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Abstract
At present, there is a world wide awareness and concern on how the global warming could impact the
daily lives and the need to switch to renewable sources of energy. Commercially, various green energy
technologies such as hydro, wind, solar, nuclear fission, etc. are being used to harness their stored
energy and convert it into electricity. However, amongst these, the natural sources of energy are limited
in the operation by their intermittent nature. This potentially leads to the instability of the power grid
system. Hence, it is difficult to replace the existing conventional fossil fired energy generation systems
with their renewable counterparts, unless and until, a flexibility is introduced to damp the intermittency
of renewable sources of energy.

A Pumped Thermal Energy Storage (PTES) system, which uses a combination of heat pump and
heat engine to store electricity in form of heat and convert the heat back to electricity, could efficiently
provide an intraday to multiday flexibility. However, the literature reveals that this technology is not
mature enough and require enhanced research and experimental work.

The scope of this thesis includes a conceptual design, steady-state modelling, and optimization of
a waste heat integrated PTES, alternatively called as Compressed Heat Energy Storage (CHEST)
system. Two configurations of CHEST system were analysed: (i) CHEST with latent heat storage, and
(ii) CHEST with sensible heat storage. A combination of R1233zD as a working fluid and sunflower oil
as a sensible thermal energy storage medium were selected and a Phase Change Material (PCM) as a
latent heat storage medium. Towards this end, a sensitivity analysis is performed to examine the effect
of various design parameters on the performance of the system. It is found that CHEST systems are
not suitable for high temperature storage applications (> 200°𝐶). Further, the effect of superheating
in a heat pump, effect of waste heat source temperature on system performance is investigated.

An optimization study is conducted on CHEST with sensible storage configuration to use a single heat
exchanger for charging and discharging cycle during sensible heat transfer with storage medium. A
detailed comparison between the two configurations have been performed. Most notably a trade-off
has to be set between the performance and economic viability of the system.

Finally, the integration of the optimised sensible heat storage configuration with a solar powered alkaline
electrolyser is evaluated. A 30 MW of heat from the electrolyser unit is considered to be recovered
with the help of CHEST system. Towards the end, a preliminary design of the CHEST components
(heat exchangers and turbomachinery) is provided to estimate the overall sizing and performance
characteristics of the components.
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Nomenclature

Physical symbols

�̇� Mass flow rate [𝑘𝑔/𝑠]

𝜈 Velocity [𝑚/𝑠]

𝐴 Cross-sectional area [𝑚2]

𝐶𝑝 Specific heat at constant pressure

𝐶𝑣 Specific heat at constant volume

𝐸 Energy storage capacity [𝑀𝑊ℎ]

𝑓 Friction factor [-]

𝐺 Mass flux [𝑘𝑔/𝑠𝑚2]

𝑔 Acceleration due to gravity [𝑚/𝑠2]

ℎ Specific enthalpy [𝑘𝐽/𝑘𝑔]

𝑁 Shaft speed [𝑟𝑝𝑚]

𝑃 Pressure [𝑀𝑃𝑎]

𝑄 Heat load [𝑀𝑊𝑡ℎ]

𝑠 Specific entropy [𝑘𝐽/𝑘𝑔 − 𝐾]

𝑇 Temperature [°𝐶]

𝑈 Energy density [𝑀𝑊ℎ/𝑚3]

𝑈0 Overall heat transfer coefficient [𝑊/𝑚2𝐾]

𝑉 Volume [𝑚3]

Greek Letters

𝛼 Heat transfer coefficient [𝑊/𝑚2𝐾]

𝛽 Corrugation angle [𝑟𝑎𝑑]

𝜂 Efficiency [-]

𝜅 Specific heat ratio [-]

𝜆 Thermal conductivity [𝑊/𝑚 − 𝐾]

𝜇 Dynamic viscosity [𝑃𝑎 ⋅ 𝑠]

𝜔 Acentric factor [−]

𝜌 Density [𝑘𝑔/𝑚3]

Subscripts

𝑐ℎ charging

𝑐𝑜𝑚𝑝 compressor

𝑐𝑜𝑛𝑑 condenser

𝑐𝑟 critical

𝑑𝑐ℎ discharging

𝑒𝑞 equivalent

𝑒𝑣𝑎𝑝 evaporator

𝑖𝑠 isentropic

𝑙𝑎𝑡 latent

𝐿𝑉 Liquid-Vapor

𝑟𝑒𝑐 recuperator

𝑠𝑎𝑡 saturated

𝑠𝑒𝑛 sensible

𝑆𝑃 single phase

𝑠𝑢𝑝 superheating

𝑡ℎ thermal

𝑇𝑃 two phase

𝑡𝑢𝑟𝑏 turbine

Dimensionless Numbers

𝐵𝑑 Bond number

𝐵𝑜 Boiling number

𝐷𝑠 Specific diameter

𝑀𝑢 Mach number

𝑁𝑠 Specific speed

𝑃𝑟 Prandtl number

𝑅𝑒 Reynolds number

Abbreviations

𝐴𝑁𝑁 Artificial Neural Networks

𝐶𝐴𝐸𝑆 compressed Air Energy Storage

𝐶𝐴𝑃𝐸𝑋 Capital Expenditure

𝐶𝐵 Carnot Battery

𝐶𝐻𝐸𝑆𝑇 Compressed Heat Energy Storage
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xvi Nomenclature

𝐶𝐻𝑃 Combined Heat and Power

𝐶𝑂𝑃 Coefficient Of Performance

𝐶𝑆𝑃 Concentrated Solar Power

𝐷𝐿𝑅 German Aerospace Center

𝐸𝐻 Electric Heating

𝐸𝑇𝐸𝑆 Electro-Thermal Energy Storage

𝐺𝑊𝑃 Global Warming Potential

𝐻𝐸 Heat Engine

𝐻𝐸𝑋 Heat Exchanger

𝐻𝑃 Heat Pump

𝐻𝑇𝑆 High Temperature Storage

𝐿𝐶𝑂𝐸𝑆 Levelised Cost Of Energy Storage

𝐿𝐷𝐸𝑆 Long Duration Energy Storage

𝐿𝑀𝑇𝐷 Log Mean temperature Difference

𝐿𝑇𝑆 Low Temperature Storage

𝑀𝐵𝐷𝑂𝐸 Million Barrels per Day of Oil Equivalent

𝑀𝐺𝐴 Miscibility Gap Alloys

𝑁𝐹𝑃𝐴 National Fire Protection Association

𝑂𝐷𝑃 Ozone Depletion Potential

𝑂𝑅𝐶 Organic Rankine Cycle

𝑃2𝑃 Power-to-Power

𝑃𝐶𝑀 Phase Change Material

𝑃𝐹𝐷 Process Flow Diagram

𝑃𝐻𝐸𝑆 Pumped Hydro Energy Storage

𝑃𝑅 Pressure Ratio

𝑃𝑆𝐻 Pumped Storage Hydropower

𝑃𝑇𝐸𝑆 Pumped Thermal Energy Storage

𝑃𝑉 Photovoltaic

𝑅𝑇𝐸 Round Trip Efficiency

𝑠𝐶𝑂2 super-critical CO2

𝑆𝐹 Sunflower

𝑆𝐿𝑆𝑄𝑃 Sequential Least Squares Programming

𝑇 − 𝐸 Thermo-Economic

𝑇 − 𝑆 Temperature-Entropy

𝑇𝐸 Thermal Engine

𝑇𝐸𝑀𝐴 Tubular Exchangers Manufacturers
Association

𝑇𝐸𝑆 Thermal Energy Storage

𝑇𝐼𝑃𝑇𝐸𝑆 Thermally Integrated Pumped Thermal
Energy Storage

𝑉𝐶𝐻𝑃 Vapor Compression Heat Pump
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1
Introduction

Growing population entails the increasing demand of energy and electricity irrespective of its source
of generation as shown in Figure 1.1. Moreover, the power sector contributes to ∼ 1/3𝑟𝑑 of the global
CO2 emissions while a greater fraction of energy consumption is dependent on fossil based resources
for heating purposes (eg: industrial and residential heating), transport fuels, agricultural applications
etc. Following the Paris agreement, emphasis has been made on mitigating the dependence on fossil
energy resources and decarbonizing the industry [23]. As such, this necessitates focusing on: (i) tripling
or quadrupling the energy production to meet the energy demands, (ii) transformation of fossil fired to
renewable energy based power generation, and (iii) maintaining balance between the transition while
meeting the transitional costs.

Figure 1.1: Estimated energy demand due to estimated population growth [91].

Although transition to renewable energy supply will greatly contribute in reducing CO2 emissions, as
shown in Figure 1.2, it offers some critical challenges that needs to be addressed: (i) power supply
and demand imbalances, (ii) change in transmission flow patterns, and (iii) decrease of system inertia.
However, certain energy storage technologies are in place to deal with challenges associated with
renewable energy grid balancing, but they are either very expensive and short-timed (eg: Li-ion batteries)
or are dependent on geographical location (eg: pumped hydro power). Thus, it is crucial to devise
newer technologies that could not only address the issues mentioned above but are also economically
viable and environmentally sustainable.

Long Duration Energy Storage (LDES) technologies could be an efficient means of addressing the
problems stated above. LDES, in short, is described as ‘any technology that can be used to store energy
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2 1. Introduction

Figure 1.2: Estimated CO2 reductions by using renewable energy [44].

for extended periods of time and scaled up inexpensively to provide electricity for numerous hours,
days, or even weeks, and has the potential to contribute considerably to the economy’s decarbonization’
[23].

Figure 1.3 depicts, in a very concise manner, how energy storage could resolve the power supply &
demand issue of the renewable energy grids. From Figure 1.3, hydro-power (blue profile) provides
a constant power output, while wind (green profile) and solar energy (yellow profile) involves climatic
dependency. An energy storage system acts as a buffer between the shortage and surplus of energy
from the renewable sources in order to maintain the required energy demand. At times of excess
energy supply, energy storage system stores this extra energy as depicted by the orange contour in
Figure 1.3. On the other hand, when there is an energy deficit, the energy storage releases this energy
to fulfill the energy demands as portrayed by the purple contour in Figure 1.3.

Figure 1.3: Role of energy storage in balancing the non-uniformity between renewable energy supply and
demand [46].

Energy storage technologies could be of much help by providing flexibility into the power sector across
different spans [23]:

• Intraday flexibility:- This provides for the smoothing out of daily changes in supply and demand
(capacity < 12 hrs) for eg: peak energy demand in the evening.

• Multiday/week flexibility:- Flexibility in balancing supply and demand swings from day to week
(capacity- 12 hrs to few weeks) eg: taking weather anomalies into account.

• Seasonal Flexibility:- Seasonal storage incorporates flexibility to manage seasonal imbalances
in supply and demand (capacity- more than a month) eg: energy demand peaks in winter.
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Apart from balancing the supply & demand fluctuations in the renewable energy grid, the energy storage
technologies should also comply with certain characteristics as listed in the Table 1.1. However, neither
of the energy storage technologies can demonstrate all the characteristics simultaneously, as evident
from the Table 1.2. These characteristics have also been outlined in the report published by McKinsey
& Company [23].

Ideal characteristics Significance

De-couple Power &
Energy capacities

1. allows for the independent design of charging and discharging cycles

2. provides long term storage without additional power capacity

widely deployable and
scalable

1. allows small-scale testing for initial deployment which can be ramped up
as the system matures

2. no geographical limitations and can be integrated with existing plants

low storage costs helps in greater penetration of renewable energy in power grids

high energy density allows for prolonged energy storage duration without extra costs

long lifetime it involves a one time investment without the need of frequent replacement

low storage losses provides a greater utilization of stored energy

high round trip
efficiency

indicates higher degree of conversion from power-to-heat-to-power at
minimum losses

Table 1.1: Ideal characteristics of long duration energy storage and its significance.

This thesis will be primarily focused on the medium-to-long term storage systems, which claim to
enhance the system flexibility and stability, required by an increasing renewable share in the power
generation.

1.1. Energy Storage

1.1.1. Classification
Based on the working principle, LDES can be classified into the following four main categories: (i)
Mechanical, (ii) Chemical, (iii) Electro-chemical, and (iv) Electro-thermal energy storage technologies
as depicted in Figure 1.4.

1. Mechanical: This storage concept utilises the excess electricity to store energy in the form of
potential or kinetic energy while exploiting the same to generate power during the electricity
demand. For eg: Pumped StorageHydropower (PSH), Compressed Air Energy Storage (CAES),etc.

2. Chemical: This involves storing energy by means of altering the chemical bonds of certain
compounds. For eg: water electrolyser is powered to produce H2, which is stored and further
used to generate electricity.

3. Electro-chemical: Li-ion battery is a typical example of the electro-chemical energy storage.
Batteries use an electro-chemical oxidation-reduction reverse reaction to transform the chemical
energy contained in their active components into electric energy. Other examples include: flow
batteries, metal air batteries, etc.

4. Electro-Thermal: Electro-thermal energy storage system stores electrical energy in the form of
heat. This is later converted back to electricity by means of the thermodynamic power cycles.
For eg: pumped thermal energy storage, liquid air energy storage, etc.
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4 1. Introduction

Figure 1.4: Energy storage technologies based on their storage duration and power output [68].

1.1.2. Comparison of Energy Storage Systems
An overview of the different energy storage types in the order of their storage duration and range of
power output is given in the Figure 1.4. Both in terms of storage duration and discharge power output,
PSH leads in the energy storage systems. Moreover, Thermal Energy Storage (TES) technologies
also depict a competitive energy capacity, power output and storage duration as compared to other
energy storage systems. A more detailed comparison of different energy storage types based on the
characteristics mentioned in Table 1.1 has been listed in Table 1.2.

Storage types Mechanical Chemical Electro-chemical Electro-thermal

Technology PSH CAES H2 production
and fuel cells Li-ion Flow battery TES

Development
Stage Commercialised Initial

commercialization Pilot stage Commercialised Initial
commercialization

Initial
commercialization

Power output
(MW) 100-5000 1-400 1e-6 - 50 0.1-50 1-200 0.1-300

Cost range 1504-2422 ($/kW)
150-242 ($/kWh)

973-1259 ($/kW)
97-126 ($/kWh)

2793-3488 ($/kW)
279-349 ($/kWh)

1410-1950 ($/kW)
350-490 ($/kWh)

2000-2440 ($/kW)
500-610 ($/kWh)

1700-1800 ($/kW)
20-60 ($/kWh)

Discharge
Duration

several hours
to days

several hours
to days

several hours
to months

minutes to
few hours several hours several hours

Round Trip
efficiency 60-90% 40-80% 20-70% 85-90% 55-85% 30-60%

Energy Density
(Watt-hour/litre) 0.2-2 3-12 500-3000 200-600 16-60 50-500

Lifetime (years) 40 30 30 10 15 30

suitable for large scale (>100 MWh) suitable for large
scale (>100MWh)

suitable for smaller scale (<10
MWh)

Better for industrial to
large scale (>10 MWh)

100% depth of
discharge

limited depth of
discharge

∼50% depth of
discharge Limited depth of discharge full depth of discharge

Cheap on very large scale cheap on large
scale often cheaper on smaller scale Cheap on large scale

possible storage losses possible losses no storage losses 1% loss per day

Geographically dependent location
independent No geographical limitations location independent

Table 1.2: Quantitative & Qualitative comparison of different energy storage technologies [13, 36].

From Table 1.2, it is obvious that TES possess the potential to be a cost competitive, efficient and
environmentally sustainable solution for the renewable grid scale energy storage.

PSH, the first realised solution for grid scale energy storage, has the maximum share (∼ 92.6%) of
the present total installed capacity of 184.7 GW as shown in Figure 1.5b. PSH is quite simple in
its operation, provides long durability, highly efficient and mainly very mature technology. However,
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1.1. Energy Storage 5

its geographical dependence limits its scalability, since these projects require water resource in its
vicinity and huge areas at sufficient elevations to store the water. PSH also has negative social and
environmental implications, since construction sites require cutting down vegetation, displacing people
and disturbing the natural habitat of the local flora and fauna.

Electro-chemical energy storage has merely ∼5% of the total installed capacity but still accounts for
2𝑛𝑑 highest share in energy storage, as evident from Figure 1.5. Li-ion batteries holds around 89%
of total installed capacity of electro-chemical energy storage while others such as lead batteries, flow
batteries, super-capcitors have a very low contribution as shown in Figure 1.5b. Batteries are more
attractive for the short scale energy output, since it is quite expensive for large scale energy storage,
Table 1.2. While being highly efficient and having large power density, it comes with shorter life time
and safety issues (eg: Li-ion batteries can be a fire hazard).

(a)

(b)

Figure 1.5: (a) Overview of global installed grid scale electricity storage systems power rating as in 2020 [66], (b)
Share in the global total operational energy storage project capacity of 184.7 GW as of 2020 [2].
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6 1. Introduction

TES, on the other hand, is an immature technology and has recently gained interest in the large scale
energy storage sector. Low energy storage costs at a larger scale while providing long storage duration
is a distinguishing feature of TES. From Figure 1.4, Carnot batteries based on TES (eg: PTES, LAES)
exhibit lesser energy density than standard Li-ion batteries, but they are intended to provide higher
power ratings. Moreover, Carnot batteries have a long lifetime, are safe to operate and have no social
or environmental implications, since they doesn’t require large land mass for their installation and the
working fluids chosen are non-hazardous in nature. These features of the Carnot battery make it a
more promising solution for the cheap and sustainable energy storage system. Considering these
potential aspects of the Carnot battery system, the following section have been tailored to summarise
the capabilities of different Carnot battery technologies.

1.2. Electro-Thermal Energy Storage
Electro-Thermal Energy Storage (ETES), also called as Carnot battery, [66], work on the idea of storing
electricity as thermal energy during the charging cycle, either in sensible, latent, or thermo-chemical
storage, and converting the stored heat into electricity during the discharging cycle (Figure 1.6). Although,
Carnot battery holds the lowest share amongst other energy storage solutions (Figure 1.5a), it is a
rapidly growing group of technologies (Figure 1.7), which focuses on medium to long duration of energy
storage. Compared to the most mature LDES solution, the PSH, Electrochemical & CAES, the overall
efficiency of Carnot battery is lower, as listed in Table 1.2. However, over time, the low Levelized
Cost of Energy Storage (LCOES) of the Carnot battery will undoubtedly outperform the existing energy
storage systems by storing excess cheap renewable energy for a period of hours to several days.

Figure 1.6: Charging and dis-charging of Carnot battery system with energy storage [66].

The ETES systems are characterised by their Round Trip Efficiency (RTE). It is defined as the product
of the Coefficient of Performance (COP) of the charging cycle (Power-to-heat) and the efficiency (𝜂 =
the ability to convert heat into work) of the discharging cycle.

𝜂𝑅𝑇𝐸 = 𝐶𝑂𝑃𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 × 𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 . (1.1)

1.2.1. Background & History
The concept of ETES dates back to 20𝑡ℎ century. Mehmet Mercangöz et al. (2012) describes the
work of Marguerre who proposed a similar set-up in 1924 [62]. His work represented storage of energy
partially in the form of heat and partially as compression work against the ambient pressure. However,
Cahn (1978) was the first to patent a typical Carnot battery based on reversible heat pumping, as shown
in Figure 1.8, which dates back to 1978 [15, 16]. Since then the research in ETES commenced, but
was progressing at a very slow pace. However, a sudden increase in the research of ETES is seen in
the last decade, as shown in Figure 1.7, which is primarily because of the growing intermittent cheap
renewable supply in the power grids and the immense need of electricity storage in large capacities.
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Figure 1.7: Progress of Carnot battery research [66].

Figure 1.8: Carnot battery proposed by Cahn, dated 1978 [16].

1.2.2. Overview and Applications
Based on the working principle of ETES system, a number of different configurations could be realised.
In order to account for these possibilities, a classification of ETES is given in Figure 1.9. ETES has
been classified on the basis of three parameters: (i) charging method, (ii) dis-charging method, and (iii)
types of thermal energy storage.

With reference to Figure 1.9, an ETES primarily employs either direct electric heating or specific thermodynamic
cycles (eg: vapour compression heat pump, Brayton heat pump) to transform excess electrical energy
from renewable energy grid into thermal energy. This energy can be stored in sensible TES (eg: by
heating volcanic rocks, sand, water in liquid medium, etc.), in latent TES (eg: phase change materials,
ice+water at 0°C, etc.) or in thermochemical energy storage (eg: using heat to dissociate metal
hydroxides while storing heat as chemical energy and generating heat in the reverse reaction). Finally,
a dischargingmethod, either direct heat to power (eg: using thermo-photovoltaic cell) or standard power
cycles (eg: Rankine cycle, Brayton cycle, Stirling engine, etc.) can be used to generate electricity.

Theoretically, each method under ‘charging’ can be coupled with the different methods given under
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8 1. Introduction

Figure 1.9: Possible configurations of ETES/Carnot Battery with typical RTE values, power output and storage
duration.

‘dis-charging’, while choosing any energy storage medium. From Figure 1.9, for example, if direct
electric heating is chosen as the charging method, then either direct heat to power method or any of
the thermodynamic power cycles can be chosen as a discharging method, while using either sensible,
latent TES or thermochemical energy storage. However, due to the technical limitations, every combination
would not be feasible.

Figure 1.9maps out the feasible configurations of ETES system. These configurations listed out already
have a commercial background, i.e. these have been either tested on a pilot scale or are still pending
a proof of concept. The commercial development of different configurations can be found in the work
of Novotny et al. (2022) [66].

From Figure 1.9, it is obvious that direct electric heating is used as a charging method in order to attain
high storage temperatures (> 600°𝐶). However, direct electric heating is limited by a COP equal to 1,
and thereby, a low RTE of the system. Nevertheless, in order to have improved RTE, electric heating
can be used in combination to Brayton heat pumps for HTS [4, 12]. On the other hand, trans-critical
Rankine cycle and VCHP are seen to be suitable for low to medium thermal storage with highest
RTE of around 60%. Other configurations based on LAES and Lamn Hoingmann process (involves
thermo-chemical energy storage) provide much higher efficiencies due to reduced thermodynamic
losses.

In general, ETES systems find a wide range of applications. Low temperature configurations find their
way in integrating low grade heat to store energy and develop power while also providing options
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for district heating and cooling. On a contrary, high temperature ETES configurations have been
theoretically demonstrated to integrate with solar fields, nuclear power plants, etc. for storing energy
at elevated temperatures.

1.3. Thesis Overview
Previous section presented an overview of the various ETES technologies, which composed of many
possible configurations. Of these, Pumped Thermal Energy Storage (PTES) systems could be a
promising technology for providing energy storage from intra-day to inter-day situations with a higher
power rating (Figure 1.4). This thesis deeply looks into a conceptual development of a PTES system.
An overview of the procedure to carry out themain tasks of the thesis has been presented in Figure 1.10.
Initially, a literature study is performed for the complete PTES system, which is included in Chapter
2. This involves comparing main PTES technologies and selecting a reliable and simple technology.
Moreover, a study is also conducted on various integral components of the PTES system such as:
working fluid, storage medium, heat recovery systems and turbomachinery. Based on the literature
review, a set of research questions are formulated, which are used as a direction to carry out the main
thesis work in Chapter 3-5.

Figure 1.10: Overview of the Thesis.
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2
Pumped Thermal Energy Storage

2.1. Introduction
Pumped Thermal Energy Storage (PTES) makes use of the thermodynamic cycles for its operation.
It utilises the concept of a heat pump to upgrade the heat from low temperature to high temperature
reservoir during the charging cycle while generating work in the discharging cycle using a heat engine.
An important benefit of the PTES system is its ability to deliver high round trip efficiency while providing
energy storage from few hours to several days, as shown in Figure 1.4. Moreover, PTES systems
exhibit the ability to recover waste heat and transform it to work and thereby increasing the RTE. A
schematic of a simple PTES system is shown in Figure 2.1.

Figure 2.1: A schematic representation of a PTES system with ambient as the low temperature heat source [62].

The Figure 2.1 depicts a combination of a Carnot heat pump and heat engine operating between same
temperature levels. The heat pump is allowed to operate between a low temperature source (ambient)
and a high temperature thermal energy storage (HT-TES). An external electrical work is fed to the heat
pump, which makes it possible to pump heat from a low temperature (𝑄𝑖𝑛) to high temperature storage
(𝑄ℎ𝑜𝑡). A heat engine, on the other hand, transforms the heat absorbed from the HT-TES (𝑄ℎ𝑜𝑡) into
electrical work, while rejecting a part of the heat (𝑄𝑜𝑢𝑡) back to the low temperature sink (ambient).
The working fluid, TES and the design of thermodynamic cycle are an integral component of a PTES
system.

A PTES system is mainly characterised by its round trip efficiency (𝜂𝑅𝑇𝐸), which is defined as the ratio
of the net work output from the heat engine to the net work input to the heat pump. For an ideal/Carnot
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12 2. Pumped Thermal Energy Storage

PTES system, as shown in Figure 2.1, the RTE can be formulated as a function of heat source and
sink temperatures as given in Equation (2.2).

𝜂𝑅𝑇𝐸 =
𝑊𝑒𝑙𝑒𝑐, 𝑂𝑈𝑇
𝑊𝑒𝑙𝑒𝑐, 𝐼𝑁

= 𝐶𝑂𝑃𝐻𝑃 ∗ 𝜂𝐻𝐸 (2.1)

𝜂𝑅𝑇𝐸 =
𝑇ℎ𝑖𝑔ℎ−𝐻𝑃

𝑇ℎ𝑖𝑔ℎ−𝐻𝑃 − 𝑇𝑙𝑜𝑤−𝐻𝑃
⋅
𝑇ℎ𝑖𝑔ℎ−𝐻𝐸 − 𝑇𝑙𝑜𝑤−𝐻𝐸

𝑇ℎ𝑖𝑔ℎ−𝐻𝐸
. (2.2)

where, 𝑇ℎ𝑖𝑔ℎ−𝐻𝐸 , 𝑇𝑙𝑜𝑤−𝐻𝐸 indicate the high and low operating temperatures of a heat engine while
𝑇ℎ𝑖𝑔ℎ−𝐻𝑃 , 𝑇𝑙𝑜𝑤−𝐻𝑃 represent the high and low operating temperatures of a heat pump respectively.

Further, a PTES system can operate in three different thermodynamic modes: sub-critical, trans-critical
and super-critical mode, depending upon the state of the working fluid.

• sub-critical: If the working fluid, through its complete course of a thermodynamic cycle, tends
to be below its critical point, it would be termed as sub-critical cycle, eg: organic Rankine cycle,
ammonia refrigeration cycle, etc.

• trans-critical: If the working fluid tends to be above its critical point in any one of the thermodynamic
process constituting a thermodynamic cycle, it would be named as trans-critical cycle, eg: CO2
heat pump cycle, etc.

• super-critical: If the working fluid, through its complete course of a thermodynamic cycle, tends
to be above its critical point, it would be termed as super-critical cycle, eg: air Brayton cycle.

Till date, most of the PTES technologies under research is based on either Rankine or Brayton cycle
system while some involve Stirling cycles [31, 66]. Novotny et al. (2022) reports the use of some hybrid
thermodynamic cycles (eg: Combined Brayton & Rankine cycle) on a conceptual level [66]. However,
the following sections will only consider Rankine & Brayton cycle systems due to their wide application,
and further discuss the constituent elements of a PTES system.

2.2. Archetype of Pumped Thermal Energy Storage
2.2.1. Brayton PTES
A Brayton PTES consists of a Brayton heat pump, Brayton heat engine and a sensible TES as shown
in the Figure 2.2. The system operates on reverse Brayton cycle during charging while use Brayton
cycle for discharging, the individual charging and discharging cycles have been discussed in following
sections.

