝐿/𝑠 and high-pressure ratios up to 200[43]. Al-
ternatively, turbomachines are used for large-scale applications (> 1 𝑀𝑊) handling high flow
rate with low-pressure ratio per stage [43]. Therefore, for the purpose of this thesis, more
focus on volumetric machines will be given.

O. Dumont et al. [18] investigated the performance of four different expander machines
namely root, scroll, screw, and axial piston in small scale< 5 𝐾𝑊 organic Rankine cycle (ORC)
working with R245FA as the working fluid. The paper showed that higher rotation speed re-
duces internal leakage which improves the performance of all studied expanders as can be
seen in figure 2.23 where filling factor (𝜙𝐹𝐹 =

�̇�𝑚𝑒𝑎𝑠
�̇�𝑡ℎ

) approaches 𝜙𝐹𝐹 = 1 at rotation speed
𝑅𝑃𝑀 > 3000. Additionally, the scroll expander demonstrated the best isentropic efficiency
among all expanders with an isentropic efficiency of 𝜂𝑖𝑠,𝑇 = 76% followed by screw and piston
with 𝜂𝑖𝑠,𝑇 = 53% for both and finally root with 𝜂𝑖𝑠,𝑇 = 47%. S. Quoilin et al.[42] investigated
scroll, screw, and radial inflow single-stage turbines in an organic Rankine cycle. The author
stressed the importance of the built-in volumetric ratio which is the ratio of the discharge vol-
ume to the suction volume with a maximum value 𝑟𝑣 = 4 for the scroll and 𝑟𝑣 = 5 for the screw.
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Additionally, the author recommended an operation power window which can be seen in figure
2.24 which shows that scrolls are the most suitable expander for small scale < 10 𝑘𝑊.

For compressors, [43] summarized different off-the-shelf volumetric and dynamic compres-
sors with the conclusion that scroll compressors have an adiabatic efficiency around 55−60%.
However, [74] demonstrated that an isentropic efficiency of 𝜂𝑐,𝑖𝑠 = 70% is achievable as will
be shown later.

Therefore, for the purpose of this thesis, a scroll compressor and expander will be used
and therefore will be detailed.

Figure 2.23: Expander filling factor (𝜙𝐹𝐹 =
�̇�𝑚𝑒𝑎𝑠
�̇�𝑡ℎ

) Variation with RPM Where 𝜙𝐹𝐹 = 1 is Favorable [18]

Figure 2.24: Expander Allowed Power Range for Low Temperature Waste Heat Recovery (Low TWHR); Low
Temperature Solar (Low T solar); Low Temperature Geothermal (Low T geoth); High Temperature Waste Heat

Recovery (High TWHR); High Temperature Combined Heat and Power (High T CHP) [63]

2.2.1.2. Modeling of Scroll Compressor and Expander
Several models were used to simulate the performance of the scroll compressor and ex-

pander which can be grouped into three methods which will be detailed later:

• Geometric: mathematical equations are used to simulate the geometric volumes of
different champers and the different properties like pressure and temperature in order to
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calculate the performance of the compressor and expander

• Semi-Empirical: parameters from both experimental and physical laws are used to
model the performance of the compressor and expander

• Polytropic: general simple model based on ideal gas law with assumed constant effi-
ciency

i Geometrical Model
In the geometrical model, conservation laws of mass, energy, and momentum are used to
solve mathematical equations to simulate the performance of the scroll compressor and
expander. The work involves mathematical equations to simulate the geometric volumes
of different scroll champers as can be seen in figure 2.25a with the change of the chamber
volume represented in terms of the rotation angle of the scroll as can be seen in figure
2.25b.

B. Wang et al.[71] provided a general geometrical model of a scroll compressor with leak-
age area consideration where the compressor was divided into three chambers (suction,
compression, and discharge) to calculate the volumes of each chamber. Additionally, the
leakage model was divided into two types radial (leak across the seal) and flank (leak
across involute walls). The model was able to simulate the performance of the compres-
sor within ±2.5%, and −2.0 𝑡𝑜 + 5% for mass flow rate and power respectively.

The majority of the work around the scroll expander is done by altering a scroll compres-
sor to work as an expander with the same simulation model working in reverse as demon-
strated by E. Oralli et al.[54] who used B. Wang et al.[71] geometrical model to simulate the
work of the compressor as well as the expander. The simulated model showed isentropic
efficiencies of 𝜂𝑖𝑠,𝐶 = 0.51 and 𝜂𝑖𝑠,𝑇 = 0.51 for compressor and expander respectively.

(a) Scroll Geometrical Model [38]
(b) Scroll Compressor Chomper Volume Change With

Angle [71]

Figure 2.25: Scroll Compressor Geometric Model [38]

ii Semi-Empirical Model
In a semi-empirical model, parameters from both experimental and physical laws are used
to model the performance of the compressor and expander. Even though an expander
model is demonstrated in figure 2.26a, similar model can be used for scroll compressor as
demonstrated by [74] in Figure 2.26b.
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• su →su,1: Adiabatic pressure drop
• su,1 →su,2: Isobaric cooling down
• su,2 →ad: Adiabatic reversible expansion due to built-in volume ratio
• ad →ex,2: Adiabatic expansion at constant volume
• ex,2 →ex,1: Adiabatic mixing of main flow with leakage flow
• ex,1 →ex: Isobaric heating up

E. Winandy et al. [74] conducted an experimental investigation along with a semi-empirical
investigation on a hermetic scroll compressor to predict the mass flow rate, electric con-
sumption, ambient losses, and discharge temperature. The author concluded that an isen-
tropic efficiency of about 𝜂𝑖𝑠,𝐶 = 70% is achieved at a built-in volumetric ratio of 𝑟𝑣,𝑖𝑛 =
2.5 based on the model. Additionally, the model was able to simulate the compressor
performance of flowrate, power, and outlet temperature to an error of (−3.5% − 2.5%),
(−2.5% − 3%), and (−2.5𝐾 − +5𝐾) respectively where these accuracy levels are compa-
rable to ones attained with the geometric model.

V. Lemort et al.[42] provided an experimental and analytical assessment of scroll expander
based on a semi-empirical model as can be seen in figure 2.26a. The semi-empirical model
has 8 input parameters as can be seen in table 2.2 which are used to calculate mass
flowrate, shaft power, and exhaust temperature as can be seen in figure 2.26c which are
then compared with the experimental results where error 𝜖 is evaluated and parameters
are updated if the error is high. The model was validated through an experimental set-up
with three rotation speeds (1771,2296, and 2660) to an accuracy of±2% for mass flowrate,
±3𝐾 for exhaust temperature, and ±5% for shaft power. The maximum achieved isotropic
efficiency was 𝜂𝑖𝑠,𝑇 = 68% at a power output �̇�𝑡 = 1.82 𝑘𝑊.

Table 2.2: Semi-empirical Parameters [42]

Parameter Unit Description
𝐴𝑈𝑎𝑚𝑏 𝑊 𝐾−1 Heat transfer coefficient with the ambient
𝐴𝑈𝑠𝑢,𝑛 𝑊 𝐾−1 Supply heat transfer coefficient
𝐴𝑈𝑒𝑥,𝑛 𝑊 𝐾−1 Exhaust heat transfer coefficient
�̇�𝑛 𝑘𝑔 𝑠−1 Nominal mass flow rate
𝐴𝑙𝑒𝑎𝑘 𝑚2 Leakage area
𝑟𝑣,𝑖𝑛 − Built-in volume ratio
𝑉𝑠,𝑒𝑥𝑝 𝑚3 Swept volume
𝐴𝑠𝑢 𝑚2 Supply port cross-sectional area
𝑇𝑙𝑜𝑠𝑠 𝑁 𝑚 Mechanical loss torque

iii Polytropic Model
The Polytropic model is based on ideal gas law with the specific work of the machine repre-
sented by equation 2.1 which assumes a constant polytropic efficiency of the compressor
and expander. The model is used for system-level simulation. However, the accuracy
depends on real gas properties as it is based on idealistic behavior [43].

Δℎ = 𝜂𝑝𝑜𝑙
𝑛

𝑛 − 1𝑅𝑇𝑖 [(
𝑝𝑜
𝑝𝑖
)
𝑛−1
𝑛
− 1] (2.1)
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(a) Scroll Expander Semi-Empirical Model[42] (b) Scroll Compressor Semi-Empirical Model [74]

(c) Flow Chart of the Semi-Empirical Model Process [42]

Figure 2.26: Scroll Compressor and Expander Semi-Empirical Model. (a) Scroll Expander Semi-empirical Model
[42].(b) Scroll Compressor Semi-Empirical Model [74] (c) Flow Chart of the Semi-Empirical Model Process[42]

Since the semi-empirical model depends on experimental results to validate the param-
eters while having a similar accuracy to the geometric model, then a geometrical model will
be used to simulate the performance of the compressor and expander in the detailed system
model while polytropic efficiency will be used in the simple system models.

2.2.2. Thermal Energy Storage System
Thermal energy storage is a crucial part of PTES and therefore several technologies will

be detailed to ensure the proper selection of the storage system. The TES systems can be
divided into two categories Sensible Thermal Energy Storage (STES) and Latent Thermal
Energy Storage (LTES). The STES can be subdivided into liquid and solid while LTES mainly
have Liquid-Solid Phase Change Material (PCM) as can be seen in figure 2.27 and 2.28.

Depending on the cycle discussed earlier, the working fluid can have a phase change like
in the case of the subcritical Rankine cycles where a condenser and evaporator are employed
or a temperature glide like in the case of the high-temperature side of the transcritical cycle.
Therefore, matching the temperature profile between the two mediums is crucial to the per-
formance of the system as can be seen in figure 2.29. When the working fluid goes through
phase change like in the (condenser/evaporator) of R-PTES, the use of PCM is advantageous
to have a better temperature profile match as can be seen in figure 2.29 bottom right. The use
of sensible heat storage when having a phase change in the working fluid will result in exergy
losses and therefore less efficient storage. The different systems will be detailed below:
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Figure 2.27: Thermal Energy Storage Overview

Figure 2.28: Latent (Solid Line) and Sensible (Dashed Line) Heat Storage. In latent heat, temperature increases
before and after phase change temperature

2.2.2.1. Sensible Thermal Energy Storage
In STES, heat is stored by changing the temperature of the storage medium which is called

temperature glide. The fluid need to have the following properties [33]:

• High thermal capacity 𝑐𝑝

• Stable under thermal cycling

• Low cost

• Compatible with other materials

The size of the system will be governed by the heat duty as can be seen in equation 2.2
where high duty will require high volume and vice versa. Additionally, the equation shows the
importance of storage fluid density as higher density requires a smaller storage volume hence
reduced cost [75].
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Figure 2.29: Bad and Good Temperature Profile where (top) bad match (bottom) good match and (bottom left)
sensible (bottom right) latent) [47]

𝑉 = 𝑄
𝜌𝑐𝑝Δ𝑇

(2.2)

There are two types used for STES which are Liquids and Solids. Vapors are not suitable for
thermal storage due to their low specific volume and therefore high storage size. An overview
of the temperature operating range of different systems is demonstrated in figure 2.30.

• Liquids
The most common used storage medium is water [26] due to its high thermal capacity
𝑐𝑝 = 4.2 𝑘𝐽 𝑘𝑔−1 𝐾−1, low cost, and availability. However, it has limited operating
temperature 25−90∘𝐶 for unpressurized systems. With pressurized water, the operating
temperature can be increased up to 200∘𝐶 as used in [48] but that will increase the cost
of the storage equipment. Other liquids include petroleum-based oils which can be used
for higher temperature storage up to 350∘𝐶 [33]. Additionally, molten salt can be used
up to 800∘𝐶 but suffer from being corrosive which impacts the equipment cost [33].

• Solids
Solids can be used for high temperatures up to 1000∘𝐶 with materials like rocks, metals,
etc [33]. Since the Brayton cycle operates at high temperatures, solids are commonly
used in the cycle like the use of a packed bed of iron oxide 𝐹𝑒3𝑂4 in [45] and rocks in
[36].

2.2.2.2. Latent Thermal Energy Storage
In LTES, heat is stored at a constant temperature based on the latent heat of fusion in

Phase Change Material (PCM) with a typical example being water/ice. The latent heat like
water 𝜆 = 333 𝑘𝐽 𝑘𝑔−1 is higher than the sensible heat capacity 𝑐𝑝 = 4.2 𝑘𝐽 𝑘𝑔−1 𝐾−1.
This means that for the same heat energy 𝑄, latent thermal storage volume can have a lower
storage volume than sensible thermal storage for a given temperature range in the sensible
heat as can be seen in equation 2.3 compared to equation 2.2. However, the concept of LTES
is not mature as the majority of work is experimental and numerical due to the complexity of
the system with limited understanding of the different technical aspects [46].
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Figure 2.30: Sensible Thermal Storage System Materials and Operating Temperature Range in Comparison with
Carnot Battery Cycles and Temperature Range [43] where Org. Rankine: Organic Rankine; 𝑠𝐶𝑜2: supercritical

𝐶𝑂2; LAES: Liquid Air Energy Storage; LHS: Lamm-Honigmann storage

𝑉 = 𝑄
𝜌𝜆 (2.3)

Table 2.3 shows common materials used in a thermal storage system and their properties.
Additionally, figure 2.30 shows different cycles with their typical operation temperature window
and the corresponding storage medium. It is worth mentioning that liquid can be transported
and stored without direct contact with the working fluid. On the other hand, solid and latent
heat requires direct contact and therefore no transport of the storage medium occurs.

2.2.3. Heat Exchangers
When the storage medium selected is transferable, then a heat exchanger can be used to

transfer heat between the working fluid and the storage fluid medium. Temperature difference
works as the driving force where heat is transferred from the high-temperature medium to the
low one. The most common types of heat exchangers are shell and tube HEX, plate HEX, and
air cooler HEX [70]. Shell and tube heat exchangers are themost common type in the chemical
industry [70] however they are not suitable for low flows as low flow velocity causes dead
zones which increases the likely hood of fouling [40]. Air cooler HEX are highly dependent
on ambient conditions, have low thermal efficiency attributed to air low conductivity, density,
and thermal capacity, and require large space. Plate HEX however, can be used for low flows
typically up to (2500𝑚3 ℎ−1) with temperature and pressure typically of (180∘𝐶 𝑎𝑛𝑑 20𝑏𝑎𝑟) for
gasket type and (450∘𝐶 𝑎𝑛𝑑 40𝑏𝑎𝑟) for brazed and welded type [31]. They have the perks of
being compact, easy to clean for the gasket type, and small approach temperature difference
as low as 1∘𝐶 [70].
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Table 2.3: Thermal Storage Material

Fluid Density [𝑘𝑔 𝑚−3]
Temperature Range

[∘𝐶]
𝑐𝑝[𝑘𝐽 𝑘𝑔−1 𝐾−1]

Melting Temp

[∘𝐶]
Heat of Fusion

[𝑘𝐽 𝑘𝑔−1]
Solid Sensible Thermal Energy Storage [68]

Sand-rock mineral 1700 200-300 1.30 - -

Reinforced concrete 2200 200-400 0.85 - -

Cast iron 7200 200-400 0.56 - -

NaCl 2160 200-500 0.85 - -

Cast steel 7800 200-700 0.60 - -

Silica fire brick 1820 200-700 1.00 - -

Liquid Sensible Thermal Energy Storage [68] [43]

Unpressurized Water L (1000); S (920) 0-100 4.19 0 333

Engine Oil 888 ≤160 1.88 - -

Calorie HT43 867 12 - 260 2.4 - -

Isopentanol 831 ≤148 2.2 - -

Octane 704 ≤126 2.4 - -

Therminol 66 750 -3 - 345 2.1 - -

Sunflower Oil 918 227 2.4 - -

Soybean Oil 925 232 2.1 - -

Synthetic Oil 900 -40-300 2.3 - -

Pressurized Water 1000 0-200 2.19 - -

Phase Change Material [15]

𝑀𝑔𝐶𝑙26𝐻2𝑂
L (1450)

S (1569)
- - 117 168.6

𝑀𝑔(𝑁𝑂3)26𝐻2𝑂
L (1550)

S (1636)
- - 89 162.8

Paraffin wax
L (790)

S (916)
- - 64 173.6

The duty of the heat exchanger can be determined based on the heat transfer rate across
the system as defined in equation 2.4:

�̇� = �̇�𝑐𝑝Δ𝑇 Sensible heat flux
�̇� = 𝑈𝐴Δ𝑇𝑙𝑚 Heat exchanger duty

(2.4)

The logarithmic mean temperature difference (LMTD) method as described in [70] can be
used to size the heat exchanger where an iterative method is used to calculate the overall
heat transfer coefficient as can be seen in figure 2.31.

2.3. Working Fluids
The working fluid is crucial for the performance of the system. Therefore, the criteria re-

quired to select the proper working fluid will be detailed. Table 2.4 shows common fluids with
their respective properties [62].

• Boiling Point: The boiling point of the fluid shall be lower than the atmospheric temper-
ature. This is to ensure that the fluid will be in the vapor phase without the employment
of low temperature system 𝑇𝐵𝑝 < 𝑇𝑎𝑡𝑚. Figure 2.33c shows the boiling point of different
fluids.

• Density: The density shall be high in order to have lower equipment size and therefore
lower cost.
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Figure 2.31: Plate Heat Exchanger Design Logic [70]

• Viscosity: The fluid shall have low viscosity to reduce friction losses.

• Critical Pressure 𝑝𝑐𝑟𝑖𝑡: The critical pressure can be selected based on the cycle. When
a transcritical cycle is employed, a lower value is desirable to have lower upper pressure
which reduces equipment cost. However, if a sub-critical is employed, then a high value
is desirable to have a high operation window. Figure 2.33b shows the critical pressure
of the different fluids.

• Critical Temperature 𝑇𝑐𝑟𝑖𝑡 : Similar to the critical pressure, the critical temperature shall
be high in sub-critical cycles while it shall be low in transcritical cycles. Figure 2.33a
shows the critical temperature of the different fluids.
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• Safety: The fluid shall be safe to handle which means that it shall be non-toxic, non-
flammable, non-combustible, and chemically stable. ASHRAE safety index was used to
describe the fluids’ safety index where ’A’ represents low toxicity and ’B’ represent high
toxicity and 1 - 3 represents lower to higher flammability [3]. Therefore, A1 is the most
desirable fluid while B3 is the least desirable.

• Environment: The fluid shall have a low impact on the environment and therefore shall
have null Ozone Depletion Potential (ODP) and low Global Warming Potential (GWP).
Therefore, fluids with high GWP will not be selected like (R410A, R507A, and R134A,
etc. ).

• Operation Pressure: The operation pressure shall be higher than the atmospheric pres-
sure to avoid air infiltration to the system. 𝑝𝑜𝑝 > 𝑝𝑎𝑡𝑚

• Type of Fluids: There are three types of fluids based on the slope of the saturation vapor
curve which are dry (positive slope), wet (infinite slope), and isentropic (zero slope).
Isentropic fluids are desirable to avoid liquid formation at the outlet of the compressor or
expander without the need for a large superheat.

For the transcritical cycle, the most studied fluid is 𝐶𝑂2 as mentioned earlier. The critical
pressure of 𝐶𝑂2 is high 𝑝𝑐𝑟𝑖𝑡 = 73.8 𝑏𝑎𝑟 which will mandate additional cost for the high pres-
sure. Pentane and R1234yf were identified as possible fluids for the transcritical cycle due to
their lower critical pressure of around 𝑝𝑐𝑟𝑖𝑡 = 33𝑏𝑎𝑟. Additionally, R13I1 was reported by [38]
as an optimum fluid for transcritical cycles based on round trip efficiency of 𝜂𝑟𝑡57.6%. Table
2.4 shows different working fluids with their corresponding thermochemical properties.