Figure 2.2: Schematic of a Brayton PTES: charging (left), and dis-charging (right) with hot and cold storage.
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2.2. Archetype of Pumped Thermal Energy Storage 13

Reverse Brayton cycle - charging

A Brayton heat pump is used for charging the TES, which follows a reverse Brayton cycle. A simple
single-stage configuration for the charging process is shown on the left side in Figure 2.2. An ideal
reverse Brayton cycle has four internal reversible processes (two isobaric and two isentropic process)
marked by the order 1-2s-3-4s-1 on the T-S diagram as shown in Figure 2.3:

Figure 2.3: T-S plot for reverse Brayton cycle corresponding to the charging cycle shown in Figure 2.2. The
figure depicts a general T-S diagram of Argon.

• 1-2s: Isentropic compression; 1-2: real compression

• 2-3: Isobaric heat rejection to hot storage

• 3-4s: Isentropic expansion; 3-4: real expansion

• 4-1: Isobaric heat addition from cold storage

ABrayton heat pump is characterised by a non-isothermal heat addition (4-1) and heat rejection process
(2-3), which favors a sensible heat transfer at the source and sink. Further, it involves a super-critical
thermodynamic cycle, where the working fluid is in single phase through out the cycle, as is evident
from Figure 2.3. This facilitates using the work produced in the expansion process to partly compress
the working fluid. This leads to defining the performance of a Brayton heat pump as follows:

COP𝐻𝑃 =
𝑄𝐻

𝑊𝑐𝑜𝑚𝑝 −𝑊𝑡𝑢𝑟𝑏
= 𝑄2−3
𝑊1−2 −𝑊3−4

. (2.3)

Traditionally, Brayton heat pumps had a limited application in cooling and heating sectors, owing to its
modest performance compared to vapor compression cycles [6]. This has been attributed to the high
specific volume of working fluid in supercritical conditions, which requires a large work input per unit
of head output. However, operating the cycle in a selected region, for example: expansion/compression
near critical point, provides substantial reduction in specific volume and further reduction in compression/expansion
work. This leads to better thermodynamic performance of Brayton heat pump, which could be comparable
to its two-phase counterpart [6].
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14 2. Pumped Thermal Energy Storage

Brayton cycle - discharging

A Brayton heat engine is used for producing work from the heat stored in the TES. It follows a simple
Brayton cycle, alternatively called as gas turbine cycle, as shown on the right in Figure 2.2. An ideal
Brayton cycle is composed of 4 major components: (i) gas cooler (cold storage), (ii) a compressor,
(iii) gas heater (hot storage), and (iv) a gas turbine. The main thermodynamic processes in an ideal
Brayton cycle is shown in Figure 2.4:

Figure 2.4: T-S plot for Brayton cycle corresponding to the discharging cycle shown in Figure 2.2. The figure
depicts a general T-S diagram of Argon.

• 5-6s : Isentropic compression; 5-6: Real compression

• 6-7 : Isobaric heat addition from hot storage

• 7-8s : Isentropic expansion; Real expansion

• 8-5 : Isobaric heat rejection to cold storage

Brayton cycle can be operated at very high temperatures, beyond 500 °𝐶 for absorbing heat from hot
storage. This brings its wide application as a power cycle in high temperature industries such as:
concentrated solar plants (CSP), nuclear reactors, etc. Based on the working state of the operating
fluid, Brayton cycles operate in super-critical mode. This allows the turbine and compressor to be
mounted on a same shaft so that a part of turbine work output can be used to provide the work input
of the compressor. This leads to defining the thermal efficiency of an ideal Brayton cycle as follows,

𝜂𝑡ℎ =
𝑊𝑡𝑢𝑟𝑏 −𝑊𝑐𝑜𝑚𝑝

𝑄𝐻
(2.4)

= 1 − 1
𝑃𝑅(𝜅−1)/𝜅

. (2.5)

where, PR is the pressure ratio (p2/p1) and 𝜅 = 𝑐𝑝/𝑐𝑣, specific heat ratio. Equation (2.5) represents the
ideal Brayton cycle efficiency (i.e. considering isentropic efficeincy of compressor and turbine = 1). In
general, increasing the PR (Equation (2.5)), could be a straightforward method to improve the efficiency
of a Brayton cycle. Moreover, the cycle efficiency is negatively impacted by the turbomachinery efficiency
and pressure losses, which is discussed in later sections. The overall power output from such cycles
could be between 30-500 MW𝑒 depending upon the performance requirement of the gas turbine while
an efficiency of ∼40% could be achieved, which is comparable to the efficiency of Rankine cycles [79].
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2.2. Archetype of Pumped Thermal Energy Storage 15

Working fluid and storage medium

Considering the operating conditions of a Brayton PTES, air and other inorganic fluids such as Ar [24,
53], CO2 [4, 19], N2 [67], etc. are the most suitable and prominently used working fluids pertaining to
their high thermal stability.

The non-isothermal heat transfer in Brayton PTES system across the storage leads to using a sensible
storage medium. The potential storage mediums for this system are: solid rock packed beds, sand,
molten salts, etc.

2.2.2. Rankine PTES
PTES based on the Rankine system combine the Rankine heat pump and a standard Rankine heat
engine, which follows vapor compression refrigeration cycle and Rankine cycle respectively, as shown
in Figure 2.5. Meanwhile, the cycles operate between two thermal energy storage, a cold TES and a
hot TES. The working principle of each individual cycle is discussed in the following sections.

Figure 2.5: Schematic of a Rankine PTES: Vapor Compression Heat Pump (VCHP) for charging (left), Thermal
Energy Storage (TES) (center), and Rankine Cycle (RC) for dis-charging (right) [38].

Reverse Rankine cycle - charging

ARankine PTES uses reverse Rankine cycle, which operates on the vapor compression heat pump/refrigeration
principle for the charging of the TES, as shown on the left in Figure 2.5. A heat pump cycle undergoes
the following thermodynamic processes:

• 1-2s: Isentropic compression; 1-2: Real compression

• 2-3: Isobaric heat rejection to hot storage

• 3-4: Isenthalpic expansion

• 4-1: Isobaric heat absorption from cold storage

The underlying principle of reverse Rankine cycle/refrigeration cycle is marked by heat exchange at
the low temperature heat source/sink or the cold storage in the two phase (liquid-vapor) region (4-1)
as shown in Figure 2.6. The excess renewable power supply is used to power the compressor, which
converts a low grade heat to a higher grade (1-2), thereby storing heat in a high temperature storage. A
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16 2. Pumped Thermal Energy Storage

(a)

(b)

Figure 2.6: T-S plot for reverse Rankine cycle corresponding to the charging cycle shown in Figure 2.5, (a)
sub-critical mode, & (b) trans-critical mode. The figure depicts a general T-S diagram of CO2.

reverse Rankine cycle can be operated in either sub-critical (Figure 2.6a) or trans-critical mode (Figure
2.6b). While the former involves a two phase condensation of the working fluid (2-3) (Figure 2.6a), the
latter allows isobaric cooling via a gas cooler (2-3) (Figure 2.6b) in a super-critical region. Furthermore,
a throttle valve or a two phase expander can be used for the final expansion (3-4), Figure 2.6, to the
evaporator pressure and temperature. A throttle valve involves a constant enthalpy expansion while
an expander provides isentropic expansion.

A reverse Rankine cycle is characterised by its high Coefficient of Performance (COP > 1), which is
defined as the ratio of the heat discharged in the condenser to the net work input. From Figure 2.6,

COP𝐻𝑃 =
Heat rejected in condenser

Net work input = 𝑄2−3
𝑊1−2

. (2.6)
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2.2. Archetype of Pumped Thermal Energy Storage 17

Rankine cycle - discharging

A simple ideal Rankine cycle, in a PTES system, is used to transform the heat available from the TES
to electrical power output, as shown on the right in Figure 2.5. The ideal cycle consists of four major
components: (i) evaporator/gas-heater (hot storage), (ii) turbine, (iii) a condenser (cold storage), and
(iv) a pump. The thermodynamic processes undergoing this cycle are as shown in Figure 2.7b:

(a)

(b)

Figure 2.7: T-S plot for Rankine cycle corresponding to the discharging cycle shown in Figure 2.5, (a) sub-critical
mode, & (b) trans-critical mode. The figure depicts a general T-S diagram of CO2.

• 5-6 : Pumping

• 6-7 : Isobaric heat addition from hot storage

• 7-8s : Isentropic expansion; 7-8: Real expansion

• 8-5 : Isobaric heat rejection to cold storage

ARankine cycle finds its application across awider temperature range, from small scale - low temperature
CHP plants to large scale - high temperature steam power plants, nuclear reactors, etc. For the PTES
application, the working fluid is converted to high pressure and temperature vapor(6-7) using the heat
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18 2. Pumped Thermal Energy Storage

stored in the high temperature TES, which is then expanded via the turbine to generate shaft power
(7-8). The expanded working fluid is further condensed while rejecting heat to the low temperature heat
sink (8-5) or cold storage. Finally, the condensed working fluid is pumped back to its high pressure
(5-6) and the cycle continues. A Rankine cycle is characterised by the cycle thermal efficiency, which
is defined as the ratio of net work produced to the heat available at high temperature storage. Although
a certain amount of work is needed to operate the pump, it is significantly lower than the turbine output
work and can be neglected while evaluating the efficiency.

𝜂𝑅𝐶 =
𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒
𝑄𝐻

= 𝑊7−8
𝑄6−7

. (2.7)

Working fluid and storage medium

For Rankine PTES applications, fluids from different chemical families (eg: organic fluids, CO2, etc.)
can be used. However, organic fluids are best suited to operate at low temperatures as required by
Rankine PTES systems. Additionally, the use of organic fluids at high temperatures is limited by their
low critical temperature and thermal degradation (>200-250°C) [51], which is the reason, organic fluid
based Rankine systems are generally operated at sub-critical state. Yet another alternative which is
quite in research since last decade is the use of inorganic fluids, eg: CO2 for Rankine based PTES
system operating in trans-critical regime [66]. Trans-critical CO2 PTES employs low temperature heat
exchange at sub-critical state with latent heat storage (eg: PCM) while sensible heat storage (eg: liquid
or solid based) for heat exchange at high temperatures. While some authors have given a theoretical
insight to trans-critical CO2 based PTES system [17, 18, 75], others have provided an evidence of the
feasibility of the technology from commercial point of view [47, 62].

Since a Rankine PTES system can operate in both sub-critical and trans-critical mode, a wide choice
of storage mediums could be available. The storage medium could be either a latent heat storage, a
sensible heat storage, or a combination of both as shown in Figure 2.7. Potential storage mediums for
a Rankine PTES include: hot water, PCMs, molten salts, sand, thermal oils, etc. as high temperature
storage mediums. For cold storage mediums, ice can be used.

Rankine PTES configurations

A standard sub-critical organic heat pump and organic Rankine cycle constitutes a possible configuration
for pumped TES. These systems are best suited to be used at low temperatures, specifically because
of the low boiling point and high molecular weight of the organic fluids/refrigeration fluids. A schematic
representing such a thermal integration is shown in Figure 2.8.

Figure 2.8: PTES (left), Thermal Integrated PTES (TIPTES) with hot storage (center) and TIPTES with cold
storage (right) [30].

PTES shown towards the left in Figure 2.8, is the usual PTES cycle operating between two thermal
storage’s. The other two depicts waste heat integration with a hot storage configuration (center) and a
cold storage configuration (right). The RTE of the standard PTES is always < 1, however a RTE > 1
can be obtained for PTES with thermal integration [30].

For the hot storage configuration in Figure 2.8, the waste heat (typically > 50°C) is used to vaporize
the working fluid at a pressure higher than the ambient. A heat pump upgrades this waste heat during
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2.2. Archetype of Pumped Thermal Energy Storage 19

the charging cycle to store in a high temperature TES. Further, a Rankine cycle is operated in the
dis-charging cycle to reject the heat to the ambient while generating work. Since the RTE of a PTES
is greatly affected by the performances of the individual cycle, from Equation (2.1), an increase in both
the COP of heat pump and thermal efficiency of heat engine results in a higher RTE. O. Dumont et
al.(2020) maps the performance of thermally integrated PTES for hot and cold storage configuration
and reports a higher P2P ratio for hot storage configuration [30].

2.2.3. Performance Parameters
Round Trip Efficiency (RTE) is an important parameter to assess the performance of any PTES system.
It is alternatively mentioned as Power-to-Power (P2P) ratio, which is defined as the ratio of net work
produced from the system to the net work input to the system and is given in Equation (2.1).

Effect of storage temperature on the performance of PTES system

Considering a simple Carnot PTES system, as shown in Figure 2.1, which consists of a Carnot heat
pump and aCarnot heat engine. Realising a thermal storagewith temperature 𝑇𝑇𝐸𝑆 as a high temperature
storage medium, ambient with temperature 𝑇𝐴 as the low temperature heat sink and a finite temperature
difference between the heat exchangers 𝑇𝑝𝑖𝑛𝑐ℎ, the RTE given in Equation (2.2) can be modified as:

𝜂𝑅𝑇𝐸 =
𝑇𝑇𝐸𝑆 + 𝑇𝑝𝑖𝑛𝑐ℎ

(𝑇𝑇𝐸𝑆 + 𝑇𝑝𝑖𝑛𝑐ℎ) − (𝑇𝐴 − 𝑇𝑝𝑖𝑛𝑐ℎ)
×
(𝑇𝑇𝐸𝑆 − 𝑇𝑝𝑖𝑛𝑐ℎ) − (𝑇𝐴 + 𝑇𝑝𝑖𝑛𝑐ℎ)

𝑇𝑇𝐸𝑆 − 𝑇𝑝𝑖𝑛𝑐ℎ
. (2.8)

Based on the Equation (2.8), a plot (Figure 2.9) is produced depicting the dependence of the RTE of
a Carnot PTES on the TES temperature, cold sink temperature and pinch across HEX. This figure is
a theoretical illustration, which neglects the efficiency losses across turbomachines and other electric
components such as motor and generator.

Figure 2.9: RTE of a Carnot PTES with ambient as low temperature heat sink at temperatures of T𝑎= -5, 10, and
30 °C, forming the upper, middle, and the lower efficiency surfaces.

Some of the important generalisations from Figure 2.9 are as follows:

• Irrespective of the hot storage temperature 𝑇𝑇𝐸𝑆, and the ambient temperature 𝑇𝐴, the RTE is
equal to 1, if the heat transfer across the HEX takes place over an infinitely small difference.

• For greater temperature differences, 𝑇𝑝𝑖𝑛𝑐ℎ, a sharp decline in RTE can be observed. This can be
attributed to the loss of reversibility. However, this influence is lower at high storage temperatures.

• High RTE is observed for low ambient temperatures. This is caused by reduction in heat pump
COPwhile a large increase in heat engine efficiency. This implies, PTESRTE is strongly influenced
by heat engine thermal efficiency.
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20 2. Pumped Thermal Energy Storage

• Finally, increasing the hot storage temperature above 400°Cdoesn’t impact the PTESRTE anymore
for a given temperature difference (𝑇𝑝𝑖𝑛𝑐ℎ) and ambient temperature (𝑇𝐴).

Considering the generalisations from Carnot PTES system, similar conclusions can be made for real
PTES systems as well. Some of the major factors affecting the RTE of a real PTES system are:

1. Performance of Heat Exchanger:
Ideal thermodynamic heat exchange processes consider an infinite heat exchanger surface area
and thus negligible approach temperatures. However, a finite temperature difference has to be
maintained between the heat exchanging mediums, since it acts as the driving potential for the
heat transfer process to occur.
As evident from Figure 2.9, RTE decreases sharply with the increasing minimum temperature
difference. For PTES system, in order to improve the RTE, it is important to have a nearly constant
temperature difference during the course of heat exchange. This requires that the temperature
profile of the working fluid and the storage medium matches precisely with each other. This is
illustrated in the Figure 2.10.

Figure 2.10: Bad and good match between the cycle and heat sources/sinks. Bad match (upper two cases)
reduces the roundtrip efficiency. Good match is on the lower two frames for sensible heat storage (left) and latent

heat storage (right) [62].

A bad thermal profile matching, upper two cases of Figure 2.10, results in a wide gap between the
input work and the obtained work output. This is mainly because of the heat loss at the two heat
exchanging interfaces: (i) working fluid to storage medium (charging), and (ii) storage medium to
working fluid (dis-charging).

2. Performance of Turbomachinery:
For ideal Rankine and Brayton based cycles, the compression and expansion is considered to
undergo an isentropic (reversible adiabatic) process. However, in real cycles, these processes
deviate from the ideal processes. As such, a factor termed as isentropic efficiency is defined for
turbomachinery.
For a compressor/pump, isentropic efficiency is the ratio of the work input for an isentropic process
to the actual work input, which is < 1. This implies, the losses in the compressor due to the
irreversibility results in consumption of more power in order to attain the required outlet conditions.
Similarly, for a turbine, isentropic efficiency gives the ratio of the actual work output to the work
output received in an isentropic process (ideal cycle), which is again < 1. This implies, due to
the irreversibility within turbine, a lower power output would be obtained for the same operating
conditions.
The RTE of a real PTES cycle including the effects of turbomachinery efficiencies would result
into:

𝜂𝑅𝑇𝐸, 𝑟𝑒𝑎𝑙 = 𝐶𝑂𝑃𝐻𝑃, 𝑟𝑒𝑎𝑙 ∗ 𝜂𝐻𝐸, 𝑟𝑒𝑎𝑙 , (2.9)

= 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏
�̇�𝑖𝑠, 𝑡𝑢𝑟𝑏
�̇�𝑖𝑠, 𝑐𝑜𝑚𝑝

. (2.10)
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where, 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 &𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 is the isentropic efficiency of the compressor and turbine respectively
while �̇�𝑖𝑠, 𝑡𝑢𝑟𝑏 &�̇�𝑖𝑠, 𝑐𝑜𝑚𝑝 is the ideal/isentropic work performed/required by the turbine or compressor
respectively. Therefore, a higher isentropic efficiency of turbomachines is necessary to attain high
RTE.

3. Pressure losses:
Working fluid encounters frictional losses during its course of flow and across different components
in a thermodynamic cycle. This frictional loss results in a pressure drop across each component
and in the connecting pipes. A greater drop in pressure values can all together prevent the turbine
from rotating due to low pressure in the system [70]. Ghalya Pikra et al.(2022) lists the pressure
drop studies of different components done by various researchers, which show that the pressure
drops reduce the system’s efficiency [70].

2.3. Rankine PTES - Waste Heat Integration/CHEST
A Rankine PTES with waste heat integration represents the hot storage configuration mentioned in
Figure 2.8. It is alternatively called as Compressed Heat Energy Storage (CHEST) because an input
waste heat is compressed to store in high temperature TES. A simple process flow diagram depicting
the principle of CHEST is shown in Figure 2.11. The corresponding T-S curve is shown in Figure 2.12.

Figure 2.11: PFD of a waste heat integrated Rankine PTES system.

Unlike a standard PTES system, with TES at both the hot and cold ends of the cycle, the CHEST
system consists of only hot TES. In a CHEST system, a waste heat at ∼ 50−100°𝐶 is used to vaporise
the working fluid in the heat pump evaporator (4-1) at a pressure greater than the ambient. Using an
external electric work input, a compressor upgrades this waste heat, now carried by the working fluid,
to a high temperature-high pressure conditions (1-2). Working fluid rejects this high grade heat to a
high temperature TES while getting condensed/cooled (2-3). Further, the working fluid is expanded
through an expansion valve to reach its original conditions (3-4), where it again absorbs the waste heat
(4-1) and the charging cycle continues.

On the other hand, the heat stored in the high temperature TES is transferred to the working fluid during
a discharge cycle. The working fluid is heated and evaporated using this stored heat (6-7). From high
temperature and pressure conditions, the working fluid is expanded through a turbine, thus generating
work (7-8). The fluid is further cooled and condensed while rejecting heat to the ambient (8-5). Finally,
the liquid fluid is pumped back to high pressure conditions (5-6), where it absorbs the heat from the
TES (6-7) and the discharging cycle continues.
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22 2. Pumped Thermal Energy Storage

Figure 2.12: T-S plot for a typical CHEST system corresponding to the PFD shown in Figure 2.11, with heat
pump cycle in red color, Rankine cycle in blue color and storage in yellow color. The figure shows a T-S plot for

isobutane as a working fluid.

The key aspect of a CHEST system is the difference between thewaste heat source and sink temperature
while the hot storage temperature remains the same. The idea behind the CHEST system by introducing
waste heat at the heat pump evaporator is to keep low temperature lifts (alternatively small pressure
ratio) within the heat pump during charging while carrying out expansion at a higher pressure ratio within
a heat engine during discharging cycle. A low temperature lift increases the COP of heat pump while
a greater expansion ratio improves the thermal efficiency of the heat engine. A simultaneous increase
in COP and thermal efficiency results in higher overall round trip efficiency, which could exceed more
than 100%.

To demonstrate the effect of waste heat integration, a Carnot PTES is considered with a hot TES
and the effect of waste heat temperature is shown on the performance of the system at various TES
temperatures and pinch conditions in the Figure 2.13. This figure is a theoretical illustration, which
neglects the efficiency losses across turbomachines and other electric efficiencies.

Figure 2.13: RTE of a Carnot PTES with waste heat integration at a fixed ambient temperature, 𝑇𝑎 = 20°𝐶, for
different pinch of 𝑇𝑝𝑖𝑛𝑐ℎ = 2, 5, & 10𝐾, forming the upper, middle and lower efficiency surfaces.
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A CHEST system is highly dependent on the availability of the waste heat. Moreover, it is important
to identify whether the heat availability (at source) and use (at sink) patterns, match both in terms
of quantity and timing. In other words, there should be a continuous supply of waste heat in sufficient
quantities to operate the PTES system. Generally, a waste heat is categorised into low grade (𝑇𝑤𝑎𝑠𝑡𝑒 <
100°𝐶), medium grade (100 < 𝑇𝑤𝑎𝑠𝑡𝑒 < 300°𝐶), and high grade (𝑇𝑤𝑎𝑠𝑡𝑒 > 300°𝐶) heat [29]. Further,
a PTES system is suitable for integrating low grade waste heat, so that the low grade heat can be
converted to high grade heat and stored and used for further applications. Otherwise, for an available
high grade waste heat, a Rankine cycle can directly be operated without the need of using a heat pump.

The potential sources of low grade waste heat that can be integrated with Rankine PTES are listed
in Table 2.1. Other than the ones mentioned in the table below , there are many industrial low grade
waste heat sources available below 100°𝐶 such as pasteurization, flue gases, engines coolant, etc.
[29, 52].

Heat Source Temperature (°C) Reference
Data Centers 25-40 [39, 86]
Electrolyzers 75-80 [50, 55]

Industrial air dryers 70-100 [73]

Table 2.1: Potential sources of low grade waste heat.

2.4. Literature Cases
Following the different configurations of the PTES system, as shown in Figure 2.8, some of the PTES
design concepts given by certain research institutes and companies are discussed as a literature case
and compared in the following sections.

2.4.1. Literature case-I: DLR PTES
This literature case is concerned with the application of ORC system for PTES. German Aerospace
Center (DLR) has given an ORC based PTES concept, as shown in Figure 2.14, which facilitates
storing heat at hot side in both latent (LH-TES) and sensible (SH-TES) heat storage medium.

Figure 2.14: Process diagram of the subcritical PTES with low temperature heat integration [49].

This literature case is based on the concept of thermal integration in PTES, hot storage configuration
in Figure 2.8, which involves pumping waste heat to a high temperature storage medium. This concept
allows the PTES system to operate at two different heat source and heat sink temperature levels of
the system. For the HP cycle, the source temperature (waste heat) is kept sufficiently high compared
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24 2. Pumped Thermal Energy Storage

to the power cycle sink temperature (ambient). Doing so, the temperature lift in HP cycle reduces,
thus improving the COP, while a greater temperature range is available for the fluid to expand in the
discharge cycle, thereby augmenting the thermal efficiency of the power cycle. Collectively, an increase
in both COP as well as thermal efficiency could result in P2P ratio > 1, Figure 2.15.

Figure 2.15: T-S plot for subcritical ORC based PTES with low temperature heat integration while the state points
correspond to the PFD shown in Figure 2.14.

The T-S plot, shown in Figure 2.15, doesn’t account for pressure losses across the HEX and is based
on the optimised parameters as given by DLR [49]. Butene is chosen as the working fluid.

In the charging cycle, waste heat is used to evaporate the working fluid (1-2), which is compressed
from (2-3) to high temperature & pressure. The latent heat of condensation (3-4) is stored in the
PCM (eutectic mixture of KNO3 & LiNO3) with a melting temp of 133°C. The sensible heat available
(4-5) is stored in a pressurised water thermocline and finally throttled to the original state. During the
discharging cycle, the working fluid is preheated by the heat stored in the water thermocline (7-8) and
is further evaporated followed by super-heating using the latent heat stored in the PCM (8-9). The hot
and pressurised fluid is allowed to expand (9-10) to generate power followed by rejecting heat (10-7)
to the heat sink (ambient).

In order to ensure the uniform charging and discharging of hot energy storage medium, the ratio of
latent and sensible heat should be constant during charging and discharging cycles. Otherwise, this
would result in a part of the high temperature TES discharged while other still left with some energy.
This can be formulated as given in Equation (2.11),

| 𝑄𝑙𝑎𝑡𝑒𝑛𝑡𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
|
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

= | 𝑄𝑙𝑎𝑡𝑒𝑛𝑡𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
|
𝑑𝑖𝑠−𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

. (2.11)

The model presented in Figure 2.15 gives a RTE of 1.07 for a source temperature (T𝑠𝑜𝑢𝑟𝑐𝑒) of 80°C
and a sink temperature (T𝑠𝑖𝑛𝑘) of 20°C. Henning Jockenhöfer et al. (2018) showed the dependence
of the RTE on the T𝑠𝑜𝑢𝑟𝑐𝑒 and T𝑠𝑖𝑛𝑘 for different approach temperatures across the HEX. A maximum
RTE of 1.25 was estimated for T𝑠𝑜𝑢𝑟𝑐𝑒 = 100°C, T𝑠𝑖𝑛𝑘 = 15°C and ΔT = 5K [49].
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2.4.2. Literature case-II: MAN/ABB-PTES
This literature case is based on the standard Rankine PTES configuration as earlier shown in Figure
2.8. MAN Energy Solutions and ABB Corporate Research collaborated to create a Rankine PTES
technology that could be used as a standalone system or integrated into other facilities as shown in
Figure 2.16. This PTES system is a fairly low temperature system with a reversible trans-critical CO2
Rankine cycle [62]. A detailed description of the system is provided in their documented patent [61].

Figure 2.16: Sample plant layout during charging (left) and discharging (right) cycle [62].

A schematic of the base case is shown in Figure 2.17, which involves a variation from the reference
layout, Figure 2.16, in terms of heat integration andmethod of removing heat due to entropy generation.

Figure 2.17: Process flow diagram of the TEES plant, max roundtrip solution with superheating before the HP
compressor inlet [65].

As can be seen in Figure 2.17, internal heat recovery has been employed in both the charging and
discharging cycles in the form of super-heating and pre-heating respectively. Super-heating before
compressionmainly helps in twoways: (i) for same compressor power it increases the outlet temperature,
and (ii) for same compressor outlet conditions it reduces the specific power input. While (i) allows to
reach higher storage temperatures thus providing the HE cycle a boost in its efficiency, (ii) increases
the COP of the HP cycle.