Figure 2.32: Working Fluid Types (a) Wet (b) Isentropic (c) Dry [5]

2.4. Thesis Objectives, Scope, and Goals
After reviewing the literature around the utilization of PTES, a case study was developed

to study a small-scale thermally integrated pumped thermal energy storage with water as the
storage medium.

Research Objective: Optimization of thermally integrated small-scale pumped thermal
energy storage

The following goals will be achieved:

• Develop compressor and expander model and integrate them into the optimized cycle

• Develop an optimization scheme to determine the best operating conditions including
the working fluids

• Explore possible application of the optimized pumped thermal energy storage where the
cycle can be deployed
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Figure 2.33: Different Fluid Critical Properties. (a) Critical Temperature. (b) Critical Pressure. (c) Boiling Point

The scope of this thesis will be limited to small-scale applications with steady-state mod-
eling.
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Table 2.4: Fluid Properties [28][3],and REFPROP

Fluid Tcrit[∘C] pcrit[bar] Density [kgm−3]@
P=1.01 bar and T = 15∘C

ODP GWP ASHRAE safety index

CO2 31.3 73.8 L (-) ; V (1.9) 0.0 1.0 A1
Pentane 196.7 33.6 L (610.1) ; V (3.0) 0.0 11.0 A3
R13I1 123.3 39.5 L (2249.2) ; V (9.9) 0.0 1.0 A1
R507A 70.0 37.0 L (1317.04) ; V (5.57) 0.0 3985.0 A1

R1233ZD(E) 165.6 35.7 L (1279.12) ; V (5.7) 0 1.0 A1
Ammonia 131.9 113.3 L (681.7) ; V (0.9) 0 0.0 B2L
R410A 71.0 49.0 L (1349.8) ; V (4.2) 0.0 2088.0 A1
R134A 101.1 40.6 L (1376.9) ; V (5.2) 0.0 1400.0 A1
R1234ZE 109.4 36.4 L (1293.8) ; V (5.7) 0.0 6.0 A2L
R245FA 153.7 36.5 L (1365.3) ; V (5.9) 0.0 950.0 B1
R1234yf 94.7 33.8 L (1263.3) ; V (6.0) 0.0 4 A2L

Cyclopnetane 238.7 45.2 L (715.8) ; V (2.7) 0.0 0 -
Propane (R290) 96.7 42.5 L (581.0) ; V (2.4) 0.0 3 A3
R1336mzz(Z) 171.4 29.0 L (1390.4) ; V (3.5) 0.0 2.0 A1
R1224yd(Z) 155.5 33.4 L (1388.3) ; V (6.7) 0.0 0.9 A1





3
Components Model

Component models are crucial in the performance of the PTES system. In multiple stud-
ies, the performance of the different components like the compressor, the expander, and the
pump is assumed to be constant. In reality, however, compressor and expander performance
will vary depending on the operating condition of the system which heavily influences the per-
formance of the storage system. In this chapter, different components models will be detailed
starting from the compressor model followed by the expander model.

3.1. Compressor Model
A geometric scroll compressor model was developed to evaluate the performance of the

compressor in energy storage. The scroll compressor has a built-in volumetric ratio associated
with its geometry. In order to develop the model, firstly the scroll geometry will be detailed.
Secondly, the thermodynamic model will be demonstrated. Thirdly, the model will be validated
against the paper model and commercial software. Finally, results and discussion of the model
will be provided. The compressor was modeled in Python with CoolProp being used as the
thermophysical property database.

3.1.1. Geometry
A scroll compressor comprises two identical involutes one is stationary and the other is

rotating as described in [76] with a 180∘ phase difference. The scroll geometry starts from the
base circle with radius (𝑎) and thickness (𝑏) with two tangent lines formulate the inner involute
(𝑙𝑎) and outer involute (𝑙𝑏) and scroll height (ℎ). At the end of the inner involute, the radius
continues with a radius of (𝑟𝑎) as shown in equation 3.1 as can be seen in figure 3.1a.

𝑙𝑎 = 𝑎(𝜙𝑖𝑛𝑛𝑒𝑟 − 𝛼)
𝑙𝑏 = 𝑎(𝜙𝑜𝑢𝑡𝑒𝑟 + 𝛼)

𝜙𝑖𝑛𝑛𝑒𝑟 = [𝜙𝑎 , 𝜙𝑒𝑛𝑑]
𝜙𝑜𝑢𝑡𝑒𝑟 = [𝜙𝑎 − 𝜋,𝜙𝑒𝑛𝑑]

𝛼 = 𝑏/2𝑎

𝑟𝑎 = 𝑎 [𝜙𝑎 −
𝜋
2 +

1
𝜙𝑎 −

𝜋
2
]

(3.1)

37
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(a) Scroll Compressor Detailed Geometry Where
Stationary Involute (Green) And Rotating Involute (Blue).

(A,B,A’,B’) are Contact Points.
𝑎: is Base Circle, 𝑙𝑎: is Inner Involute Length, 𝑙𝑏: is

Outer Involute Length, 𝑟𝑎: Radius of Discharge Arc, and
𝜙: is Involute Angle

(b) Scroll Discharge Geometry
where𝑊𝑑: is the Distance Between Tip and Inner

Involute and 𝛽: is the Angle of the Tip

Figure 3.1: Geometry of Scroll Compressor where (a) Overall Compressor Geometry (b) Discharge Detailed
Geometry

The rotating involute rotates with a radius of (𝑟 = 𝜋𝑎 − 𝑏) and rotating angle (𝜃). With the
rotation of the involute, the number of pairs of contact points (𝑛)where the stationary meets the
rotating involute is determined through equation 3.2. Through the number of contact points,
the number of pairs of compression chambers (𝑁) can also be determined.

𝑛 = 𝐼𝑁𝑇 [𝜙𝑒𝑛𝑑 − 𝜃 − 𝜙𝑎2𝜋 + 1]

𝑁 = 𝑛 − 1
(3.2)

The involute angle for the contact points (𝜙𝑖) is determined by equation 3.3 where 𝑖 is the
index of the contact point starting from the center of the scroll.

𝜙𝑖 = 𝜙𝑒𝑛𝑑 − 𝜃 − 2𝜋(𝑛 − 𝑖) (3.3)

3.1.1.1. Volume Development
Considering all the previous parameters, there are three types of chambers with each

chamber having its own volume which are intake volume 𝑉𝑛, compression volume 𝑉1 & 𝑉2,
and discharge volume 𝑉0. The discharge process starts at discharge angle of (𝜃𝑑) before
which there is two compression pairs 𝑉1 & 𝑉2 and one discharge chamber 𝑉0 and after which
there is only one compression 𝑉1 and two discharge 𝑉00 & 𝑉01 as summarized in table 3.2.
The gap length separating the tip of the rotating part and the inner of the stationary part in
the discharge region is (𝑊𝑑) with the tip formulating an angle (𝛽) as can be seen in figure
3.1b. Finally, a clearance volume 𝑉𝑐 is defined to account for the inner clearance between the
rotating and stationary involutes. These chambers are determined with equation 3.4
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Figure 3.2: Scroll Compressor Chambers for Different Rotation Angles

Table 3.1: Scroll Compressor Chambers

Chambers Numbers
Condition 𝑉𝑛 𝑉1 𝑉2 𝑉0 𝑉00 𝑉01
Before 𝜃𝑑 𝑋 𝑋 𝑋 𝑋 - -
After 𝜃𝑑 𝑋 𝑋 - - 𝑋 𝑋

𝑉𝑛 = ℎ𝑎𝑟[𝜃(2𝜙𝑒𝑛𝑑 − 𝜃 − 𝜋) − 2(𝜙𝑒𝑛𝑑 − 𝜋 + 𝛼) sin𝜃

− (𝜋2 − 𝛼) sin 2𝜃 + 2(1 − cos𝜃)]
𝑉1 = 2𝜋ℎ𝑎𝑟(2𝜙1 + 𝜋)
𝑉2 = 2𝜋ℎ𝑎𝑟(2𝜙2 + 𝜋)
𝑉0 = ℎ𝑎𝑟(𝜙1 − 𝜙𝑎)(𝜙1 + 𝜙𝑎 − 𝜋) + 𝑉𝑐

𝑉𝑐 = ℎ𝑟2𝑎 [𝜋 − sin−1
2𝑎
𝑟𝑎
− 2𝑎𝑟𝑎

]

𝑉00 = ℎ𝑟𝑎 [𝑟𝑎𝛽 − (𝑟𝑎 −𝑤𝑑) sin𝛽]

𝛽 = 𝜋 − cos−1 [𝑟𝑎 − 𝑟 + 𝑟 cos (𝜃 − 𝜃𝑑)𝑟𝑎 −𝑤𝑑
] − sin−1 (2𝑎𝑟𝑎

)

𝑤𝑑 = 𝑟𝑎 −√𝑟2 + (𝑟𝑎 − 𝑟)2 + 2𝑟(𝑟𝑎 − 𝑟) cos (𝜃 − 𝜃𝑑)
𝑉01 = 𝑉0 − 𝑉00

(3.4)
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With the listed volumes above, the theoretical suction volume (𝑉𝑠) can be determined by
setting 𝜙1 = 𝜙𝑒−2𝜋 in 𝑉1 equation and discharge volume (𝑉𝑑) by setting 𝜙1 = 𝜙𝑎 in the same
equation. Additionally, the build volumetric ratio (𝑉𝑟 =

𝑉𝑠
𝑉𝑑
) and swept volume (𝑉𝑠𝑤 = 𝑉𝑠).

The geometric parameters used to model the compressor are shown in table 3.2 to match
the one used in the paper [76]

Table 3.2: Geometric Parameter [76]

Parameter Symbol Value [Unit]
Base Circle 𝑎 3[𝑚𝑚]

Wrap Thickness 𝑏 4.6[𝑚𝑚]
Height ℎ 29.4[𝑚𝑚]

Involute Starting Angle 𝜙𝑎 1.09𝜋[𝑟𝑎𝑑]
Involute End Angle 𝜙𝑒 5.59𝜋[𝑟𝑎𝑑]

Discharge Port Diameter 𝑑 10[𝑚𝑚]
Suction Pressure 𝑃𝑠 5.84[𝑏𝑎𝑟]

Suction Temperature 𝑇𝑠 15[∘𝐶]
Rotation Speed Ω 3500[𝑅𝑃𝑀]
Flow Coefficient 𝐶𝑑 1

Flank Gap 𝛿𝑟 0 − 20𝜇𝑚
Radial Gap 𝛿𝑎 0 − 20𝜇𝑚

Pressure Ratio 𝑃𝑅 2.5 − 4

Volumetric ratio development at each rotation is shown in Figure 3.3a with each volume
divided by 𝑉𝑠. At the first rotation, 0−2𝜋 suction occurs where the suction chamber 𝑉𝑛 increases
until it reaches its maximum at around 𝜃 = 1.8𝜋 then it starts to decrease at the end of the
suction process locking the fluid in the chamber. From 2𝜋 − 𝜃𝑑, compression occurs where
the volume of the chamber 𝑉1 decreases almost linearly followed by further compression at
chamber 𝑉2. After the discharge angle is reached and until the end of rotation 𝜃𝑑 − 𝜃𝑒𝑛𝑑, the
flow discharge through 𝑉0&𝑉00 until the end of the process.

Following the fluid from the inlet to the outlet over the entire rotation, the volume develop-
ment can be seen in figure 3.3b.
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Figure 3.3: Scroll Volume Development Through the Compression Process
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3.1.1.2. Area Development
The area at which the working fluid enters the compressor is referred to as the intake area

𝐴𝑛 while the area at which the flow out of the compressor is called the exit area 𝐴𝑑. Additionally,
the discharge port is referred to as 𝐴𝑝 which represents the exhaust pipe section out of the
compressor. These are modeled through equation 3.5 [76].

𝐴𝑝 =
𝜋𝐷2
4

𝐴𝑑 = 2ℎ𝑊𝑑
𝐴𝑛 = 2ℎ𝑊𝑠
𝑊𝑠 = 𝑟(1 − cos𝜃)

(3.5)

3.1.1.3. Gaps
There are two types of gaps in the scroll compressor which are the radial and flank gaps

as can be seen in figure 3.4 [44]. The radial gap is the gap between the tip of one of the two
involutes and the base plate of the other as represented by 𝛿𝑎 in figure 3.4 (b) while the flank
gap is the gap between the two walls of the scroll compressor as represented by 𝛿𝑟 in figure
3.4 (a). Through the radial and flank gaps, leaks from the higher pressure chamber to the
lower pressure chamber occur which impacts the performance of the compressor. The radial
line length 𝑙𝑟 represents the tip length between two adjacent chambers through which the leak
occurs. The radial and flank areas are represented in equation 3.6 [76].

𝑙𝑎 = 𝜋𝑎(𝜙𝑖 −
𝜋
2)

𝐴𝑎 = 𝑙𝑎𝛿𝑎
𝐴𝑟 = ℎ𝛿𝑟

(3.6)

3.1.2. Thermodynamic Model
In this section, the thermodynamic model governing the scroll compressor will be de-

scribed. This includes the continuity equation, energy equation, and generalized isentropic
relations.

3.1.2.1. Mass Flowrate
The working fluid enters the compressor at the beginning of the intake cycle which takes

2𝜋 to complete and exits the compressor at the discharge cycle which occurs at 𝜃𝑑 − 𝜃𝑑,𝑒𝑛𝑑.
The mass flow rate in �̇�𝑖𝑛 and out �̇�𝑜𝑢𝑡 of the compressor is expressed by equation 3.7 where
�̇�𝑙𝑒𝑎𝑘 is the mass leaking from one chamber to the other through the compressor gaps:

�̇�𝑖𝑛 =
d𝑚𝑖𝑛
d𝑡 − d𝑚𝑙𝑒𝑎𝑘

d𝑡
�̇�𝑜𝑢𝑡 =

d𝑚𝑜𝑢𝑡
d𝑡 − d𝑚𝑙𝑒𝑎𝑘

d𝑡
(3.7)
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Figure 3.4: Types of Scroll Compressor Gaps (a) Flank Gap 𝛿𝑟 (b) Radial Gap 𝛿𝑎 [44]

It is advantageous to represent the mass flow rate in terms of the rotating angle 𝜃 with total
mass 𝑚 as can be seen in equation 3.8

d𝑚
d𝑡 =

d𝑚
d𝜃

d𝜃
d𝑡

d𝑚
d𝑡 =

d𝑚
d𝜃 𝜔

d𝑚
d𝜃 =

�̇�
𝜔

𝑚 = ∫
𝜃

0

d𝑚
d𝜃 𝑑𝜃

(3.8)

The mass flow in and out as well as leakage flow is represented by flow through a one-
dimensional isentropic compressible nozzle following equation 3.9 where𝐴 is the cross-sectional
area, 𝐶𝑑 is a flow correction factor based on experiment, 𝑅 is the universal gas constant, 𝑘
is the isentropic exponent [71]. The condition shows the choking limit of the flow through the
nozzle.
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�̇� =

⎧
⎪⎪

⎨
⎪⎪
⎩

𝐶𝑑𝐴𝑃𝑢𝑝 {
2𝑘

𝑅(𝑘−1)𝑇𝑢𝑝
[(𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝

)
2
𝑘 − (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝

)
𝑘+1
𝑘 ]}

1
2

, (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝
) ≥ ( 2

𝑘+1)
𝑘
𝑘−1

𝐶𝑑𝐴𝑃𝑢𝑝 {
𝑘

𝑅𝑇𝑢𝑝
( 2
𝑘+1)

𝑘+1
𝑘−1 }

1
2

, (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝
) < ( 2

𝑘+1)
𝑘
𝑘−1

(3.9)

3.1.2.2. Energy Equation
The first law of thermodynamics governs the energy model of the compressor as described

in equation 3.10 [56]. The following assumptions were made for the model:

• Kinetic and potential energy are negligible.

• The compressor is assumed to be adiabatic where the loss to the environment is negli-
gible �̇� = 0.

• The model is assumed to be at a steady state which means �̇� = 0

With equation 3.10, the work enthalpy difference will be negative which indicates the work
enters the system.

�̇� = �̇� − �̇� + �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 + 𝐾.𝐸 + 𝑃.𝐸
0 = −�̇� + �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡
�̇� = �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡
�̇� = �̇�(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)

(3.10)

Additionally, the shaft power can be expressed in terms of instantaneous torque 𝜏 driving
the shaft with a rotating speed 𝜔 as can be seen in equation 3.11 [76]. The force exerted by
the pressure on the scroll is shown in Figure 3.5.

�̇�𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟 =
𝜔
2𝜋 ∫

2𝜋

0
𝜏 𝑑𝜃

𝜏 = ℎ𝑎𝑟 {(2𝜙1 − 𝜋) (𝑃𝑑 − 𝑃𝑠) + 4𝜋
𝑛−1

∑
𝑗=1

(𝑃𝑗 − 𝑃𝑠)}
(3.11)

3.1.2.3. General Isentropic Model
Compression is generally modeled as an isentropic process where the process is adiabatic

and reversible. This implied that the entropy doesn’t change from inlet to outlet Δ𝑠 = 0 and
an isentropic efficiency is determined based on deviation from the isentropic compression
work. For an ideal gas, the compressibility factor (𝑍 = 𝑃𝑣

𝑅𝑇 = 1) and the isentropic exponent
coefficient 𝛾 = 𝑐𝑝

𝑐𝑣
is constant which is used to derive the isentropic relations for an ideal gas

as can be seen in equation 3.12 [49]
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Figure 3.5: Radial Force[6]

𝑃𝑣𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑃2
𝑃1
= (𝑇2𝑇1

)
𝛾
𝛾−1

= (𝑉1𝑉2
)
𝛾
= (𝜌2𝜌1

)
𝛾 (3.12)

However, for real gas, the ideal gas model fails especially at high-pressure ratios where
𝛾 can’t be assumed to be constant anymore. A general isentropic model describing the be-
havior of real gas was demonstrated by [49] where the isentropic exponent is replaced by
𝛾𝑃𝑣 , 𝛾𝑇𝑣 , 𝑎𝑛𝑑 𝛾𝑃𝑇. The exponents can be calculated from equation 3.13 where (𝛼) is thermal
expansion coefficient, (𝛽) is the isothermal compressibility factor, (𝑐𝑝) is the isobaric specific
heat capacity, and (𝑐𝑣) is the isochoric specific heat capacity.

𝛾𝑃𝑣 =
𝛾
𝑃𝛽

𝛾𝑇𝑣 − 1 =
𝑣𝛼
𝑐𝑣𝛽

𝛾𝑃𝑇 − 1
𝛾𝑃𝑇

= 𝑃𝑣𝛼
𝑐𝑝

(3.13)

Hence the isentropic relations become as shown in equation 3.14

𝑃𝑣𝛾𝑃𝑣 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑃2
𝑃1
= (𝑇2𝑇1

)
𝛾𝑃𝑇
𝛾𝑃𝑇−1

= (𝑣1𝑣2
)
𝛾𝑃𝑣

= (𝜌2𝜌1
)
𝛾𝑃𝑣 (3.14)
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With this, a new equation for isentropic nozzle flow based on the general isentropic model
can be seen in equation 3.15 [49] where the condition shows the choking limit of the flow
through the nozzle.

�̇� =

⎧
⎪⎪

⎨
⎪⎪
⎩

𝐶𝑑𝐴𝑃𝑢𝑝 {
2𝛾𝑃𝑣

𝑅(𝛾𝑃𝑣−1)𝑇𝑢𝑝
[(𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝

)
2
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𝛾𝑃𝑣−1 }
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, (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝
) < ( 2

𝛾𝑃𝑣+1
)

𝛾𝑃𝑣
𝛾𝑃𝑉−1

(3.15)

Additionally, the specific work Δℎ for isentropic real gas is shown in equation 3.16 [49] [49]

Δℎ = ℎ2 − ℎ1 =
𝑃1
𝜌1

𝛾𝑃𝑣
𝛾𝑃𝑣 − 1

[(𝑃2𝑃1
)
𝛾𝑃𝑣−1
𝛾𝑃𝑣

− 1] (3.16)

In order to check the behavior of the general isentropic model for the refrigerants that would
be used in the cycle, the enthalpy predicted by the general isentropic model was compared to
the properties from REFPROP. The results are shown in figure 3.6. It can be seen the enthalpy
prediction of the general isentropic model is very accurate where the error percentage was
below 1% 3.6b. The main advantages of using the general isentropic model are:

• Reducing computing time by using the general isentropic model as compared to calling
the properties through REFPROP

• More accurate than the ideal gas model especially in a high-pressure ratio where the
ratio of specific heats is not constant which is the case for transcritical cycles.

Hence, the general isentropic model will be used for the compressor and expander models.
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3.1.2.4. Compressor Losses
Several loss models need to be accounted for in order to accurately predict the compres-

sor’s overall isentropic efficiency 𝜂𝑐,𝑖𝑠. These losses are applied to the isentropic work which
are the leak losses, heat losses, mechanical losses, and motor losses as can be seen in figure
3.7. This means the electrical work input to the motor driving the compressor will be higher
than the required thermodynamic work to compress the fluid from 𝑃1 to 𝑃2.

Figure 3.7: Compressor Losses [10]

The isentropic work is derived for the general isentropic model’s specific work demon-
strated earlier as seen in equation 3.17

�̇�𝑐,𝑖𝑠 = �̇�(ℎ2,𝑖𝑠 − ℎ1) = �̇�
𝑃1
𝜌1

𝛾𝑃𝑣
𝛾𝑃𝑣 − 1

[(𝑃2𝑃1
)
𝛾𝑃𝑣−1
𝛾𝑃𝑣

− 1] (3.17)

An empirical relation was developed by Park et al. [56] provided an empirical relation for
motor and mechanical efficiencies in relation to frequency 𝑓 based on experimental work done
on variable scroll compressor in air conditioning unit as shown by equation 3.18

𝜂𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 = 0.8680 + 0.0048𝑓 − 4.4444 × 10−5𝑓2
𝜂𝑚𝑜𝑡𝑜𝑟 = 0.6980 + 0.0013𝑓 + 4.1235 × 10−5𝑓2 − 4.8781 × 10−7𝑓3 + 1.4206 × 10−9𝑓4

(3.18)

Additionally, the leak gaps that were introduced earlier will result in additional mass than
ideal inside the compressor chambers. This additional mass increases the pressure inside the
compression chambers which in turn increases the torque and therefore increases the shaft
power required to drive the compressor. This will be demonstrated later in the Results and
Discussion Section 3.1.4.

Finally, flow restriction occurs at the intake and discharge section of the compressor due
to the opening and closing of the suction and discharge chamber geometry. The opening
area is parabolic as will be described later which act as an orifice restricting the flow in the
isentropic nozzle equation 3.15. In the discharge, the restriction of the flow results in an over-
compression of the gas beyond the required discharge pressure which results in additional
shaft power required.
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With this, the overall isentropic efficiency is calculated based on the shaft power as shown
in equation 3.29

𝜂𝑐,𝑖𝑠 = 𝜂𝑚𝑒𝑐ℎ𝑎𝑛𝑐𝑖𝑎𝑙 × 𝜂𝑚𝑜𝑡𝑜𝑟
�̇�𝑐,𝑖𝑠

�̇�𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟
(3.19)

3.1.2.5. Compressor Logic
Compressor logic was developed to help understand how the compressor model works

which can be seen in Figure 3.8. The logic starts with the rotation angle 𝜃 = 0 along with the
input parameter listed in table 3.2 where the geometric model is applied to build the compressor
geometry. An assumption of the chamber pressure is made to find the flow and leakage model
from which the mass inside the chamber is calculated followed by the chamber pressure. The
chamber pressure is iterated over until the tolerance criteria are met. A new rotation angle is
used where the logic repeats until the final rotation angle is reached 𝜃 = 𝜃𝑒𝑛𝑑.

Since the discharge process is complex, a discharge logic was developed as can be seen
in Figure 3.9. At the start of the discharge process, two discharge chambers exist which are
𝑉00 & 𝑉01 as mentioned earlier. The pressure in these two chambers is different which is
noted as 𝑃00 & 𝑃01 that would also be different from the discharge pressure 𝑃𝑑. Based on
these three pressure, the flow and leak model would apply to determine the mass flow rate in
and out of the chambers. Pressure 𝑃00 doesn’t change much because it is connected with the
compressor discharge 𝑃𝑑. However, the pressure 𝑃01 would vary significantly and would be
the source for the overshoot in pressure at the discharge process. Eventually, the pressure
𝑃00 would equalize with the pressure 𝑃01 to form one pressure which is 𝑃0.

3.1.3. Model Validation
In order to ensure that the model provides accurate results, the model has to be validated

which was done by comparing the results obtained from the model against the one from the
original paper [76] in addition to results obtained using Bell et.al [6] open source Positive
Displacement compressor model (PDSim). Throughout the validation, the paper values are
shown in (circle) marks while the model one is the (line) ones.

3.1.3.1. Parameters
The paper was modeled using a refrigerant (R22) as the working fluid with the parameters

shown in table 3.2. The results obtained by the model compared to the results from the paper
are shown in table 3.3.

Table 3.3: Geometric Model Validated Parameters

Parameter Symbol Paper [76] [Unit] Model

Theoretical Suction Volume 𝑉𝑠 68.7[𝑐𝑚3] 68.7[𝑐𝑚3]
Theoretical Discharge Pressure 𝑉𝑑 26.7[𝑐𝑚3] 26.7[𝑐𝑚3]
Radius of Starting Circular Arc 𝑟𝑎 7.2[𝑚𝑚] 7.2[𝑚𝑚]

Clearance Volume 𝑉𝑐 2[𝑐𝑚3] 2[𝑐𝑚3]
Operating Pressure Ratio 𝜖𝑝 2.83 2.83
Built In Volumetric Ratio 𝑉𝑟 2.573 2.572
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3.1.3.2. Volume and Areas
The chamber volumes were validated against the paper which develops over the entire

rotation starting from the suction chamber to the discharge chamber as can be seen in figure
3.10. The volume of each chamber is divided by the suction volume.

The inlet area 𝐴𝑛, discharge exit area 𝐴𝑑, and discharge port area 𝐴𝑝 are validated against
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Figure 3.10: Validation of Compressor Volumes

the paper where the areas divided by ℎ𝑟 as can be seen in figure 3.11
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3.1.3.3. Pressure and Torque
The developed pressure in the compressor chamber was validated without and with the

leak model as can be seen in Figure 3.12a and 3.12b respectively.

0 1 2 
[rad]

0

1

2

3

4

Pr
es

su
re

 R
at

io

model 
PR = 2.5
PR = 3.0
PR = 3.5
PR = 4.0
PR = 2.5 original 
PR = 3.0 original 
PR = 3.5 original 
PR = 4.0 original 

D

(a) Validation of Compressor Pressure without Leak

0 1 2 
[rad]

0

1

2

3

4

Pr
es

su
re

 R
at

io

model 
PR = 2.5
PR = 3.0
PR = 3.5
PR = 4.0
PR = 2.5 original 
PR = 3.0 original 
PR = 3.5 original 
PR = 4.0 original 

D

(b) Validation of Compressor Pressure with Leak

Figure 3.12: Validation of Compressor Pressure with and without Leak

The torque generated by the pressure inside the volume is validated as can be seen in
figure 3.13. With this, the required shaft power is calculated as described earlier.
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Figure 3.13: Validation of Compressor Torque

3.1.3.4. Isentropic Efficiency
The main parameter of the compressor model is the isentropic efficiency of the model.

Therefore, the model was validated considering multiple gaps as can be seen in Figure 3.14a
as well as rotation speed as can be seen in Figure 3.14b.

Additionally, the compressor was also modeled with (PDSim) which is an open-source
software developed by Bell et al. [6]. With the model, motor and mechanical efficiency were
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Figure 3.14: Validation of Compressor Efficiency with Gaps and Rotation Speed

taken into consideration since the software accounted for them. However, the PDSim model
account for adiabatic losses while the model doesn’t. The efficiency was modeled under mul-
tiple rotation speeds as can be seen in Figure 3.15
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3.1.4. Results and Discussion
In this section, the results attained from the model will be detailed and discussed to better

understand the performance of the compressor. This will be done by describing the volume
and pressure development, mass and mass flow, losses, fluids effect, and efficiency.
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3.1.4.1. Volume and Pressure Development
As shown earlier, the volume starts increasing from the inlet until it reaches a maximum

value and then starts to decrease slightly by the end of the intake cycle. Because of this
decrease, the pressure inside the intake chamber starts to increase above the suction pressure
as can be seen in 3.16. Beyond the suction chamber, the compression process starts where
the volume starts to decrease almost linearly which results in an increase of the pressure.
Ideally, the built-in pressure ratio 𝜖𝑝 should match the operating pressure ratio 𝑃𝑅 in order to
avoid over or under-compression losses at the end of the compression process. This means
that the pressure at the end of the compression matches the discharge pressure. However,
this is not always the case, and additional compression or expansion is required to reach
the outlet pressure. This can be seen in figure 3.16b where multiple pressure ratios were
demonstrated by having the inlet pressure fixed. Additionally, the temperature develops in a
similar manner to pressure from suction to discharge as can be seen in Figure 3.16c.
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3.1.4.2. Losses
The main losses in the compressor are mechanical, motor, leaks, and flow restrictions.

The losses labeled as ’others’ contain the leak as well as the flow restriction losses. It can be
seen in Figure 3.17 that the main sources of losses are the leaks and flow restrictions and the
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adiabatic losses which contribute to 30 − 50% of the losses while mechanical account for the
other major part. It also can be seen from the breakdown that the losses change with rotation
speed where at a low rotation speed of around Ω = 3000𝑅𝑃𝑀, motor losses are low while they
increase at a higher rotation speed of Ω = 7000𝑅𝑃𝑀. Finally, as anticipated, the leak and flow
restriction losses (other losses) would be lower close to the build-in pressure ratio while they
increase away from the build-in pressure ratio.

(a) Compressor Losses with 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚 and
Ω = 3000𝑅𝑃𝑀

(b) Compressor Losses with 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚 and
Ω = 7000𝑅𝑃𝑀

Figure 3.17: Compressor Losses Breakdown for Mechanical, Motor, and Other Losses for rotation speed (a)
Ω = 3000𝑅𝑃𝑀 (b) Ω = 7000𝑅𝑃𝑀 with Gap 𝛿𝑎 = 𝛿𝑟 = 15𝜇𝑚

3.1.4.3. Isentropic Efficiency
Isentropic Efficiency is the parameter that is mostly looked at in the compressor model.

It has been shown that isentropic efficiency is impacted by multiple factors including rotation
speed, pressure ratio, and leakage gaps.

From Figure 3.14a, it can be seen that gaps negatively impact the isentropic efficiency
where higher gaps will result in more leaks which will result in lower isentropic efficiency.
Additionally, it can be seen radial gap 𝛿𝑎 has a higher impact on isentropic efficiency than
flank gap 𝛿𝑟 which is attributed to the radial area being higher than the flank area which will
result in more leaks as compared to the flank one. Multiple models are found in the literature to
try and quantify the gap in a scroll compressor with multiple values presented. For the purpose
of this paper, a gap of 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚 will be used.

3.1.4.4. Fluid Effects
With the compressor model, multiple fluids were tested which would be used in the system.

The results are demonstrated in Figure 3.18. It can be seen in the figures that there is an
optimum pressure ratio of around 𝑃𝑅 = 3 which is attributed to the build-in pressure ratio
where the isentropic efficiency is maximum. Additionally, increasing the rotation speed will
result in higher isentropic efficiency up until a point where the effect becomes less apparent
which is around Ω = 3000𝑅𝑃𝑀 while at a higher rotation speed of around Ω = 7000𝑅𝑃𝑀
where isentropic efficiency drops due to the additional losses in the motor and mechanical.
Additionally, the rotation speed has an effect on the best operating pressure ratio where a
higher rotation speed results in a higher optimum operating pressure ratio evidenced by the
shift of the highest efficiency point to the right in the figure. Finally, fluids don’t have a huge
effect on isentropic efficiency as they all have amaximum efficiency of around 𝜂𝑐,𝑖𝑠 = 70−80%.

3.2. Expander Model
Similar to the compressor model, an expander model was developed to account for the

expander in the heat engine cycle of the pumped thermal energy storage. A geometric ex-
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(b) R1233ZD(E) Compressor Isentropic Efficiency
Variation with Rotation Speed and Pressure Ratio
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(c) R1234yf Compressor Isentropic Efficiency Variation
with Rotation Speed and Pressure Ratio
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Figure 3.18: Compressor Isentropic Efficiency Variation with Rotation Speed and Pressure Ratio for Different
Fluids (a) R290. (b) R1233ZD(E). (c) R1234yf. (d) R1234ZE(E). (e) Cyclopentane. (f) R13I1

pander model using a modified compressor to work as an expander. Since the expander uses
the same geometry as the compressor, then the geometric model would work in the same
manner just in reverse. In order to do so, first the scroll geometry will be demonstrated. Sec-
ondly, the governing thermodynamic equation for mass, and energy will be detailed. Thirdly,
model validation will be discussed. Finally, results and discussion will be provided.
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3.2.1. Geometry
The geometric model of the scroll compressor was used to develop the geometric model

of the expander by reversing the rotation. This was achieved through the inclusion of 2𝜋 −
𝜃) in the compressor model to account for the expander rotation in the opposite direction.
Additionally, the discharge port of the compressor will work as an inlet to the expander while
the inlet to the compressor will work as the discharge to the expander. The chambers’ volumes
will be the same as that of the compressor. However, there are a few modifications that need
to account for the development of the volumes with respect to rotation speed.

Similar to the compressor, the number of contact points needs to be determined in order
to identify the number of expansion chambers. With the rotation of the involute, the number
of pairs of contact points (𝑛) where the stationary meets the rotating involute is determined
through equation 3.20. Through the number of contact points, the number of pairs of com-
pression chambers (𝑁) can also be determined.

𝑛 = 𝐼𝑁𝑇 [𝜙𝑒𝑛𝑑 − (2𝜋 − 𝜃) − 𝜙𝑎2𝜋 + 1]

𝑁 = 𝑛 − 1
(3.20)

The involute angle for the contact points (𝜙𝑖) is determined by equation 3.21 where 𝑖 is
the index of the contact point starting from the center of the scroll.

𝜙𝑖 = 𝜙𝑒𝑛𝑑 − (2𝜋 − 𝜃) − 2𝜋(𝑛 − 𝑖) (3.21)

3.2.1.1. Volume Development
Considering all the previous parameters for the compressor, there are three types of cham-

bers with each chamber having its own volume. The volume numbering is maintained similarly
to those of the compressor to avoid confusion. However, with the expander, the intake volumes
would be the discharge volume of the expander, and so on. Therefore, the intake volume 𝑉0
would split into two chambers 𝑉00 𝑎𝑛𝑑 𝑉01. Next the expansion chambers 𝑉1, 𝑉2&𝑉3 will follow.
Three expansion chambers are demonstrated here to match the one from the validation model
[41]. Finally, the discharge chamber will be 𝑉𝑛. The intake process end with the expansion
angle of (𝜃𝑒) after which there are three pairs of expansion chambers 𝑉1, 𝑉2&𝑉3 and one intake
chamber 𝑉0 and before which there is only two expansion 𝑉1&𝑉2 and two intake 𝑉00&𝑉01. This
is summarized in table 3.4 and can be seen in figure 3.19.

Table 3.4: Scroll Expander Chambers

Chambers Numbers
Condition 𝑉𝑛 𝑉1 𝑉2 𝑉3 𝑉0 𝑉00 𝑉01
Before 𝜃𝑒 𝑋 𝑋 𝑋 - - 𝑋 𝑋
After 𝜃𝑒 𝑋 𝑋 𝑋 𝑋 𝑋 - -
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Figure 3.19: Scroll Expander Chambers at Different Rotation Angle 𝜃

𝑉𝑛 = ℎ𝑎𝑟[(2𝜋 − 𝜃)(2𝜙𝑒𝑛𝑑 − 𝜃 − 𝜋) − 2(𝜙𝑒𝑛𝑑 − 𝜋 + 𝛼) sin (2𝜋 − 𝜃)

− (𝜋2 − 𝛼) sin 2(2𝜋 − 𝜃) + 2(1 − cos (2𝜋 − 𝜃))]
𝑉1 = 2𝜋ℎ𝑎𝑟(2𝜙1 + 𝜋)
𝑉2 = 2𝜋ℎ𝑎𝑟(2𝜙2 + 𝜋)
𝑉3 = 2𝜋ℎ𝑎𝑟(2𝜙3 + 𝜋)
𝑉0 = ℎ𝑎𝑟(𝜙1 − 𝜙𝑎)(𝜙1 + 𝜙𝑎 − 𝜋) + 𝑉𝑐

𝑉𝑐 = ℎ𝑟2𝑎 [𝜋 − sin−1
2𝑎
𝑟𝑎
− 2𝑎𝑟𝑎

]

𝑉00 = ℎ𝑟𝑎 [𝑟𝑎𝛽 − (𝑟𝑎 −𝑤𝑑) sin𝛽]

𝛽 = 𝜋 − cos−1 [𝑟𝑎 − 𝑟 + 𝑟 cos (𝜃 − 𝜃𝑑)𝑟𝑎 −𝑤𝑑
] − sin−1 (2𝑎𝑟𝑎

)

𝑤𝑑 = 𝑟𝑎 −√𝑟2 + (𝑟𝑎 − 𝑟)2 + 2𝑟(𝑟𝑎 − 𝑟) cos (𝜃 − 𝜃𝑑)
𝑉01 = 𝑉0 − 𝑉00

(3.22)

With the listed volumes above, the theoretical discharge volume (𝑉𝑑) can be determined
by setting 𝜙𝑖 = 𝜙𝑒 −2𝜋 in 𝑉1 equation and suction volume (𝑉𝑠) by setting 𝜙𝑖 = 𝜙𝑎 in the same
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equation. Additionally, the build-in volumetric ratio (𝑉𝑟 =
𝑉𝑑
𝑉𝑠
) and swept volume (𝑉𝑠𝑤 = 𝑉𝑑).

The geometric parameters used to model the compressor are shown in table 3.5 to match
the one used in the paper [41]

Table 3.5: Expander Geometric Parameter [41]

Parameter Symbol Value [Unit]
Base Circle 𝑎 3.264[𝑚𝑚]

Wrap Thickness 𝑏 4.08[𝑚𝑚]
Height ℎ 28.65[𝑚𝑚]

Involute Starting Angle 𝜙𝑎 3.5[𝑟𝑎𝑑]
Involute End Angle 𝜙𝑒𝑛𝑑 23.92[𝑟𝑎𝑑]

Suction Port Diameter 𝑑 10[𝑚𝑚]
Suction Pressure 𝑃𝑠 7[𝑏𝑎𝑟]

Suction Temperature 𝑇𝑠 145.6[∘𝐶]
Rotation Speed Ω 1771 − 2660[𝑅𝑃𝑀]
Flow Coefficient 𝐶𝑑 0.66

Flank Gap 𝛿𝑟 70𝜇𝑚
Raidal Gap 𝛿𝑎 0𝜇𝑚

Pressure Ratio 𝑃𝑅 2 − 10
Fluid [-] R123

Volumetric ratio development at each rotation is shown in Figure 3.20a with each volume
divided by 𝑉𝑑. At the first rotation, suction occurs where the suction chamber 𝑉00&𝑉01 starts
increasing to allow for fluid to enter the chamber until the end of the suction process where
𝜃 = 𝜃𝑑. After which expansion starts from𝑉3 followed by𝑉2 and finally𝑉1. Finally, the discharge
process starts with 𝑉𝑛 at maximum volume and it starts decreasing discharging the fluid.