For this kind of PTES system, the thermal balancing of the system is necessary. Due to the irreversibilities
in the thermodynamic processes, the excess heat accumulatedwithin the system ultimately gets discharged
at the cold storage side. This implies that the energy released by vapor condensation during the HE
cycle exceeds the energy used for evaporation during the HP cycle. This excess heat needs to be
rejected to the ambient to attain steady-state conditions. For this, an air cooler has been employed,
which rejects heat to the ambient and is relatively cheap and simple as compared to the additional
ammonia cycle incorporated in the reference case [64].
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26 2. Pumped Thermal Energy Storage

Based on the optimised parameters included in Appendix B, a T-S plot is produced, Figure 2.18, with the
HEX approach temperature of 5K. The marked state points corresponds with the order maintained in
Figure 2.16. Referring to Figure 2.18, for HP cycle in green, state 1-2 indicates polytropic compression
followed by state 2-C: isobaric gas cooling, state C-3: internal heat recuperator, state 3-4: polytropic
expansion, 4-H: evaporation and finally H-1: super-heating. Similarly for the HE cycle in red, state
5-6: polytropic pumping, state 6-E: preheating, state E-7: super-critical heating, state 7-8: polytropic
expansion, 8-D: internal heat recuperator and finally D-5: condensation.

A sample calculation is provided in the Appendix B, in order to estimate the required air-cooling. A cold
utility of ∼ 610 kW has to be removed which is around 38% of the input electric power. In terms of
specific enthalpy, a cooling of 49.5 kJ/kg has to be provided in the charging cycle.

Figure 2.18: ABB Base case Configuration: T-S plot with air-cooling corresponding to PFD of charging cycle,
Figure 2.17 (left).

An important point to note here is that the excess heat can be removed from either the charging or
discharging cycle or partly from both. In this configuration, as shown in Figure 2.17 (left), air-cooler is
installed in the gas cooling phase of the charging cycle (2-C), Figure 2.18. The high density heat is
first stored in the first set of hot storage tanks, Figure 2.16, followed by discharging excess heat to the
ambient and finally the remaining heat is again stored in another set of storage tanks. Based on the
calculations made the RTE of the cycle comes out to be 62.3%, which precisely matches with the RTE
indicated in [65]. This value is 2.3% point more than the reference case.
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Observations and conclusions from literature case-I&II

The Table 2.2 lists out the key operating conditions and conclusions of the thermodynamic design of
PTES incorporated in the literature case-I&II.

Literature
Case-
PTES

Working
Fluid

High Temp
Storage

Operating
Temperature

(°C)

Operating
pressure
(MPa)

Research conclusions Research gap

DLR Butene KNO3+LiNO3
water

charging:
80-133

dis-charging:
20-133

charging:
1.0-3.5

discharging:
0.34-2.8

1. integration of low
temperature heat- possibility
of RTE>1

2. PTES can also act as
a energy management
system (smart district
heating application)

3. heat exchanger is main
contributor to exergy loss

1. no optimisation provided
for heat exchangers and
turbomachinery

2. development of a PCM
storage

ABB/MAN trans-critical
CO2

pressurised
water 0-120

charging:
1.8-12.2
discharging:
2.0-14.4

1. superheating before
compression (Δ𝑇𝑠𝑢𝑝 ∼ 30𝐾)
yielded the highest
efficiency 64%

2. pressure levels of charging
& discharging cycle - key
design parameter

3. Turbomachinery optimum
design - an indispensable
factor for high performance
of cycle

1. mentions waste heat driven
cycle but no detailed
numerical analysis has been
carried out.

Table 2.2: Quantitative & Qualitative comparison of potential PTES technologies.

Based on the key aspects of both the literature cases, PTES with heat integration provides a more
promising solution, however it is highly dependent on the availability of waste heat. On contrary to
the literature case-II, an interesting fact is that, there is no need of placing an extra heat rejection unit
in literature case-I. This is because the heat pump source temperature is much higher than the heat
engine sink temperature and the sensible energy deficit created due to this can be compensated by
partly exchanging heat with latent storage. Moreover, there are less number of components in literature
case-I, whichmitigates the potential exergy losses across each component. Further, this results in lower
overall costs of the plant.

In this thesis, the work is mainly build up on the concept of the literature case-I, i.e. to integrate waste
heat with the PTES system. The following sections describe the selection criteria of the working fluid
and storage medium for the waste heat integrated PTES system.
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28 2. Pumped Thermal Energy Storage

2.5. Working Fluid & Storage Medium for CHEST system
The working fluid is an essential component of any thermodynamic cycle, and the thermal storage
medium is foundation of the PTES technology. The working fluid and the storing media are inseparable
in a PTES system. The working fluid is the primary fluid that undergoes multiple thermodynamic
processes in a cycle and is mostly responsible for the process’s output. Nonetheless, the ability of
the storage media to absorb energy while retaining it for an extended period of time and releasing it
on demand are some of the critical elements in determining system performance. Finally, an optimal
temperature difference (pinch point) between the working fluid and the storage medium is necessary
to drive the charging and discharging cycles.

2.5.1. Selection criteria of working fluids
There are many working fluids, some of which are now in commercial use while others are being
researched. Each fluid has its own set of characteristic thermo-physical properties which makes them
suitable for a specific thermodynamic cycle. These properties determine the cycle’s operating conditions
and performance while also offering an estimate of its environmental and economic sustainability.

Table 2.3 lists a number of potential working fluids for Rankine PTES system. The table mainly lists the
organic working fluids which are best suitable for low/medium grade waste heat integration [80]. CO2
and water have been included as a reference fluid. The intensive properties of the working fluid have
been evaluated at 𝑇 = 30°𝐶. This table tends to be very handy in getting an idea of how effectively
a working fluid can operate in a typical sub-critical or trans-critical Rankine cycle PTES system. The
molecular weight gives an idea about the density of the fluid; the critical point suggests the possible
operating regime; 𝜔, 𝑘𝑐, and𝑚 are Lee-Kesler’s parameters which controls the shape of the T-S curve
[74]; vapor specific heat could be used to estimate the turbine/compressor power while latent heat
provides an idea of heat absorbed or heat discharged; GWP and ODP are necessary indicators of the
impact of working fluid on environment and ozone layer; and finally the last three columns provide the
NFPA safety designation for the refrigerants (0-safe; 4-dangerous).

Working
Fluids Name Type Mol. Wt.

(𝑔/𝑚𝑜𝑙𝑔/𝑚𝑜𝑙𝑔/𝑚𝑜𝑙)
𝑇𝑐𝑟𝑇𝑐𝑟𝑇𝑐𝑟
(°𝐶°𝐶°𝐶)

𝑃𝑐𝑟𝑃𝑐𝑟𝑃𝑐𝑟
(𝑏𝑎𝑟𝑏𝑎𝑟𝑏𝑎𝑟) 𝜔𝜔𝜔 𝑘𝑐𝑘𝑐𝑘𝑐 𝑚𝑚𝑚 Vapor 𝐶𝑝𝐶𝑝𝐶𝑝

𝑘𝐽/𝑘𝑔 − 𝐾𝑘𝐽/𝑘𝑔 − 𝐾𝑘𝐽/𝑘𝑔 − 𝐾
Latent
Heat
(𝑘𝐽/𝑘𝑔𝑘𝐽/𝑘𝑔𝑘𝐽/𝑘𝑔)

GWP ODP
Flamm-
ability
(Red)

Toxicity
(Blue)

Instability
(Yellow)

R123 Freon 123 Isentropic 153 183.7 36.6 0.2819 1.0699 -0.0465 0.7 169 77 0.02 0 2 1

R236ea HexaFluoro-
Propane dry 152 139.3 35 0.3688 1.0572 -0.035 0.9 153 1370 0 0 1 0

R245ca PentaFluoro-
Propane dry 134 174.4 39.3 0.3546 1.0565 -0.0477 0.92 201 693 0 1 3 0

R245fa PentaFluoro-
Propane isentropic 134 154 36.5 0.3776 1.0608 -0.0488 0.92 202 1030 0 1 2 0

R365mfc PentaFluoro-
Butane dry 148 187 32.6 0.3774 1.0466 -0.0313 1 193 794 0 0 1 0

R-600 Butane Isentropic 58 152 38 0.2008 1.0677 -0.0646 1.8 356 4 0 4 1 0

R-601 Pentane dry 72 196.5 33.7 0.251 1.0503 -0.0499 1.7 363 0.1 0 4 1 0

R-601a Isopentane dry 72 187 33.8 0.2274 1.0509 -0.0696 1.73 342 0.1 0 4 1 0

Butene Isentropic 56 146 40 0.1919 1.0802 -0.0827 1.7 355 4 0 4 1 0

R1233zd(E) HydroChloro-
FluoroOlefin Isentropic 130.5 165.6 35.7 0.3024 0.84 186 5 3E-4 0 2 0

R141b Freon 141b Isentropic 117 204.4 42.1 0.2195 1.0786 -0.0561 0.8 224 700 0.11 1 2 0

CO2
Carbon
di-oxide wet 44 31 73.8 0.2239 1.2857 -0.1092 5 152 1 0 0 2 0

H2O Water wet 18 374 220.6 0.3443 1.2912 -0.0423 1.9 2430 0 0 0 0 0

Table 2.3: Thermo-Physical properties of selected working fluids evaluated at 𝑇 = 30°𝐶.

The importance of each of the measured properties and quantities, in Table 2.3, in selecting a suitable
working fluid is discussed in the following sections.

Nature of working fluids

Working fluids can be classified as: (i) Wet, (ii) Dry, and (iii) Isentropic fluids based on the slope of
the vapor saturation curve (dT/ds) in the T-S diagram. The extent of the dryness of a fluid is given
by the inverse of the vapor saturation curve slope i.e. 𝜉 = 𝑑𝑠/𝐷𝑇. Referring to Figure 2.19, a 𝜉 <
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0 characterises a wet fluid (eg: R21) while 𝜉 > 0 is for a dry fluid (eg: isopentane) and 𝜉 = 0 for an
isentropic fluid (eg: R142b). The term ‘wet’ refers to the fluid impinging on the turbine blades when it
expands from saturated vapor conditions into a two-phase zone during isentropic expansion. Whereas,
a dry and isentropic fluid always expands in a gaseous phase with isentropic fluid having an almost
vertical vapor saturation curve.

Figure 2.19: Three types of working fluids: dry (𝜉 > 0), isentropic (𝜉 = 0), and wet (𝜉 < 0) [84].

This leads to opting dry and isentropic fluids for sub-critical cycles, mainly the ORC. On top of that, even
for trans-critical cycles, dry fluids are reported to perform better than wet fluids even if the expansion
involves a liquid-vapor co-existence region [20]. Nevertheless, isentropic fluids provide an edge over
dry fluids since the turbine outlet conditions are more closer to vapor saturation line in the former case.
This helps in reducing the condenser load as compared to the too dry condition, which demands an
extra heat recovery system.

While this classification is an important tool for selecting fluids for sub-critical cycles, it is of low importance
for super-critical cycles as the fluid always tends to be above the critical point. The optimum selection
of the working fluid considering the nature of shape of the T-S vapor saturation requires a more generic
physics-based model. Alejandro Rivera-Alvarez et al.(2020) presents such a model which accurately
determines the shape of the T-S vapor saturation curve for any fluid based on three input variables:
acentric factor (𝜔), 𝑘𝑐, and 𝑚 [74], which can be defined here as follows,

• Acentric Factor (𝜔) ∶(𝜔) ∶(𝜔) ∶ It is ameasure to quantify how far a substance’s thermodynamic characteristics
deviate fromwhat the two-parameter PCS predicts. It correlates the deviation in the thermodynamic
properties of the fluids containing non-spherical molecules with the spherical counterparts.

• 𝑘𝑐 ∶𝑘𝑐 ∶𝑘𝑐 ∶ It gives the ideal-gas ratio of specific heats at the critical temperature.

• 𝑚 ∶𝑚 ∶𝑚 ∶ It is the exponent of the ideal-gas ratio of specific heats vs temperature power relationship as
per the following relationship: 𝑘 = 𝑘𝑐𝑇𝑚𝑟 [74].

The further details of the model have been included in the Appendix A. A representative plot showing
the effect of acentric factor (𝜔), 𝑘𝑐 and 𝑚 on the T-S vapor saturation curve is shown in Figure 2.20.

The acentric factor (𝜔) primarily controls the width of the saturation dome as evident from Figure 2.20a.
For a constant value of 𝑘𝑐 and 𝑚, increasing the 𝜔 value widens the dome and vice-versa.The value
of 𝜔 varies from -0.4 to 0.7 for most of the fluids [74]. The 𝑘𝑐 parameter decides the skewness of
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(a) (b)

(c)

Figure 2.20: Saturation dome on a 𝑇𝑟 − �̃� diagram, (a) Effect of 𝜔, (b) Effect of 𝑘𝑐, and (c) Effect of m [74].

the saturation dome, which is associated with the wetness or dryness of the fluid, as shown in Figure
2.20b. For a constant 𝜔 and 𝑚, a larger value of 𝑘𝑐 reflects a symmetrical distribution of the dome,
both on liquid and vapor saturation side, while a lower 𝑘𝑐 produces a left-skewed shape. The 𝑘𝑐 value
has a typical range between 1 and 5/3 [74]. Correspondingly, for constant 𝜔 and 𝑘𝑐 values, 𝑚 shifts
the liquid and vapor saturation lines in the same direction. A typical range of 𝑚 is from -0.1 to 0 [74].
Values close to zero displaces the curve towards left while shifting towards right as 𝑚 moves farther
away from zero.

Physical properties

H. Chen et al. (2010) states that the working fluids with high density, low liquid specific heat and high
latent heat contribute to a high power output [20]. However, for a Rankine PTES cycle a high liquid
specific heat is required in order to transfer maximum heat across storage through sensible heat transfer
during charging and discharging cycles. A highly dense fluid ensures cutting down the size of the cycle
components i.e HEX and turbomachinery. This is because a larger mass can be accommodated within
a smaller volume, improving the component’s compactness. High latent heat facilitates enhanced heat
absorption from low temperature sources during a charging cycle.

Further, the critical point plays an important role in selecting a suitable working fluid. A critical point
of a fluid is fixed/defined by a critical temperature and critical pressure. For a waste heat integrated
Rankine PTES system, a critical temperature below 130−140°𝐶 is undesirable. This is because a low
critical temperature will bring the evaporation temperature of the heat pump near to the critical point.
As a result, this would lower the latent heat of evaporation, which would further require high mass flow
of the working fluid and bigger equipment’s. Similarly, a higher critical temperature and pressure would
entail higher temperature lifts and pressure ratio for trans-critical configuration, which has a negative
effect on the heat pump performance.

Thermal & Chemical stability

Many working fluids when subjected to higher operating temperatures, lose their chemical integrity and
tends to decompose [69]. This leads to power loss or, even worse, deterioration of system components,
i.e. HEXs and turbomachinery. The thermal stability of a working fluid largely dictates its operational

Divyansh Gautam Master of Science Thesis



2.5. Working Fluid & Storage Medium for CHEST system 31

applications (eg: an organic fluid can not be used in a Brayton cycle). Moreover, the working fluid must
also be non-corrosive and suitable with system component materials and lubricating oil.

Safety & Environmental Aspects, Availability & Cost

From safety point of view, the working fluids must be inflammable while having high auto-ignition
temperatures. They should be non-toxic and non-explosive in nature. An ideal working fluid should
offer a value of Ozone Depletion Potential (ODP) < 0.1 and low values of Global Warming Potential
(GWP = 1 for CO2). Finally, a trade off can be set between the availability, costs, and thermo-physical
properties for the desired performance output.

2.5.2. Working fluid comparison
From Table 2.3, all the fluids listed can be further categorised into safe and unsafe fluids based on
their potential to harm the surrounding and environment. All severe toxic fluids (Toxicity ≥ 3), unstable
fluids, fluids with high ODP (> 0.1) and GWP (> 10) are eliminated from further selection. Further, all
wet and dry fluids are also excluded from further analysis, since isentropic fluids are best suitable to
perform in a Rankine PTES system.

Theworking fluids left after scrutinizing the Table 2.3 are: Butane (R-600), 1-Butene, andHydroChloroFluoroOlefin
(R1233zD). All these fluids share a similar critical point, which lies in the acceptable limit of the Rankine
PTES (∼ 130 − 140°𝐶 < 𝑇𝑐𝑟 < 200°𝐶) while having a lower critical pressure. As mentioned earlier,
molecular weight plays an important role in fluid selection. A higher molecular weight implies a high
density of fluid, which is essential in enhancing the compactness of the cycle components. In addition
to that, a high latent heat of evaporation of the working fluid is also necessary. A high latent heat
ensures utilization of the waste heat to its maximum potential. The three fluids sorted above have been
compared based on their molecular weight and latent heat of vaporization, as shown in Figure 2.21.

Figure 2.21: Comparison of Butane, 1-Butene, & R1233zD based on (a) Molecular weight, and (b) Latent heat of
vaporization.

From Figure 2.21, while R1233zD outperforms the other two fluids in terms of molecular weight, it
possess 50% lower latent heat compared to Butane and 1-Butene. This implies R1233zD is roughly
denser two times than Butane and Butene, however for a given heat load, R1233zD will require twice
the mass flow as compared to other fluids.

From Table 2.3, it can be observed that Butane and Butene are highly flammable, whereas, R1233zD is
inflammable in nature. However, R1233zD has shown to pose material compatibility issues. Sebastian
Eyerer et al. (2019) conducted a similar experimental study to check the feasibility of modern ORC
working fluids (eg: R1233zd(E)) to replace common refrigerants (eg: HFC’s) [34]. AlthoughR1233zd(E)
came out to be an efficient refrigerant, it posed serious material compatibility issues. The investigation
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concluded the use of olefins as a replacement to HFC’s, however, demanded individual material compatibility
investigations when using R1233zd(E) [34].

In comparison to the working fluids mentioned above, CO2 also exhibits excellent thermo-physical
properties along with absolutely zero ODP and a lower GWP. But a lower critical point of CO2, as
evident from Table 2.3, doesn’t allow for medium grade heat integration. Use of dopants with CO2
have resulted in raising the critical point of the CO2 mixture [25, 26, 27, 28]. This could be a potential
solution for using CO2 as a working fluid for the CHEST system, which can provide an added advantage
of better connection between the sensible heat storage and the working fluid. The effect of adding a
dopant in CO2 and available options have been discussed in Appendix C.

Further, a suitable working fluid will be selected in Chapter 3 considering the requirements of the case
to be analysed.

2.5.3. Thermal energy storage medium
Depending upon the mechanism of the heat transferred into or from the storage medium, Thermal
Energy Storage (TES) can be divided into: (i) Sensible TES, (ii) Latent TES, and (iii) Thermo-chemical
energy storage. Sensible heat storage is characterised by a temperature glide upon absorbing or
rejecting heat while the latent heat storage incorporates a phase change of the storage medium.
Thermo-chemical energy storage, in contrary, exploits the chemical reaction mechanisms to store and
release heat.

For a PTES system, it is preferred that the thermal profiles of working fluid and the storage medium
matches to a great extent. Figure 2.10 highlights the possible good and bad thermal matches. As can
be inferred, a bad profile match could lead to high exergy loss. If the working fluid has a temperature
glide during the heat exchange with the storage medium, it is advisable to choose a sensible heat
storage medium. Whereas a latent heat storage should be used in a zero temperature glide zone.
However, the choice between sensible and latent heat storage is mainly dependent on the type of
application. Other factors are: cost and availability of storagemedium, storage conditions (eg: pressure),
thermal and chemical stability, density, etc.

Table 2.4 lists the common high temperature storage mediums used in various thermal energy storage
applications.

Possible storage
mediums

Nature of
heat

storage

Operating
Temperature

(°C)

Volumetric
heat capacity
(MJ/m3-K)

Phase
Enthalpy
(kJ/kg)

Thermal
Conductivity

(W/m-K)
pressurised hot

water sensible 100-250 4.2 - 0.62-0.68

sand [71] sensible upto 1000 2.1-2.9 - 1.7-5

rock packed
bed [32] sensible 200-1400 ∼2.2-2.5 - ∼1

molten salts [9] sensible 300-600 1.8-6.2 - 0.45-1.25

thermal oils [59, 35] sensible upto 250 1.6-2.3 - 0.14-0.16

MGA [88, 77] sensible+
latent 600-1400 0.3-1.2 MJ/L 200-1900 150-275

eutectic mixture of
Nitrate salts [21] latent 100-220 2-4 0.080-0.265 < 0.7

Table 2.4: Thermo-physical properties of common storage mediums.

Moreover use of sensible storage instead of latent storage is preferred due to complex heat transfer
mechanisms and pressurised heat exchanging devices for the latter. In case of a solid sensible TES,
the working fluid is in direct contact with the storage medium. This involves a disadvantage of high
pressure drops. Moreover, the storage medium needs to be operated at pressure of the working fluid.
Taking the storage conditions into account, from Table 2.4, the most common options available are:
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2.5. Working Fluid & Storage Medium for CHEST system 33

pressurised hot water, and thermal oils. Of these choices, water exhibits excellent thermo-physical
properties. But using water as a storage medium at such high temperatures (∼ 200 °C) incurs heavily
pressurised (25-40 bar) storage tanks, which would not be a feasible solution.

Thermal oils are potentially a very good alternative for hot storage medium at storage temperatures of
around 200°C. Oils can be heated and stored at atmospheric pressure, requiring cheap storage costs,
which makes it a worthy choice. Performance of oils as a thermal energy storage medium have already
been investigated for specific applications, for example: solar cookers [59]. The investigation suggests
use of edible oils (eg: sunflower oil) as a heat storage medium instead of commercial heat transfer
fluids (eg: Shell Thermia C, etc.).

A number of edible oils are readily available in the market. It is important to compare them on the basis
of certain crucial thermo-physical properties such as: specific heat capacity, viscosity, and density.
These properties ultimately dictate the heat transfer characteristics and also give an estimate of the
storage size. O.O. Fasina et al. (2008) lists the specific heat capacity and viscosity dependency on
temperature [35]. The data obtained from the work of O.O. Fasina et al. (2008) is used to plot the
dependency of specific heat capacity and viscosity on temperature for selected edible oils, as shown
in Figure 2.22. The curve for Duratherm-HF is based on the data obtained from the catalogue of
Duratherm’s heat transfer fluids [1] and is included in the plots as a reference. Also, the viscosity of
water has been included as a reference.

(a) (b)

Figure 2.22: (a) Specific heat (c𝑝), and (b) Viscosity (𝜇) dependence on temperature (T) for different oils.

From Figure 2.22a, it can be observed that the specific heat for different oils varies significantly from
each other at all temperature levels. Whereas, the viscosity tends to be similar for all oils beyond 60°C,
as evident from Figure 2.22b. Moreover, the smoke point of all edible oils is well above 200°C [42].

A high specific heat oil is a desirable choice as it allows a low mass flow for a given heat duty and
temperature difference. From Figure 2.22a, almond oil and sunflower oil have the highest specific
heats among other oils with almond oil on the top. However, sunflower oil is more readily and cheaply
available than Almond oil.
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2.6. PTES Cycle Components
With reference to the process flow diagram shown in Figure 3.1, a PTES cycle mainly consists of heat
interacting and work interacting devices. All kind of heat exchangers (eg: evaporator, condenser,
recuperator, etc.) fall under the category of heat interacting devices while all turbomachines (eg:
turbine, compressor, and pump) are categorised within work interacting devices. These two categories
are primarily responsible for changing the thermodynamic state of working fluid in order to achieve the
desired cycle output.

The following sections will focus on providing a theoretical background of these devices, their selection
criteria and design procedure.

2.6.1. Heat exchange device
A heat exchanger (HEX), in principle, is employed to transfer heat from one substance to another by
means of conduction, convection, radiation or a combination between these. In process industries, it
is mainly the fluid streams which exchange heat. There are numerous heat exchangers which can be
classified based on the application or the function required (eg: boiler, condenser, cooler, heat pipe,
recuperator, etc.). However, this section will deal with the categorisation made on the basis of the
technology used.

Based on the technology, heat exchangers can be classified into: shell & tube HEX, gasketed plate
HEX, spiral plate HEX, printed circuit HEX, etc. Of these, the most common and standard HEX’s are
shell & tube, and plate heat exchangers which have a wide application. These two HEX’s will only be
discussed in this section.

Shell & Tube HEX

It is one of the most common type of HEX used in process industries [37, 81]. A typical sectional view
of the shell & tube HEX is shown in figure 2.23.

Figure 2.23: Sectional view of a shell & tube heat exchanger.

Mainly, it consists of a tube bundle enclosed within a cylindrical shell. The end of the tubes are held by
the means of tube sheet, which separates the fluid at tube side and shell side. Throughout the length
of the tubes, they are supported by vertical baffles which are also responsible to direct the shell side
fluid across the tube bundle. Additionally, baffles also induce required turbulence which increases the
heat transfer coefficient at shell side, but at a cost of higher pressure drop. The operating range of shell
& tube HEX is included in Table 2.7.

Depending upon the design requirements, shell & tube HEX is available in different configurations as
designated by TEMA and can be found in Sinott and Towler [81]. Similarly the tubes can be arranged
in different configurations (eg; 1 pass, 2 pass, 4 pass upto 16 passes).

Apart from the design criteria, fluid allocation to shell side and tube side is often a challenge. There are
some thumb rules that need to be considered while allocating the fluids:
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1. Corrosion: most corrosive should be on tube side, since tubes are easy to replace.

2. Fouling: most fouling fluid should be on tube side, since tube side has higher velocity which
minimizes fouling. Moreover tubes are easier to clean.

3. Operating pressures: high pressure fluid to be placed on tube side, otherwise, a pressurised shell
would pose uneven stress on the outside of tubes, which could lead to tube rupture.

4. Viscosity: highly viscous fluids should be kept on shell side, since turbulent flow can be achieved
at lower Reynolds number (∼ 200) in shell [81].

Moreover, there are certain industrial practices which limit the fluid velocities and pressure drop on the
shell side and tube side. These limits are illustrated in Table 2.5, and 2.6.

• Fluid velocity:

Type of fluid Velocity

Tube side Shell side

Liquids 1-4 m/s 0.3-1 m/s

Vapors*
Vacuum 50-70 m/s
atm pressure 10-30 m/s
high pressure 5-10 m/s

Table 2.5: Fluid velocity limits in shell & tube HEX
*the lower values in the prescribed range are applicable to fluids with high mol. wt.

• Allowable pressure drop:

Type of fluid Allowable Pressure drop
∆P (kPa)

Liquids
< 1 mPa-s 35
1-10 mPa-s 50-70

Gas and Vapors

High Vacuum 0.4 - 0.8
Medium Vacuum 0.1 × P𝑎𝑏𝑠

1-2 bar 0.5 × P𝑔𝑎𝑢𝑔𝑒
> 10 bar 0.1 × P𝑔𝑎𝑢𝑔𝑒

Table 2.6: Allowable pressure drop for fluids in shell & tube HEX
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Gasket Plate HEX

A gasketed plate heat exchanger is another widely used HEX after shell & tube type. However much
more compact and cheaper than shell & tube HEX. A schematic of a gasket plate heat exchanger
showing its working principle is illustrated in Figure 2.24.

Figure 2.24: Schematic of a gasketed plate heat exchanger.