Following the fluid from the inlet to the outlet over the entire rotation, the volume develop-
ment can be seen in figure 3.20b.
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Figure 3.20: Scroll Expander Volume Development Through the Expansion Process

3.2.1.2. Area Development and Gap
The area and gap for the expander are similar to that of the compressor. The suction

pocket area 𝐴𝑠 is the area at which the fluid enters the compressor while the discharge area
𝐴𝑑 is the area at which the fluid exit the expander. The suction port area 𝐴𝑝 is the port area
of the inlet pipe. The development of the different areas with the rotation angle can be seen
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in Figure 3.21. The lower value between the suction port area 𝐴𝑝 and suction pocket area 𝐴𝑠
will govern the area since that would be the area restricting the flow the most.

For the gap, it is exactly as the one described for the compressor where the flank is the
gap between the two scroll walls and the radial is the gap at the tip.
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Figure 3.21: Scroll Expander Area Development

3.2.2. Thermodynamic Model
In this section, the governing thermodynamic equation will be detailed. The general isen-

tropic equation will be followed as described earlier in the compressor section. This will be
done by first detailing the mass conservation. Secondly, the governing energy equations will
be provided. Thirdly, the expander losses will be discussed. Finally, the logic followed in the
expander model will be provided.

3.2.2.1. Mass Flowrate
The mass flow rate in �̇�𝑖𝑛 and out �̇�𝑜𝑢𝑡 of the expander is expressed by equation 3.23

where �̇�𝑙𝑒𝑎𝑘 is the mass leaking from one chamber to the other through the expander gaps:

�̇�𝑖𝑛 =
d𝑚𝑖𝑛
d𝑡 − d𝑚𝑙𝑒𝑎𝑘

d𝑡
�̇�𝑜𝑢𝑡 =

d𝑚𝑜𝑢𝑡
d𝑡 − d𝑚𝑙𝑒𝑎𝑘

d𝑡
(3.23)

The mass flow in and out as well as leakage flow is represented by flow through a one-
dimensional isentropic compressible nozzle following equation 3.24 where 𝐴 is the cross-
sectional area, 𝐶𝑑 is a flow correction factor based on the experiment, 𝑅 is the universal gas
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constant, 𝛾𝑃𝑣 is general isentropic exponent [49] which is similar to that used in the compressor
model where the condition shows the choking limit of the flow through the nozzle.

�̇� =

⎧
⎪⎪

⎨
⎪⎪
⎩

𝐶𝑑𝐴𝑃𝑢𝑝 {
2𝛾𝑃𝑣

𝑅(𝛾𝑃𝑣−1)𝑇𝑢𝑝
[(𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝

)
2
𝛾𝑃𝑣 − (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝

)
𝛾𝑃𝑣+1
𝛾𝑃𝑣 ]}

1
2

, (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝
) ≥ ( 2

𝛾𝑃𝑣+1
)

𝛾𝑃𝑣
𝛾𝑃𝑣−1

𝐶𝑑𝐴𝑃𝑢𝑝 {
𝛾𝑃𝑣
𝑅𝑇𝑢𝑝

( 2
𝛾𝑃𝑣+1

)
𝛾𝑃𝑣+1
𝛾𝑃𝑣−1 }

1
2

, (𝑃𝑑𝑜𝑤𝑛𝑃𝑢𝑝
) < ( 2

𝛾𝑃𝑣+1
)

𝛾𝑃𝑣
𝛾𝑃𝑉−1

(3.24)

3.2.2.2. Energy Equation
The energy model followed in the expander model is the same as that followed in the

compressor one derived from the first law of thermodynamics with the following assumptions:
• Kinetic and potential energy are negligible.

• The expander is assumed to be adiabatic where the loss to the environment is negligible
�̇� = 0.

• The model is assumed to be at a steady state which means �̇� = 0
Unlike in the compressor, the enthalpy difference will be positive which indicates output power
as can be seen in equation 3.25.

�̇� = �̇� − �̇� + �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 + 𝐾.𝐸 + 𝑃.𝐸
0 = −�̇� + �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡
�̇� = �̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡
�̇� = �̇�(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)

(3.25)

Additionally, the shaft power can be expressed in terms of instantaneous torque 𝜏 driving
the shaft with a rotating speed 𝜔 as can be seen in equation 3.26.

�̇�𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟 =
𝜔
2𝜋 ∫

2𝜋

0
𝜏 𝑑𝜃

𝜏 = ℎ𝑎𝑟 {(2𝜙1 − 𝜋) (𝑃𝑠 − 𝑃𝑑) + 4𝜋
𝑛−1

∑
𝑗=1

(𝑃𝑗 − 𝑃𝑑)}
(3.26)

The specific work for the isentropic expander model using the general isentropic exponent
can be derived similarly to that of the compressor as seen in Equation 3.27. With that, the
isentropic power of the expander is shown in eqution

Δℎ = (ℎ2 − ℎ1) = −
𝑃1
𝜌1

𝛾𝑃𝑣
𝛾𝑃𝑣 − 1

[(𝑃2𝑃1
)
𝛾𝑃𝑣−1
𝛾𝑃𝑣

− 1] (3.27)

�̇�𝑡,𝑖𝑠 = �̇�(ℎ1 − ℎ2,𝑖𝑠) = −�̇�
𝑃1
𝜌1

𝛾𝑃𝑣
𝛾𝑃𝑣 − 1

[(𝑃2𝑃1
)
𝛾𝑃𝑣−1
𝛾𝑃𝑣

− 1] (3.28)
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3.2.2.3. Expander Losses
Similar to the compressor model, the expander experience similar losses which impact the

overall isentropic efficiency 𝜂𝑡,𝑖𝑠. These losses are applied to the isentropic work which are the
leak losses, heat losses, mechanical losses, and generator losses as can be seen in figure
3.22. This means the electrical work output of the generator driven by the scroll expander will
be lower than that of the isentropic power.

Figure 3.22: Scroll Expander Losses [41]

The empirical relation that was developed by Park et al. [4] to calculate the mechanical
and motor efficiency of scroll compressors based on the frequency 𝑓 of the compressor shown
earlier in equation 3.18 will also be used for the expander model since the motor can also
operate as a generator.

Additionally, the leak gaps that were introduced earlier will result in lower mass than ideal
inside the expander chambers which will result in lower torque and therefore lower power
output.

Finally, flow restriction as well as operating at a different pressure ratio than the build-in
one result in additional losses which need to be accounted for to have an accurate prediction
of the efficiency.

With this, the overall isentropic efficiency is calculated based on the shaft power as shown
in equation 3.29

𝜂𝑇,𝑖𝑠 = 𝜂𝑚𝑒𝑐ℎ𝑎𝑛𝑐𝑖𝑎𝑙 × 𝜂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ×
�̇�𝑠ℎ𝑎𝑓𝑡 𝑝𝑜𝑤𝑒𝑟

�̇�𝑡,𝑖𝑠
(3.29)

3.2.2.4. Expander Logic
The logic followed in the expander is the same one followed in the compressor where

inlet parameters including the geometry and suction pressure and temperature along with
discharge pressure are specified as can be seen in Figure 3.8. An assumption of the pressure
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inside the expander chamber is assumed and is used for the flow and leak models to calculate
the chamber mass. The mass is used to determine the chamber pressure which is compared
with the assumed one and iterated over until tolerance is reached. Finally, the torque along
with power and efficiency are determined based on the losses model.

3.2.3. Model Validation
The model is mainly validated using the model developed under [41] where an expander

working with refrigerant R123 was demonstrated experimentally. The geometric parameters
shown in table 3.5 are used in the simulation. The validation is made by comparing the results
of the model isentropic efficiency with the one shown in the paper which can be seen in Figure
3.23. From the results, it can be seen that the model overestimates the expander isentropic
efficiency slightly due to the adiabatic assumption of the model.
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Figure 3.23: Validation of Expander Efficiency

3.2.4. Results and Discussion
In this section, the results attained from the model will be detailed and discussed to better

understand the performance of the expander. This will be done by describing the volume and
pressure development, mass and mass flow, torque and power, fluids effect, and efficiency.

3.2.4.1. Volume and Pressure Development
As shown earlier, the volume starts increasing from the inlet through the intake until the

end of the intake cycle. Afterward, the expansion process starts where the volume starts
increasing almost linearly until the discharge angle is reached. At the discharge, the pressure
starts decreasing to expel the fluid out of the discharge chamber as can be seen in Figure
3.24a.

For the pressure, from the intake, the pressure drops slightly below intake due to the ex-
pansion of the intake chamber and flow restriction until the expansion angle is reached. After
which, the expansion process starts where the pressure drops due to the gradual decrease
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of the chamber volume. Depending on the discharge pressure, under or over-expansion oc-
curs which would result in losses as will be explained later. Under expansion occurs when
the pressure at the end of the last expansion chamber is above the discharge pressure while
over expansion occurs when the pressure at the end of the expansion chamber is below the
discharge pressure. This is a result of a mismatch between the build-in pressure ratio and the
operating pressure ratio as can be seen in Figure 3.24b.
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Figure 3.24: Pressure and Volume Development Over the Expander Rotation Angle

3.2.4.2. Losses
Similar to the compressor model, losses for the expander are shown in Figure 3.25 for

rotation speeds of Ω = 4000𝑅𝑃𝑀 and Ω = 7000𝑅𝑃𝑀. The breakdown shows similar behavior
which is to be expected since the motor and mechanical losses were simulated using the same
losses models prescribed in equation 3.18.

(a) Expander Losses with 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚 and
Ω = 4000𝑅𝑃𝑀

(b) Expander Losses with 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚 and
Ω = 7000𝑅𝑃𝑀

Figure 3.25: Expander Losses Breakdown for Mechanical, Motor, and Other Losses for rotation speed (a)
Ω = 4000𝑅𝑃𝑀 (b) Ω = 7000𝑅𝑃𝑀 with Gap 𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚

3.2.4.3. Torque and Power
Variations of torque and power generator by the expander can be seen in Figure 3.26a

and 3.26b respectively. It can be seen that both the torque and power increase with increas-
ing pressure ratio. However, the rate of increase decreases as the pressure ratio increases.
Additionally, the rotation speed doesn’t seem to have a high effect on the torque while it has
a great effect on the power where the power increases as the rotation speed increase.
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3.2.4.4. Efficiency
The expander efficiency was modeled based on the geometric parameter provided in table

3.5 where the effect of flank leaks where only considered without radial leaks as stated by the
paper [41]. Additionally, a range of rotation speeds were considered Ω = 2000 − 5000𝑅𝑃𝑀
with pressure ratio of 𝑃𝑅 = 2−10. Finally, the effect of mechanical and generator losses were
taken into consideration.

It can be seen in Figure 3.27 that the efficiency is low at low-pressure ratio 𝑃𝑅 < 3 which is
attributed to the huge over-expansion. As the pressure ratio approaches the build-in pressure
ratio, the maximum efficiency is attained before it starts decreasing slightly with an increasing
pressure ratio.

Additionally, increasing the rotation speed from Ω = 2000𝑅𝑃𝑀 to Ω = 4000𝑅𝑃𝑀 results
in higher expander isentropic efficiency since the generated power increases with increasing
rotation speed. However, increasing the rotation speed beyond that point will have negative
effect as the losses in mechanical will be high. Moreover, the rotation speed has an effect on
the best operating pressure ratio where a higher rotation speed results in a higher optimum
operating pressure ratio evidenced by the shift of the highest efficiency point to the right in
Figure 3.27

3.2.4.5. Fluid Effects
The effect of working fluid on the expansion performance was studied by simulating the

expander with the same geometric parameters used in the compressor model shown in table
3.2. The radial, as well as the flank, were considered to be (𝛿𝑟 = 𝛿𝑎 = 15𝜇𝑚) with rotation
speed (Ω = 2000 − 7000𝑅𝑃𝑀). The overall isentropic efficiency can be seen in Figure 3.28.
It can be seen in the figures that there is an optimum pressure ratio of around 𝑃𝑅 = 3 which
matches the build-in pressure ratio of the compressor model. Additionally, increasing the
pressure ratio will result in a drop in efficiency attributed to operating the expander away from
the build-in pressure ratio. Moreover, there seems to be an optimum rotation speed for the
expander which is around Ω = 4000𝑅𝑃𝑀 where a higher rotation speed will result in lower
efficiency attributed to the increase in the mechanical and generator losses. Finally, fluids
don’t have a huge effect on the efficiency as they all have a maximum efficiency of around
𝜂𝑐,𝑖𝑠 = 80 − 85%.
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Figure 3.27: Expander Efficiency

(a) R1234ZE(E) Expander Efficiency (b) R1233ZD(E) Expander Efficiency

(c) Cyclopentane Expander Efficiency

Figure 3.28: Expander Efficiency for Different Fluids (a) R1234ZE(E) (b) R1233ZD(E) (c) Cyclopentane





4
Pumped Thermal Energy Storage

Systems Model

The previous chapter detailed components models in the pumped thermal energy storage
systems. In this chapter, the modeling of the pumped thermal energy storage system will be
detailed. This will be approached by firstly detailing the governing equations used to mea-
sure the performance of the system. Secondly, thermodynamic cycles will be detailed for the
heat pump and heat engine cycles along with their sensitivity to different parameters. Thirdly,
different fluids will be analyzed in order to select the most appropriate fluid for the selected ap-
plication. Finally, optimization criteria will be presented to govern the selection of the optimum
cycle.

4.1. Governing Equations
For PTES, parameters can be introduced for the performance of the different cycles which

are heat pump Coefficient of Performance 𝐶𝑂𝑃ℎ𝑝 and heat engine efficiency 𝜂ℎ𝑒 as can be
seen in equation 4.1.

𝐶𝑂𝑃ℎ𝑝 =
�̇�ℎ𝑝𝑜𝑢𝑡
�̇�𝑐

Heat Pump COP

𝜂ℎ𝑒 =
�̇�𝑡 − �̇�𝑝
𝑄ℎ𝑒,𝑖𝑛

Heat Engine Efficiency
(4.1)

The main parameter used to measure energy storage performance is the round trip effi-
ciency 𝜂𝑟𝑡 which is the ratio of the output net energy from the heat engine cycle 𝑊𝑡 − 𝑊𝑝 to
the input energy in the heat pump cycle 𝑊𝑐. Other important parameters used in evaluating
energy storage are energy and power density 𝜌𝑒𝑛 and 𝜌𝑝𝑤 which are the ratio of output energy
and power to the storage volume which indicate the compactness of the system and there-
fore higher values are desirable. Round trip efficiency can also be expressed in terms of heat
pump 𝐶𝑂𝑃 and heat engine efficiency 𝜂ℎ𝑒 as can be seen in equation 4.2.

67



68 4. Pumped Thermal Energy Storage Systems Model

𝜂𝑟𝑡 =
𝑊𝑡 −𝑊𝑝
𝑊𝑐

= 𝐶𝑂𝑃ℎ𝑝 × 𝜂ℎ𝑒 Round Trip Efficiency

𝜌𝑒𝑛 =
𝑊𝑡 −𝑊𝑝
𝑉𝑡𝑒𝑠

Energy Density

𝜓𝑒𝑥 =
𝜂𝑟𝑡

𝜂𝑟𝑡,𝐶𝑎𝑟𝑛𝑜𝑡
Power Density

(4.2)

Where 𝜂𝑟𝑡,𝐶𝑎𝑟𝑛𝑜𝑡 is the round trip efficiency of a Carnot-based heat pump and heat engine
cycles as described in equation 4.3 [37]

𝐶𝑂𝑃ℎ𝑝,𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝐻

𝑇𝐻 − 𝑇𝐶
Carnot Heat Pump COP

𝜂ℎ𝑒,𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑇𝐻 − 𝑇𝐶
𝑇𝐻

Carnot Heat Engine Efficiency

𝜂𝑟𝑡,𝐶𝑎𝑟𝑛𝑜𝑡 = 𝐶𝑂𝑃ℎ𝑝,𝐶𝑎𝑟𝑛𝑜𝑡 × 𝜂ℎ𝑒,𝐶𝑎𝑟𝑛𝑜𝑡 Carnot Round Trip Efficiency

(4.3)

4.2. Thermodynamic Cycles Models
The thermodynamic cycles employed in the pumped thermal energy storage system are

the heat pump and heat engine cycles. The heat pump cycle uses electrical power to upgrade
the temperature of the working fluid from low temperature to high temperature as described
earlier. While the heat engine cycle consumes the heat energy on the working fluid to gener-
ate electrical energy. In the following subsection, both cycles will be detailed. The following
assumptions were made for the modeling of pumped thermal energy storage:

• The effect of potential energy and kinetic energy were assumed to be negligible.

• The system was assumed to be perfectly insulated and therefore heat loss to the envi-
ronment was assumed to be negligible.

• Pressure drop across different systems was assumed to be negligible.

• Charging and discharging times were assumed to be the same. This is done during the
fluid selection process to have comparable parameters among all fluids. However, in the
integrated cycle, they will be decoupled.

• Sensible heat storage working with pressurized water will be modeled since the storage
temperature will not exceed 𝑇𝑠𝑡 = 200∘𝐶 which is within the operating range of pressur-
ized water as indicated in Section 2.30.

By specifying the source and storage temperatures, a heat pump and heat engine cycles
are constructed to fit the specified parameters. It was assumed that the discharging time 𝜏𝑑𝑖𝑠
is equal to the charging time 𝜏𝑐ℎ to facilitate using the same heat exchanger in the charging
and discharging cycles and therefore improve the economical aspect which comes at the cost
of exergy loss as detailed in [67]. The model inputs and outputs are listed in table 4.1. In the
following sections, more details will be provided on the modeling of the heat pump and the
heat engine cycles.
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Table 4.1: Model Input and Output Parameters

Input Parameter Output Parameter

Description Parameter Value [Unit] Description Parameter

Waste heat temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 50-80[∘𝐶] Heat Pump Mass Flow �̇�ℎ𝑝

Ambient temperature 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 15 [∘𝐶] Waste Heat Input �̇�ℎ𝑝,𝑖𝑛

Degree of heat pump superheat, (Δ𝑇ℎ𝑝,𝑠𝑢𝑝) 𝑇1 − 𝑇4 2 [𝐾] Heat Pump Output Heat �̇�ℎ𝑝,𝑜𝑢𝑡

Storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 90-140 [∘𝐶] Storage Mass Flowrate �̇�𝑠𝑡

Compressor efficiency 𝜂𝑖𝑠,𝑐𝑜𝑚𝑝 80 [%] Storage Volume 𝑉𝑠𝑡

Turbine efficiency 𝜂𝑖𝑠,𝑡𝑢𝑟𝑏 88 [%] Heat Engine Mass Flow �̇�ℎ𝑒

Pump efficiency 𝜂𝑖𝑠,𝑝𝑢𝑚𝑝 80 [%] Heat Engine Input Heat �̇�ℎ𝑒,𝑖𝑛

Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 [𝐾] Turbine Output Power �̇�𝑡𝑢𝑟𝑏

Charging-discharging duration 𝑡𝑐ℎ , 𝑡𝑑𝑐ℎ 1 [ℎ𝑟𝑠] Heat Engine Output Heat �̇�ℎ𝑒,𝑜𝑢𝑡

Compressor Input Power �̇�𝑐𝑜𝑚𝑝 1 [𝑘𝑊] Pump Input Power �̇�𝑝𝑢𝑚𝑝

Degree of Heat Engine Subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑝𝑐 𝑇2” − 𝑇1” 5 [𝐾] Heat Pump Coefficient of Performance 𝐶𝑂𝑃ℎ𝑝

Degree of Heat Engine Superheat Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ 10 [𝐾] Heat Engine Efficiency 𝜂ℎ𝑒

Round Trip Efficiency 𝜂𝑟𝑡

Energy Density 𝜌𝑒𝑛

Exergy Efficiency 𝜓𝑒𝑥

4.2.1. Heat Pump Cycle
The Heat pump cycle is used to upgrade the heat from low temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 to high

temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 where heat from the high-temperature heat exchanger �̇�ℎ𝑝,𝑜𝑢𝑡 is used to
store heat in the storage system. A single-stage heat pump cycle was modeled as depicted
in figure 4.1 with a (red) line going in a counterclockwise direction. The heat pump modeling
logic is demonstrated in Figure 4.2.

The start of the heat pump model is by specifying the source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 and stor-
age temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 along with the super-heat Δ𝑇ℎ𝑝,𝑠𝑢𝑝 and pinch temperature Δ𝑇𝑝𝑖𝑛𝑐ℎ.
The super-heat is required to avoid condensation at the compressor outlet. With these speci-
fied the saturation temperature of the heat pump evaporator can be calculated using equation
4.4. This is done because the pinch point will be at the source temperature inlet point as can
be seen in Figure 4.3.

𝑇ℎ𝑝,𝑒𝑣𝑎𝑝 = 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 − Δ𝑇𝑝𝑖𝑛𝑐ℎ − Δ𝑇ℎ𝑝,𝑠𝑢𝑝 (4.4)

By determining the evaporator saturation temperature, then the compressor inlet pressure
is a function of the evaporator temperature 𝑇ℎ𝑝,𝑒𝑣𝑎𝑝 and quality for saturated vapor 𝑥 = 1 can
be seen in equation 4.5:

𝑃ℎ𝑝,𝑒𝑣𝑎𝑝 = 𝑓𝑛 (𝑇ℎ𝑝,𝑒𝑣𝑎𝑝, 𝑥 = 1) (4.5)

With this, the inlet condition of the compressor is known and therefore the specific enthalpy
and specific entropy can be determined through equation 4.6.



70 4. Pumped Thermal Energy Storage Systems Model

Pump Expansion  
Valve

High Temperature  
Storage

Low Temperature 
Source

Compressor /  
Expander 

Low temperature  
evaporator 

High temperature  
heat exchanger 

D
is

ch
ar

gi
ng C

harging

Figure 4.1: Heat Pump (Red) and Heat Engine (Blue) Cycle Configuration

𝑇𝑐𝑜𝑚𝑝,𝑖𝑛 = 𝑇ℎ𝑝,𝑒𝑣𝑎𝑝 + Δ𝑇ℎ𝑝,𝑠𝑢𝑝
ℎ𝑐𝑜𝑚𝑝,𝑖𝑛, 𝑠𝑐𝑜𝑚𝑝,𝑖𝑛 = 𝑓𝑛 (𝑃ℎ𝑝,𝑒𝑣𝑎𝑝, 𝑇𝑐𝑜𝑚𝑝,𝑖𝑛)

(4.6)

The compressor outlet pressure is then assumed to be 𝑃𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 which provides a means
to carry out the rest of the modeling. With the outlet pressure and compressor isentropic
efficiency 𝜂𝑖𝑠,𝑐𝑜𝑚𝑝, the compressor outlet condition can be determined as per equation 4.7

𝑠𝑖𝑠,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 = 𝑠𝑐𝑜𝑚𝑝,𝑖𝑛
ℎ𝑖𝑠,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 = 𝑓𝑛 (𝑃𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 , 𝑠𝑖𝑠,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡)

ℎ𝑟𝑒𝑎𝑙,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 =
ℎ𝑖𝑠,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛

𝜂𝑖𝑠,𝑐𝑜𝑚𝑝
+ ℎ𝑐𝑜𝑚𝑝,𝑖𝑛

(4.7)

After determining the outlet condition of the compressor, the heat pump working fluid mass
flowrate can be calculated from equation 4.8 using compressor work input �̇�𝑐𝑜𝑚𝑝

�̇�ℎ𝑝 =
�̇�𝑐𝑜𝑚𝑝

ℎ𝑟𝑒𝑎𝑙,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛
(4.8)

In order to maximize the output heat (duty) of the heat pump, the condenser outlet enthalpy
ℎℎ𝑝,𝑐𝑜𝑛𝑑𝑜𝑢𝑡 shall equal the evaporator saturated liquid enthalpy ℎℎ𝑝,𝑒𝑣𝑎𝑝,𝑠𝑎𝑡,𝑙𝑖𝑞 . With this, the
duty of the heat pump can be determined per equation 4.9.
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Figure 4.2: Heat Pump Modeling Logic

ℎℎ𝑝,𝑐𝑜𝑛𝑑,𝑖𝑛 = ℎ𝑟𝑒𝑎𝑙,𝑐𝑜𝑚𝑝,𝑜𝑢𝑡
ℎℎ𝑝,𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 = ℎℎ𝑝,𝑒𝑣𝑎𝑝,𝑠𝑎𝑡,𝑙𝑖𝑞

�̇�ℎ𝑝,𝑜𝑢𝑡 = �̇�ℎ𝑝 (ℎℎ𝑝,𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 − ℎℎ𝑝,𝑐𝑜𝑛𝑑,𝑖𝑛)
𝑄ℎ𝑝,𝑜𝑢𝑡 = �̇�ℎ𝑝,𝑜𝑢𝑡∗𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

(4.9)
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Figure 4.3: Heat Flow in the Heat Pump and Heat Engine Cycles.
(Green) Heat Pump High Pressure (Lime) Heat Pump Low Pressure

(Red) Storage Fluid (Blue) Source Fluid (Sky Blue) Sink Fluid
(Orange) Heat Engine High Pressure (Light Orange) Heat Engine Low Pressure

The duty of the heat pump is the same as the storage heat. The inlet temperature of the
storage fluid was determined by having a pinch point at the inlet to minimize exergy destruction
as can be seen in figure 4.3 using the following relation (𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑖𝑛 = 𝑇ℎ𝑝,𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 − Δ𝑇𝑝𝑖𝑛𝑐ℎ).
With the duty and inlet and storage temperature known, the storage medium flowrate and
volume can be determined as per equation 4.10 :

�̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇��̇�ℎ𝑝,𝑜𝑢𝑡
ℎ𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑖𝑛 = 𝑓𝑛 (𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑖𝑛, 𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒)
ℎ𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑓𝑛 (𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , 𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒)

�̇�𝑠𝑡 =
�̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒

ℎ𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − ℎ𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑖𝑛
𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =

�̇�𝑠𝑡𝜏𝑐ℎ ∗ 3600
𝜌𝑠𝑡𝑜𝑟𝑎𝑔𝑒

(4.10)

With these parameters known, the heat energy and storage energy lines shown in Figure
4.3 (Green) and (Red) respectively can be determined. And the difference between the two
temperatures can be evaluated to ensure that the pinch point at the right side is satisfied. The
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compressor output pressure will be iterated until this pinch is satisfied. Finally, the evaporator
inlet will be determined as the enthalpy across the expansion valve doesn’t change as per
equation 4.11:

ℎℎ𝑝,𝑒𝑣𝑎𝑝,𝑖𝑛 = ℎℎ𝑝,𝑐𝑜𝑛𝑑,𝑜𝑢𝑡
𝑃ℎ𝑝,𝑒𝑣𝑎𝑝,𝑖𝑛 = 𝑃𝑐𝑜𝑚𝑝,𝑖𝑛
𝑇ℎ𝑝,𝑒𝑣𝑎𝑝,𝑖𝑛 = 𝑓𝑛 (ℎℎ𝑝,𝑒𝑣𝑎𝑝,𝑖𝑛, 𝑃ℎ𝑝,𝑒𝑣𝑎𝑝,𝑖𝑛)

(4.11)

The heat pump Coefficient of Performance can be calculated as the ratio of the heat pump
duty to the power input as per equation 4.12

𝐶𝑂𝑃 =
�̇�ℎ𝑝,𝑜𝑢𝑡
�̇�𝑐𝑜𝑚𝑝

(4.12)

With this, the heat pump cycle is determined and T-s diagram can be generated as per Figure
4.4.
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Figure 4.4: Heat Pump (Green) and Heat Engine (Orange) T-s Diagram. (Gray) are isobar lines, (Blue) is
Saturated Liquid, and (Red) is Saturated Vapor.

(1) Compressor Inlet (2) Real Compressor Outlet (2*) Isentropic Compressor Outlet (3) Expansion Valve Inlet (4)
Expansion Valve Outlet.

(1”) Pump Inlet (2”) Real Pump Outlet (3”) Expander Inlet (4”) Real Expander Outlet (4*) Isentropic Expander
Outlet
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4.2.2. Heat Engine Cycle
Similar to the heat pump, heat engine states can be determined. The heat engine modeling

steps can be seen in Figure 4.5. Atmospheric condition is considered to be the sink tempera-
ture 𝑇ℎ𝑒,𝑠𝑖𝑛𝑘 with a subcool of (Δ𝑇ℎ𝑒,𝑠𝑢𝑏𝑐 = 5𝐾). By doing so, the saturation temperature at the
heat engine condenser can be determined based on equation 4.13 which then can be used to
calculate pump inlet temperature, pressure, specific enthalpy, and specific entropy based on
the fluid quality 𝑥 as can be seen in Figure 4.3. Low-pressure side of the heat engine 𝑃ℎ𝑒,𝐿𝑃
and high-pressure side of the heat engine 𝑃ℎ𝑒,𝐻𝑃 will be used for the pump inlet and outlet
pressures respectively.

𝑇ℎ𝑒,𝑐𝑜𝑛𝑑,𝑠𝑎𝑡 = 𝑇𝑠𝑖𝑛𝑘 + Δ𝑇𝑝𝑖𝑛𝑐ℎ + 𝑇ℎ𝑒,𝑠𝑢𝑏𝑐
𝑃ℎ𝑝,𝐿𝑃 = 𝑓𝑛 (𝑇ℎ𝑒,𝑐𝑜𝑛𝑑,𝑠𝑎𝑡 , 𝑥 = 0)

𝑇𝑝𝑢𝑚𝑝,𝑖𝑛 = 𝑇ℎ𝑒,𝑐𝑜𝑛𝑑,𝑠𝑎𝑡 − 𝑇ℎ𝑒,𝑠𝑢𝑏𝑐
ℎ𝑝𝑢𝑚𝑝,𝑖𝑛, 𝑠𝑝𝑢𝑚𝑝,𝑖𝑛 = 𝑓𝑛 (𝑇𝑝𝑢𝑚𝑝,𝑖𝑛, 𝑃ℎ𝑒,𝐿𝑃)

(4.13)

The high pressure is first assumed 𝑃ℎ𝑒,𝐻𝑃 and with this and pump isentropic efficiency
𝜂𝑖𝑠,𝑝𝑢𝑚𝑝, the outlet condition can be calculated through equation 4.14

𝑠𝑖𝑠,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 = 𝑠𝑝𝑢𝑚𝑝,𝑖𝑛
ℎ𝑖𝑠,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 = 𝑓𝑛 (𝑠𝑖𝑠,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 , 𝑃ℎ𝑒,𝐻𝑃)

ℎ𝑟𝑒𝑎𝑙,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 =
ℎ𝑖𝑠,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑝𝑢𝑚𝑝,𝑖𝑛

𝜂𝑖𝑠,𝑝𝑢𝑚𝑝
+ ℎ𝑝𝑢𝑚𝑝,𝑖𝑛

𝑇𝑟𝑒𝑎𝑙,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 = 𝑓𝑛 (ℎ𝑟𝑒𝑎𝑙,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 , 𝑃ℎ𝑒,𝐻𝑃)

(4.14)

The duty of the heat engine’s heat input was assumed to be equal to the duty of the stor-
age system previously calculated. Additionally, a superheat equal to (Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ = 10𝐾) was
assumed to avoid going through a two-phase region during expansion. From this, the turbine
inlet condition can be determined which is then used to calculate the mass flowrate of the heat
engine working fluid through the equation 4.15. The mass flowrate is used to determine the
pump inlet power.

𝑇𝑡𝑢𝑟𝑏,𝑖𝑛 = 𝑇ℎ𝑒,𝑒𝑣𝑎𝑝,𝑠𝑎𝑡 + Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ
ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 = 𝑓𝑛 (𝑠𝑖𝑠,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 , 𝑇𝑡𝑢𝑟𝑏,𝑖𝑛)
�̇�ℎ𝑒,𝑖𝑛 = �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒

�̇�ℎ𝑒 =
�̇�ℎ𝑒,𝑖𝑛

ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 − ℎ𝑟𝑒𝑎𝑙,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡
�̇�𝑝𝑢𝑚𝑝 = �̇�ℎ𝑒 (ℎ𝑟𝑒𝑎𝑙,𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑝𝑢𝑚𝑝,𝑖𝑛)

(4.15)

With these parameters known and similar to the heat pump storage, the heat engine hot
working fluid line (Orange) and hot storage line (Red) in Figure 4.3 can be determined with
the difference between the two lines can be evaluated. The heat engine high pressure 𝑃ℎ𝑒,𝐻𝑃
is then optimized to reach pinch point.

The outlet of the turbine is then determined with equation 4.16 that is used to calculate the
power output by knowing the turbine isentropic efficiency 𝜂𝑖𝑠,𝑡𝑢𝑟𝑏
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Figure 4.5: Heat Engine Modeling Steps
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𝑠𝑡𝑢𝑟𝑏,𝑖𝑛 = 𝑓𝑛 (𝑃ℎ𝑒,𝐻𝑃 , 𝑇𝑡𝑢𝑟𝑏,𝑖𝑛)
𝑠𝑖𝑠,𝑡𝑢𝑟𝑏,𝑜𝑢𝑡 = 𝑠𝑡𝑢𝑟𝑏,𝑖𝑛
ℎ𝑖𝑠,𝑡𝑢𝑟𝑏,𝑜𝑢𝑡 = 𝑓𝑛 (𝑃ℎ𝑒,𝐿𝑃 , 𝑠𝑖𝑠,𝑡𝑢𝑟𝑏,𝑜𝑢𝑡)

ℎ𝑟𝑒𝑎𝑙,𝑡𝑢𝑏𝑒,𝑜𝑢𝑡 = 𝜂𝑖𝑠,𝑡𝑢𝑟𝑏 (ℎ𝑖𝑠,𝑡𝑢𝑟𝑏,𝑜𝑢𝑡 − ℎ𝑡𝑢𝑟𝑏,𝑖𝑛) + ℎ𝑡𝑢𝑟𝑏,𝑖𝑛
�̇�𝑡𝑢𝑟𝑏 = �̇�ℎ𝑒 (ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 − ℎ𝑟𝑒𝑎𝑙,𝑡𝑢𝑏𝑒,𝑜𝑢𝑡)

(4.16)

With this, the heat engine performance can be determined using equation 4.17

𝜂ℎ𝑒 =
�̇�𝑡𝑢𝑟𝑏 − �̇�𝑝𝑢𝑚𝑝

�̇�ℎ𝑒,𝑖𝑛
(4.17)

4.2.3. Sensitivity Analysis
Different sensitivity analyses need to be conducted in order to understand the effect of

different input parameters like source, storage, compressor, and expander isentropic efficien-
cies among others on the performance of the system in terms of round trip efficiency, energy
density, and exergy efficiency.

4.2.3.1. Source Temperature
By increasing the source temperature while keeping the storage temperature fixed, the

heat pump pressure ratio decreases as can be seen in Figure 4.6a. Even though the results
are shown for 𝑅1234𝑍𝐸(𝐸), the effect is similar in other fluids.

For the heat engine cycle, increasing the source temperature while keeping the storage
temperature constant results in an increase in pressure ratio across the heat engine which is
not very intuitive. The sink temperature of the heat engine was fixed at 𝑇𝑠𝑖𝑛𝑘 = 15∘𝐶 to match
atmospheric conditions. Therefore, fixing the storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 intuitively should fix
the pressure ratio but this is not the effect seen in Figure 4.6b. This is attributed to the fact that
increasing the source temperature would increase the hot storage stream starting temperature
which will facilitate a higher pressure ratio on the heat engine cycle. For the last (yellow)
line where the storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶, the pressure ratio remains constant
beyond the source temperature of 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 65∘𝐶. This is attributed to not being able to satisfy
the pinch requirement by increasing the pressure ratio in the heat engine cycle therefore the
pressure ratio was limited to slightly higher than critical pressure to limit equipment cost.

Variation of round trip efficiency and energy density with source and storage temperature
can be seen in Figures 4.7a and 4.7b respectively. It can be seen in the figures that increas-
ing the source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 while keeping the storage temperature fixed increases the
round trip efficiency 𝜂𝑟𝑡 while the energy density 𝜌𝑒𝑛 decreases. This produces a competing
result where maximizing the round-trip efficiency will result in minimizing the energy density.
Additionally, it can be seen that small heat pump lift temperature Δℎ𝑝,𝑙𝑖𝑓𝑡 favor round trip ef-
ficiency 𝜂𝑟𝑡 while having the opposite effect on energy density 𝜌𝑒𝑛 which is in line with the
conclusion made by [19] and [23].

4.2.3.2. Storage Temperature
Increasing the storage temperature while maintaining the source temperature constant will

result in increasing the pressure ratio across the heat pump as well as the heat engine cycles
which are attributed to the increase in lift temperature Δ𝑇ℎ𝑝,𝑙𝑖𝑓𝑡 and Δ𝑇ℎ𝑒,𝑙𝑖𝑓𝑡 which can be seen
in Figure 4.6a and 4.6b respectively.
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Figure 4.6: Variation of heat pump and heat engine pressure ratios with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for R1234ZE(E). (a)
Variation of Heat Pump Pressure Ratio 𝑃𝑅ℎ𝑝 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for R1234ZE(E). (b) Variation of Heat Engine

Pressure Ratio 𝑃𝑅ℎ𝑒 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for R1234ZE(E)
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(a) Variation of 𝜂𝑟𝑡 , 𝑤𝑖𝑡ℎ 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for
R1234ZE(E)
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(b) Variation of 𝜌𝑒𝑛, 𝑤𝑖𝑡ℎ 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for
R1234ZE(E)

Figure 4.7: Variation of 𝜂𝑟𝑡 & 𝜌𝑒𝑛 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 for R1234ZE(E) Where Low Heat Pump Lift Temperature
Favor Round Trip Efficiency 𝜂𝑟𝑡. (a) Variation of 𝜂𝑟𝑡 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒. (b) Variation of 𝜌𝑒𝑛 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 &

𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒

For round-trip efficiency 𝜂𝑟𝑡, increasing the storage temperature result in a decrease in
round-trip efficiency which is attributed to the increase in lift temperature in the heat pump
cycle as can be seen in Figure 4.7a. On the other hand, energy density will increase as the
storage temperature increases as can be seen in Figure 4.7b.

4.2.3.3. Compressor and Expander Isentropic Efficiency
Variations of the system round trip efficiency 𝜂𝑟𝑡 and energy density 𝜌𝑒𝑛 with the com-

pressor and expander isentropic efficiency are shown in Figure 4.8 where compressor and
expander isentropic efficiency were varied from 50 − 90%.

It can be seen that round trip efficiency 𝜂𝑟𝑡 linearly increase with the increase of the com-
pressor and expander isentropic efficiency. Moreover, it can be seen that the expander isen-
tropic efficiency 𝜂𝑡,𝑖𝑠 has a higher impact over round trip efficiency 𝜂𝑟𝑡 than compressor iso-
topic efficiency 𝜂𝑐,𝑖𝑠 where round trip efficiency increased 2× over the expander range while it
increased 1.5× over the compressor range.