It mainly comprises of a stack of thin
metal plates, closely spaced, bolted and
clamped together in a frame. Further, a thin
gasket is used to seal the plates around the
edges, which directs the fluid and prevent
them from mixing. The plates also include
corrugations carved on them in order to
ensure efficient heat transfer across the
plates. The corrugations tend to increase
the surface roughness, which leads to a
turbulent flow between the plates, thereby
developing a high heat transfer coefficient,
but again at a cost of a significant pressure
drop.

Plate HEX’s allow for pure counter-current
flow, which further makes it possible to
attain very low approach temperatures of
upto 1 K [81]. They present a distinct feature
of providing heat load flexibility. This means
with a change in heat load, the number of
plates can be adjusted (added or removed)
to match the required area for desired heat load.

Gasket plate HEX also have certain industrial limitations. Due to the configuration of plates, they
are poor at resisting high pressures. As such, they can not be used between fluid streams with high
differential pressures. The operating range of gasket plate HEX is included in Table 2.7.

Type Temperature
(°C)

Pressure
(bar)

ΔT𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ,𝑚𝑖𝑛
(°C)

Shell & Tube -200 to 700 upto 200 10
Plate -40 to 180 30 1

Table 2.7: Operating range of the shell & tube, and gasket plate HEX [81]
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Design Procedure

The primary objective of carrying out a preliminary deisgn of a heat exchanger is to evaluate the required
heat tranfser area and a corresponding overall heat transfer coefficient for the required heat duty 𝑄.
An overall heat transfer equation for such a system is given by,

Figure 2.25: Q-T diagram for 𝐿𝑀𝑇𝐷
calculation for a pure counter-current flow.

𝑄 = 𝑈0𝐴Δ𝑇𝑚 , (2.12)

Δ𝑇𝑚 =
(𝑇ℎ, 𝑖𝑛 − 𝑇𝑐, 𝑜𝑢𝑡) − (𝑇ℎ, 𝑜𝑢𝑡 − 𝑇𝑐, 𝑖𝑛)

𝑙𝑛 (𝑇ℎ, 𝑖𝑛−𝑇𝑐, 𝑜𝑢𝑡𝑇ℎ, 𝑜𝑢𝑡−𝑇𝑐, 𝑖𝑛
)

. (2.13)

where, Δ𝑇𝑚 is the Log Mean Temperature Difference
(𝐿𝑀𝑇𝐷) and is calculated based on the Q-T diagram shown
in Figure 2.25. 𝐿𝑀𝑇𝐷 is purely dependent on the process
fluid operating conditions at the inlet and outlet of a heat
exchanger. The LMTD calculated in Equation (2.13) is
for a pure counter-current flow, however the actual flow
path in heat exchangers is never 100% counter-current. In
order to consider the effect of deviation from counter-current
condition, an additional correction factor (𝐹) is applied to
the 𝐿𝑀𝑇𝐷 calculated from Equation (2.13). The overall heat
load of a heat exchanger can then be written as:

𝑄 = 𝑈0𝐴(𝐹Δ𝑇𝑚). (2.14)

A general procedure to carry out a preliminary design of a HEX is as follows:

1. Define the heat load (Q) and fluid stream properties. Evaluate any unknown data from the input
conditions.

2. Calculate the 𝐿𝑀𝑇𝐷 from the fluid inlet-outlet temperatures based on Equation (2.25). Apply a
necessary 𝐿𝑀𝑇𝐷 correction factor (𝐹) based on the type of HEX.

3. Assume an overall heat transfer coefficient (𝑈0) for the type of fluids and nature of heat transfer.
This value can be taken from standard books [37, 81].

4. Calculate the overall heat transfer area based on the assumed 𝑈0 value.

5. Select a suitable and standard geometry to match the required area.

6. Calculate the individual heat transfer coefficients for both the fluid streams using standard correlations.

7. Calculate overall heat transfer coefficient from the individual coefficients while taking fouling
resistance into consideration.

8. Check if the difference between assumed and calculated 𝑈0 values is within 30%. If yes, continue
further to evaluate pressure drop, otherwise, return to step 5 and change the geometry based on
the calculated 𝑈0 value.

A detailed design procedure and heat transfer correlations for different heat transfer conditions are
included in Appendix E and Chapter 4 respectively.

Master of Science Thesis Divyansh Gautam



38 2. Pumped Thermal Energy Storage

2.6.2. Turbomachinery
Turbomachines, in principle, are devices in which energy is transferred between a rotor and a continuously
flowing fluid. Either the kinetic energy of fluid is converted into pressure energy, as done in compressors,
or the pressure energy in converted into kinetic energy, as in the case of expanders. A turbomachine
consists of rows of stationary blades (stator) and rows of rotating blades (rotor), forming channels
between consecutive blades as depicted in Figure 2.26.

Figure 2.26: Schematic of a stage between stator
and rotor of a typical axial turbine.

A row of stator channels combined with a row of rotor
channels form the stage of a turbomachine (0-1-2)
from Figure 2.26. A turbomachine can have a number
of stages, but is dependent on the work transfer to or
from the fluid. Commonly, two types of turbomachines
are widely employed in every industry: radial and axial
turbomachine. For the former, the relative motion of
the fluid flow is perpendicular to the rotor’s rotational
axis, making the fluid to come either radially inwards
or outwards. On the other hand, for an axial machine,
the fluid flow is approximately parallel to the rotation
axis.

Based on the direction of energy transfer, a work
producing turbomachine is termed as a turbine, while
a work absorbing turbomachine is referred to as either
pump (if the fluid is incompressible, eg: liquids) or
compressor (for compressible fluids, eg: gases). Both
the turbine and compressor have a radial and axial
variant, which are employed based on a particular
application.

The following sections will deal with the selection
criteria and preliminary design procedure of turbomachines.

Selection of turbomachinery

The procedure to select a particular turbomachine and
further its preliminary design is based on the use of similitude theory [40]. This theory allows to project
the properties and configuration of real world machine (referencemodel) to a lab-scale model in order to
analyse the performance of the reference model. Dimensional analysis is used to execute the similitude
theory, which involves defining a physical phenomenon using a set of dimensionless numbers.

Applying dimensional analysis to turbomachines, the efficiency, 𝜂, can be defined in terms of four
dimensionless parameters [40]:

𝜂 = 𝑓(Π1, Π2, Π3, Π4), (2.15)

Π1 ≡ Φ =
𝑉

𝜔 ⋅ 𝐷3 , (2.16)

Π2 ≡ Ψ =
𝑊

𝜔2 ⋅ 𝐷2 , (2.17)

Π3 ≡ 𝑅𝑒 =
𝜌 ⋅ 𝑢 ⋅ 𝐷
𝜇 , (2.18)

Π4 ≡ 𝑀𝑢 =
𝑢
𝑐𝑠
. (2.19)

where, Π1, Π2, Π3, Π4 is correlated to flow factor (Φ), work factor (Ψ), Reynolds number (𝑅𝑒), and Mach
number (𝑀𝑢), respectively. Further, 𝑉 is the volumetric flow rate (𝑚3/𝑠), 𝜔 is angular velocity (𝑟𝑎𝑑/𝑠),
𝐷 is the diameter of the blade (𝑚),𝑊 is the reversible work transfer (J/kg), 𝜇 is the fluid viscosity (Pa-s)
and 𝑐𝑠 is the velocity of light (m/s).
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For a fluid with high Reynolds number (𝑅𝑒 > 106), and Mach number sufficiently low (𝑀𝑢 < 0.5), the
efficiency of the turbomachine is limited to a function of flow factor and work factor [40], which can be
expressed as:

𝜂 = 𝑓(Φ,Ψ). (2.20)

A direct consequence of Equation (2.20) is that, two geometrically similar machines exhibit same
efficiency if they have sameΦ andΨ factors, given that effects of𝑅𝑒 and𝑀𝑢 are taken into consideration.
Dimensional analysis can be taken further to provide a preliminary design of different turbomachines.
The design in this thesis has been carried out using the methodology developed by Balje [7, 8].
This method expresses the efficiency (𝜂) of a turbomachine as a function of two other dimensionless
parameters, specific speed (𝑁𝑠), and specific diameter (𝐷𝑠). Combining Equations (2.16) and (2.17)
can lead to the following definitions of 𝑁𝑠 and 𝐷𝑠,

𝜂 = 𝑓(𝑁𝑠 , 𝐷𝑠), (2.21)

𝑁𝑠 = 𝜔 ⋅
𝑉0.5
𝑊0.75 =

2𝜋𝑁
60 ⋅ (�̇�/𝜌𝑎𝑣)

0.5

Δℎ0.75𝑖𝑠
, (2.22)

𝐷𝑠 = 𝐷 ⋅
𝑊0.25

𝑉0.5 = 𝐷 ⋅ Δℎ0.25𝑖𝑠
(�̇�/𝜌𝑎𝑣)0.5

. (2.23)

where, �̇� is the mass flow (kg/s), 𝜌𝑎𝑣 is the average density (𝑘𝑔/𝑚3) for inlet and outlet of each stage,
and Δℎ𝑖𝑠 is the enthalpy rise per stage (𝐽/𝑘𝑔).

Figure 2.27: Turbomachines specific speed [40, 72]

The importance of 𝑁𝑠 can be realized by the fact
that for a homologous series of turbomachinery,
i.e. of a particular shape, have a particular
value of𝑁𝑠, for their maximum efficient operation.
This means different families of turbomachinery
will have different optimum range of 𝑁𝑠 values.
This is evident from the Figure 2.27 which gives
an estimation of 𝑁𝑠 values for different class of
turbomachine and is adapted from the work of
Lewis (1996) [72].

Centrifugal compressors are suited for low
mass flow applications while working at highest
efficiency for 𝑁𝑠 values in the range of 0.4 <
𝑁𝑠 < 1.8. On the other hand, axial compressors
are much efficient for high mass flow applications
with an optimal 𝑁𝑠 range of 1.5 < 𝑁𝑠 < 10. For
radial turbines, 𝑁𝑠 range for maximum efficiency
of 90% is 0.5 < 𝑁𝑠 < 0.6 while axial turbines offer
a wider range of 𝑁𝑠 values, 0.5 < 𝑁𝑠 < 0.9, for
efficiency values > 90%. For radial pumps, the
typical 𝑁𝑠 values lies in the range of 0.5 < 𝑁𝑠 < 1.3 for high efficiency domain. These typical 𝑁𝑆
range can be easily read from the Balje diagram, which is included in Chapter 4, where the preliminary
analysis is done in detail. A quantitative comparison of axial and radial turbomachine characteristics is
illustrated in Figure 2.28, where +++ signifies high, ++ medium, and + as low.
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Figure 2.28: Axial and radial compressor characteristics (left), Axial and radial turbine operating characteristics
(right) [33]

Preliminary design procedure

The key to preliminary sizing of a turbomachinery is the Balje diagram as shown in Figure 4.6, 4.7. A
detailed analysis for preliminary sizing is done in Chapter 4. The generalised steps of basic turbomachinery
sizing are as follows:

1. Select the axial or radial turbomachinery based on the operating characteristics (power, pressure
ratio, etc.).

2. Estimate optimum number of stages and angular velocity (N) from the 𝑁𝑠 range for best efficiency.

3. Estimate the 𝑁𝑠 value per stage

4. Read 𝐷𝑠 value from the Balje diagram for best possible efficiency.

5. Evaluate the tip diameter (D) of the impeller per stage from the 𝐷𝑠 equation.
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2.7. Research Objectives, Scope and Goal
Following the detailed literature study on PTES systems, the waste heat integrated PTES based on
Rankine system or Compressed Heat Energy Storage (CHEST) system is considered as the focus of
this thesis. The main research objective can be formulated as follows:

Research Objective 1:

“To develop and optimize a steady-state thermodynamic model of a CHEST
system based on a full sensible storage.”

Within this research objective, there are further research questions that needs to be answered, such
as:

• What are the effects of the thermodynamic cycle parameters on the performance of the system
and the energy storage density of the TES?

• What are the technological differences between a sub-critical and trans-critical CHEST system?

• How the optimised CHEST system can be integrated with a solar powered alkaline electrolyser
unit to recover its waste heat?

In addition, the efficiency of the system is highly dependent on the thermodynamic performance of
the system components, i.e. heat exchangers and turbomachines. The work of H. Jockenhöfer et al.
(2018) provides an estimate of the exergy losses across each component [49] for a typical CHEST
system. It focuses mainly on improving the performance of the heat exchangers and turbomachines.
This leads to defining the second objective of this thesis:

Research Objective 2:

“To provide an estimate of the overall dimensions and performance characteristics
of CHEST components (heat exchangers and turbomachines) by conducting a
preliminary design.”

Within this research objective, the key aspects to be studied are as follows:

• Selection of the components based on their operating conditions.

• To analyse the results of the preliminary design, such as the effect of pressure drop across HEX
and turbomachinery efficiency on the system performance.

Having defined the research objectives, the Goal of this thesis is to extend the existing sub-critical
CHEST system by DLR [49] with latent TES to a solely sensible heat storage configuration. The
findings of this research can be further used to discover specific combination of working fluid and
storage medium, which provides minimum exergy losses. The target of this thesis is not restricted
by steady state modelling, but can be extended to off-design modelling and dynamic simulations as a
following research project.

Further, the Scope of this thesis is restricted to using pure fluids with steady-state thermodynamic
modelling of the CHEST system. It also includes an optimization scheme to evaluate the operating
conditions for the best performance. Finally, based on the optimised results, a preliminary design of
the CHEST components are proposed.
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2.8. Thesis Outline
This section summarises, in brief, the content of the next chapters and provides a flow of the thesis
work.

Chapter 3 discusses the thermodynamic model development of a waste heat integrated PTES system.
Further, a sensitivity analysis has been carried out on themodel to look the effect of various thermodynamic
parameters on the round trip efficiency of the system and performance of the storage. Finally, two
optimised PTES configurations have been compared based on performance, and economical aspects.

Chapter 4 uses the optimised thermodynamic model from Chapter 3 to apply in a case study. The case
study focuses on integrating waste heat from solar power alkaline electrolyzer into a PTES system.
The output parameters from the case study are further used to provide a preliminary design of cycle
components, i.e. heat exchangers and turbomachines.

Chapter 5, finally, concludes the results obtained and discuss the potential applicability of the proposed
system. Further, recommendations for the improvement of the model and future work have been
proposed.
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3
Thermodynamic Design of CHEST

3.1. Introduction
The previous chapters have provided all the necessary literature required for designing a thermodynamic
model of Pumped Thermal Energy Storage (PTES) system. This chapter will make use of this knowledge
to carry out the analysis on a waste heat integrated Rankine PTES system or CHEST system. A
computational model has been developed to design such system and observe the effect of various
parameters on the efficiency of the system. A conceptual process flow diagram of the CHEST system
is shown in Figure 3.1.

Figure 3.1: Conceptual process flow diagram of the CHEST system for the present work.

The working principle of the system, shown in Figure 3.1, has already been discussed in Chapter 2.3.
In general, a low grade waste heat (�̇�𝑖𝑛) can be used as a feed at the heat pump evaporator in the
charging cycle. The rest of the cycle follows the standard refrigeration/heat pump cycle. The heat
rejected in the condenser of heat pump (2-3) is stored in the thermal energy storage medium. This
heat is further extracted by the working fluid during the discharge cycle (6-7), which follows a standard
Rankine cycle, and produces work (�̇�𝑜𝑢𝑡) through a turbine.

Based on the conceptual PFD shown in Figure 3.1, the work carried out in this project will present a
suitable combination of working fluid and storage medium. Further, possible design configurations of
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the charging, discharging and storage cycles will be developed based on the PFD shown in Figure 3.1
and then optimised and compared to arrive on a promising design solution.

3.2. Thermodynamic Model Development
This section enlists the methodology followed for the development of the thermodynamic model and
analyzing the thermodynamic cycle. The procedure is as follows:

1. Defining the model objectives.

2. Listing the model input and output parameters.

3. Formulation of design assumptions.

4. Creation of required sub-models.

5. Applying necessary conservation laws and writing simplified constitutive equations.

6. Performing sensitivity analysis for sub-models.

7. Implementation on different design configurations.

8. Optimization of the thermodynamic system to fulfill necessary requirements.

The following sub-sections discuss the steps from 1 to 3. Section 3.3 discuss the different sub-system
models (step 4). Appendix D provides the details of step 5. Further, step 6 is discussed in section 3.4
and finally sections 3.5 & 3.6 look into the steps 7& 8.

3.2.1. Model objectives
As a first step, it is paramount to define the fundamental purpose of the thermodynamic model, the
kind of problem addressed by the model and key requirements of the model. For a typical CHEST
system, the model shall provide the round trip efficiency of the system and design inputs for different
components, which can be compared for various design configurations. The objectives of the thermodynamic
model and its key requirements are summarised in Table 3.1.

Model Criteria Definition

Purpose
The model will be developed to provide the thermodynamic performance (RTE)
of the CHEST system and the design requirements of the individual components,
at the operating conditions.

Problem Steady-State model

Requirements 1. The system model shall follow the lumped component model.
2. The model shall use a modular approach.
3. The model shall allow for analysing the effect of various design parameters
on the sytem performance.

Table 3.1: Modelling criteria
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3.2.2. Design input & output parameters
Table 3.2, lists out all the primary input parameters required to process the thermodynamic model of
the CHEST system based on the PFD shown in Figure 3.1. Moreover, it also lists the required output
parameters from the model.

Fixed Input Parameters Optimised Output Parameters

Waste heat input �̇�𝑖𝑛 Cycle temperature and pressure 𝑇, 𝑃
Waste heat temperature 𝑇𝑒 Performance of heat pump 𝐶𝑂𝑃
Evaporator temperature of heat pump 𝑇4 Thermal efficiency of heat engine 𝜂𝑡ℎ
Maximum hp cycle temperature and pressure 𝑇2, 𝑃2 Mass flow rate of working fluid �̇�ℎ𝑝, �̇�ℎ𝑒
Ambient temperature 𝑇𝑖 Mass flow rate of storage medium �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒
Condensation temperature of heat engine 𝑇5 Compressor work input �̇�𝑖𝑛
Degree of superheat, (Δ𝑇𝑠𝑢𝑝) 𝑇1 − 𝑇4 Turbine work output �̇�𝑜𝑢𝑡
Maximum and minimum storage temperature 𝑇𝑏 , 𝑇𝑎 Recuperator heat load �̇�𝑟𝑒𝑐
Compressor efficiency 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 Mass flow waste heat stream �̇�𝑤𝑎𝑠𝑡𝑒
Turbine efficiency 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 Mass flow ambient stream �̇�𝑎𝑚𝑏𝑖𝑒𝑛𝑡
Pump efficiency 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 Storage size V
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ Energy storage capacity E
Charging-discharging duration 𝑡𝑐ℎ , 𝑡𝑑𝑐ℎ Round Trip Efficiency 𝜂𝑅𝑇𝐸

Table 3.2: Input and output parameters of the thermodynamic model.

The choice of input values (eg: 𝑇, 𝑃) will be based on the sensitivity analysis, which is carried out to
analyse their effect on the system performance.

3.2.3. Design Assumptions
The model has been developed based on a steady-state computation and specific assumptions have
been made to simplify the model. The assumptions have been specifically applied to different system
components, which have beenmentioned in Appendix D. The overall assumptions made are as follows:

• The effects of the variation of potential energy, and kinetic energy across each component is
considered to be negligible.

• All the component systems have been considered to be thermally insulated from the surroundings,
thereby applying an adiabatic model across each component.

• The heat exchangers have been modelled considering a zero pressure drop, thereby using a
constant pressure model across each heat exchanger.

• Further, frictional pressure drop in the connecting conduits/lines have been assumed negligible.

3.3. Subsystem Models
The complete CHEST thermodynamic model has been divided into four different subsystem models,
where each module has its own set of conservation and constitutive equations. The advantage of
the modular approach is that, each subsystem model can be changed independently pertaining to the
system configuration required. The following subsections discuss each of the subsystem model.

3.3.1. Working fluid model
From Figure 2.21, the three fluids compared were R1233zD, Butane and Butene. The latter two
fluids shared similar thermophysical properties. It was seen that R1233zD was dominant in terms
of molecular weight while Butane & Butene held twice the latent heat of vaporization as compared
to R1233zD. This leads to a similar energy per unit volume (𝜌𝑉 ∗ Δℎ𝐿𝑉) of the vapor for all the three
fluids, which doesn’t have a significant difference in the compactness of the cycle components. Further,
R1233zD has been reported to be inflammable while Butane and Butene are highly flammable.
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Considering from safety point of view, R1233zD outperforms rest of the fluids compared. Moreover, it
has a lower critical pressure (∼ 35 𝑏𝑎𝑟) and an appropriate critical temperature as required for a CHEST
system. So, R1233zD has been selected as the working fluid for the CHEST system developed in this
work. The thermophysical properties of this fluid had been listed in Table 2.3.

In the operating thermodynamic cycles, the working fluid properties at individual state points have been
evaluated using the CoolProp package in Python [11]. Further REFPROP has been chosen as the
backend property evaluator for CoolProp. REFPROP uses the Helmholtz Equation Of State (HEOS) of
Mondejar et al. (2015) to evaluate the properties of R1233zD(E) [63]. The advantage of using HEOS
is that it allows to develop an EOS explicit in Helmholtz energy and all other thermodynamic properties
can be estimated using the partial derivatives of Helmholtz energy [92]. The HEOS for pure fluids can
be represented in dimensionless form as given in [57, 92]:

𝐴
𝑅𝑇 = 𝛼(𝜏, 𝛿) = 𝛼

0(𝜏, 𝛿) + 𝛼𝑟(𝜏, 𝛿), (3.1)

𝐴 = 𝑈 − 𝑇𝑆

where, 𝐴, &𝑅 represents the molar Helmholtz energy, and universal gas constant respectively. The
Equation (3.1) consists of two non-dimensional parts, (i) ideal Helmholtz energy denoted by 𝛼0, and (ii)
the residual Helmholtz energy denoted by 𝛼𝑟. These are a function of two independent dimensionless
parameters, (i) inverse reduced temperature, 𝜏 = 𝑇𝑐/𝑇, and (ii) reduced density, 𝛿 = 𝜌/𝜌𝑐 = 𝑉𝑐/𝑉.

Unlike the ideal fluid conditions, some of the properties extensively estimated at every state point, such
as specific enthalpy (ℎ), sepcific entropy (𝑠), etc. are a function of both temperature and pressure in
single phase regions, given by:

ℎ = ℎ(𝑇, 𝑃); 𝑠 = 𝑠(𝑇, 𝑃).

In the two-phase region, these properties are a function of a single independent variable, either temperature
or pressure.

3.3.2. Heat pump model
The heat pump has been modelled based on a single stage configuration of reverse Rankine cycle as
shown in Figure 3.1 as a charging cycle.

Thermal heat input and mass flow of working fluid in heat pump

As indicative from Figure 3.1, the waste heat has been coupled with the heat pump evaporator. For
preliminary analysis, 1 MW of waste heat has been considered to feed the heat pump. A constant
pressuremodel has been used for heat pump evaporator and is only a function of evaporator temperature,
i.e. 𝑃𝑒𝑣𝑎𝑝 = 𝑃𝑠𝑎𝑡(𝑇𝑒𝑣𝑎𝑝). Using Equation (D.5), the mass flow rate of the working fluid of heat pump
(�̇�ℎ𝑝) can be evaluated from the energy balance across evaporator. A Q-T diagram for the waste heat
source and evaporator is shown in Figure 3.2.

Figure 3.2: QT diagram for HP evaporator
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A minimum pinch (Δ𝑇𝑝𝑖𝑛𝑐ℎ) is set at the evaporator inlet (𝑇4) to limit the maximum temperature change
in hot waste stream. Moreover, a pinch at the evaporator inlet provides a flexibility for the amount of
superheat that can be provided towards evaporator outlet (1). For the fixed waste heat inlet temperature
(𝑇𝑒) and Δ𝑇𝑝𝑖𝑛𝑐ℎ, a higher temperature change in the waste heat stream will lower the heat pump
evaporator operating temperature, which will reduce the performance of the heat pump, as can be
inferred from Equation (3.3). The outlet waste stream temperature (𝑇𝑓) needs to be limited and is
dependent on the source of waste heat. This choice of waste heat outlet temperature (𝑇𝑓) will be made
during the analysis carried out for the case study in Chapter 4. Following this, the mass flow rate of the
waste heat stream required can be similarly calculated using the energy balance equation across the
evaporator:

Total energy transferred from heat pump to TES

A constant pressuremodel has been used for the cooling/condensation of high pressure, high temperature
working fluid (gaseous state) from the compressor outlet. The heat released during cooling/condensation
has been stored in the High Temperature-TES (HT-TES). A charging duration (𝑡𝑐ℎ) of 8 hours is assumed,
which leads to the total energy transferred by heat pump equivalent to:

𝐸𝑠𝑡𝑜𝑟 = �̇�ℎ𝑝 (ℎ2 − ℎ3) 𝑡𝑐ℎ . (3.2)

An Energy-Temperature (E-T) plot, as shown in Figure 3.3, provides a demonstration of the energy
transfer between heat pump and storagemedium. Figure 3.3a depicts the energy transfer to a combination
of latent and sensible storage, whereas, Figure 3.3b depicts energy transfer to a sole sensible storage.

(a) (b)

Figure 3.3: E-T diagram depicting energy transfer between heat pump and storage during charging cycle for (a)
latent storage, and (b) sensible storage configuration.

For the configuration shown in Figure 3.3a, the storage medium can have a pinch only at the inlet of
latent storage or outlet of sensible storage. While for the configuration in Figure 3.3b, a minimum pinch
is set at the outlet of the sensible storage. This allows to limit the maximum storage temperature 𝑇𝑏
and simultaneously gives flexibility for a choice of low storage temperature (𝑇𝑎). A high temperature
difference for storage medium (𝑇𝑏 − 𝑇𝑎) implies a less volume of storage needed for same amount of
energy stored.

COP of heat pump

For ideal conditions, Coefficient of Performance (COP) of a heat pump is dependent on the thermodynamic
mean temperature of heat source (𝑇𝑚, 𝑠𝑜𝑢𝑟𝑐𝑒) and heat storage (𝑇𝑚, 𝑠𝑡𝑜𝑟𝑎𝑔𝑒), which is given by the
following relation:

𝐶𝑂𝑃𝑖𝑑𝑒𝑎𝑙 =
𝑇𝑚, 𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑇𝑚, 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 − 𝑇𝑚, 𝑠𝑜𝑢𝑟𝑐𝑒
. (3.3)
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However, COP of the heat pump in this system is defined as the ratio of total energy stored in the TES
to the total work input in the compressor. It has been calculated using the following relation:

𝐶𝑂𝑃 = 𝐸𝑠𝑡𝑜𝑟/𝑡𝑐ℎ
�̇�𝑐𝑜𝑚𝑝

=
(ℎ2 − ℎ3)
(ℎ2 − ℎ1)

. (3.4)

The pressure ratio of a compressor has a direct impact on the COP. A higher pressure ratio will lead
to high compressor outlet temperature, which will eventually increase the enthalpy (ℎ2) at the outlet.
As such requiring more electric work and thus, lowering the COP. Therefore, for the same condenser
pressure, a higher evaporator pressure will result in a lower input work and an improved COP.

3.3.3. Heat engine model
The heat engine has been modelled based on a single stage configuration of an organic Rankine cycle
as shown in Figure 3.1 as a discharging cycle.