For energy density 𝜌𝑒𝑛, it can be seen that compressor isentropic efficiency 𝜂𝑐,𝑖𝑠 has a low



78 4. Pumped Thermal Energy Storage Systems Model

effect over energy density which is attributed to the fact that compressor isentropic efficiency
has no impact over storage temperature. However, energy density 𝜌𝑒𝑛 linearly increase over
expander isentropic efficiency 𝜂𝑡,𝑖𝑠.

Therefore, compressor and expander isentropic efficiencies are crucial in the performance
of the storage system with the expander isentropic efficiency being more influential on the
performance of the storage system as it positively affects both round trip efficiency and energy
density. Additionally, more realistic compressor and expander models are required to provide
a better understanding of the performance of the system.
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(a) Variation of Round Trip Efficiency 𝜂𝑟𝑡 with
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(b) Variation of Round Trip Efficiency 𝜂𝑟𝑡 with Expander
Isentropic Efficiency 𝜂𝑡,𝑖𝑠
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(c) Variation of Energy Density 𝜌𝑒𝑛 with Compressor
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(d) Variation of Energy Density 𝜌𝑒𝑛 with Expander
Isentropic Efficiency 𝜂𝑡,𝑖𝑠

Figure 4.8: Variation of 𝜂𝑟𝑡 & 𝜌𝑒𝑛 with Compressor and Expander Isentropic Efficiency. (a) 𝜂𝑟𝑡 Variation with
Compressor Isotopic Efficiency 𝜂𝑐,𝑖𝑠. (b) 𝜂𝑟𝑡 Variation with Expander Isotopic Efficiency 𝜂𝑡,𝑖𝑠. (c) 𝜌𝑒𝑛 Variation

with Compressor Isotopic Efficiency 𝜂𝑐,𝑖𝑠. (a) 𝜌𝑒𝑛 Variation with Expander Isotopic Efficiency 𝜂𝑡,𝑖𝑠

4.2.3.4. Heat Pump Superheat
The impact of increasing heat pump superheat Δ𝑇ℎ𝑝,𝑠𝑢𝑝 from 2∘𝐶 − 20∘𝐶 on round trip

efficiency 𝜂𝑟𝑡 and energy density 𝜌𝑒𝑛 can be seen in Figure 4.9. It can be seen that a low
degree of superheat is advantageous to improve round trip efficiency 𝜂𝑟𝑡 while having the
opposite impact on energy density 𝜌𝑒𝑛. Therefore, a low degree of superheat of Δ𝑇ℎ𝑝,𝑠𝑢𝑝 = 2∘𝐶
will be selected to favor round-trip efficiency.

4.2.3.5. Heat Engine Subcool
The impact of increasing heat engine subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑏 at pump inlet from 2∘𝐶 − 20∘𝐶 on

round trip efficiency 𝜂𝑟𝑡 and energy density 𝜌𝑒𝑛 can be seen in Figure 4.10. It can be seen
that a low degree of subcooling is advantageous as it improves both round-trip efficiency and
energy density. Therefore, a low degree of subcool of Δ𝑇ℎ𝑒,𝑠𝑢𝑏 = 5∘𝐶 will be selected.
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(a) Variation of Round Trip Efficiency 𝜂𝑟𝑡 with Heat Pump
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(b) Variation of Energy Density 𝜌𝑒𝑛 with Heat Pump
Superheat Δ𝑇ℎ𝑝,𝑠𝑢𝑝

Figure 4.9: Variation of 𝜂𝑟𝑡 & 𝜌𝑒𝑛 with Heat Pump Superheat. (a) 𝜂𝑟𝑡 Variation with Heat Pump Superheat
Δ𝑇ℎ𝑝,𝑠𝑢𝑝. (b) 𝜌𝑒𝑛 Variation with Heat Pump Superheat Δ𝑇ℎ𝑝,𝑠𝑢𝑝
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(a) Variation of Round Trip Efficiency 𝜂𝑟𝑡 with Heat
Engine Subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑏
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(b) Variation of Energy Density 𝜌𝑒𝑛 with Heat Engine
Subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑏

Figure 4.10: Variation of 𝜂𝑟𝑡 & 𝜌𝑒𝑛 with Heat Engine Subcool. (a) 𝜂𝑟𝑡 Variation with Heat Engine Subcool
Δ𝑇ℎ𝑒,𝑠𝑢𝑏. (b) 𝜌𝑒𝑛 Variation with Heat Engine Subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑏

4.3. Optimization
As mentioned earlier, energy density and round trip efficiency are competing parameters

where maximizing one will mandate minimizing the other. Therefore, an optimization scheme
was developed where each criterion is given a weight and the storage temperature and source
temperature are the optimization variables in order to achieve the objective of maximizing
round trip efficiency, energy density, and exergy efficiency. Additionally, the performance of
the system heavily depends on the selected working fluids. The fluids mentioned earlier in the
literature review part in Table 2.4 will be studied in the system to evaluate their performance.
There is no single fluid that satisfies all the required properties and therefore some compromise
will have to be made. Therefore, a simple multi-fluid optimization scheme, as well as a multi-
objective optimization scheme, were developed to aid the optimization process.

4.3.1. Simple Multi-Fluid Optimization Scheme
It is possible to use different fluids for the heat pump and heat engine cycle. The perfor-

mance of each system cycle can be evaluated individually through the heat pump 𝐶𝑂𝑃ℎ𝑝 and
the heat engine 𝜂ℎ𝑒 which will be reflected in the overall round trip efficiency 𝜂𝑟𝑡, energy den-
sity 𝜌𝑒𝑛, and exergy efficiency 𝜓𝑒𝑥. A simple optimization scheme is used to optimize two key
parameters (𝑥𝑥𝑥) which are the source and storage temperatures with the objective of maximiz-
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Table 4.2: Optimized HP:HE Selection for Scenario 1: (𝑎 = 𝑏 = 𝑐 = 1
3 )

Source Temperature
50 60 70 80

St
or
ag
e
Te
m
pe
ra
tu
re 90 R1234yf : R1234yf R1234yf : R1234yf Cyclopentane : R1234yf Cyclopentane : R1234yf

100 R1234yf : R1234yf R1234yf : R1234yf R1234yf : R1234yf Cyclopentane : R1234yf
110 R1234yf : R1234yf R1234yf : R1234yf R1234yf : R1234yf R1234yf : R1234yf
120 R1234yf : R1234yf R1234yf : R1234yf R290 : R1234ZE(E) R290 : R1234ZE(E)
130 R1234yf : R1234yf R290 : R1234ZE(E) R290 : R1234ZE(E) R1234ZE(E) : R1234ZE(E)

140 R290 : R1234ZE(E) R1234ZE(E) : R1234ZE(E) R1234ZE(E) : R1234ZE(E) R1234ZE(E) : R1234ZE(E)

ing round trip efficiency, exergy efficiency, and energy density. Levelized round trip efficiency
(𝜂𝑟𝑡), levelized energy density (𝜌𝑒𝑛), and levelized exergy efficiency (𝜓𝑒𝑥) were introduced in
the objective function (𝑔(𝑥)) to facilitate numerical addition of the different parameters. The
maximum value used in the levelized parameters is the maximum in the grid based on the
source and storage temperatures. The mathematical model used in this optimization can be
seen in Equation 4.21 as proposed by [24]:

{𝑔(𝑥) = 𝑎𝜂𝑟𝑡 + 𝑏𝜌𝑒𝑛 + 𝑐𝜓𝑒𝑥
𝑥 = [𝑇𝑠𝑜𝑢𝑟𝑐𝑒 , 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒]

(4.18)

where: (4.19)

𝜂𝑟𝑡 =
𝜂𝑟𝑡,𝑖
𝜂𝑚𝑎𝑥

; 𝜌𝑒𝑛 = 𝑒𝑛,𝑖
𝜌𝑚𝑎𝑥

; 𝜓𝑒𝑥 =
𝜓𝑒𝑥,𝑖
𝜓𝑚𝑎𝑥

(4.20)

(4.21)

In equation 4.21, 𝑎, 𝑏, &𝑐 are the weight of each parameter where they take a value from
0 − 1 where 0 represents the lowest while 1 is the highest. Two scenarios are studied one in
which they are equally weighted (𝑎 = 𝑏 = 𝑐 = 1

3) and the other where only energy efficiency
and round trip efficiency are considered (𝑎 = 𝑏 = 1

2 ; 𝑐 = 0).
Figures 4.11 shows samples of the optimization result for Scenario 1 where (𝑎 = 𝑏 = 𝑐 =

1
3) while Figures 4.12 shows samples of the optimization results for Scenario 2 where (𝑎 =
𝑏 = 1

2 ; 𝑐 = 0). Considering the different fluids and source and storage temperatures, Table
4.2 and 4.3 shows the heat pump and heat engine fluid selection based on the optimization
criteria for scenario 1 (𝑎 = 𝑏 = 𝑐 = 1

3) and scenario 2 (𝑎 = 𝑏 =
1
2 ; 𝑐 = 0) respectively.

The results show that in more than 60% of the cases, it is optimum to use the same fluid for
the heat pump and heat engine cycle. Therefore, the same fluid will be considered hereafter.

4.3.2. Multi Objective Optimization Scheme
Following the results from the simple multi-fluid optimization, a more rigorous optimization

scheme was implemented based on a single fluid in the heat pump and heat engine cycle
to carry out a multi-objective optimization. A Non-Dominated Sorting Genetic Algorithm-II
(NSGA-II) scheme was selected due to its wide use in resolving multi-objective optimization
problems to find the Pareto Optimal solution to optimize the objective function of maximizing
round trip efficiency 𝜂𝑟𝑡 and energy density 𝜌𝑒𝑛 with two variables which are the source 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
and storage 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 temperatures.

Optimization formulation is shown in equation 4.22 is themulti-objective function for NSGA-
II [77]. The objective function 𝑓(𝑥𝑥𝑥) that is minimized is the inverse of the maximize function.
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(a) Optimization Index Heat Map Scenario 1 for
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(b) Optimization Index Heat Map Scenario 1 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 110∘𝐶
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(c) Optimization Index Heat Map Scenario 1 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 50∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 120∘𝐶
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(d) Optimization Index Heat Map Scenario 1 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 120∘𝐶
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(e) Optimization Index Heat Map Scenario 1 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 50∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶
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(f) Optimization Index Heat Map Scenario 1 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶

Figure 4.11: Different Fluid Optimization Index Heat Map Scenario 1: (𝑎 = 𝑏 = 𝑐 = 1
3 )

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑓(𝑥𝑥𝑥) = [𝑓1(𝑥𝑥𝑥), 𝑓2(𝑥𝑥𝑥)]

𝑓1(𝑥𝑥𝑥) =
1
𝜂𝑟𝑡

𝑓2(𝑥𝑥𝑥) =
1
𝜌𝑒𝑛

𝑥𝑥𝑥 = [𝑇𝑠𝑜𝑢𝑟𝑐𝑒 , 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒]
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50, 80]
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90, 140]

(4.22)
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(a) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 50∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 110∘𝐶
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(b) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 110∘𝐶
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(c) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 50∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 120∘𝐶

R1
3I

1

R1
23

3z
D(

E)

R1
23

4Z
E(

E)

R2
45

FA

R1
23

4y
f

R2
90

cy
clo

pe
nt

an
e

R1
33

6m
zz

(Z
)

R1
22

4y
d(

Z)

HP Fluid

R13I1

R1233zD(E)

R1234ZE(E)

R245FA

R1234yf

R290

cyclopentane

R1336mzz(Z)

R1224yd(Z)

HE
 F

lu
id

0.92 0.92 0.92 0.92 0.91 0.97 0.92 0.9 0.92

0.9 0.9 0.91 0.9 0.89 0.95 0.89 0.89 0.9

0.95 0.94 0.95 0.94 0.92 0.99 0.94 0.93 0.94

0.91 0.9 0.92 0.9 0.9 0.96 0.9 0.89 0.9

0.92 0.92 0.92 0.92 0.89 0.95 0.92 0.91 0.92

0.92 0.92 0.92 0.92 0.89 0.95 0.92 0.9 0.92

0.89 0.88 0.89 0.88 0.88 0.94 0.88 0.87 0.88

0.91 0.91 0.92 0.91 0.9 0.96 0.9 0.9 0.91

0.91 0.9 0.91 0.9 0.9 0.96 0.9 0.89 0.9
0.88

0.90

0.92

0.94

0.96

0.98

Op
tim

iza
tio

n 
In

de
x

(d) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 120∘𝐶
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(e) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 50∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶
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(f) Optimization Index Heat Map Scenario 2 for
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶

Figure 4.12: Different Fluid Optimization Index Heat Map Scenario 2: (𝑎 = 𝑏 = 1
2 ); 𝑐 = 0

where 𝑥𝑥𝑥 is the decision variable which is the source and storage temperature. 𝜘 is the
variable space and ϝ is the solution space.

If two variables 𝑥1, 𝑥2 ∈ 𝜘 satisfy the objective function, then a solution is said to be domi-
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Table 4.3: Optimized HP:HE Selection for Scenario 2: (𝑎 = 𝑏 = 1
2 ); 𝑐 = 0

Source Temperature
50 60 70 80

St
or
ag
e
Te
m
pe
ra
tu
re 90 R1234yf : R1234yf R1234yf : R1234yf Cyclopentane : R1234yf Cyclopentane : Cyclopentane

100 R1234yf : R1234yf R1234yf : R1234yf R1234yf : R1234yf Cyclopentane : R1234yf
110 R1234yf : R1234yf R1234yf : R1234yf R1234yf : R1234yf Cyclopentane : R1234ZE(E)
120 R1234yf : R1234yf R1234yf : R1234ZE(E) R290 : R1234ZE(E) R290 : R1234ZE(E)
130 R1234yf : R1234ZE(E) R290 : R1234ZE(E) R290 : R1234ZE(E) R1234ZE(E) : R1234ZE(E)

140 R290 : R1234ZE(E) R1234ZE(E) : R1234ZE(E) R1234ZE(E) : R1234ZE(E) R1234ZE(E) : R1234ZE(E)

nant if 𝑓𝑖(𝑥1) ≤ 𝑓𝑖(𝑥2) for all values of 𝑖 and there exists at least one value where 𝑓𝑖(𝑥1) < 𝑓𝑖(𝑥2).
This is represented mathematically in equation 4.23 [77].

[∀𝑖 ∈ 1, 2, ..., 𝑚, 𝑓𝑖(𝑥1) ≤ 𝑓𝑖(𝑥2)] ∩ [∃𝑖 ∈ 1, 2, ..., 𝑚, 𝑓𝑖(𝑥1) < 𝑓𝑖(𝑥2)] (4.23)

NSGA-II logic is demonstrated in Figure 4.13 [32]. The logic work as follows:

• An initial population is formulated and assigned Gen 1 based on the determined popu-
lation size.

• If offspring has been generated then new Gen 2 is formulated. Otherwise, ranking and
selection have to be done based on the non-dominated solution method

• The offspring population is merged with the parent population to formulate a newmutated
population

• Continue the offspring formulation and integration until the termination is reached

With this, a Pareto Front was formed for the heat pump and heat engine cycles for the listed
fluids based on 20 population size and 100 number of generations. The objective solutions
are shown in Figure 4.14a with the variables shown in Figure 4.14b.

From Figure 4.14a that the solution that maximizes both round trip efficiency 𝜂𝑟𝑡 and en-
ergy density 𝜌𝑒𝑛 will be located in the top right corner of the graph. Therefore, the right side
of the curves would represent the Pareto Front which is the optimum solution to the optimiza-
tion problem. From the decision variable of storage and source temperature shown in Figure
4.14b, it can be seen that at low source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 < 75∘𝐶 the solution population
is low compared to higher source temperature of 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 > 75∘𝐶 which shows higher solution
population. For storage temperature, the population seems to be concentrated at low storage
and high storage temperatures of 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ≤ 140∘𝐶.

Indeed there is a low population for low source-low storage temperatures since the round
trip efficiency, as well as energy density would both be low.

Multiple scenarios were studied depending on the source and storage temperature as well
as whether compressor and expander isentropic efficiencies were assumed to be constants
or a fit function based on typical compressor and expander models. The fit equations can be
seen in Appendix A. The result of the different optimization scenarios can be seen in Table
4.4. The Pareto optimum solution figures for the different scenarios can be seen in Appendix
B

The scenario of 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 200]∘𝐶 was selected as the
basis for the remaining work since the storage temperature limit of pressurized water is 200∘𝐶
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Figure 4.13: NSGA-II Logic [32]

Table 4.4: Multi-Objective Optimization Scenarios

Scenario Fluid 𝑇𝑠𝑜𝑢𝑟𝑐𝑒[∘𝐶] 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒[∘𝐶] 𝜂𝑟𝑡[%] 𝜌𝑒𝑛[𝑘𝑊ℎ𝑟/𝑚3]
𝑇𝑠𝑟[50 ∶ 80]; 𝑇𝑠𝑡[85 ∶ 100] R1233ZD(E) 70 100 104.1% 4.4
𝑇𝑠𝑟[50 ∶ 80]; 𝑇𝑠𝑡[90 ∶ 140] R1234ZE(E) 77 134 100.6% 10.1
𝑇𝑠𝑟[50 ∶ 80]; 𝑇𝑠𝑡[90 ∶ 200] R13I1 79 139 100.2% 10.8

𝑇𝑠𝑟[50 ∶ 80]; 𝑇𝑠𝑡[85 ∶ 100]; 𝜂𝑖𝑠,𝑓𝑖𝑡 R13I1 79 100 100.6% 3.2
𝑇𝑠𝑟[50 ∶ 80]; 𝑇𝑠𝑡[90 ∶ 140]; 𝜂𝑖𝑠,𝑓𝑖𝑡 R13I1 78 97 101% 2.9

as mentioned earlier. With this, the optimization region is where a round trip efficiency of
𝜂𝑟𝑡 ≥ 75% with energy density 𝜌𝑒𝑛 > 10𝑘𝑊ℎ𝑟/𝑚3 as marked in figure 4.14a. With this in
mind then fluid (R13I1) would be the most suitable fluid for this system considering that the
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fluid represents the Pareto optimum at that range as can be seen in Figure 4.14a. This was
selected to maximize round-trip efficiency in the selection region.

Subsequent to the optimization results, an optimized cycle working with R13I1 with the
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶 was modeled. The optimized cycle is based on the tran-
scritical heat pump cycle and subcritical heat engine cycle as modeled in Figure 4.15a which
shows the T-s diagram of the thermodynamic transcritical heat pump and sub-critical heat en-
gine cycles working with these parameters. Figure 4.15b shows the heat flow energy in the
heat pump and heat engine heat exchangers.
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(a) Pareto Front Optimum Solution for Different Fluids of the PTES for 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 200]∘𝐶. The Highlighted Point Represents The Optimum Point

(b) Decision Variables of Source and Storage Temperatures For the Objective Solutions of Different Fluids of the
PTES for 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 200]∘𝐶. The Highlighted Point Represents The Optimum

Point

Figure 4.14: NSGA-II Pareto Front Optimum Solution for 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 200]∘𝐶. (a)
Objective Solutions Pareto Front (b) Decision Variables of the Optimum Solution
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(a) R13I1 Optimized Thermodynamic Cycle (Green) (1 - 4) Charging Heat Pump Cycle (Orange) (1” - 4”) Discharging Heat
Engine Cycle
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Figure 4.15: R13I1 Optimized (a) Thermodynamic Cycle and (b) Heat Flow





5
Models Integration and Case Study

Following the results of the Pumped Thermal Energy Storage and the Component Models
in the previous chapters, the models need to be integrated where the output models of the
compressor and expander are used in the pumped thermal energy storagemodel. Additionally,
a case study utilizing solar-integrated pumped thermal energy storage will be presented and
discussed in this chapter.