Heat input and mass flow of working fluid in heat engine

The stored energy from HT-TES is fed to the heat engine evaporator, which has also been modelled
based on a constant pressure model, i.e. 𝑃𝑒𝑣𝑎𝑝 = 𝑃𝑠𝑎𝑡(𝑇𝑒𝑣𝑎𝑝). An initial discharge duration (𝑡𝑑𝑐ℎ) of 8
hours is assumed. Using Equation (D.5), the mass flow rate of the working fluid can be evaluated as
follows:

�̇�ℎ𝑒 =
𝐸𝑠𝑡𝑜𝑟/𝑡𝑑𝑐ℎ
(ℎ8 − ℎ7)

=
�̇�ℎ𝑝 (ℎ2 − ℎ3) (𝑡𝑐ℎ/𝑡𝑑𝑐ℎ)

(ℎ8 − ℎ7)
. (3.5)

where, ℎ8 and ℎ7 is the specific enthalpy (𝑘𝐽/𝑘𝑔) of the working fluid at the outlet and inlet of the heat
engine evaporator respectively in Figure 3.1. The Energy-Temperature (E-T) plot shown in Figure 3.4
provides a demonstration of the energy transfer between storage medium and heat engine. Figure
3.4a depicts the energy transfer from a combination of latent and sensible storage, whereas, Figure
3.4b depicts energy transfer from a sole sensible storage.

(a) (b)

Figure 3.4: E-T diagram depicting energy transfer between storage and heat engine during dis-charging cycle for
(a) latent storage, and (b) sensible storage.

For the configuration shown in Figure 3.4a, the storage medium can have a pinch only at the outlet of
the heat engine evaporator (𝑇8) . While for the configuration shown in Figure 3.4b, a minimum pinch
is observed somewhere in the sensible heat transfer region. This is primarily due to the curvature
of isobar of the working fluid. This limits the minimum storage temperature 𝑇𝑎, which must be high
enough as compared to 𝑇7 in order to operate within the desired range of heat source and heat sink
temperatures.
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Thermal efficiency of heat engine

The thermal efficiency (𝜂𝑡ℎ) of the heat engine is defined as the ratio of total work obtained from the
turbine to the total energy received from the TES. It has been calculated using equations 3.5 and D.8,
and is formulated as follows:

𝜂𝑡ℎ =
�̇�𝑡𝑢𝑟𝑏

𝐸𝑠𝑡𝑜𝑟/𝑡𝑑𝑐ℎ
=
(ℎ8 − ℎ9)
(ℎ8 − ℎ7)

. (3.6)

The pressure ratio of a turbine has a direct impact on the thermal efficiency of heat engine. A higher
pressure ratio will lead to low turbine outlet temperature, which will increase the enthalpy difference
between the inlet and outlet of the turbine. As a result, it will increase the power output from the turbine
as evident from Equation (D.8). Therefore, for a fixed turbine inlet conditons, a lower condensation
pressure will increase the work output from a turbine and thereby boost the thermal efficiency of the
heat engine cycle.

Heat sink and heat engine condenser

The operating pressure of heat engine condenser is crucial in producing work output from the heat
engine. The effect of condenser pressure on heat engine performance is explained in the above
subsection. A lower condensation pressure is thus favourable. A Q-T plot, as shown in Figure 3.5,
exhibits the heat transfer between heat engine working fluid and ambient in a condenser.

Figure 3.5: QT diagram for heat engine condenser based on the PFD shown in Figure 3.1.

Since, the ambient fluid stream has fixed inlet conditions, the outlet is determined by the mass flow of
the ambient fluid stream. A higher temperature difference (𝑇𝑗−𝑇𝑖) resulting from lower mass flow rates
of the ambient stream will lead to increased saturation pressure of the condenser, in order to satisfy the
fixed pinch conditions. An increase in condenser pressure is undesirable due to reduced heat engine
efficiency. The temperature difference of the cold ambient stream is limited and chosen according to
the conditions mentioned in the case study in Chapter 4. Following this the mass flow rate of ambient
stream is calculated based on the energy balance across the condenser.

3.3.4. Thermal energy storage model
Sensible storage medium

Referring to Figure 2.13, for an ideal CHEST system, the variation in the performance of the system,
beyond a storage temperature of 200°𝐶, is less significant. For any givenwaste heat source temperature
and pinch , the RTE is observed to be merely constant after this temperature. From section 2.5.3,
thermal oils could be used as a sensible storagemedium pertaining to themaximum storage temperature
limit of 200°𝐶, since oils usually have a smoke point above 200°𝐶 and are quite thermally stable below
this temperature. Moreover thermal oils could be easily stored at ambient pressure, thus eliminating
the need of pressurised storage tanks (eg: in case of hot water storage).

As can be inferred from the Figures 2.22a and 2.22b, sunflower (SF) oil demonstrates a high specific
heat capacity as compared to other thermal oils, while the viscosity is roughly similar for every oil in the
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temperature range of 80−200°𝐶. In addition to high specific heat capacity, and good thermal stability, SF
oil is readily and cheaply available, which makes it a cost-competitive thermal energy storage medium.
As a result, sunflower oil has been selected as the sensible storage medium for the CHEST system
developed in this work.

The SF oil has been considered as an ideal and Newtonian fluid. This implies that the ideal fluid
conditions can be applied on SF oil. For example, the enthalpy will only be a function of temperature,
i.e. ℎ = ℎ(𝑇). Similarly, all other relevant properties such as specific heat, density, viscosity, thermal
conductivity, etc. are also purely dependent on temperature.

Further, the specific enthalpy (ℎ) can be expressed in terms of temperature by the following relation:

Δℎ = ∫
𝑇

0
𝑐𝑝(𝑇) 𝑑𝑇 (3.7)

where, 𝑐𝑝(𝑇) is the specific heat (J/kg-K) of the storage medium and is dependent on temperature.
Ashmore et al. (2014) provides a correlation depicting the specific heat dependence of sunflower oil
on temperature and is given as follows [60]:

𝑐𝑝(𝑇) = 2115.0 + 3.13𝑇, (3.8)

where, 𝑇 is the temperature in degree celcius.

Latent storage medium

A list of inorganic phase change materials can be found in the Figure D.6. Of these, the potential PCM’s
are listed in the following table:

PCM
Phase change
temperature

[°C]

Phase change
enthalpy
[kJ/kg]

𝐾𝑁𝑂3 − 𝑁𝑎𝑁𝑂2 − 𝑁𝑎𝑁𝑂3 (eu) 142 80
𝐾𝑁𝑂3 − 𝐿𝑖𝑁𝑂3(eu) 133 170
𝐿𝑖𝑁𝑂3 − 𝑁𝑎𝑁𝑂3(eu) 194 265

Table 3.3: Thermophysical properties of selected PCM’s

For R1233zD(E) as the working fluid, a suitable PCMmust have amelting temperature sufficiently below
the critical temperature 𝑇𝑐 = 165°𝐶 of the working fluid. However, a very low melting temperature will
lead to low maximum heat engine temperature (𝑇8), which will reduce the thermal efficiency of the heat
engine. The PCM should also possess a high phase change enthalpy (Δℎ𝑚). A higher Δℎ𝑚 implies
a lower storage volume. Comparing the PCM’s listed in Table 3.3, all of them lack one or the other
necessary conditions mentioned above.

In this thermodynamic model, a hypothetical PCM is considered with a melting temperature of 𝑇𝑚 =
150°𝐶, and phase change enthalpy, Δℎ𝑚 = 200𝑘𝐽/𝑘𝑔.

Energy storage and mass flow rate

The total energy storage (𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒) in the storage medium corresponds to the energy rejected by the
heat pump in the charging cycle during an assumed charging duration (𝑡𝑐ℎ) and is given by the Equation
(3.2). The same energy is discharged during the heat engine cycle within the desired discharge duration
(𝑡𝑑𝑐ℎ). A different charging and discharging duration leads to different mass flow rates of storage
medium during the charging (𝑚𝑐ℎ) and discharging (𝑚𝑑𝑐ℎ) cycle, which is given by:

�̇�𝑐ℎ =
𝐸𝑠𝑒𝑛, 𝑠𝑡𝑜𝑟/𝑡𝑐ℎ
ℎ𝑏 − ℎ𝑎

(3.9)

�̇�𝑑𝑐ℎ =
𝐸𝑠𝑒𝑛, 𝑠𝑡𝑜𝑟/𝑡𝑑𝑐ℎ
ℎ𝑏 − ℎ𝑎

. (3.10)
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where, ℎ𝑏 &ℎ𝑎 correspond to the enthalpy of storage medium at maximum and minimum storage
temperature respectively. A pinch of 2K is provided between the storage and charging-discharging
temperature profiles to account for continuous heat transfer.

For latent heat storage, the amount of mass required is constant during charging and discharging cycles
and is calculated using:

𝑚𝑙𝑎𝑡(𝑘𝑔) =
𝐸𝑙𝑎𝑡, 𝑠𝑡𝑜𝑟
Δℎ𝑚

= �̇�𝑐ℎ, 𝑙𝑎𝑡 ∗ 𝑡𝑐ℎ
Δℎ𝑚

= �̇�𝑑𝑐ℎ, 𝑙𝑎𝑡 ∗ 𝑡𝑑𝑐ℎ
Δℎ𝑚

. (3.11)

Storage volume

For a liquid sensible heat storage medium, the variation in the density with temperature is not much
significant. This leads to using a constant density for the sensible storage medium. Following the mass
flow rate equations 3.9 and 3.10, the total storage volume required has been calculated as follows:

𝑉𝑠𝑒𝑛(𝑚3) =
�̇�𝑐ℎ ∗ 𝑡𝑐ℎ ∗ 3600

𝜌 = �̇�𝑑𝑐ℎ ∗ 𝑡𝑑𝑐ℎ ∗ 3600
𝜌 . (3.12)

For the latent storage medium, the density remains to be constant. The volume required for a latent
storage is calculated using the following relation:

𝑉𝑙𝑎𝑡(𝑚3) =
𝑚𝑙𝑎𝑡
𝜌 . (3.13)
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3.4. Sensitivity Analysis
This section will look into the effects of the operating conditions, as mentioned in Table 3.2, on the
round trip efficiency and storage size of the thermally integrated PTES system. The analysis has been
carried out on a basic T-S diagram as shown in Figure 3.6.

Figure 3.6: A basic T-S diagram showing the cycle integration.

3.4.1. Storage Temperature
The maximum heat pump cycle temperature and pressure plays a critical role in deciding the maximum
temperature of the TES and optimizing the performance of the system. However, no optimization will
be carried out in this section and will be performed later in this chapter. As a first analysis, the effect
of pressure ratio of the charging cycle and maximum discharge cycle temperature will be seen on the
round trip efficiency (RTE) of the system and TES storage size.

(a) (b)

Figure 3.7: Effect of maximum heat engine cycle temperature and heat pump pressure ratio on (a) RTE, (b)
storage size (𝑡𝑜𝑛𝑛𝑒𝑠) computed for a charging duration of 8 ℎ𝑟𝑠 and a waste heat load of 1 MW.
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The plots shown in Figure 3.7 have been developed for a waste heat load of 1 MW, which is fed at
heat pump evaporator (5-0) in Figure 3.6. To analyse the effect of the heat pump pressure ratio (𝑃2/𝑃1)
and maximum heat engine cycle temperature (𝑇𝑒), a constant degree of superheat (Δ𝑇𝑠𝑢𝑝) before
compressor inlet (𝑇1 − 𝑇0) and a constant discharge cycle pressure ratio (𝑃𝑒/𝑃𝑓) have been assumed.
As can be inferred from Figure 3.6, a minimum (Δ𝑇𝑠𝑢𝑝) is essential to ensure the vapor compression
doesn’t occur in the two-phase region. For Figure 3.7b, storage size is compared for both sub-critical
and trans-critical cycle. A combination of latent and sensible storage is used for sub-critical case and
represents the total storage size. On the contrary, only sensible storage is considered for trans-critical
case, and it represents sensible storage size.

From Figure 3.7a, it can be observed that increasing the maximum discharge cycle temperature (𝑇𝑒)
augments the performance of the system. However, the RTE decreases with increasing charging cycle
pressure ratio. Increasing pressure ratio has a direct implication on increasing the temperature lift of
heat pump, which tends to decrease the performance of the system. Whereas, the higher the difference
in the temperature levels (𝑇𝑒 − 𝑇𝑓) in the heat engine cycle, higher would be the thermal efficiency of
the cycle.

From Figure 3.7b, it can be deduced that storage size reduces for both sub-critical and trans-critical
case with increasing pressure ratio. As discussed previously, increasing the heat pump pressure
ratio, raises the maximum charging cycle temperature. This proportionately impacts the hot storage
temperature. With increase in maximum cycle temperature, hot storage temperature also increases.
A large Δ𝑇 between low temperature and hot temperature side of the storage will require a less mass
to store an equal amount of heat. Similarly for the sub-critical case, higher the pressure ratio, higher is
the condensation temperature (𝑇3). A high condensation temperature implies a lower available latent
heat. This further points out that a lower latent storage would be required for a higher pressure ratio.

Effect of superheating on system performance with a superheater before compressor inlet

From the previous analysis, superheating was kept constant and effect of PR was observed on RTE
and storage size. For this case, a PR of 9 in charging cycle is considered and the superheating before
the compressor inlet is varied using a superheater. This superheater provides heat to the fluid stream
inlet to the compressor, from the fluid stream discharging heat to the storage. From Figure 3.6, a
superheater can be ideally placed between (3-4 and 1-0).

Figure 3.8: Effect of superheating before the inlet of compressor, with the help of a superheater, on RTE and
storage size of the system.

From figure 3.8, it can be observed that using a superheater can lead to lower performance values of a
heat pump. This is because, for the same pressure ratio (𝑃2/𝑃1) in the charging cycle, increasing the
superheating also elevates the maximum cycle temperature (𝑇2), which can be inferred from Figure
3.9. A higher temperature lift requires additional input electrical work. Moreover, a part of the heat
discharged to the storage is used for this superheating, which minimizes the positive effect of increased
energy storage by increasing 𝑇2.
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Further, the storage size can also be seen to decrease with a high degree of superheat. Again, this is
attributed to the elevation in maximum heat pump cycle temperature (𝑇2), which leads to a higher hot
storage temperature.

Figure 3.9: A T-S representation to demonstrate the effect of maximum temperature & pressure on superheating
before compressor inlet.

Effect of maximum temperature & pressure on superheating before compressor inlet

Taking reference from Figure 3.9, it is certain that with an increase in maximum cycle temperature, the
amount of superheating before compressor inlet increases, i.e. Δ𝑇𝑠𝑢𝑝(1𝑎 − 0) > Δ𝑇𝑠𝑢𝑝(1 − 0). On the
other hand, an increase in maximum cycle pressure tends to reduce the amount of superheating at the
compressor inlet. From Figure 3.8, a higher degree of superheat leads to lower performance values.
However, a lower value of superheating can lead to two phase compression. So a trade-off has to be
set between the maximum operating temperature and pressure for charging cycle, such that, lowest
possible superheating is favoured without entering into the two phase region, which can be assisted
with the help of the plot shown in Figure 3.10.

(a) (b)

Figure 3.10: Effect of maximum hp cycle temperature & pressure on amount of superheat needed before the inlet
of compressor for (a) sub-critical mode, and (b) trans-critical mode.

The choice of maximum temperature and pressure is different for heat pump operating in sub-critical
and trans-critical mode. The choice can be made for both sub-critical and trans-critical operating
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modes from Figure 3.10a and 3.10b respectively. For sub-critical mode, maximum temperatures
less than 170°𝐶 will keep the amount of superheating within 10% of heat load at evaporator. But,
the pressure value has to be chosen carefully. A higher pressure at low maximum temperature will
result in two-phase compression, which must be avoided. Similarly, for trans-critical mode a maximum
temperature less than 200°𝐶 could be taken into consideration. Moreover a pressure value providing
the best performance from Figure 3.7 could be selected.

3.4.2. Waste heat temperature
Low grade waste heat, in general, is available at temperatures in the range of 50 − 100°𝐶 [52]. The
quality of waste heat is determined by the temperature at which it is available. Higher the temperature,
higher is the grade of waste heat. This section will analyse the effect of waste heat temperature
on the RTE of the CHEST system. For this, the other operating conditions such as cycle maximum
temperature & pressure have been fixed. The waste heat load is kept constant at a value of 1 MW and
the thermal efficiency of the discharge cycle is assumed to be 20%.

(a) (b)

Figure 3.11: (a) Effect of waste heat temperature on the RTE (𝜂𝑅𝑇𝐸) of the CHEST system, (b) T-S representation
of varying heat pump evaporator temperature as a result of varying waste heat temperature. The RTE values

correspond to a heat pump discharge pressure of 45 bar.

Figure 3.11a exhibits the effect of waste heat temperature on the performance of the CHEST system,
while Figure 3.11b depicts the variation in T-S configuration due to change in waste heat temperature. A
given waste heat temperature decides the evaporator temperature based on the pinch provided, which
is required for continuous heat transfer between the source stream and the working fluid.

As can be observed from Figure 3.11a, the availability of waste heat at higher temperatures improves
the performance of the system. This can be explained using the fact that the COP of a heat pump is
inversely proportional to the temperature lift backed by Equation (3.3). Lower the temperature lift, higher
is the COP (Figure 2.13). As can be seen from Figure 3.11b, an increase in waste heat temperature and
thus an increase in evaporator temperature, the heat delivered to energy storage reduces (2-3e < 2-3d,
2-3c etc). Although energy storage reduces with increasing waste heat temperature, the performance
increases, which points out the fact that the increasing waste heat temperature reduces the compressor
power more significantly than energy storage.
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3.5. Case-I: CHEST with High Temperature Latent Storage
This case will look upon a sub-critical CHEST system with latent heat storage as a hot TES medium
while a sensible storage medium used to store the remaining heat available. The scenario is depicted
in the process flow diagram as shown in Figure 3.12.

Figure 3.12: Process flow diagram of CHEST system with a combination of latent and sensible heat storage.

The design configuration of the CHEST system shown in Figure 3.12 is similar to the one discussed
in the literature case-I (Figure 2.14). The key difference being the working fluid and storage medium
used. In this case, R1233zD(E) is used as the primary working fluid, and sunflower oil is used as the
sensible storage medium while a hypothetical PCM, as mentioned in earlier sections, is used as the
latent storage medium.

Heat balancing of charging and discharging cycles

Presence of multiple storages (latent + sensible) may lead to uneven charging and discharging of the
CHEST system. In order to counter this imbalance, ratio of latent heat to sensible heat is kept constant
during charging and discharging cycle. The heat ratio equivalence relation is provided as follows:

| 𝑄𝑙𝑎𝑡𝑒𝑛𝑡𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
|
𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

= | 𝑄𝑙𝑎𝑡𝑒𝑛𝑡𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
|
𝑑𝑖𝑠−𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

. (3.14)

The constant heat ratio ensures both mass and energy balance of sensible heat storage.

3.5.1. Input parameters
The various inputs required to build a thermodynamic design, presented in this case, are listed in Table
3.4.

As mentioned in the previous section, a hypothetical PCM is considered with a melting temperature
𝑇𝑚 = 150°𝐶. This value is sufficiently below the critical temperature of R1233zD(E) (𝑇𝑐𝑟 = 165°𝐶).
This is necessary in order to maximise the use of latent heat of condensation of the working fluid in the
heat pump for the storage.

A pinch of 2𝐾 is fixed between the latent storage and the working fluid of heat pump and heat engine.
This further defines the condensation temperature in heat pump condenser equivalent to the sum of
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Fixed Input Parameters

Waste heat input �̇�𝑖𝑛 1 MW𝑡ℎ
Waste heat temperature 𝑇𝑒 80 °C
Evaporator temperature of heat pump 𝑇5 70 °C
Condensation temperature of heat pump 𝑇3 152 °C
Condensation temperature of heat engine 𝑇6 20 °C
Degree of superheat, Δ𝑇𝑠𝑢𝑝 𝑇1 − 𝑇5 5 K
Melting temperature of latent storage medium 𝑇𝑚 150 °C
Maximum sensible storage temperature 𝑇𝑏 150 °C
Minimum storage temperature 𝑇𝑎 60 °C
Compressor efficiency 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 80 %
Turbine efficiency 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 88 %
Pump efficiency 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 80 %
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 K
Charging-discharging duration 𝑡𝑐ℎ , 𝑡𝑑𝑐ℎ 8 hrs

Table 3.4: Input parameters for the latent storage case shown in Figure 3.12.

storage temperature and minimum pinch. Further same pinch is set between sensible storage medium
and the heat pump working fluid. This leads to fixing the maximum sensible storage temperature,
𝑇𝑏 = 150°𝐶. Moreover, the minimum sensible storage temperature is fixed at 𝑇𝑎 = 60°𝐶 which needs
to be at sufficiently high temperature as compared to the heat engine sink temperature. Due to the
curvature of the isobar with red contour line, as shown in Figure 3.4, the pinch lies somewhere in
between the sensible temperature profile. So, a sufficiently high, cold side storage temperature will
ensure heat transfer above pinch in the sensible heat exchange zone.

The waste heat is considered to be available at 80°𝐶. Assuming a minimum approach temperature
of 2𝐾, the evaporator temperature is set to 70°𝐶, with a degree of superheat (Δ𝑇𝑠𝑢𝑝) equal to 5𝐾
within the evaporator. This is done do avoid using an additional component for providing high degree
of superheating before the inlet of the compressor. Moreover, Δ𝑇𝑠𝑢𝑝 is provided to ensure that the
compression of working fluid doesn’t occur in the two-phase region.

The condensation temperature of heat engine cycle (𝑇6) is kept at 20°𝐶 to allow for heat exchange with
the ambient. This value shall be kept as low as possible to have a higher degree of expansion from
the turbine and thereby generate more power. In this case, heat is being rejected to the ambient and
thus it poses a lower limit for the condensation temperature. Finally, for the isentropic efficiencies of
the turbomachines, the values (𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 = 0.8, 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 = 0.8, 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 = 0.88) have been taken based
on the state of the art for a similar CHEST system [49].
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3.5.2. Results
Based on the input parameters given in Table 3.4, the Temperature-Entropy (T-S) andHeat duty-Temperature
(Q-T) curves have been modelled as shown in Figure 3.13, and 3.14 respectively.

Temperature-Entropy (T-S) diagram

Figure 3.13: T-S plot for the given input conditions corresponding to the PFD shown in Figure 3.12

Heat load-Temperature (Q-T) diagram

Figure 3.14: Q-T plot representing the total heat exchange between heat pump, storage and heat engine.

In Figure 3.13, the charging or heat pump cycle is outlined in green while discharging or heat engine
cycle in red color. Both the cycles thermally balance each other completely as the heat exchange
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across sensible storage and latent storage is same. This results out to a same charging and discharging
duration.

The Q-T diagram shown in figure 3.14 reflects the total heat exchange between the charging, storage
and discharging cycles. During charging cycle, the heat is first stored in the latent storage (2−3 𝑡𝑜 𝑏−𝑏′)
until R1233zD reaches saturated liquid condition (3) and further, the heat released during sub-cooling
(3−4) is sensibly stored in the sunflower oil (𝑎−𝑏). During discharging, R1233zD is preheated (8−9)
using the heat from sensible storage tank to saturated liquid condition (9) and further evaporated to
superheated condition (10) using the latent heat from the energy stored in PCM. As can be observed,
a minimum pinch appears between 3−𝑏 in the charging cycle while between 10−𝑏′ in the discharging
cycle.

The final operating and performance parameters of the CHEST cycle are included in Figure 3.15 and
Table 3.5. A high heat pump COP is achieved due to a lower temperature lift (1−2) and simultaneously
a high thermal efficiency due to expansion through larger temperature levels (10 − 11). This resulted
in a thermal round trip efficiency 𝜂𝑅𝑇𝐸, 𝑡ℎ of ∼ 118%.
These results are based on the choice of a hypothetical PCM used for latent storage, which requires a
mass of ∼ 73 tonnes to store an energy equal to 4.1𝑀𝑊𝑡ℎ for a period of 8ℎ𝑟𝑠.
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Output operating conditions

Figure 3.15: Output process flow diagram of CHEST system with a combination of latent and sensible heat
storage.

Output Quantities
Mass flow R1233zD(E) heat pump �̇�ℎ𝑝 6.0 𝑘𝑔/𝑠
Mass flow R1233zD(E) heat engine �̇�ℎ𝑒 5.0 𝑘𝑔/𝑠
Mass flow SF oil storage �̇�𝑠𝑡𝑜𝑟 2.2 𝑘𝑔/𝑠
Mass of PCM required 𝑚𝑙𝑎𝑡, 𝑠𝑡𝑜𝑟 73 𝑡𝑜𝑛𝑛𝑒𝑠
Performance of heat pump 𝐶𝑂𝑃 540 %
Thermal efficiency of heat engine 𝜂𝑡ℎ 22 %
Compressor work input �̇�𝑖𝑛 0.23 𝑀𝑊
Turbine work output �̇�𝑜𝑢𝑡 0.26 𝑀𝑊
Latent storage heat load �̇�𝑙𝑎𝑡 0.51 𝑀𝑊𝑡ℎ
Sensible storage heat load �̇�𝑠𝑒𝑛 0.72 𝑀𝑊𝑡ℎ
Recuperator heat load �̇�𝑟𝑒𝑐 0.11 𝑀𝑊𝑡ℎ
Heat engine condenser duty �̇�𝑜𝑢𝑡 0.97 𝑀𝑊𝑡ℎ
Latent energy storage capacity 𝐸𝑙𝑎𝑡 4.1 𝑀𝑊ℎ
Sensible energy storage capacity 𝐸𝑠𝑒𝑛 5.76 𝑀𝑊ℎ
Latent heat storage size V𝑙𝑎𝑡 38 𝑚3
Sensible heat storage size V𝑠𝑒𝑛 75 𝑚3
Latent heat storage energy density 𝑈𝑙𝑎𝑡 0.11 𝑀𝑊ℎ/𝑚3
Sensible heat storage energy density 𝑈𝑠𝑒𝑛 0.07 𝑀𝑊ℎ/𝑚3
Round trip efficiency 𝜂𝑅𝑇𝐸 118 %

Table 3.5: Operating conditions for the design configuration shown in Figure 3.12.
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3.6. Case-II: CHEST with High Temperature Sensible Storage
In this case, the heat pump is considered to operate in a trans-critical mode, while the heat engine in
a sub-critical mode. This is done to facilitate the use of a single sensible storage with a dual storage
tank system, instead of multiple storage mediums or reservoirs. A process flow diagram exhibiting the
scenario is shown in Figure 3.16.

Figure 3.16: Process flow diagram of the base case with single sensible heat storage.

The working principle of the process shown in Figure 3.16 remains identical to the one explained earlier.
However, the difference arises out of the fact that a sensible storage medium has been used with just
two storage tanks i.e. one cold and one hot storage tank. In the charging cycle, the gas cooler is
used to cool the supercritical working fluid to a liquid state (2-2’). This is followed by another heat
exchanger, termed as sub cooler, which is used to transfer heat between the liquid working fluid and
storagemedium from (2’ to 3). Meanwhile, the heat rejected from the supercritical working fluid is stored
in the hot storage tank (a-b). On the other hand, in the discharging cycle, the pumped working fluid is
first preheated (6-7) by the hot fluid from the turbine outlet (10) followed by the storage medium in the
preheater (7-8). The working fluid further discharges heat from the storage medium to get evaporated
and superheated in the evaporator before entering the turbine (9), while the storage medium gets
cooled down (b-a) and is stored back in the cold storage tank.

3.6.1. Input Parameters
The various inputs required to build a design, presented in this case, are listed in Table 3.6.

The maximum storage temperature has been chosen to be 190°𝐶. Since sunflower oil has been
selected as the storage medium, the maximum storage temperature value has been motivated by
the fact that the smoke point of the oil is in the range of 230 − 250°𝐶 depending upon the grade of the
oil [10, 42, 45]. The selected value is a conservative choice with an attempt to always keep the high
temperature below the smoke point.