5.1. Models Integration
In the previous Pumped Thermal Energy Storage section, the compressor and expander

efficiencies were assumed to be constants while in reality, they are not. Hence, the three mod-
els namely the Pumped Thermal Energy Storage, Compressor, and Expander models were
integrated to provide a more reliable result where the compressor and expander geometry as
well as their isentropic efficiency can be determined and used in the Pumped Thermal Energy
Storage Model.

In order to do so, the compressor model is used in the heat pump cycle while the expander
is used in the heat engine cycle. The heat pump cycle set the geometry of the compressor
which is then used as an expander in the heat engine cycle. Therefore, the pressure ratio
across the heat pump cycle 𝑃𝑅ℎ𝑝 set the build-in volumetric ratio 𝑉𝑅𝑐𝑜𝑚𝑝 through equation
5.1.

𝑉𝑅𝑐𝑜𝑚𝑝 = 𝑃𝑅
1
𝛾𝑝𝑣
ℎ𝑝 (5.1)

Subsequently, the compressor start angle 𝜙𝑎, base circle 𝑎, and thickness 𝑏 are used as
inputs to find the compressor swept volume 𝑉𝑠, end angle 𝜙𝑒, and height ℎ. This is achieved
by assuming a swept volume 𝑉𝑠𝑤𝑒𝑝𝑡,𝑎𝑠𝑠 and finding the height based on equation 5.2 and
iterating over the model power �̇�𝑐,𝑚𝑜𝑑𝑒𝑙 in comparison with cycle power �̇�𝑐,𝑐𝑦𝑐𝑙𝑒. The logic of
the integration can be seen in Figure 5.1

89
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𝜙𝑒 =
𝑉𝑅𝑐𝑜𝑚𝑝 (2𝜙𝑎 + 𝜋) + 3𝜋

2
ℎ =

𝑉𝑠𝑤𝑒𝑝𝑡
2𝜋𝑉𝑅𝑐𝑜𝑚𝑝𝑎𝑟 (2𝜙𝑎 + 𝜋)

(5.2)

Start
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Figure 5.1: Integrated Model Logic

With these parameters, the compressor’s built-in volumetric ratio is ensured to match the
heat pump volumetric ratio to have the best efficiency possible for the compressor. The same
geometry is then used for the expander model to determine the efficiency of the expander in
the heat engine cycle.

In doing so, the following cycle was achieved for the source and storage temperature de-
termined in the earlier chapter. Additionally, the charging time and discharging time were
decoupled to have the discharging time as an output as supposed to an input. By integrating
the two models, the cycle round trip efficiency, energy density, and exergy efficiency were
found to be 𝜂𝑟𝑡 = 93%, 𝜌𝑒𝑛 = 11.55𝑘𝑊ℎ/𝑚3, and 𝜓𝑒𝑥 = 29% respectively as can be seen in
Figure 5.2a with Table 5.1 summarizing the cycle results.
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(a) T-s Diagram of R13I1 Integrated Model in the Optimized Cycle
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(b) Heat Flow of R13I1 Integrated Model in the Optimized Cycle

Figure 5.2: R13I1 Integrated Cycle (a) T-s Diagram (b) Heat Flow
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Table 5.1: Integrated Cycle Results working with R13I1 with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 & 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶

Input Parameter Output Parameter

Description Parameter Value [Unit] Description Parameter Value [Unit]

Waste heat temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 80[∘𝐶] Heat Pump Mass Flow �̇�ℎ𝑝 0.07 [𝑘𝑔/𝑠]
Ambient temperature 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 15 [∘𝐶] Waste Heat Input �̇�ℎ𝑝,𝑖𝑛 5.16 [𝑘𝑊]

Degree of heat pump superheat, (Δ𝑇ℎ𝑝,𝑠𝑢𝑝ℎ) 𝑇1 − 𝑇4 5 [𝐾] Heat Pump Output Heat �̇�ℎ𝑝,𝑜𝑢𝑡 6.19 [𝑘𝑊]
Storage temperature 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 140 [∘𝐶] Storage Mass Flowrate �̇�𝑠𝑡 0.022 [𝑘𝑔/𝑠]

Pump efficiency 𝜂𝑖𝑠,𝑝𝑢𝑚𝑝 80 [%] Heat Engine Input Heat �̇�ℎ𝑒,𝑖𝑛 5.57 [𝑘𝑊]
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 [𝐾] Turbine Output Power �̇�𝑡𝑢𝑟𝑏 0.9 [𝑘𝑊]

Charging duration 𝑡𝑐ℎ 8 [ℎ𝑟] Heat Engine Output Heat �̇�ℎ𝑒,𝑜𝑢𝑡 4.7 [𝑘𝑊]
Compressor Input Power �̇�𝑐𝑜𝑚𝑝 1 [𝑘𝑊] Pump Input Power �̇�𝑝𝑢𝑚𝑝 0.07 [𝑘𝑊]

Degree of Heat Engine Subcool Δ𝑇ℎ𝑒,𝑠𝑢𝑝𝑐 𝑇2” − 𝑇1” 5 [𝐾] Heat Pump Coefficient of Performance 𝐶𝑂𝑃ℎ𝑝 6.19 [−]
Degree of Heat Engine Superheat Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ Δ𝑇ℎ𝑒,𝑠𝑢𝑝ℎ 15 [𝐾] Heat Engine Efficiency 𝜂ℎ𝑒 15 [%]

Base Circle 𝑎 2.5 [𝑚𝑚] Storage Volume 𝑉𝑠𝑡 642 [𝐿]
Involute Thickness 𝑏 4.6 [𝑚𝑚] Heat Engine Mass Flow �̇�ℎ𝑒 0.05 [𝑘𝑔/𝑠]
Rotation Speed Ω 3000 [𝑅𝑃𝑀] Discharging Time 𝑡𝑑𝑐ℎ 8.9 [ℎ𝑟]

Involute Starting Angle 𝜙𝑎 0.9 𝜋 [𝑟𝑎𝑑] Round Trip Efficiency 𝜂𝑟𝑡 93 [%]
Gap 𝛿𝑟; 𝛿𝑎 15 𝜇𝑚 Energy Density 𝜌𝑒𝑛 11.55 [𝑘𝑊ℎ𝑟3]

Exergy Efficiency 𝜓𝑒𝑥 29.11 [%]
Compressor Isentropic Efficiency 𝜂𝑐,𝑖𝑠 71 [%]
Expander Isentropic Efficiency 𝜂𝑡,𝑖𝑠 90 [%]

Involute End Angle 𝜙𝑒 16.3 [𝑟𝑎𝑑]
Involute Height ℎ 15 [𝑚𝑚]

5.2. Integrated Vs Constant Isentropic Efficiency Cycles
The integrated cycle model is compared with the constant isentropic efficiency model with

equal charging and discharging time as can be seen in Table 5.2. It can be seen that due to
the integration of the compressor and expander model, a more realistic isentropic efficiency of
𝜂𝑐,𝑖𝑠 = 71% can be realized which resulted in a drop in heat pump coefficient of performance
by 9%. Consequently, the round trip efficiency of the system dropped by 8%. However, the en-
ergy density improved by 5% which is mainly attributed to the slight improvement in expander
isentropic efficiency.

Table 5.2: Integrated Vs Constant Isentropic Model Compression

Parameter Symbol Constant Isentropic Model Integrated Model Difference

Compressor Isentropic Efficiency 𝜂𝑐,𝑖𝑠 80 [%] 71[%] (11) [%]
Expander Isentropic Efficiency 𝜂𝑡,𝑖𝑠 88 [%] 90 [%] 2 [%]

Heat Pump Coefficient of Performance 𝐶𝑂𝑃ℎ𝑝 6.79 [−] 6.19 [−] (9) [%]
Heat Engine Efficiency 𝜂ℎ𝑒 14.9 [%] 15 [%] 1 [%]
Round Trip Efficiency 𝜂𝑟𝑡 101 [%] 93 [%] (8) [%]

Energy density 𝜌𝑒𝑛 10.96 [𝑘𝑊ℎ𝑟] 11.55 [𝑘𝑊ℎ𝑟] 5 [%]
Exergy Efficiency 𝜓𝑒𝑥 31.45 [%] 29.11 [%] (7) [%]

5.3. Solar Integrated Pumped Thermal Energy Storage
Weather data for South Holland were collected from [1] to assess the solar irradiation

throughout the year as can be seen in Figure 5.3. Themaximum direct irradiation was reported
to be �̇�𝑖𝑟 = 413.05𝑊/𝑚2. Additionally, the annual household energy consumption in the
Netherlands was reported to be �̇�𝑐𝑜𝑛𝑠 = 2772.5𝑘𝑊ℎ𝑟 [51]. These values will serve as the
basis for the solar system calculations. A hybrid system capable of delivering both electrical
and thermal energy based on solar irradiation can be utilized. The solar panel data was based
on the one manufactured by (DUALSUN) [16] with the panel properties shown in table 5.3.

The number of electrical panels required to supply the required load is calculated based
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Figure 5.3: South Holland Solar Direct Irradiation Variation Throughout the Year [1]

Table 5.3: Hybrid Solar Panel Data [16]

Photovoltaic Characteristics Thermal Characteristics

Parameter Value [Unit] Parameter Value [Unit]

Nominal Power 400[𝑊/𝑃𝑎𝑛𝑒𝑙] Thermal Power 1238[𝑊/𝑃𝑎𝑛𝑒𝑙]
Electrical Efficiency 21.3[%] Thermal Efficiency 65.93[%]
Collector Area 1.876[𝑚2]

on the annual energy consumption 𝐸𝑐𝑜𝑛 and the solar hours in a day ℎ𝑠𝑜𝑙𝑎𝑟 by determining the
solar array output 𝑆𝐴𝑂 and the solar array size 𝑆𝐴𝑆. These are calculated from equation 5.3:

𝑆𝐴𝑂 = 𝐸𝑐𝑜𝑛
365 × ℎ𝑠𝑜𝑙𝑎𝑟

𝑆𝐴𝑆 = 𝑆𝐴𝑂
𝐵𝑜𝑓𝑓
𝑎𝑒𝑛𝑣

𝑁𝑝𝑎𝑛𝑒𝑙 =
𝑆𝐴𝑆 × 1000
�̇�𝑝𝑎𝑛𝑒𝑙

(5.3)

Where 𝐵𝑜𝑓𝑓 is the bill offset which is normally 90%, 𝑎𝑒𝑛𝑣 is the environmental factor which is
normally 80%, �̇�𝑝𝑎𝑛𝑒𝑙 is the typical panel output power which is normally between 150−300𝑊
as per [64] with a value of 150𝑊 was selected for this calculation.

With this in mind, table 5.4 shows the solar system sizing based on a maximum irradiation
day.

Subsequently, the daily performance of the system can be seen in Figure 5.4. The charging
cycle starts when excess electrical energy (blue line) is stored in the form of heat (brown line)
during day time with the peak stored value at noon time. The stored heat is then consumed in
the heat engine discharging cycle to produce electrical energy (red line) during night time.

An overall layout of the system can be seen in Figure 5.5. It is noticeable that the source
outlet temperature and the storage fluid inlet temperature are similar and therefore using the
outlet of the source as an inlet to the storage will reduce the number of storage tanks which
increases the energy density.
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Table 5.4: Solar System Results

Parameter Value [Unit]
Solar Irradiation 413.05[𝑊/𝑚2]
Storage Hours 8[ℎ𝑟]

Electrical Power Production 166[𝑊/𝑃𝑎𝑛𝑒𝑙]
Thermal Power Production 511[𝑊/𝑃𝑎𝑛𝑒𝑙]
Number of Electrical Panel 8[𝑃𝑎𝑛𝑒𝑙𝑠]
Total Electrical Production 11[𝑘𝑊ℎ𝑟]
Total Thermal Production 33[𝑘𝑊ℎ𝑟]

Total Energy Consumption for 8 Hours 2.5[𝑘𝑊ℎ𝑟]
Storage 8[𝑘𝑊ℎ𝑟]

Total Thermal Energy Required 42[𝑘𝑊ℎ𝑟]
Additional Thermal Panel Required 3[𝑃𝑎𝑛𝑒𝑙𝑠]

Figure 5.4: Daily Solar Integrated Storage System Performance

5.4. Components Sizing
5.4.1. Heat Exchanger

For a heat exchanger, a plate heat exchanger was selected due to its compactness, suit-
ability for low flows, wide temperature and pressure operating range, and small approach
temperature as mentioned earlier.

A chevron-type plate heat exchanger was selected to enhance the heat transfer coefficient
capabilities as can be seen in Figure 5.6a where 𝐵𝑝 is the plate width, 𝐿𝑝 is the plate length,
𝜙 is the inclination angle, 2�̂� is the gap between the two plats, and 𝐴 is the wavelength.
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Figure 5.5: Solar Integrated Pumped Thermal Energy Storage System Daily Performance

(a) Chevron Type Plate
Design [22] (b) Chevron Type Plate Gap [22]

Figure 5.6: Chevron Type Plate Design [22]

With this, a counter-current parallel flow would be used with a single pass as can be seen
in figure 5.7.

ASPEN Exchanger Design and Rating V12 software was used to size the heat exchanger
based on the process parameters. The duty of the heat pump high-pressure heat exchanger
is similar to the high-pressure heat engine. Additionally, the low-pressure heat pump and low-
pressure heat engine heat exchangers are also similar which facilitates re-usability which is
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Figure 5.7: Flow Arrangement [70]

achieved by decoupling charging and discharging time while maintaining the energy balance
over the high-pressure heat exchanger. Therefore the following table 5.5 shows the high-
pressure and low-pressure heat exchangers.

Table 5.5: Sizing of the High-Pressure and Low-Pressure Heat Exchangers

Parameter HP Heat
Exchange

LP Heat
Exchanger

Duty [�̇�] 5.9 [𝑘𝑊] 5.4 [𝑘𝑊]
Process Temperatures [𝑇𝑖𝑛; 𝑇𝑜𝑢𝑡] 147 ; 74 [∘𝐶] 73 ; 76 [∘𝐶]
Water Temperatures [𝑡𝑖𝑛; 𝑡𝑜𝑢𝑡] 72 ; 140 [∘𝐶] 80 ; 75 [∘𝐶]

Process Pressure [𝑃𝑤𝑓] 40 [𝑏𝑎𝑟] 16 [𝑏𝑎𝑟]
Water Pressure [𝑃𝑤𝑎𝑡𝑒𝑟] 5 [𝑏𝑎𝑟] 1 [𝑏𝑎𝑟]
Heat Transfer Area [𝐴𝑜] 19.5 [𝑚2] 13.6 [𝑚2]

Overall Heat Transfer Coefficient [𝑈𝑜] 33.3 [𝑊/𝑚2𝐾] 110 [𝑊/𝑚2𝐾]
Number of Passes [𝑁𝑝𝑠] 1 [−] 1 [−]
Number of Plates [𝑁𝑝𝑙] 341 [−] 239 [−]
Plates Length [𝐿𝑝] 463 [𝑚𝑚2] 463 [𝑚𝑚2]
Plates Width [𝐵𝑝] 133 [𝑚𝑚2] 133 [𝑚𝑚2]
Chevron Angle [𝜙] 30 [∘] 60 [∘]

5.4.2. Pump
The pump in the heat engine cycle has to be selected based on the required flow rate and

pressure head. Positive displacement pumps are suitable for low-flow/high-pressure applica-
tions as recommended by [50]. Figure 5.8 shows that gear pumps are the most suitable pump
for the given volumetric flow rate and discharge pressure with table 5.6 showing the pump
parameters.
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Figure 5.8: Positive Displacement Pump Selection for the Heat Engine Cycle [50]

Table 5.6: Heat Engine Pump Sizing

Parameter Value
Pump Power [�̇�] 67 [𝑊]

Pressure Ratio [𝑃𝑅𝑝𝑢𝑚𝑝] 6 [−]
Discharge Pressure [𝑃𝑑𝑖𝑠] 27 [𝑏𝑎𝑟]
Mass Flowrate [�̇�ℎ𝑒] 49 [𝑔/𝑠]

Volumetric Flowrate [�̇�ℎ𝑒] 0.09 [𝑚3/ℎ]





6
Conclusion and Recommendations

6.1. Conclusion
The main objective of this work was to model and optimize a small-scale thermally in-

tegrated pumped thermal energy storage with integrated compressor and expander models.
This was achieved by analyzing multiple fluids in the heat pump and heat engine cycle through
simple multi-fluid optimization schemes and single-fluid multi-objective optimization schemes
based on a non-dominated sorting genetic algorithm (NSGA-II). Through the optimization
model, 𝑅13𝐼1 was selected as the optimum fluid with a transcritical heat pump and subcritical
heat engine cycles with source temperature and storage temperature of 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and
𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶 respectively.

Additionally, scroll compressor and expander models were developed to predict the overall
isentropic efficiency of the compressor and expander based on different operating conditions
like pressure ratio, rotation speed, and gap. Through the models, an optimum pressure ratio
for the compressor and expander was identified to be around 𝑃𝑅 = 3 which depends on
the compressor and expander geometry. While increasing the rotation speed increases the
isentropic efficiency, there is a limit beyond which the efficiency decreases with increasing
rotation speed which was identified to be Ω = 4000𝑅𝑃𝑀.

Moreover, the compressor and expander models were integrated into the pumped thermal
energy storage model. The compressor geometry is determined based on the cycle volumetric
ratio which resulted in a more realistic compressor isentropic efficiency of 𝜂𝑐,𝑖𝑠 = 71%. With
the interchangeable need to use the compressor as an expander, the expander isentropic
efficiency was determined to be 𝜂𝑡,𝑖𝑠 = 90%. This in turn impacted the overall performance of
the storage system in terms of round trip efficiency, energy density, and exergy efficiency as
the integrated model result are 𝜂𝑟𝑡 = 93%, 𝜌𝑒𝑛 = 12𝑘𝑊ℎ𝑟/𝑚3 and 𝜓𝑒𝑥 = 29% respectively.

Finally, a case study utilizing the result of the integrated model in a solar system was
presented. Dual electrical and heat panels were modeled to maximize the output energy of
the solar system. The excess electrical energy generated by the solar system is stored in a
1𝑘𝑊 pumped thermal energy storage system. A total of 11 panels are needed for the system
where 8 are used for electrical power generation and 3 are used for additional thermal energy
input.

6.2. Recommendation
The present work demonstrated the validity of using thermally integrated small scale pumped

thermal energy storage by modeling the cycle along with the compressor and expander. The
following recommendations for future work will enhance the understanding of the system.
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• Experimental validation of the storage system. The current work focused on modeling
the storage system with integrated compressor and expander models. However, exper-
imental validation of the performance of the cycle under different operating conditions
will provide a better understanding of the storage system.

• Including heat transfer in the compressor and expander model. The compressor and
expander models were assumed to be adiabatic and heat exchange between two ad-
jacent chambers is negligible which overestimated the isentropic efficiency. Therefore,
including heat transfer models will provide a more reliable isentropic efficiency of the
compressor and expander.

• Integrating the compressor and expander models into the multi-objective optimization
scheme. Currently, the optimization assumed a constant isentropic efficiency for the
compressor and expander or a variable one based on the fit equation. However, the fit
equation is dependent on the geometry and therefore it will tend to favor the pressure ra-
tio associated with its built-in volumetric ratio. Therefore, integrating the compressor and
expander model into the optimization scheme will provide a more realistic understanding
of the system.

• The entire model assumes a steady state where no time dependence was considered.
Therefore, a dynamic analysis should be carried out to understand the behavior of the
system under transient conditions.

• Cost benefit should be carried out to validate the proposed case study. The current
model was based on maximizing the performance of the thermodynamic cycles without
considering the overall cost impact of the system.