The waste heat is considered to be available at 80°𝐶. Assuming a minimum approach temperature of
2𝐾, the evaporator temperature is set to 70°𝐶, with a degree of superheat of 5𝐾 within the evaporator.
This is done do avoid using an additional component for providing high degree of superheating before
the inlet of the compressor. A maximum cycle pressure of 50 𝑏𝑎𝑟 has been chosen to allow for a
minimum approach temperature of 2𝐾 at the inlet of the gas cooler.
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Fixed Input Parameters

Waste heat input �̇�𝑖𝑛 1 MW𝑡ℎ
Waste heat temperature 𝑇𝑒 80 °C
Evaporator temperature of heat pump 𝑇4 70 °C
Maximum heat pump cycle Pressure 𝑃2 50 bar
Ambient temperature 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 15 °C
Condensation temperature of heat engine 𝑇5 20 °C
Degree of superheat, (Δ𝑇𝑠𝑢𝑝) 𝑇1 − 𝑇4 5 K
Maximum storage temperature 𝑇𝑏 190 °C
Minimum storage temperature 𝑇𝑎 60 °C
Compressor efficiency 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 80 %
Turbine efficiency 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 88 %
Pump efficiency 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 80 %
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 K
Charging-discharging duration 𝑡𝑐ℎ , 𝑡𝑑𝑐ℎ 8 hrs

Table 3.6: Input parameters for the base case shown in Figure 3.16.

The condensing temperature of heat engine cycle is kept at 20°𝐶 to allow for heat exchange with the
ambient. This value shall be kept as low as possible to have a higher degree of expansion from the
turbine and thereby generate more power. In this case, heat is being rejected to the ambient and thus
it poses a lower limit for the condensation temperature.

A same charging and discharging duration of 8ℎ𝑟𝑠 has been considered. For the isentropic efficiencies
of the turbomachines, the values (𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 = 0.8, 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 = 0.8, 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 = 0.88) have been taken
based on the values motivated from the literature.[49].
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3.6.2. Results
Based on the input parameters, the Temperature-Entropy (T-S) and Energy-Temperature (E-T) curves
have been modelled as shown in Figure 3.17, and 3.18 respectively.

Temperature-Entropy (T-S) diagram

Figure 3.17: T-S plot for the given input conditions corresponding to the PFD shown in Figure 3.16

Energy-Temperature (E-T) diagram

Figure 3.18: E-T plot representing the total energy exchange between heat pump, storage and heat engine.

From the T-S diagram, Figure 3.17, the closed cycle in green color represents the charging or heat pump
cycle, while the discharge or Rankine cycle is outlined in red color. The working fluid (R1233zD(E))
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is allowed to evaporate and get superheated (4-1) using the waste heat, 𝑄𝑖𝑛 = 1𝑀𝑊. It is further
compressed to supercritical conditions (1-2) with the aid of external electric work𝑊𝑖𝑛. The working fluid
is then allowed to cool in a gas cooler (2-2’-3) and reject heat to the storage medium (a-b). This can be
effectively seen in the E-T diagram shown in Figure 3.18. The blue curve represents the temperature
profile of sunflower oil during charging and discharging cycles. During the charging cycle, the heat is
sensibly stored in the sunflower oil while heating from 60−190°𝐶 (a-b) and the storage cycle is reversed
during the discharging phase (b-a).

The heat balance within charging and discharging cycles is subjected to a constant energy transferred
from heat pump to storage to heat engine cycle. Since the charging and discharging duration remains
same, the amount of heat (thermal) exchanged tends to be equal, i.e. 𝑄𝑜𝑢𝑡,𝑐ℎ = 𝑄𝑖𝑛,1+𝑄𝑖𝑛,2, as evident
from Figure 3.18.

The corresponding mass flow rates, COP, 𝜂𝑡ℎ, storage volume have been summaried in Table 3.7.

Output operating conditions

Output Quantities
Mass flow R1233zD(E) heat pump �̇�ℎ𝑝 6 𝑘𝑔/𝑠
Mass flow R1233zD(E) heat engine �̇�ℎ𝑒 5.3 𝑘𝑔/𝑠
Mass flow SF oil storage �̇�𝑠𝑡𝑜𝑟 2.6 𝑘𝑔/𝑠
Performance of heat pump 𝐶𝑂𝑃 456 %
Thermal efficiency of heat engine 𝜂𝑡ℎ 20 %
Compressor work input �̇�𝑖𝑛 0.28 𝑀𝑊
Turbine work output �̇�𝑜𝑢𝑡 0.26 𝑀𝑊
Recuperator heat load �̇�𝑟𝑒𝑐 0.1 𝑀𝑊𝑡ℎ
Heat engine condenser duty �̇�𝑜𝑢𝑡 1.03 𝑀𝑊𝑡ℎ
Energy storage capacity 𝐸 10.24 𝑀𝑊ℎ
Storage size V 89 𝑚3
Energy storage density 𝑈 0.115 𝑀𝑊ℎ/𝑚3
Round trip efficiency 𝜂𝑅𝑇𝐸 91 %

Table 3.7: Operating conditions for the design configuration shown in Figure 3.16.
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3.6.3. Optimization
The results of the previous section were based on the assumed values of certain cycle input parameters.
These values were taken from the desired range, which was based on the sensitivity analysis done in
section 3.4. This section will provide an optimised value of all the state points of the charging and
discharging cycle for a particular optimization case.

Same heat exchanger for charging and discharging cycles

The operating period for the the heat pump and heat engine cycle considered in this work are different.
Using the advantage of this fact, using same components for both the cycles can lead to a significant
reduction in overall system costs (CAPEX). This optimised case will only consider using a same heat
exchanger between the working fluid (R1233zD(E)) and the storage medium for both the cycles, limited
to a part of the total energy exchange. This scenario has been depicted in the process flow diagram
below, Figure 3.19.

Figure 3.19: Process flow diagram for the optimised case with a common HEX between storage medium and
charging-discharging cycles.

The charging and discharging cycles, shown in Figure 3.19, operate similarly to the cycles shown in
the non-optimised case in figure 2.17. A key difference is the use of a ‘Common HEX’ in Figure 3.19,
which seems to replace the sub-cooler & preheater in Figure 2.17. So during the charging cycle the
working fluid enters the ‘Common HEX’ in compressible liquid form (2’) and rejects heat to the storage
medium (a-c), while the direction of the working fluid is reversed during the discharging cycle to absorb
heat from the storage medium (c-a) and reach saturated liquid conditions (8). The direction of the flow
of working fluid and the storage medium through the ‘Common HEX’ is controlled and operated by
valves 𝑉1, & 𝑉2 on the lower temperature side and 𝑉3, & 𝑉4 on the higher temperature side. During the
charging cycle, valve 𝑉1 and 𝑉3 are open to streams 3 and 2′ respectively, while valve 𝑉2 and 𝑉4 are
open to storage medium flowing from cold storage tank to hot storage tank. Conversely, during the
discharging cycle, valve 𝑉1 and 𝑉3 are open to streams 7 and 8 respectively, while valve 𝑉2 and 𝑉4 are
open to storage medium flowing from hot storage tank to cold storage tank.

The ‘Common HEX’ has been preferably placed between the gas cooler of the charging cycle and
the recuperator of the discharging cycle. As can be observed from Figure 3.18, the temperature
profiles of charging, discharging, and storage medium are quite linear, until the working fluid enters
the evaporator in the discharging cycle. Moreover, the working fluids in this region are in same liquid
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state and share similar thermophysical properties. The solution to this optimization requires matching
the heat exchanger area (𝐴𝐻𝐸𝑋) for both the charging and discharging case. The area can be calculated
using the overall heat transfer equation as follows:

𝐴𝐻𝐸𝑋 = (
�̇�𝐻𝐸𝑋

𝑈0 ⋅ 𝐿𝑀𝑇𝐷
)
𝑐ℎ
= ( �̇�𝐻𝐸𝑋

𝑈0 ⋅ 𝐿𝑀𝑇𝐷
)
𝑑𝑐ℎ

, (3.15)

where, �̇�𝐻𝐸𝑋, and 𝐿𝑀𝑇𝐷 represent the heat load and the log mean temperature difference of the heat
exchanger and are dependent on the process streams inlet and exit state points. The term ‘𝑈’ represent
the overall heat transfer coefficient and is a component specific property, which also depends on other
factors such as nature of heat transfer, thermal properties of the HEX material across which heat
transfer takes place, geometry, etc.

In the present work, the ‘Common HEX’ inlet & outlet state points have been optimized considering
same “𝑈𝐴” value for charging and discharging cycle. Since, operating conditions, nature of heat
transfer, thermophysical properties of working fluid in charging and discharging cycle in the specified
region are similar, the overall heat transfer coefficient results to be similar for both the cycles. This
further leads to a similar heat exchange area for both the cycles and the geometry giving the higher
area could be selected. So Equation (3.15) can be re-written as:

(𝑈0𝐴)𝐻𝐸𝑋 = (
�̇�𝐻𝐸𝑋
𝐿𝑀𝑇𝐷)𝑐ℎ

= ( �̇�𝐻𝐸𝑋𝐿𝑀𝑇𝐷)𝑑𝑐ℎ
. (3.16)

As mentioned previously, the heat balance of the CHEST system, in this work, is subjected to constant
energy transfer from heat pump to TES to heat engine. In an attempt to modulate the state point
parameters to achieve a constant “𝑈0𝐴” value for both the cycles, the heat load for both the cycles may
vary, which is mainly dependent on charging (𝑡𝑐ℎ) and discharging (𝑡𝑑𝑐ℎ) times through the following
relation:

𝐸𝑠𝑡𝑜𝑟 = �̇�𝑐ℎ ⋅ 𝑡𝑐ℎ = �̇�𝑑𝑐ℎ ⋅ 𝑡𝑑𝑐ℎ . (3.17)

A different charging and discharging time for the storage medium can be controlled by varying the mass
flow rate of storage medium (�̇�𝑠) for both the cycles, such that volume flow remains constant:

�̇�𝑠, 𝑐ℎ ⋅ 𝑡𝑐ℎ = �̇�𝑠, 𝑑𝑐ℎ ⋅ 𝑡𝑑𝑐ℎ . (3.18)

A preliminary design of this HEX has been done in Chapter 4.

Optimizing scheme

The optimization procedure followed in this work is limited to evaluating the cycle state parameters
and performance related parameters and thus, no optimization on sizing of the components have been
performed in this work. A single-objective and multi-variable optimization has been carried out on the
steady-state model of the CHEST system discussed in Figure 3.19. It is based on the Sequential Least
Squares Programming (SLSQP) algorithm, which performs the user defined action on the objective
function in a sequential manner, i.e. begins from a fixed point (input from the user) and performs the
mass and energy balance across each component in the direction of flow while being subjected to
certain required boundary conditions in the form of constraints and bounds (upper and lower limit).

The optimizer is characterised mainly by an objective function, 𝑓(𝑥), subject to a set of constraints
(linear or non-linear) which defines the conditions to be satisfied to reach the desired outcome. Further,
it is boundedwith the upper and lower limits of the decision variables. A general constrained optimization
problem can be formulated as follows:

𝑚𝑖𝑛
𝑥
(𝑓(𝑥) +∑

𝑖
𝑃𝑒𝑛𝑖(𝑥))

subject to: 𝑏𝑗 ≤ 𝑔𝑗(𝑥) ≤ 𝑐𝑗 ∀𝑗 = 1, ..., 𝑛𝑐𝑜𝑛𝑠𝑡𝑟 (3.19)
𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

𝑥𝑘 ∈ ℝ 𝑥𝑙 ∈ ℤ
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where, 𝑥 is the set of decision variables, for which the optimization problem will minimize the objective
function 𝑓(𝑥). A set of constraints 𝑔𝑗(𝑥) have been applied, where ‘𝑗’ goes from 1 to number of
constraints. The choice of decision variables ‘𝑥’ can be either real numbers (𝑥𝑘) or integers (𝑥𝑙),
however within the lower (𝑙𝑏 and upper (𝑢𝑏) bound. Moreover, penalties 𝑃𝑒𝑛(𝑥) could be introduced
along with the objective function, to convert the constrained problem into an un-constrained problem.
A penalty proportional to the extent of violation of the constraints is added to the objective function in
order to guide the optimizer towards more feasible solutions.

In this work, no such use of penalties have been made, instead, constraints have been applied to direct
the feasibility of the optimized solution. The inverse of round trip efficiency (RTE) of the system has
been chosen as the objective function which needs to be minimised to get the maximum RTE. Further,
the maximum cycle temperature and pressure values for both the cycles along with the discharge
duration have been taken as decision variables. The constraints have been applied to the following: (i)
the extent of superheating before compression in the heat pump cycle, (ii) pinch between the storage
medium and charging-discharging cycles, (iii) discharge duration, and (iv) the vapor quality of working
fluid being compressed or expanded.

Table 3.8 enumerates all the fixed and variable quantities given as an input to the thermodynamic model
to obtain the optimized solution.

Input Parameters

Waste heat input �̇�𝑖𝑛 1 MW𝑡ℎ Fixed
Waste heat temperature 𝑇𝑒 80 °C Fixed
Evaporator temperature of heat pump 𝑇4 70 °C Fixed
Maximum heat pump cycle temperature 𝑇2 190 - 200 °C Variable
Maximum heat pump cycle Pressure 𝑃2 40-50 bar Variable
Maximum heat engine cycle temperature 𝑇9 120 - 170 °C Variable
Maximum heat engine evaporator temperature 𝑇8 120 - 165 °C Variable
Ambient temperature 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 15 °C Fixed
Condensation temperature of heat engine 𝑇5 20 °C Fixed
Degree of superheat, (Δ𝑇𝑠𝑢𝑝) 𝑇1 − 𝑇4 5-10 K Variable
Maximum storage temperature 𝑇𝑏 190 °C Fixed
Minimum storage temperature 𝑇𝑎 60 °C Fixed
Compressor efficiency 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 80 % Fixed
Turbine efficiency 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 88 % Fixed
Pump efficiency 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 80 % Fixed
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 K Fixed
Charging duration 𝑡𝑐ℎ 8 hrs Fixed

Table 3.8: Fixed and variable input parameters for the optimized case shown in Figure 3.19.
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3.6.4. Results
Based on the optimized decision variables given in Table 3.9, the Temperature-Entropy (T-S) and
Energy-Temperature (E-T) plot for the optimized system have been modelled and exhibited in Figure
3.20, and 3.21 respectively.

Temperature-Entropy (T-S) diagram

Figure 3.20: T-S plot for the optimized conditions corresponding to the PFD shown in Figure 3.19.

Energy-Temperature (E-T) diagram

Figure 3.21: E-T plot depicting the energy transfer between heat pump, storage and heat engine cycles.
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Optimized operating conditions

Figure 3.22: Output Process flow diagram for the optimised case with a common HEX between storage medium
and charging-discharging cycle.

Cycle state points Temperature
(°C)

Pressure
(bar)

1 75 5.1
2 192 48.4
2’ 154.5 48.4
3 72 48.4
4 70 5.1
5 20 1.1
6 21 20
7 34.0 20
8 132.4 20
9 133 20
10 42 1.1
11 23 1.1
c 135.1 5.0

Table 3.9: Heat pump and heat engine cycle optimized state points based on the input parameters given in Table
3.8 for the design configuration shown in Figure 3.19.
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Output Quantities
Mass flow R1233zD(E) heat pump �̇�ℎ𝑝 6 𝑘𝑔/𝑠
Mass flow R1233zD(E) heat engine �̇�ℎ𝑒 3.5 𝑘𝑔/𝑠
Mass flow SF oil storage during charging �̇�𝑠𝑡𝑜𝑟, 𝑐ℎ 2.6 𝑘𝑔/𝑠
Mass flow SF oil storage during discharging �̇�𝑠𝑡𝑜𝑟, 𝑑𝑐ℎ 1.7 𝑘𝑔/𝑠
Performance of heat pump 𝐶𝑂𝑃 460 %
Thermal efficiency of heat engine 𝜂𝑡ℎ 20 %
Compressor work input �̇�𝑖𝑛 0.28 𝑀𝑊
Turbine work output �̇�𝑜𝑢𝑡 0.17 𝑀𝑊
Common HEX duty during charging �̇�2′−3 0.7 𝑀𝑊𝑡ℎ
Common HEX duty during discharging �̇�8−7 0.47 𝑀𝑊𝑡ℎ
Recuperator heat load �̇�𝑟𝑒𝑐 0.06 𝑀𝑊𝑡ℎ
Heat engine condenser duty �̇�𝑜𝑢𝑡 0.7 𝑀𝑊𝑡ℎ
Discharge duration 𝑡𝑑𝑐ℎ 12.0 ℎ𝑟𝑠
Energy storage capacity 𝐸 10.24 𝑀𝑊ℎ
Storage size V 89 𝑚3
Energy storage density 𝑈 0.115 𝑀𝑊ℎ/𝑚3
Round trip efficiency 𝜂𝑅𝑇𝐸 92 %

Table 3.10: Optimized operating conditions for the design configuration shown in Figure 3.19.

Discussion

From Figure 3.20, the optimization has resulted in a better COP of heat pump, eventually to a higher
RTE of the system as compared to the non-optimised case, Figure 3.17, by ∼ 1%. Although the
increase in RTE isn’t significant, using a common HEX reduces a component from the system, which is
a huge benefit in lowering the total CAPEX of the system. Moreover, employing a same HEX between
charging, storage and discharging cycles (2′ − 3, 𝑐 − 𝑎, 8 − 7) has led to a different heat exchange
duty of the common HEX for charging and discharging cycles. This results into different charging and
discharging times for the system as can be explained by Equation (3.17). This system will be a good
solution for storing energy during the day time (∼ 8ℎ𝑟𝑠) and further having sufficient time during the
night (∼ 12ℎ𝑟𝑠) to get discharged and generate power.
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3.7. Design Comparison
In the previous sections two main design configurations were exhibited, namely, CHEST with high
temperature latent storage and CHEST with single sensible storage, as shown in Figure 3.12 and 3.19
respectively. The key differences in the design and performance of the two configurations has been
listed in Table 3.11.

CHEST CASE-I: CHEST with High
Temperature Latent Storage

CASE-II: CHEST with Full
Sensible Storage

Working Fluid R1233zD R1233zD

Operating Phase Heat Pump: Sub-critical mode
Heat Engine: Sub-critical mode

Heat Pump: Trans-critical mode
Heat Engine: Sub-critical mode

Coefficient of Performance 5.4 4.6
Heat Engine thermal efficiency 0.22 0.2

Storage Medium Latent storage: Hypothetical PCM
Sensible storage: Sunflower oil Sensible storage: Sunflower oil

Storage Temperature
Latent storage: 𝑇𝑚 = 150°C

Sensible storage: 𝑇𝑚𝑎𝑥 = 150°C
𝑇𝑚𝑖𝑛 = 60°C

𝑇𝑚𝑎𝑥 = 190°C
𝑇𝑚𝑖𝑛 = 60°C

Storage Volume Latent storage: 38 𝑚3
Sensible storage: 75 𝑚3 89 𝑚3

Total Energy Storage Density* Latent storage: 0.11 𝑀𝑊ℎ/𝑚3
Sensible storage: 0.07 𝑀𝑊ℎ/𝑚3 0.115 𝑀𝑊ℎ/𝑚3

Round Trip Efficiency 1.18 0.92
number of heat exchangers 7 6

Table 3.11: Comparison of design configuration and performance parameters of the CHEST system
corresponding to Figure 3.12 & 3.19.

* Total energy storage density corresponds to a charging duration of 8 hrs.

From Table 3.11, for the same amount of waste heat available, the total energy storage capacity
obtained in Case-II is more than that obtained in Case-I, however, the difference is meagre. However,
the storage volume obtained with single sensible heat storage is significantly less than the combined
storage volume of CASE-1. The low storage volume results in higher energy density of single sensible
heat storage configuration.

In terms of the thermodynamic performance, Case-I is much efficient than Case-II with RTE 𝜂𝑅𝑇𝐸, 𝑡ℎ
more than 25%. Nevertheless, use of single sensible heat storage has allowed to reduce the number
of cycle components by using same HEX for charging and discharging cycles in the sensible heat
transfer region. This has the potential to considerably reduce the CAPEX of the plant.

As already mentioned, the latent storage assumed is a hypothetical PCM. The less availability and high
operational costs of PCM along with complex heat transfer modelling makes PCM a weaker choice as
compared to using sunflower oil. Moreover, PCM needs to be exposed to same pressure as that of
working fluid. On the other hand, oil as the TES medium can be stored at ambient pressure conditions.
In addition, the high availability and low cost of sunflower oil could compensate more than the reduction
of the round trip efficiency. As a result, CHEST with fully sensible storage, and sunflower oil as the
energy storage medium will be used to carry out the further analysis of the case study described in the
following chapter.
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Equipment Design

4.1. Introduction
In this chapter, the thermodynamic model developed in Chapter 3 for the CHEST system with waste
single sensible heat storage is applied in a case study. The main purpose of this chapter is to provide a
preliminary design of the heat exchangers and a basic sizing of the turbomachinery used in the present
CHEST system.

4.2. CHEST Unit CoupledWith Solar Powered Alkaline Electrolyser
This section provides a result of the thermodynamic analysis of a scaled-up CHEST system, which is
combined with a solar-based alkaline electrolyzer as shown in the plant layout in the Figure 4.1.

Figure 4.1: Plant layout of the CHEST system coupled with solar powered alkaline electrolyser unit.
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From Figure 4.1, a solar field is used to power a 100 MW alkaline electrolyser, which is operated to
produce green hydrogen (𝐻2). This leads to storing electricity in the form of chemical energy possesed
by 𝐻2. Water electrolysis is a non-spontaneous electro-chemical reaction based on standard redox
reactions. Ideally, an energy equivalent to the change in Gibb’s free energy of the electro-chemical
cell reaction needs to be provided to make the electrolysis process occur. However, an additional
energy is required to overcome the losses and resistance in the electro-chemical cell, which is termed
as “overpotential” and is equivalent to the difference between actual and theoretical cell voltage.

Working of an electrolyser requires an optimumoperating temperature of around 80°𝐶 [50, 55]. Although
electrolysis is an endothermic reaction, there is a significant heat generation within the system due to
the overpotential applied to the electro-chemical cell. This heat production is equivalent to around 30%
of the power input to the electrolyser [50, 55], which poses an adverse effect on the thermal efficiency
of the electrolysis process. As such, a heat recovery system is required to cool down the electrolyser
and maintain its optimum working temperature of 80°𝐶.
From Figure 4.1, a CHEST system is integrated with the alkaline electrolyser unit. The waste heat from
the electrolyser (∼ 30𝑀𝑊𝑡ℎ) is fed to the heat pump. The heat pump uses an electricity input from the
solar field to drive the compressor and upgrade the waste heat. The high grade heat is further stored in
a TES medium during the charging operation i.e. until the electrolyser operates and hence only during
the day time. Further during the night, the heat stored in TES is discharged back to operate an ORC
and produce electricity, which could potentially be used to help maintain the plant auxiliaries operation.

Water has been used as the primary fluid for the cooling of electrolyser and the condenser of the heat
engine. Since electrolyser needs to be maintained at 80°𝐶, the outlet of cooling water is too considered
around ∼ 78 − 80°𝐶. This is the temperature of the waste heat at which it is fed to the evaporator of
the heat pump. Further, a 8𝐾 temperature change is considered in the water stream to maintain the
necessary pinch (2𝐾) with the heat pump evaporator. Similarly, on the heat engine condenser side,
the working fluid needs to be condensed at 20°𝐶. The water inlet is at 10°𝐶 and a temperature rise of
10𝐾 is assumed for the water stream to cool the condenser. The input to the thermodynamic model for
the present case study is given in Table 4.1.

Fixed Input Parameters

Waste heat input �̇�𝑖𝑛 30 MW𝑡ℎ
Waste heat temperature 𝑇𝑤, 𝑖𝑛, ℎ𝑝 80 °C
Evaporator temperature of heat pump 𝑇4 70 °C
Maximum heat pump cycle temperature 𝑇2 192 °C
Maximum heat pump cycle Pressure 𝑃2 48.4 bar
Maximum heat engine cycle temperature 𝑇9 133 °C
Maximum heat engine evaporator temperature 𝑇8 132.4 °C
Water inlet temperature at HE condenser 𝑇𝑤, 𝑖𝑛, 𝑐𝑜𝑛𝑑 10 °C
Condensation temperature of heat engine 𝑇5 20 °C
Degree of superheat, (Δ𝑇𝑠𝑢𝑝) 𝑇1 − 𝑇4 5 K
Maximum storage temperature 𝑇𝑏 190 °C
Minimum storage temperature 𝑇𝑎 60 °C
Compressor efficiency 𝜂𝑖𝑠, 𝑐𝑜𝑚𝑝 80 %
Turbine efficiency 𝜂𝑖𝑠, 𝑡𝑢𝑟𝑏 88 %
Pump efficiency 𝜂𝑖𝑠, 𝑝𝑢𝑚𝑝 80 %
Pinch across each heat exchanger Δ𝑇𝑝𝑖𝑛𝑐ℎ 2 K
Charging duration 𝑡𝑐ℎ 8 hrs

Table 4.1: Input parameters for the plant layout shown in Figure 4.1.
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4.2.1. Thermodynamic cycle results for CHEST system

Temperature-Entropy (T-S) diagram

Figure 4.2: T-S plot for the optimized conditions corresponding to the plant layout shown in Figure 4.1.

Energy-Temperature (E-T) diagram

Figure 4.3: E-T plot depicting the energy transfer between heat pump, storage and heat engine cycles.
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Operating Conditions

Figure 4.4: Final PFD for the case study.
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Output Quantities
Mass flow R1233zD(E) heat pump �̇�ℎ𝑝 180.3 𝑘𝑔/𝑠
Mass flow R1233zD(E) heat engine �̇�ℎ𝑒 105.1 𝑘𝑔/𝑠
Mass flow SF oil storage during charging �̇�𝑠𝑡𝑜𝑟, 𝑐ℎ 78.6 𝑘𝑔/𝑠
Mass flow SF oil storage during discharging �̇�𝑠𝑡𝑜𝑟, 𝑑𝑐ℎ 52.4 𝑘𝑔/𝑠
Mass flow water for cooling electrolyser �̇�𝑤, 𝑒𝑣𝑎𝑝 895 𝑘𝑔/𝑠
Mass flow water for cooling condenser �̇�𝑤, 𝑐𝑜𝑛𝑑 493 𝑘𝑔/𝑠
Performance of heat pump 𝐶𝑂𝑃 460 %
Thermal efficiency of heat engine 𝜂𝑡ℎ 20.1 %
Compressor work input �̇�𝑖𝑛 8.34 𝑀𝑊
Turbine work output �̇�𝑜𝑢𝑡 5.14 𝑀𝑊
Common HEX duty during charging �̇�2′−3 21.14 𝑀𝑊𝑡ℎ
Common HEX duty during discharging �̇�8−7 14.1 𝑀𝑊𝑡ℎ
Recuperator heat load �̇�𝑟𝑒𝑐 1.67 𝑀𝑊𝑡ℎ
Heat engine condenser duty �̇�𝑜𝑢𝑡 20.6 𝑀𝑊𝑡ℎ
Discharge duration 𝑡𝑑𝑐ℎ 12.0 ℎ𝑟𝑠
Energy storage capacity 𝐸 306.7 𝑀𝑊ℎ
Storage size V 2663 𝑚3
Energy storage density 𝑈 0.115 𝑀𝑊ℎ/𝑚3
Round trip efficiency 𝜂𝑅𝑇𝐸 92 %

Table 4.2: Optimized operating conditions for the plant layout shown in Figure 4.1.

Figure 4.4 & Table 4.2 provides the operating conditions for the discussed case study in Figure 4.1.
All necessary state points, mass flow rates, heat loads and performance values across individual
component has been listed out. These values will serve as the input conditions for providing a design
of the main components of the CHEST system such as heat exchangers and turbomachines.
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4.3. Heat Exchanger Design
Section 2.6.1 discussed about the type and operating conditions of conventional heat exchangers
and outlined a general design procedure. This section will deal with providing a preliminary design
of the HEXs used in the present case study as shown in Figure 4.1. The various HEXs are: heat
pump evaporator, gas cooler, common HEX, heat engine evaporator, recuperator, and a water-cooled
condenser. The purpose of having a preliminary design is to get an idea of the overall heat transfer
area required for the HEX. Moreover, it is also important to get an estimate of the pressure drop within
a HEX, in order to include them within the model at a later stage. confine the pressure drop within the
allowable pressure drop limit of the HEX.

The required input operating conditions of the HEX’s in heat pump and heat engine are summarised in
Table 4.3 and 4.4 respectively, which are used to decide the type of HEX to be selected for the design
purposes.

Heat Pump
Heat Exchanger Evaporator Gas Cooler Common HEX

Hot side Cold side Hot side Cold side Hot side Cold side
Fluid Water R1233zD R1233zD SFOil R1233zD SFOil
Temp. Inlet °𝐶 80 70 192 135.1 154.5 60
Temp. Oulet °𝐶 72 75 154.5 190 72 135.1
Pressure bar 5 5.1 48.4 5 48.4 5
Heat Load MW 30 17.2 21.14
mass flow rate kg/s 895 180.3 180.3 78.6 180.3 78.6
LMTD K 5 7.7 12.9

Table 4.3: Input design conditions of heat exchangers in heat pump cycle.

Heat Engine
Heat Exchanger Common HEX Evaporator Recuperator Condenser

Hot side Cold side Hot side Cold side Hot side Cold side Hot side Cold side
Fluid SFOil R1233zD SFOil R1233zD R1233zD

(gas)
R1233zD
(liq)

R1233zD Water

Temp. Inlet °𝐶 135.1 34 190 132.4 42 21 23 10
Temp. Oulet °𝐶 60 132.4 135.1 133 23 34 20 20
Pressure bar 5 20 5 20 1.1 20 1.1 2
Heat Load MW 14.1 11.47 1.66 20.61
mass flow rate kg/s 52.4 105.1 52.4 105.1 105.1 105.1 105.1 490.7
LMTD K 8.64 16.7 4.3 5.8

Table 4.4: Input design conditions of heat exchangers in heat engine cycle.

All the heat exchangers used in the CHEST system presented in this work are grouped within mainly two
types, (i) Shell & Tube HEX, and (ii) Plate HEX, based on their operating temperature and pressure
conditions. Both Shell & Tube and Plate HEXs offer a wide range of operating temperatures and
pressures as mentioned in Table 2.7. However, plate HEX offer a limited operating pressures of upto
30 bar, while shell and tube HEX can be used for pressure values upto 200 bar [81]. Based on the
operating pressures, ‘Gas Cooler’ and ‘Common HEX’ in heat pump cycle are designed using shell and
tube configuration. The ‘Common HEX’ is same on both sides of charging and discharging cycles and
follows a single design configuration. The heat pump evaporator, heat engine evaporator, recuperator
and condenser are designed using plate type configuration. A plate HEX provides a compact, efficient
and cost-effective solution compared to shell and tube HEXs.
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4.3.1. Shell & Tube HEX
The overall design procedure of shell and tube HEX is same as listed in section 2.6.1. However, a
detailed design procedure is included in the Appendix E. The design is based on the method proposed
by Sinnott & Towler [81]. Unless and otherwise stated, the BEM type of shell and tube configuration,
based on the TEMA standards, is used for the design of the shell and tube HEX. The single phase
pressure drop and heat transfer correlations for shell side and tube side have been included in Appendix
E. Further, the overall heat transfer coefficient is calculated using the relation given in Equation (E.5).

Gas Cooler

A gas cooler has been used in the heat pump cycle to cool the supercritical fluid. The input operating
conditions of the gas cooler are provided in Table 4.3. The two fluids interacting in the gas cooler
are the sunflower oil (storage medium) and R1233zD (working fluid). Considering the fluid allocation
requirements mentioned in section 2.6.1, sunflower oil is allocated the shell side while R1233zD is
allowed to pass through the tubes. The two main decisive reasons for this allocation are the operating
pressure and viscosity. The input operating conditions are mentioned in Table 4.3. R1233zD operates
at a very high pressure ∼ 48 bar, which dictates its allocation on the tube side. Moreover, oil is highly
viscous than the working fluid and viscous fluid on shell side improves heat transfer coefficient [81],
which justifies its allocation on the shell side.

The heat transfer in the gas cooling process occurs in the super-critical region, where it is difficult to
provide a distinction between a liquid and gas. However, “Widom” line is considered to divide the
supercritical region into two zones. The fluid behaves like a liquid on one side of the Widom line while
as a gas on the other side [76]. The Widom line is generally termed for the locus of the local maxima
of the isobaric heat capacity at various pressure values in the vicinity of the critical point [93]. There is
a sharp variation in thermo-physical properties, specifically for the isobaric heat capacity (𝑐𝑝), across
the Widom line which leads to the intricate phenomena in heat transfer. This sharp variation leads to
dividing the super-critical region into two zones as mentioned earlier and can be visualised from the
Figure E.5. The concept of the Widom line is further discussed in the Appendix E.

The preliminary design of the gas cooler developed in the present work considers a simplified situation.
The super-critical region is divided into two zones, one with liquid properties and the other with gas
properties. The general single phase correlations for pressure drop and heat transfer, as mentioned in
Appendix E, are applied individually for the two zones considered. The total heat transfer area of the
gas cooler is further calculated as the sum of heat transfer areas required in each zone.

The point distinguishing the two zones has been estimated by locating the temperature on the specific
heat capacity (𝑐𝑝) versus temperature (𝑇) curve of R1233zD. The temperature corresponds to the
maximum 𝑐𝑝 value at the operating pressure. This has been illustrated in the Figure 4.5. The plot has
been created using the REFPROP tool from NIST [56].

From Figure 4.5, the temperature corresponding to maximum 𝐶𝑝 value at a pressure of 48.4 bar equals
185°𝐶. The new design operating points of the gas cooler for individual zone have been summarised
in Table 4.5.

Heat Exchanger Gas Cooler
Gas zone

Gas Cooler
Liquid zone

Hot side Cold side Hot side Cold side

Fluid R1233zD SFOil R1233zD SFOil
Temp. Inlet °𝐶 192 177 185 135.1
Temp. Oulet °𝐶 185 190 154.5 177
Pressure bar 48.4 5 48.4 5
Heat Load MW 4.26 12.94
mass flow rate kg/s 180.3 78.6 180.3 78.6
LMTD K 4.3 12.9

Table 4.5: Input design conditions of gas cooler for different zones.
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Figure 4.5: Isobaric specific heat capacity (𝐶𝑝) versus temperature (𝑇) plot for R1233zD at an operating
pressure of 48.4 bar.

Common HEX

From Figure 4.1, it can be observed that the common HEX operates between gas-cooler and expansion
valve during charging, while it operates between recuperator and evaporator during the discharging
cycle. The valves switch the inlet and outlet ports to regulate the direction of flow of the working fluid
during both the cycles. The two fluids interacting in the common HEX are the sunflower oil (storage
medium) and R1233zD (working fluid). Similar to the fluid allocation in gas cooler, the sunflower oil is
allocated the shell side and R1233zD on the tube side. Further, a square arrangement for tubes has
been selected to facilitate easy cleaning on the outside of the tubes and also allows for easily replacing
the tubes, in case of any damage [81].

From Table 4.4, it can be inferred that the approach temperature for common HEX during discharging
cycle is ∼ 3𝐾, whereas it is more than 10𝐾 in the charging cycle. A low approach temperature for a
HEX implies a large heat transfer area for a given heat load. Since the common HEX has to be used
during the charging and discharging cycles, the heat transfer area should be same in both the cycles.
The common HEX design is carried out considering the input parameters for the discharging cycle from
Table 4.4. Further, the design parameters are verified for HEX operation during the charging cycle.

The pressure drop and heat transfer coefficients for shell and tube side are estimated using the correlations
given in equations E.10, E.11, E.12, and E.13. The respective friction and heat transfer factors are
derived from the Figures E.1, E.2, E.3, and E.4. Finally, the total heat transfer area is calculated based
on the estimation of overall heat transfer coefficient for the discharge cycle case.
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Results

Heat Exchanger Gas Cooler
Gas zone

Gas Cooler
Liquid zone

Heat Load Q (MW) 4.26 12.94
Overall HTC 𝑈0 (𝑊/𝑚2𝐾) 400 325
Total Heat Transfer Area A (𝑚2) 2930 3680
LMTD Δ𝑇𝑚(𝐾) 4.3 12.9
Corrected LMTD 𝐹Δ𝑇𝑚(𝐾) 3.6 10.8
Tube Length L𝑡𝑢𝑏𝑒 (𝑚) 4.88 6.1
Tube Outer diameter 𝜙𝑂𝐷 (𝑚𝑚) 19 19
Tube Thickness 𝑡𝑡𝑢𝑏𝑒 (𝑚𝑚) 2.8 2.8
Number of Tubes 𝑁𝑡𝑢𝑏𝑒𝑠 (-) 104 104

Shell side Tube side Shell side Tube side

Fluid oil R1233zD oil R1233zD
No. of Pass 1 6 1 6
Mass Flow Rate (𝑘𝑔/𝑠) 78.6 180.3 78.6 180.3
Heat Transfer Coefficient 𝛼 (𝑊/𝑚2𝐾) 690 4100 700 2380
Pressure Drop Δ𝑃 (𝑏𝑎𝑟) 0.35 0.14 0.43 0.08

Table 4.6: Shell and Tube design specifications for the Gas Cooler.

Heat Pump Heat Engine
Heat Exchanger Gas Cooler Common HEX Common HEX

Heat Load Q (MW) 17.2 21.14 14.09
Overall HTC 𝑈0 (𝑊/𝑚2𝐾) 180 300 300
Heat Transfer Area A (𝑚2) 6600 5445 5435
LMTD Δ𝑇𝑚(𝐾) 7.7 15.4 10.3
Corrected LMTD 𝐹Δ𝑇𝑚(𝐾) 6.5 12.9 8.64
Tube Length L𝑡𝑢𝑏𝑒 (𝑚) 11 7.32 7.32
Tube Outer diameter 𝜙𝑂𝐷 (𝑚𝑚) 19 19 19
Tube thickness 𝑡𝑡𝑢𝑏𝑒 (𝑚𝑚) 2.8 2.8 2.8
Number of tubes 𝑁𝑡𝑢𝑏𝑒𝑠 (-) 104 12463 12463
Volume V (𝑚3) 43.2 35.4 35.4

Shell side Tube side Shell side Tube side Shell side Tube side

Fluid oil R1233zD oil R1233zD oil R1233zD
No. of pass 1 6 1 6 1 6
Mass flow rate (𝑘𝑔/𝑠) 78.6 180.3 78.6 180.3 52.4 105.1
Heat Transfer Coefficient 𝛼 (𝑊/𝑚2𝐾) 350 1500 690 1195 460 866
Pressure drop Δ𝑃 (𝑏𝑎𝑟) 0.78 0.22 0.43 0.05 0.2 0.02

Table 4.7: Shell and Tube design specifications for the Common HEX and Gas cooler.
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4.3.2. Gasketed plate HEX
The overall design procedure of gasketed plate HEX is same as enumerated in section 2.6.1. However,
a detailed design procedure is included in the Appendix E. Depending upon the flow conditions and
nature of the heat transfer phenomena, the geometry, pressure drop and heat transfer correlations
vary. The single phase correlations are, however, . The standard single phase pressure drop and heat
transfer correlations have also been included in the Appendix E. Unless, and otherwise stated, a typical
chevron plate is considered with a corrugation angle, 𝛽 = 35°. Carbon Steel is used as the material
for plates, with a thermal conductivity of 𝜆𝑝 = 55𝑊/𝑚 − 𝐾. The necessary fouling factors have also
been included in the calculations. The overall heat transfer coefficient (𝑈) of the plate heat exchanger
is calculated using the relation given in Equation (E.6).

Heat pump evaporator design

The waste heat from the electrolyser is fed to the heat pump evaporator using water as the heat transfer
medium as shown in Figure 4.1. The input data for designing the heat pump evaporator is given in
Table 4.3. The pressure drop within the plate HEX is estimated using Equation (E.25). The two-phase
pressure drop across the plates is dependent on the two-phase fanning friction factor (𝑓𝑇𝑃) through the
following relation:

Δ𝑃𝑇𝑃 = 2𝑓𝑇𝑃
𝐺2
𝜌
𝐿𝑝
𝑑𝑒
. (4.1)

where, 𝐺 is the mass flux through the plate channels. The two phase friction factor 𝑓𝑇𝑃 correlation used
in this work is developed by Yan and Lin [90], which is formulated as follows:

𝑓𝑇𝑃 = 31.21𝑅𝑒0.04557𝑒𝑞 𝑅𝑒−0.5; Re𝑒𝑞 ≥ 6000 (4.2)

Similarly, for evaporation heat transfer coefficient, the correlation defined by Yan and Lin (2007) is
used since it provides the best approach for equivalent Reynolds number between 2000 and 10000.
However, the original equation by Yan & Lin is multiplied by a factor of 10 to adjust with the experimental
results [41] and is stated as:

𝛼𝑇𝑃 = 19.26𝑅𝑒𝑒𝑞𝑅𝑒−0.5𝐿 𝑃𝑟1/3𝐿 𝐵𝑜0.3𝑒𝑞 (
𝜆𝐿
𝑑𝑒
) , (4.3)

𝑅𝑒𝑒𝑞 = 𝐺𝑒𝑞
𝑑𝑒
𝜇𝐿
, (4.4)

𝐵𝑜𝑒𝑞 =
𝑞″𝑤

𝐺𝑒𝑞Δℎ𝑓𝑔
, (4.5)

𝐺𝑒𝑞 = 𝐺 [(1 − 𝑥) + 𝑥 (
𝜌𝐿
𝜌𝑔
)
0.5
] . (4.6)

where, 𝑅𝑒𝑒𝑞 , 𝐵𝑜𝑒𝑞 , & 𝐺𝑒𝑞 represent the equivalent Reynolds number, boiling numbers, and mass flux
respectively. The boiling number is the ratio of the wall heat flux (𝑞″𝑤) to the product of equivalent mass
flux through the plate channels and enthalpy of evaporation. The term ‘x’ represents the quality or
vapor fraction in the two-phase region, which is generally assumed equal to 0.5 for obtaining average
quantity.

The Q-T diagram depicting the evaporation at heat pump evaporator is shown in Figure 3.2. The
equations from 4.1 to 4.6, are only valid in the two phase region, which are used to evaluate the heat
transfer area required for evaporation. However, for the superheating at the end of the evaporator,
single phase correlations have been used to estimate the sensible heat transfer area. The total heat
transfer area of the evaporator is then approximated by the sum of the individual areas.

Heat engine evaporator

This evaporator operates in the discharging cycle, where hot sunflower oil is used to evaporate the
working fluid of the organic Rankine cycle. The input data for designing the heat engine evaporator is
provided in Table 4.4.
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The single phase pressure drop correlation remains same as given in Equation (E.29) in Appendix E.
However, the one phase correlation for heat transfer coefficient mentioned in Equation (E.23) cannot be
used in this case because it is valid for purely turbulent flows. Since the fluid undergoing sensible heat
transfer is a highly viscous oil, it operates in a laminar region. A single phase heat transfer correlation
for laminar flow is developed by Winkelmann (2010) [89], and is formulated as below:

𝛼𝑠𝑝 = 0.6𝑅𝑒0.51𝑃𝑟1/3 (
𝜆
𝑑𝑒
) ; 10 < Re < 450 (4.7)

where, 𝛼𝑠𝑝 denotes the heat transfer coefficient in the single phase.

For two phase pressure drop and heat transfer, correlations mentioned from Equation 4.1 to 4.6 has
been effectively used. This evaporator too has a certain degree of superheat (< 1K), but is very
insignificant compared to the evaporator heat load. The total heat transfer area has been calculated
based on the heat load in two phase region.

Condenser

The heat engine condenser operates between condensing R1233zD and water at ambient conditions.
The input data for the condenser design is provided in Table 4.4. For the single phase pressure drop
and heat transfer coefficients, the correlations mentioned in Appendix E from equations E.29 to E.24
have been used.

For two phase pressure drop in a condenser, the correlations for friction factor developed by Infante
Ferreira and Tao (2019) has been used, which is formulated as given in Equation (4.8). The correlations
are based on the experimental database and is better compared to existing correlations [78].

𝑓𝑇𝑃 = (4.207 − 2.67𝛽−0.46) (4200 − 5.41𝐵𝑑1.2) 𝑅𝑒−0.95𝑒𝑞 (𝑃𝑠𝑎𝑡𝑃𝑐𝑟
)
0.3
, (4.8)

𝐵𝑑 =
(𝜌𝐿 − 𝜌𝐺) 𝑔𝑑2𝑒

𝜎 . (4.9)

where, 𝐵𝑑 is the Bond number which represents the ratio of buoyancy force to surface tension, 𝜎 is the
surface tension in 𝑁/𝑚 and 𝑔 is the standard gravitational acceleration (𝑚/𝑠2). Further, 𝑃𝑠𝑎𝑡 and 𝑃𝑐𝑟
indicates the saturation pressure corresponding to condensation temperature and critical pressure of
the working fluid respectively.

Similarly, the two phase heat transfer correlation used is developed by Longo et al. (2015) which
estimates the local heat transfer coefficient of saturated vapor based on projected area which includes
the area enhancement factor (Φ) of plates [58]. This has been formulated as:

𝛼𝑐𝑜𝑛𝑣, 𝑠𝑎𝑡 = 1.875Φ𝑅𝑒0.445𝑒𝑞 𝑃𝑟1/3𝐿 (𝜆𝐿𝑑𝑒
) ; G ≥ 20 kg/sm2 (4.10)

where, 𝛼𝑐𝑜𝑛𝑣, 𝑠𝑎𝑡 represents the local heat transfer coefficient for forced convection condensation of
saturated vapor. Figure 3.5, represents the condensation at the heat engine condenser. As can be
observed, the cooling of working fluid starts with vapor de-superheating followed by condensation of
saturated vapor while Equation (4.10) is only valid in the two-phase region. In order to account for
condensation of superheated vapor at the condenser inlet, Longo et al. (2015) presented a combined
model coupled with themodel developed byWebb [58, 87]. The combined local heat transfer coefficient
is formulated as follows:

𝛼𝑐𝑜𝑛𝑣, 𝑠𝑢𝑝 = 𝛼𝑐𝑜𝑛𝑣, 𝑠𝑎𝑡 + 𝐹 [𝛼𝑠−𝑝ℎ +
𝑐𝑝, 𝐺𝑞𝑙𝑎𝑡
Δℎ𝐿𝐺

] (4.11)

where, the terms 𝑐𝑝, 𝐺 , 𝑞𝑙𝑎𝑡 , & Δℎ𝐿𝐺 corresponds to superheated vapor specific heat capacity, heat flux
during phase change, and enthalpy of condensation. The factor 𝐹 is corresponding to the ratio between
degree of superheat and driving temperature difference. The term 𝛼𝑠−𝑝ℎ indicates the local heat transfer
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coefficient for the single phase.

𝐹 = (
𝑇𝑠𝑢𝑝 − 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡 − 𝑇𝑤𝑎𝑙𝑙

) , (4.12)

𝛼𝑠−𝑝ℎ = 0.2267𝑅𝑒0.631𝐺 𝑃𝑟1/3𝐺 (𝜆𝐺𝑑𝑒
) (4.13)

The total heat transfer area has been estimated based on the overall heat transfer coefficient calculated
using Equation (4.11).

Recuperator

As can be inferred from Figure 4.1, & 4.2, a recuperator has been placed in the heat engine cycle
following the turbine to facilitate internal heat recovery. The recuperator works with the fluids in single
phase region. One side of recuperator has a cold liquid and other side has a hot gas. The input data
for recuperator design is provided in Table 4.4.

For this particular case, a smooth longitudinal flow is considered through the channels of the plate HEX,
which implies a corrugation angle 𝛽 = 0°. This is done in order to restrict the high pressure drop on
the gas side. Further the pressure drop across the plate is estimated based on the friction factor (𝜉0)
developed for smooth longitudinal flows, as given in Equation (E.30), and (E.31).

For heat transfer coefficient, correlations for single phase has been used as mentioned in Appendix E
from equations E.23 and E.24 based on the Reynolds number for the cold and hot fluid. Further, the
total heat transfer area is estimated based on the overall heat transfer coefficient calculated from the
single phase correlations as mentioned above.

Results

Heat Pump Heat Engine
Heat Exchanger Evaporator Evaporator Recuperator Condenser

Heat Load Q (MW) 30 11.47 1.66 20.61
Overall HTC 𝑈0 (𝑊/𝑚2𝐾) 2000 600 600 2000
Heat Transfer Area A (𝑚2) 3100 1140 695 1828
LMTD Δ𝑇𝑚(𝐾) 4.9 17.9 4.3 5.8
Corrected LMTD 𝐹Δ𝑇𝑚(𝐾) 4.8 16.7 4 5.6
Plate Dimensions L𝑃 ×W𝑃(𝑚2) 1.8×0.9 1.8×0.9 2.8×1.4 1.8×0.9
HEX Length L𝐻𝐸𝑋 (𝑚) 6.3 2.4 0.8 4.2
Volume V (𝑚3) 10.2 3.9 3.14 6.8

Cold side Hot side Cold side Hot side Cold side Hot side Cold side Hot side

Fluid R1233zD water R1233zD oil R1233zD R1233zD water R1233zD
Mass flow rate �̇� (𝑘𝑔/𝑠) 180.3 895 105.1 52.4 105.1 105.1 493 105.1
Heat Transfer Coef. 𝛼 (𝑊/𝑚2𝐾) 4670 13680 3655 755 2140 1035 12100 4430
Pressure drop Δ𝑃 (𝑏𝑎𝑟) 0.5 1.9 0.37 0.02 0.13 0.32 0.82 0.58

Table 4.8: Plate HEX design specifications for evaporator, recuperator and condenser.
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4.4. Turbomachinery Sizing
The Chapter 2.6.2 discussed the operating principle and a basic geometry of the turbomachines. It
also included a brief categorisation of turbomachines based on the direction of relative motion of fluid
across the turbomachine and based on the nature of energy transfer. From the latter, turbomachines
can be classified into a pump/compressor or a turbine, with an axial or radial configuration.

In the present case study, the CHEST system discussed in Figure 4.1 consists of twomain turbomachines:
(i) a compressor in the heat pump cycle, and (ii) a turbine in the heat engine cycle. The preliminary
design of these turbomachines are carried out using the methodology developed by Balje [7, 8], which
has been outlined in Chapter 2.6.2. Further, the necessary selection criteria and preliminary design
parameters of a turbomachine have been provided in Chapter 2.6.2 using a dimensional analysis. The
direct result of the dimensional analysis is to express the turbomachine efficiency (𝜂) in terms of two
dimensionless parameters, specific speed (𝑁𝑠), and specific diameter (𝐷𝑠), which are again stated in
Equation (4.14) and (4.15).

𝑁𝑠 =
2𝜋𝑁
60 ⋅ (�̇�/𝜌𝑎𝑣)

0.5

Δℎ0.75𝑖𝑠
, (4.14)

𝐷𝑠 = 𝐷 ⋅
Δℎ0.25𝑖𝑠

(�̇�/𝜌𝑎𝑣)0.5
. (4.15)

where, �̇� is the mass flow (kg/s), 𝜌𝑎𝑣 is the average density (𝑘𝑔/𝑚3) of inlet and outlet for each stage,
Δℎ𝑖𝑠 is the enthalpy rise per stage (𝐽/𝑘𝑔), 𝑁 is the rotational speed (𝑟𝑝𝑚), and 𝐷 is the impeller or
blade tip diameter (𝑚).
The input data required for a preliminary design of the turbomachines in the present CHEST system is
given in Table 4.9.

Turbomachine Compressor Turbine

Work �̇� (𝑀𝑊) 8.34 5.14
Mass flow �̇� (𝑘𝑔/𝑠) 180.3 105.1
Inlet Volumetric flow �̇� (𝑚3/𝑠) 9.6 0.878
Outlet Volumetric flow �̇� (𝑚3/𝑠) 0.47 18.86
Inlet pressure 𝑃𝑖𝑛 (𝑏𝑎𝑟) 5.1 20
Outlet pressure 𝑃𝑜𝑢𝑡 (𝑏𝑎𝑟) 48.4 1.1
Pressure ratio PR (-) 9.5 18.5

Table 4.9: Input specifications of the turbomachines of the CHEST system shown in Figure 4.1.

Step-1: Select the type of turbomachinery based on mass flow, and overall pressure ratio

Considering the key differences and operating conditions of axial and radial flow machines shown in
Figure 2.28, a preliminary choice between radial and axial machine is done for compressor, and turbine.
From Table 4.9, the compressor requires a power input of 8.34 MW to achieve a pressure ratio ∼ 9.5.
Axial compressors offer very low pressure ratio per stage ∼ 1 − 1.2, which requires a large number
of stages [14]. Moreover, axial compressors are quite complex to design than its radial counterpart.
When considering the inlet volumetric flow rate of compressor (∼ 9.6𝑚3/𝑠), it lies within the radial flow
regime, which can accept flow rates upto 500 thousand 𝑚3/ℎ𝑟 [54].
Similar to compressors, the axial turbine provides a lower expansion ratio per stage as compared to
the centrifugal turbine [22]. Where a centrifugal turbine can allow an expansion ratio of upto 9:1, an
axial turbine can allow an expansion ratio of upto 2-3:1. However, axial turbines provide much higher
efficiency at higher power outputs and are suitable for higher mass flow rates [85].

So, a preliminary design is carried out on a radial compressor and an axial turbine.

Master of Science Thesis Divyansh Gautam



86 4. Equipment Design

Step-2: Determine optimum range of 𝑁𝑠 from Balje diagram

Figures 4.6, 4.7 exhibits the Baljé diagram for single stage compressors and turbines respectively.
Baljé diagrams is an extension to the Cordier diagram given by Lewis (1996) [72], and maps out the
turbomachinery efficiency for different sets of 𝑁𝑠 and 𝐷𝑠 values. From the figures below, it can be
observed that operating range of 𝑁𝑠 values for centrifugal compressors lies between 0.1 < 𝑁𝑠 < 0.8,
while for axial turbines, the 𝑁𝑠 values are between 0.1 < 𝑁𝑠 < 8. However, for maximum efficiency,
the optimum 𝑁𝑠 values for radial compressor are between 0.5 < 𝑁𝑠 < 0.7, which provides a maximum
efficiency∼ 80−85%. For axial turbines, the range is wider for highest efficiency∼ 90% and is between
0.5 < 𝑁𝑠 < 0.95.

Figure 4.6: Baljé diagram for single stage compressors [7, 8].