A
Compressor and Expander Fit Equation

The outcome of the compressor and expander models was to generate the variation of
efficiency with pressure ratio and rotation speed. This was achieved for multiple fluids as
demonstrated in the components chapter 3. With this model, fit equations were generated
for the different rotation speeds as shown in Figure A.1. Equation A.1 for rotation speed
Ω = 3000𝑅𝑃𝑀 was used in the simulation of the optimization cases with the variation of
rotation speed. It is worth noting that these fit equations are geometric specific and therefore
they tend to favor the pressure ratio associated with their built-in volumetric ratio.

𝜂𝑐,𝑖𝑠 =− 0.0000324071𝑃𝑅6 + 0.0012880077𝑃𝑅5 − 0.0208218119𝑃𝑅4 + 0.1751410700𝑃𝑅3
− 0.8063194844𝑃𝑅2 + 1.8740061799𝑃𝑅 − 0.9524107129

𝜂𝑡,𝑖𝑠 =− 0.0000451090𝑃𝑅6 + 0.0018509869𝑃𝑅5 − 0.0309759252𝑃𝑅4 + 0.2701006278𝑃𝑅3
− 1.2892141206𝑃𝑅2 + 3.1367418978𝑃𝑅 − 2.1884281655

(A.1)
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102 A. Compressor and Expander Fit Equation

(a) Compressor Fit Equations Efficiency Variation with Pressure Ratio and Rotation Speed

(b) Expander Fit Equations Efficiency Variation with Pressure Ratio and Rotation Speed

Figure A.1: Fit Equations Efficiency Variation with Pressure Ratio and Rotation Speed for (a) Compressor (b)
Expander



B
Pumped Thermal Energy Storage

B.1. Pareto Optimum Solution Multiple Scenarios
Several scenarios were studied to determine the Pareto optimum solution for pumped ther-

mal energy storage. This was done to determine the most optimum fluid along with the source
and storage temperature that would maximize round trip efficiency 𝜂𝑟𝑡 and energy density 𝜌𝑒𝑛.
With this in mind, the following scenarios were studied:

• Low storage temperature scenario where source temperature 𝑇𝑠𝑟 = [50 ∶ 80] and stor-
age temperature 𝑇𝑠𝑡 = [85 ∶ 100] with constant compressor and expander isentropic
efficiencies.

• Mid storage temperature scenario where source temperature 𝑇𝑠𝑟 = [50 ∶ 80] and stor-
age temperature 𝑇𝑠𝑡 = [90 ∶ 140] with constant compressor and expander isentropic
efficiencies.

• High storage temperature scenario where source temperature 𝑇𝑠𝑟 = [50 ∶ 80] and stor-
age temperature 𝑇𝑠𝑡 = [90 ∶ 200] with constant compressor and expander isentropic
efficiencies.

• Low storage temperature scenario where source temperature 𝑇𝑠𝑟 = [50 ∶ 80] and stor-
age temperature 𝑇𝑠𝑡 = [85 ∶ 100] with fit equation compressor and expander isentropic
efficiencies.

• Mid storage temperature scenario where source temperature 𝑇𝑠𝑟 = [50 ∶ 80] and stor-
age temperature 𝑇𝑠𝑡 = [90 ∶ 140] with fit equation compressor and expander isentropic
efficiencies.

The following Figure B.1 showcases the results of the Pareto Optimum solution using
NSGA-II for the different scenarios.

The following Figure B.2 show the Pareto optimum cycles:
The following Figure B.3 show the Pareto optimum heat flow:

B.2. Exergy Analysis
Exergy refers to the theoretical amount of work that could be extracted from a reversible

process aimed at attaining thermodynamic equilibrium between a flow and its surrounding
environment [37]. The exergy of a flow of state (𝑖) can be calculated from Equation B.1:
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(a) Low Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [85 ∶ 100]∘𝐶 with
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(b) Low Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [85 ∶ 100]∘𝐶 with

Fit Isentropic Efficiency
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(c) Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 140]∘𝐶 with

Constant Isentropic Efficiency
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(d) Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 140]∘𝐶 with
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(e) High Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = [50 ∶ 80]∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = [90 ∶ 200]∘𝐶 with

Constant Isentropic Efficiency

Figure B.1: NSGA-II Pareto Front Optimum Solution for (a) Low Storage temperature with Constant Isentropic
Efficiency (b) Low Storage temperature with Fit Isentropic Efficiency (c) Mid Storage temperature with Constant
Isentropic Efficiency (d) Mid Storage temperature with Fit Isentropic Efficiency (e) High Storage temperature with

Constant Isentropic Efficiency

̇𝐸𝑥𝑖 = �̇� [(ℎ𝑖 − ℎ𝑒𝑛𝑣) − 𝑇𝑒𝑛𝑣(𝑠𝑖 − 𝑠𝑒𝑛𝑣) +
1
2𝑐

2
𝑖 + 𝑔𝑧𝑖]

Neglecting Kinetic and Potential:
̇𝐸𝑥𝑖 = �̇� [(ℎ𝑖 − ℎ𝑒𝑛𝑣) − 𝑇𝑒𝑛𝑣(𝑠𝑖 − 𝑠𝑒𝑛𝑣)]

(B.1)
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An exergy analysis was done to quantify exergy destruction on each component of the
cycle to try and understand where energy is lost around the system. The following Table B.1
shows the exergy destruction formulation in each component of the system. A reference envi-
ronmental value of 𝑇𝑒𝑛𝑣 = 15∘𝐶, 𝑃𝑒𝑛𝑣 = 1.01[𝑏𝑎𝑟]was used to find the reference environmental
thermodynamic properties like specific enthalpy, specific entropy, density, ..., etc.

Table B.1: Exergy Destruction Formulations [21]

Component Energy Relation Exergy Relation

Turbine �̇�𝑡𝑢𝑟𝑏 = �̇�ℎ𝑒𝜂𝑖𝑠,𝑡𝑢𝑟𝑏(ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 − ℎ𝑡𝑢𝑟𝑏,𝑜𝑢𝑡) ̇𝐸𝑥𝐷,𝑡𝑢𝑟𝑏 = ̇𝐸𝑥𝑡𝑢𝑟𝑏,𝑖𝑛 − ̇𝐸𝑥𝑡𝑢𝑟𝑏,𝑜𝑢𝑡 − �̇�𝑡𝑢𝑟𝑏
Pump �̇�𝑝𝑢𝑚𝑝 =

�̇�ℎ𝑒
𝜂𝑖𝑠,𝑝𝑢𝑚𝑝

(ℎ𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑝𝑢𝑚𝑝,𝑖𝑛) ̇𝐸𝑥𝐷,𝑝𝑢𝑚𝑝 = ̇𝐸𝑥𝑝𝑢𝑚𝑝,𝑖𝑛 − ̇𝐸𝑥𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 + �̇�𝑝𝑢𝑚𝑝
Heat Engine Cold Heat Exchanger �̇�ℎ𝑒,𝑜𝑢𝑡 = �̇�ℎ𝑒(ℎℎ𝑒,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ℎℎ𝑒,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛) ̇𝐸𝑥𝐷,ℎ𝑒,𝑐𝑜𝑙𝑑ℎ𝑒𝑥 = ̇𝐸𝑥ℎ𝑒,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑒,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛 + ̇𝐸𝑥𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡 − ̇𝐸𝑥𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑖𝑛
Heat Engine Hot Heat Exchanger �̇�ℎ𝑒,𝑖𝑛 = �̇�ℎ𝑒(ℎℎ𝑒,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ℎℎ𝑒,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛) ̇𝐸𝑥𝐷,ℎ𝑒,ℎ𝑜𝑡ℎ𝑒𝑥 = ̇𝐸𝑥ℎ𝑒,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑒,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛 + ̇𝐸𝑥ℎ𝑜𝑡ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑜𝑡ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑖𝑛
Heat Pump Hot Heat Exchanger �̇�ℎ𝑝,𝑜𝑢𝑡 = �̇�ℎ𝑝(ℎℎ𝑝,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ℎℎ𝑝,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛) ̇𝐸𝑥𝐷,ℎ𝑝,ℎ𝑜𝑡ℎ𝑒𝑥 = ̇𝐸𝑥ℎ𝑝,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑝,ℎ𝑜𝑡ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛 + ̇𝐸𝑥ℎ𝑜𝑡ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑜𝑡ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑖𝑛
Heat Pump Cold Heat Exchanger �̇�ℎ𝑝,𝑖𝑛 = �̇�ℎ𝑝(ℎℎ𝑝,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ℎℎ𝑝,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛) ̇𝐸𝑥𝐷,ℎ𝑝,𝑐𝑜𝑙𝑑ℎ𝑒𝑥 = ̇𝐸𝑥ℎ𝑝,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑜𝑢𝑡 − ̇𝐸𝑥ℎ𝑝,𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑤𝑓,𝑖𝑛 + ̇𝐸𝑥𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡 − ̇𝐸𝑥𝑐𝑜𝑙𝑑ℎ𝑒𝑥,𝑐𝑜𝑙𝑎𝑛𝑡,𝑖𝑛

Compressor �̇�𝑐𝑜𝑚𝑝 =
�̇�ℎ𝑝

𝜂𝑖𝑠,𝑐𝑜𝑚𝑝
(ℎ𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑚𝑝,𝑖𝑛) ̇𝐸𝑥𝐷,𝑐𝑜𝑚𝑝 = ̇𝐸𝑥𝑐𝑜𝑚𝑝,𝑖𝑛 − ̇𝐸𝑥𝑐𝑜𝑚𝑝,𝑜𝑢𝑡 + �̇�𝑐𝑜𝑚𝑝

Expansion Valve − ̇𝐸𝑥𝐷,𝐸𝑉 = ̇𝐸𝑥𝐸𝑉,𝑖𝑛 − ̇𝐸𝑥𝐸𝑉,𝑜𝑢𝑡

Performing the analysis on the integrated cycle yields the exergy loss and exergy destruc-
tion percentage in each component of the system as seen in Figure B.4. It can be seen that
most exergy is lost in the HE hot heat exchanger with (31%) due to the large mismatch be-
tween the working fluid temperature and the storage. Followed by the compressor with (20%)
due to its low isentropic efficiency.
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𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 70∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 2.4, and
𝑃𝑅ℎ𝑒 = 4.6 with Constant Isentropic Efficiency
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(b) R13I1 Low Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 1.6, and

𝑃𝑅ℎ𝑒 = 4.1 with Fit Isentropic Efficiency
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(c) R1234ZE(E) Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 135∘𝐶, 𝑃𝑅ℎ𝑝 = 2.8, and
𝑃𝑅ℎ𝑒 = 8.6 with Constant Isentropic Efficiency
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(d) R13I1 Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 1.6, and

𝑃𝑅ℎ𝑒 = 4.1 with Fit Isentropic Efficiency
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(e) R13I1 High Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶, 𝑃𝑅ℎ𝑝 = 2.5, and
𝑃𝑅ℎ𝑒 = 6.3 with Constant Isentropic Efficiency

Figure B.2: Optimized Cycles Results for:
(a) R1233ZD(E) Low Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 70∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Constant

Isentropic Efficiency
(b) R13I1 Low Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Fit Isentropic Efficiency
(c) R1234ZE(E) Mid Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 135∘𝐶 with Constant Isentropic

Efficiency
(d) R13I1 Mid Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Fit Isentropic Efficiency
(e) R13I1 High Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶 with Constant Isentropic

Efficiency
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(a) R1233ZD(E) Low Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 70∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 2.4, and
𝑃𝑅ℎ𝑒 = 4.6 with Constant Isentropic Efficiency
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(b) R13I1 Low Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 1.6, and

𝑃𝑅ℎ𝑒 = 4.1 with Fit Isentropic Efficiency
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(c) R1234ZE(E) Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 135∘𝐶, 𝑃𝑅ℎ𝑝 = 2.8, and
𝑃𝑅ℎ𝑒 = 8.6 with Constant Isentropic Efficiency
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(d) R13I1 Mid Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶, 𝑃𝑅ℎ𝑝 = 1.6, and

𝑃𝑅ℎ𝑒 = 4.1 with Fit Isentropic Efficiency
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(e) R13I1 High Storage Temperature Scenario
𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶, 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶, 𝑃𝑅ℎ𝑝 = 2.5, and
𝑃𝑅ℎ𝑒 = 6.3 with Constant Isentropic Efficiency

Figure B.3: Optimized Cycles Heat Flow for:
(a) R1233ZD(E) Low Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 70∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Constant

Isentropic Efficiency
(b) R13I1 Low Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Fit Isentropic Efficiency
(c) R1234ZE(E) Mid Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 135∘𝐶 with Constant Isentropic

Efficiency
(d) R13I1 Mid Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100∘𝐶 with Fit Isentropic Efficiency
(e) R13I1 High Storage Temperature Scenario 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶 with Constant Isentropic

Efficiency
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Figure B.4: Exergy Analysis for The Integrated Cycle Working with 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 = 80∘𝐶 and 𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 140∘𝐶



C
Heat Exchanger Sizing

The heat exchanger model is done through Aspen Exchanger Design and Rating V12
which follow the logerethmic mean temperature difference method (LMTD) to size the heat
exchanger. The method is described in Sinnott and Towler [70] which will be descibed here:

C.1. Duty
The duty of the heat exchanger is determined based on the process or coolant heat trans-

fer:

�̇� = �̇�(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛) = 𝑈𝐴𝑜Δ𝑇𝑙𝑚 (C.1)

Additionally, the logarithmic mean temperature difference Δ𝑇𝑙𝑚 can be determined based
on the following with temperatures shown in Figure C.1 for counter current flow:

Δ𝑇𝑙𝑚 =
(𝑇1 − 𝑡2) − (𝑇2 − 𝑡1)

ln 𝑇1−𝑡2)
(𝑇2−𝑡1)

(C.2)

Figure C.1: Counter Current Temperature Profile [70]
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Consequently the overall heat transfer area 𝐴𝑜 can be calculated by assuming a value for
the overall heat transfer coefficient 𝑈𝑜,𝑎𝑠𝑠:

𝐴𝑜 =
�̇�

𝑈𝑜,𝑎𝑠𝑠Δ𝑇𝑙𝑚
(C.3)

The number of plates required can be determined by determining the plate area 𝐴𝑝 :

𝑛𝑝 =
𝐴𝑜
𝐴𝑝

(C.4)

The overall heat transfer coefficient is then calculated based on the the process heat trans-
fer coefficient ℎ𝑜, the coolant heat transfer coefficient ℎ𝑖, thermal conductivity 𝑘 and fouling
factor ℎ𝑓 as can be seen in equation C.5 :

1
𝑈𝑜

= 1
ℎ𝑜
+ 1
ℎ𝑖
+ 𝑡
𝑘 +

1
ℎ𝑓

(C.5)

For plate heat exchanger, the hydraulic diameter 𝑑𝑒 is calculated based on amplitude �̂�,
wave number 𝑋, wave length Λ , and plate chevron angle Φ as can be seen in equation C.6
[22] as can be seen in Figure C.2 :

𝑑𝑒 =
4�̂�
Φ

𝑋 = 2𝜋�̂�
Λ

Φ = 1
6 (1 +

√1 + 𝑋2 + 4√1 + 𝑋
2

2 )

(C.6)

Figure C.2: Chevron Type Plate Gap [22]

The hydraulic diameter is used in calculating the Reynolds number 𝑅𝑒 and Nusselt number
𝑁𝑢 as shown in equation C.7

𝑅𝑒 =
𝜌𝑤𝑝𝑑𝑒
𝜇

𝑁𝑢 = ℎ𝑑𝑒
𝑘

(C.7)

Where:
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• 𝑤𝑝 : is the velocity through the channel plate

• 𝜌 : is the density of the fluid

• 𝜇 : is the dynamic viscosity

• ℎ : is the convective heat transfer coefficient

• 𝑘 : is the thermal conductivity

The velocity through the plate is determined based on the volumetric flow through the gap
�̇�𝑔𝑎𝑝 and the plate width 𝐵𝑝 as seen in equation C.8 and Figure C.3:

𝑤𝑝 =
�̇�𝑔𝑎𝑝
4�̂�𝐵𝑝

(C.8)

Figure C.3: Chevron Plate Dimensions [22]

The pressure drop across the heat exchanger is then determined based on the flow velocity
𝑤𝑝, correction factor 𝜉, plate length 𝐿𝑝 as follows:
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Δ𝑃 = 𝜉12𝜌𝑤
2
𝑝
𝐿𝑝
𝑑𝑒

(C.9)

The 𝑁𝑢 number is determined based on 𝑅𝑒 and Prandtl number 𝑃𝑟 as follows

𝑁𝑢 = 𝐴𝑅𝑒𝐵𝑃𝑟𝐶 (C.10)

where 𝐴, 𝐵, 𝐶 are factors depending on tabulated experimental relations.
The reader is directed to [22] for the specific correlation for 𝑁𝑢 and Ξ to determine the

pressure drop and heat transfer coefficient based on different parameter.
The overall heat transfer coefficient and the pressure drop are then iterated until the toler-

ance is satisfied as can be seen in figure C.4

Figure C.4: Heat Exchanger Design Logic [22] [70]



D
Economic Analysis

An economic analysis to quantify the total investment cost (TIC) can be conducted to de-
termine the feasibility of such system. This was done by estimating the purchasing equipment
cost (PEC) based on cost models provided by [43] or estimation provided by companies as
shown in Table D.1.

Table D.1: Pumped Thermal Energy Storage Cost Models [43]

Component PEC Model Currency and Year/[Price] Parameter

Compressor 𝑃𝐸𝐶𝑐𝑜𝑚𝑝 = 𝑘𝑟𝛽𝑐�̇� £2016 𝑘𝑟 = 8000 ; 𝛽𝑐 = 𝑃𝑅
Pump 𝑃𝐸𝐶𝑝𝑢𝑚𝑝 = 1120𝑋0.8 $ 2009 𝑋 = �̇�𝑝𝑢𝑚𝑝 [𝑘𝑊]

High Pressure Heat Exchanger [-] $ [6346]

Low Pressure Heat Exchanger [-] $ [4639]

Storage Tank 𝑃𝐸𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 141𝑋0.667 $ 2017 𝑋 = 𝑄𝑑𝑢𝑡𝑦 [𝑘𝑊ℎ𝑟]
Hybrid Solar Panels €[809]

Motor 𝑃𝐸𝐶𝑚𝑜𝑡𝑜𝑟 = 60𝑋0.95 $ 2009 𝑋 = �̇�𝑚𝑜𝑡𝑜𝑟 [𝑘𝑊]

The PEC model are used to calculate the cost of the corresponding year which has to
be corrected for inflation using chemical engineering plant cost index (CEPCI) as shown in
equation D.1 [9] where year 2022 was used due to availability of data from that year.

𝑃𝐸𝐶2022 = 𝑃𝐸𝐶𝑦𝑒𝑎𝑟 (
𝐶𝐸𝑃𝐶𝐼2022
𝐶𝐸𝑃𝐶𝐼𝑦𝑒𝑎𝑟

) (D.1)

Considering the models provided in table D.1 along with the correction CEPCI, purchasing
equipment cost was calculated for each component of the system and shown in table D.2.
The total investment cost (TIC) for the system would be around €22, 000. This gives a return
on investment (ROI) in 30 years based on an electricity cost of 0.4€/𝑘𝑊ℎ𝑟 [61].

Considering the results shown in Table D.2 the cost breakdown for each component is
shown in Figure D.1
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Table D.2: Pumped Thermal Energy Storage Purchasing Equipment Cost (PEC)

Component Purchased Equipment Cost €

Compressor 142

Pump 175

High Pressure Heat Exchanger 5774

Low Pressure Heat Exchanger 4221

Storage Tank 2708

Hybrid Solar Panels 8899

Motor 95

Figure D.1: PTES Components Cost Breakdown
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