Figure 4.7: Baljé diagram for single stage turbines [7, 8] .
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Step-3: Determine optimum number of stages and shaft speed

The number of stages for a turbomachine is estimated from the overall pressure ratio specified for the
turbomachine and maximum pressure ratio that can be obtained from the turbomachine in one stage.
Further, the shaft speed (𝑁) is estimated from Equation (4.14) for the range of 𝑁𝑠 values mentioned
in the step-2. Prior to determining the shaft speed, the volumetric flow rate per stage is estimated
considering an average density between the inlet and outlet of the turbomachinery stage. Additionally,
the reversible work of the turbomachine is equally divided between the individual stages Δℎ𝑖𝑠/𝑧, where
z is the number of stages.

• Centrifugal compressor:

From Table 4.9, the overall PR for the compressor is 9.5 while, a maximum pressure ratio of 5-7
is achievable per stage of the centrifugal compressor [54]. As a result, a radial compressor with
two stages having the stage PR of 3.08 has been selected.

Further, to estimate an optimum shaft speed for the centrifugal compressor, a correlation has
been developed between the 𝑁𝑠 values and the shaft speed (𝑁), which is shown in Figure 4.8 for
a two-stage centrifugal compressor.

Figure 4.8: Shaft speed vs Specific speed correlation for a two-stage centrifugal compressor with an overall PR
of 9.5.

As stated in step-2, the optimum 𝑁𝑠 value range, for a centrifugal compressor, to attain maximum
efficiency is 0.5 < 𝑁𝑠 < 0.7. From Figure 4.8, the highlighted region provides the range of
shaft speed (𝑁) for which the 𝑁𝑠 values per stage lies within the operating range. An optimum
𝑁 = 5700 𝑟𝑝𝑚 has been selected as shown by the black dashed line, which corresponds to
𝑁𝑠 = 0.7&0.32 for first and second compressor stage respectively. From the Baljé diagram for
the compressor shown in Figure 4.6, these 𝑁𝑠 values corresponds to an efficiency of 70%&80%
for first and second stage respectively.

• Axial turbine:

From Table 4.9, the overall PR for the turbine is 18.5, while a maximum expansion ratio of 2-4
is achievable per stage of the axial turbine. A higher PR more than 4 results in a considerable
efficiency loss [5]. As a result, an axial turbine with thress stages having the stage compression
ratio of 2.64 has been selected.
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Similar to the compressor, a correlation has been developed between the 𝑁𝑠 values and the shaft
speed (𝑁), to estimate an optimum shaft speed for the axial turbine,which is shown in Figure 4.9
for a three-stage axial turbine.

Figure 4.9: Shaft speed vs Specific speed correlation for a three-stage axial turbine with an overall PR of 18.5.

As stated in step-2, the optimum 𝑁𝑠 value range, for a axial turbine, to attain maximum efficiency
is 0.5 < 𝑁𝑠 < 0.95. From Figure 4.9, the highlighted region provides the range of shaft speed (𝑁)
for which the 𝑁𝑠 values per stage lies within the operating range. An optimum 𝑁 = 6500 𝑟𝑝𝑚 has
been selected as shown by the black dashed line, which corresponds to 𝑁𝑠 = 0.5, 0.85&1.4 for
first, second, and third turbine stage respectively. From the Baljé diagram for the turbine shown
in Figure 4.7, these 𝑁𝑠 values corresponds to an efficiency of 90%, 90%, &85% for first, second
and third stage respectively.

Step-4: Determine the tip diameter

From the 𝑁𝑠 values obtained in step-3, the corresponding specific diameter 𝐷𝑠 values is read from the
Baljé diagram from Figure 4.6 & 4.7 for compressor and turbine respectively. Further, the tip diameter
is evaluated using Equation (4.15) for each individual stage.
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4.4.1. Results

Turbomachine Radial Compressor Axial Turbine

Stage First Second First Second Third

Shaft Power 𝑃𝑠ℎ𝑎𝑓𝑡 (𝑀𝑊) 4.17 4.76 1.75 1.75 1.66
Pressure ratio PR (−) 2.67 3.54 2.74 2.57 2.62
Isentropic Enthalpy Δℎ𝑖𝑠 (𝑘𝐽/𝑘𝑔) 18.5 18.5 18.54 18.54 18.54
Volumetric flow rate �̇� (𝑚3/𝑠) 3.5 0.72 1.33 4.04 10.4
Specific speed 𝑁𝑠 (−) 0.7 0.32 0.5 0.85 1.4
Shaft speed 𝑁 (𝑟𝑝𝑚) 5700 5700 6500 6500 6500
Specific diameter 𝐷𝑠 (−) 4.4 8 3.8 3.6 2.6
Tip diameter 𝑑𝑡 (𝑚) 0.71 0.58 0.376 0.62 0.72
Balje Efficiency 𝜂𝐵𝑎𝑙𝑗𝑒 (%) 80 70 90 90 85
Overall Efficiency 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (%) 75 88.3

Table 4.10: Preliminary design specifications of the compressor and turbine used in the CHEST system shown in
Figure 4.1.

4.5. CHEST components overall design
From the turbomachine preliminary design results as summarised in Table 4.10, the overall isentropic
efficiency of compressor and turbine evaluated is 75%, and 88.3% respectively. However, when
compared with the assumed values as given in Table 4.1, the compressor efficiency evaluated is lower
than the assumed value (80%). For turbine, the isentropic efficiency is similar as assumed (88%). This
implies an extra work input is needed to drive the compressor, which would reduce the performance of
the system.

From the heat exchangers result, as given in Table 4.7 and 4.8, the total pressure drop estimated on the
heat pump side is 0.7𝑏𝑎𝑟, whereas, a pressure drop of 1.1 𝑏𝑎𝑟 is estimated on heat engine side. The
pressure drop values are significantly less when compared with the operating pressures of the heat
pump (48.4 𝑏𝑎𝑟) and heat engine (20 𝑏𝑎𝑟). However, to verify the effect of pressure drop on system
performance, the calculated pressure drop can be added to the compressor and pump work.

The updated T-S and E-T plot for the CHEST system, considering the calculated turbomachinery
efficiencies and heat exchanger pressure drops is shown in Figure 4.10 and 4.11. The optimised
state parameters have been changed as a consequence of updated turbomachinery efficiency values
and pressure drop values. As a result, the overall RTE of the system has come down to ∼ 89.3% as
compared to 92% for the initial system.

It is the compressor efficiency and the pressure drop in heat pump which has impacted the RTE of the
system. An excess pressure drop on heat pump side has to be compensated by the extra compressor
work. Whereas an excess pressure drop on heat engine side is compensated by some extra pump
work, which is significantly less as compared to compressor work. Therefore, in order to achieve high
round trip efficiencies, a compressor with high isentropic efficiency is required.
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90 4. Equipment Design

Temperature-Entropy (T-S) diagram

Figure 4.10: T-S plot with updated isentropic efficiency.

Energy-Temperature (E-T) diagram

Figure 4.11: E-T plot depicting the energy transfer between heat pump, storage and heat engine cycles.
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5
Summary, Conclusions & Future Work

In this thesis, a conceptual design and model of a waste heat integrated Pumped Thermal Energy
Storage (PTES) / Compressed Heat Energy Storage (CHEST) system is developed. This included the
following:

• An in-depth literature study of PTES systems is conducted. From the study, it is found that the
standard PTES systems operating between cold and hot storage could provide a Round Trip
Efficiency (RTE) upto ∼ 60 − 65%. Whereas, a waste heat integrated PTES system could result
in RTE of more than 100%. However, the latter requires a continuous availability of waste heat
in sufficient quantities for its efficient performance.

• A detailed study on the potential working fluid and storage medium for CHEST system is carried
out. R1233zD is selected as theworking fluid because of its lowODP,GWP values and inflammable
nature. Also, it has an isentropic T-S vapor saturation curve, a high molecular weight, and
sufficient critical temperature and pressure as required by the CHEST systems.

• Steady state thermodynamicmodels for two different configurations of CHEST system is developed,
by making specific assumptions to simplify the problem.

• CHEST with latent heat storage: An existing configuration of sub-critical CHEST system with a
combination of latent and sensible hot storage is re-developed, however, with a different working
fluid and storage medium. A hypothetical PCM is considered as the latent storage medium due
to the unavailability of an efficient PCM that could be coupled with R1233zD. With this model,
performance characteristics of the system is analysed. A RTE of 118% and a storage density of
0.11𝑀𝑊ℎ/𝑚3 for latent storage and 0.07𝑀𝑊ℎ/𝑚3 for sensible storage is evaluated.

• CHEST with full sensible heat storage: A novel combination of a trans-critical heat pump,
sensible heat storage, and sub-critical heat engine is proposed. Sunflower oil as the sensible
storage medium is selected for this application due to its wide and cheap availability and easy
to store at ambient pressure conditions. A single objective multi-variable optimization scheme is
applied to the system for achieving high RTE. ARTE of 92% and a storage density of 0.115𝑀𝑊ℎ/𝑚3
for sensible storage is determined.

• Finally, a comparison is performed between the two configurations with respect to the overall
system performance, storage size, and economic viability.

• The optimized model of CHEST with sensible heat storage is integrated with a 100𝑀𝑊𝑒 solar
powered alkaline electrolyzer to utilize the waste heat ∼ 30𝑀𝑊𝑡ℎ produced during the electrolysis
process.

• Finally, a preliminary design of CHEST components, i.e. heat exchangers and turbomachines
are presented. This is included in order to have a rough estimation of the overall dimensions and
type of equipment required.
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The key conclusions of this research are summarised as follows:

1. The PTES systemwith low gradewaste heat integration is suitable for maximum storage temperatures
upto 200°𝐶. Beyond that, significantly less variation is observed in the performance values.
However, a higher waste heat source temperature has shown to improve the overall performance
of the system.

2. In terms of performance, CHEST with latent heat storage is ∼ 25% more efficient than CHEST
with sensible heat storage. In terms of TES energy density (𝑀𝑊ℎ/𝑚3), a high value is found for
fully sensible storage configuration due to lower storage volume as compared to the combined
storage volumes in latent storage configuration.

3. The latent heat storage requires an intricate heat transfer modelling alongwith pressurised storage
conditions. In contrast, Sunflower oil as the TES medium can be stored at ambient conditions
and can easily be modelled as any other liquid. Moreover, the high availability, and low costs
of using sunflower oil makes it a promising hot storage medium over latent storage for Rankine
PTES system.

4. The total pressure drop in heat pump and compressor efficiency, estimated from the preliminary
design of the components, had a greater impact on the overall performance of the system as
compared to pressure drop in heat engine. The pressure drop for heat engine was compensated
by additional pump work. This is significantly less as compared to the additional work input of a
compressor for a similar pressure drop. A high efficiency compressor is necessary for high RTE
of the CHEST system.

5.1. Future work
Although the CHEST system with sensible heat storage is less efficient from its latent heat storage
counterpart, the former seems to be a promising solution to bring down the overall costs of energy
storage. This configuration with single sensible heat storage can be further improved to have high
RTE. Some future recommendations to improve the system are as follows:

1. Pressure drop: A constant pressure model was considered across individual components and
connecting lines in the PTES system. This could lead to over representation of the performance
values. A pressure drop across each component can be included for further improvement of the
model.

2. Model problem: In the present thesis, a steady-state model has been developed. Further, a
dynamic model can be developed considering the effects of variation of input power and source
heat. Also, off design conditions for the system could be modelled.

3. Working fluid: In the present model, use of a pure fluid doesn’t allow for best matching with
storage medium during discharge cycle due to constant temperature heat absorption, which leads
to significant exergy losses. Use of a mixture refrigerant (eg: CO2 blends) could have a better
matching with storage medium by allowing temperature glide during isobaric heat absorption.

4. Sensible heat storage medium: A potential storage medium with a varying specific heat such
that it closely matches the thermal profile of the working fluid in the super-critical region would be
an effective solution to reduce the exergy losses, thereby, increasing the performance of CHEST
system with sensible heat storage.

5. Components: In the present work, a preliminary design of each component has been carried
out. Further, a rigorous design of individual components could be carried out to best match with
the performance of the system.

Finally, a techno-economic study of this system is necessary to set a trade-off between the performance
of the system and costs of the components. Further, an experimental test set-up for the modelled
system will be an essential step to determine the feasibility of integration of the CHEST system with
industrial low grade waste heat sources.
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A
Temperature−Entropy (T-S) vapor

saturation curve
The optimum selection of the working fluid considering the nature of shape of the T-S vapor saturation
requires a more generic physics-based model. Alejandro Rivera-Alvarez et al.(2020) presents such a
model which accurately determines the shape of the T-S vapor saturation curve for any fluid [74].

The work of Alejandro Rivera-Alvarez et al.(2020) follows the Lee−Kesler’s version of the Principle
of Corresponding States (PCS). PCS was originally introduced by Van der Waals and is called as
two-parameter PCS, which states that: “Substances behave alike at the same reduced states. Substances
at same reduced states are at corresponding states” [3]. This suggests that if assessed at the same
reduced states (eg: reduced temperature, reduced pressure), the departure from ideal gas behavior
for all fluids is identical. This can be illustrated with the help of a simple relation, as shown in Equation
(A.1), which is the reduced form of the Van der Waals Equation of state,

(𝑃𝑟
3
𝜈2𝑟
) ⋅ (3𝜈𝑟 − 1) = 8 ⋅ 𝑇𝑟 . (A.1)

where, 𝑃𝑟 = 𝑃/𝑃𝑐, 𝑇𝑟 = 𝑇/𝑇𝑐, 𝜈𝑟 = 𝜈/𝜈𝑐 are, respectively, the reduced temperature, pressure and
volume at the thermodynamic state (T, P, 𝜈) of interest (with 𝑇𝑐, 𝑃𝑐, and 𝜈𝑐 the critical temperature,
pressure, and volume of the substance). From Equation (A.1), it is certain that irrespective of the
nature, the fluids at same reduced states will behave alike. However, Pitzer established a deviation
from standard PCS and introduced a three-parameter PCS, which states that: “Substances behave
alike at the same reduced states (reduced temperature, reduced pressure) and same acentic factor
(𝜔)”. Pitzer’s version of three-parameter PCS assumes a linear dependency of compressibility factor
(Z) on the acentric factor (𝜔) as shown in Equation (A.2),

𝑍 (𝑇𝑟 , 𝑃𝑟 , 𝜔) =
𝑃𝜈
𝑅𝑔𝑇

= 𝑍(0) (𝑇𝑟 , 𝑃𝑟) + 𝜔𝑍(1) (𝑇𝑟 , 𝑃𝑟) . (A.2)

where, 𝑍(0) (𝑇𝑟 , 𝑃𝑟) is the compressibility factor of a fluid with complete spherical symmetry of the
molecular force field (𝜔 = 0), and 𝑍(1) (𝑇𝑟 , 𝑃𝑟) is a correction function that modifies the compressibility
factor to account for the difference between sphericity or non-sphericity (𝜔 ≠ 0) of molecules.

The Lee−Kesler’s model follows upon Pitzer’s correlation for compressibility factor, Equation (A.2), and
provides an approximation for the functions 𝑍(0) and 𝑍(1). The governing Equations used in the model
is provided in the work of Alejandro Rivera-Alvarez et al.(2020) . This model used precisely locates the
isentropic points on the T-S vapor saturation curve and correctly distinguishes between dry, wet, and
isentropic fluids [74]. The proposed method involves only three input variables: acentric factor (𝜔), 𝑘𝑐,
and 𝑚, which can be defined here as follows,
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94 A. Temperature−Entropy (T-S) vapor saturation curve

• Acentric Factor (𝜔) ∶(𝜔) ∶(𝜔) ∶ It is ameasure to quantify how far a substance’s thermodynamic characteristics
deviate fromwhat the two-parameter PCS predicts. It correlates the deviation in the thermodynamic
properties of the fluids containing non-spherical molecules with the spherical counterparts.

• 𝑘𝑐 ∶𝑘𝑐 ∶𝑘𝑐 ∶ It gives the ideal-gas ratio of specific heats at the critical temperature.

• 𝑚 ∶𝑚 ∶𝑚 ∶ It is the exponent of the ideal-gas ratio of specific heats vs temperature power relationship as
per the following relationship: 𝑘 = 𝑘𝑐𝑇𝑚𝑟 [74].

The governing Equations of the model can be used to define the shape of the liquid vapor co-existence
region for any fluid in the Temperature-Entropy (T-S) plot. The shape of the saturation curves in the
T-S plot is an essential factor in narrowing down the suitable range of working fluids for the proposed
system. The slope of the T-S vapor saturation curve and the dome of the T-S plot constitutes two major
factors in deciding the optimum working fluid for a given application.

Parameters Affecting the Dome

The governing Equations can be further used to develop the reduced temperature versus dimensionless
entropy (𝑇𝑟−�̃�) saturation dome for a given fluid. As stated earlier, it depends on only three parameters:
𝜔, 𝑘𝑐 , and𝑚. This type of plot allows for a direct comparison of the dome shape for various substances
based on the principle of corresponding states; it places the critical point for each substance at the same
coordinates (�̃� = 0, 𝑇𝑟 = 1), as shown in Figure 2.20.
A fluid with lower values of acentric factor (𝜔 < 0.35) will ensure a narrow peak of the saturation
dome which facilitates less latent heat storage. A 𝑘𝑐 value close to 1.1 maintains an isentropic vapor
saturation curve, which allows for less superheating at the turbine inlet and simultaneously limited
need of recuperation before the condenser of the Rankine cycle. Finally, 𝑚 ∼ −0.03 will maintain the
isentropic nature of the vapor saturation curve at the lower side of the saturation dome.

Alejandro Rivera-Alvarez et al.(2020) lists the different parameters (𝜔, 𝑘𝑐, 𝑚, 𝑇𝑐, etc) for 120 fluids
based on the Lee-Kesler model [74].
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B
Optimised Parameters for Literature

Case
For the base case Topology with super-heating before HP compression, the following intensive decision
variables were considered with their respective lower and upper boundaries in square brackets:

Figure B.1: Range of parameters for optimisation

(a) ABB base case with superheating

(b) ABB case-1 with intercooling

Figure B.2: Optimum Parameters
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96 B. Optimised Parameters for Literature Case

Sample Calculation to estimate required Air-cooling
The required air-cooling can be estimated by employing a thermal energy balance for the system. In
this case, we balance the Thermal Engine requirement on the cold storage side. The calculations are
given as follows:
Assuming required Energy output = 50 MJ for a discharge time of 50s. Mass Flow rate of discharging
cycle,

�̇�𝑇𝐸 =
𝑊𝑜𝑢𝑡
𝑑ℎ𝑜𝑢𝑡

= 1𝑒3𝑘𝑊
99.39 𝑘𝐽/𝑘𝑔 = 10.1 𝑘𝑔/𝑠.

Heat rejected in cold storage in discharging cycle, �̇�𝐷−5 = 294.09 ∗ 10.1 = 2970.3 𝑘𝑊.
Mass flow required for charging cycle to balance the rejected heat,

�̇�𝐻𝑃 =
�̇�𝐷−5
𝑑ℎ4−𝐻

= 2970.3
240.81 = 12.33𝑘𝑔/𝑠.

Heat stored in the hot storage (charging),

�̇�2−𝐶 = �̇�𝐻𝑃 ∗ 𝑑ℎ2−𝐶 = 12.33 ∗ 360.35 = 4443.1𝑘𝑊.

Heat rejected from the hot storage (discharging),

�̇�𝐸−7 = �̇�𝐻𝐸 ∗ 𝑑ℎ𝐸−7 = 10.1 ∗ 379.48 = 3832.748𝑘𝑊.

Excess heat within the system,

�̇�𝑒𝑥𝑐𝑒𝑠𝑠 = �̇�2−𝐶 − �̇�𝐸−7 = 4443.1 − 3832.748 = 610.37𝑘𝑊 (cold utility).

Specific enthalpy to be removed,

𝑑ℎ𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
�̇�𝑒𝑥𝑐𝑒𝑠𝑠
�̇�𝐻𝑃

= 610.37
12.33 = 49.5 𝑘𝐽/𝑘𝑔.

This heat is specifically removed from the charging cycle in between the supercritical CO2 cooling
process.

Now the Round Trip Efficiency (RTE) of the cycle can be calculated for same charging and discharging
time as follows:

RTE, 𝜂𝑅𝑇 =
�̇�𝑇𝐸 ∗ 𝜏𝐷
�̇�𝐻𝑃 ∗ 𝜏𝐶

= 1000
12.33 ∗ 130.61 = 62.3%.
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C
CO2 Blends

CO2 Blends as a working fluid

CO2-Blends are typically a mixture of a selective dopant and CO2. These mixtures can be used to
address the problems encountered due to low critical temperature of pure CO2. For example, in
sCO2-based CSP plants, high ambient temperatures (∼40°C) prevent compression near the critical
point (31°C). This prevents from making use of the benefit of a low compressibility factor in the vicinity
of the critical point. G. Di Marcoberardino et al. have proposed to use a CO2-blend, which raises the
critical point of the pure CO2 [27], as shown in Figure C.1. The sCO2 Brayton cycle can be converted
to a trans-critical CO2 Rankine cycle, allowing condensation in the two-phase region and also replacing
the compressor with a pump, thus reducing power input. It is also possible to appreciate the reduction
in compression power observed for same compressor inlet temperature and pressure ratio, Figure C.1.

Figure C.1: Effect of dopant on the critical point [28].

The dopants are characterised by a good solubility into CO2, good molecular complexity, low-toxicity
and low-flammability. Also, they should be thermally stable and chemically inert at higher temperatures.
The work of G. Di Marcoberardino et al. compares different dopants (eg: C6F6, TiCl4, and SF6)
that could be used with CO2. Higher performance gain of hexa-fluoro benzene (C6F6) over titanium
tetra-chloride (TiCl4) was reported for the precompression layout [27].

G. Di Marcoberardino et al. carried out the thermal stability checks for the proposed dopant, CO2+
C6F6, and reported a temperature limit of 600°C [26]. A performance investigation of the mixture was
further carried out for a CSP plant at a maximum cycle temperature of T𝑚𝑎𝑥=550°C [28]. A simple
recuperative CO2 trans-critical Rankine cycle with a CO2 molar content of 84% was found to deliver
the maximum efficiency of 41.9% compared to the lower efficiencies of steam Rankine cycle and simple
recuperative sCO2 Brayton cycle, as evident from Figure C.2.
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98 C. CO2 Blends

Figure C.2: Gross cycle efficiency CSP applications [28].

Finally, Figure C.3a & Figure C.3b represent the phase diagram of CO2+C6F6 and a T-S plot corresponding
to a simple recuperated trans-critical Rankine cycle for a typical CSP plant using trans-critical CO2+C6F6
mixture with 84% CO2 molar content.

(a) (b)

Figure C.3: (a) P-T diagram of (C6F6) with standard Peng-Robinson EoS [26], (b) T-S diagrams of simple
recuperative condensing supercritical cycle for the mixture with 84% CO2 molar content [26].

CO2 blends offers a very nice solution for integrating waste heat with CO2 cycles. Based on the previous
findings, CO2 + C6F6 tends to be an efficient mixture.
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D
Computational Model Description

Python is an open source software used as a high level, general-purpose programming language. It is
compatible with a wide range of programming paradigms, including structured (especially procedural),
object-oriented, and functional programming. Moreover, it contains the Python Package Index (PyPI),
which hosts thousands of third party modules for python [82]. Of these modules/packages, the ones
extensively used in the present work are CoolProp, Matplotlib, and SciPy. These packages need to be
installed on the system and imported within the Python environment. The functions of these packages
are as follows:

1. CoolProp: This package is a database of nearly 122 pure and pseudo-pure fluids, which contains
all the thermodynamic and transport properties of these components [11].

2. Matplotlib: It is a complete Python toolkit for producing static, animated, and interactive visualizations
in Python [48].

3. SciPy: SciPy is a Python package collection formathematics, science, and engineering numerical
computations [83].

The complete model had been divided into four classes: ThermoState, Heat Pump, Heat Engine,
Storage, as shown in Figure D.1.

Figure D.1: Different Python class defined in thermodynamic model
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100 D. Computational Model Description

The “THERMOSTATE” class is at the top of the thermodynamic model, which is responsible to evaluate
all the properties of a state point for any given pair of state variables (eg: temperature, pressure, specific
entropy, specific enthalpy, etc.). It is called every time, a function in another class try to define state
points.

The “HEAT PUMP” class is responsible to define all the state points of the heat pump cycle. It also
calculates performance related (eg: COP) and flow related (eg: mass flow rate) parameters. Moreover,
it also generates temperature vs entropy (T-S) and heat load vs temperature (Q-T) plots for heat pump
cycle.

Similarly, the “HEAT ENGINE” class is responsible to define all the state points of the Rankine cycle.
Additionally, it takes input from the “HEAT PUMP” class to define certain state parameters. This is
shown through the yellow line in Figure D.1. Further, it calculates performance related (eg: thermal
efficiency) and flow related (eg: mass flow rate) parameters. It also generates temperature vs entropy
(T-S) and heat load vs temperature (Q-T) plots for the Rankine cycle.

Finally, the “STORAGE” class defines the state properties at the initial and end state point. It takes
input from both the “HEAT PUMP” and “HEAT ENGINE” class to evaluate certain parameters. This is
shown via the yellow and black line in Figure D.1.

Figure D.2: Steady flow energy process

where, 1, 2 represents the inlet and outlet of the control volume. From the thermodynamic sign conventions,
heat given to the system and work obtained from the system are taken to be positive and vice versa.
A total mass and energy balance for such a control volume, shown in Figure D.2, is as follows:

�̇�1 − �̇�2 =
𝑑𝑚
𝑑𝑡 , (D.1)

�̇�1 + �̇� − �̇�2 − �̇� = 𝑑𝐸
𝑑𝑡 , (D.2)

where, �̇� and �̇� represents themass flow rate and energy rate respectively. The term “𝐸” is a combination
of all the major energy sources carried by the fluid such as internal energy (𝑈), flow work (𝑝𝑉), kinetic
energy (K.E), and potential energy (P.E) and can be written as:

𝐸 = 𝑈 + 𝑝𝑉 + 0.5𝑚𝑣2 +𝑚𝑔𝑧,
𝑒 = 𝐸/𝑚 = 𝑢 + 𝑝𝜈 + 𝑣2/2 + 𝑔𝑧. (D.3)

where, 𝑒, 𝑢, 𝜈 represents specific total energy, specific internal energy, and specific volume of the fluid
in consideration. While 𝑣, 𝑔, 𝑧 represent the velocity, gravitational acceleration and potential elevation
from the reference line. Substituting Equation D.3 in D.1 and D.2, and for a steady state, the above
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mass and energy balance Equations reduces to,

�̇�1 = �̇�2 = �̇�,
�̇�1 − �̇�2 = �̇� − �̇�,

�̇� ((ℎ1 − ℎ2) +
1
2(𝑣

2
1 − 𝑣22) + 𝑔(𝑧1 − 𝑧2)) = �̇� − �̇�. (D.4)

where, ℎ = 𝑢 + 𝑝𝜈, represents the specific enthalpy of the fluid. This defines the steady-state mass
and energy balance for a control volume of a two component system and can be extended to a
multi-component system as well.

Equation D.4 forms the basis of themain thermodynamic calculations carried out for individual components
in the PTES system. The main elements of a PTES system, as can be referred from Figure 3.1, are :
(i) heat exchangers, (ii) turbomachinery, and (iii) expansion valve.

1. Heat Exchangers:
Consider the heat exchanger block as shown in Figure D.3.

Figure D.3: Heat exchanger block diagram

A heat exchanger has been categorised as a purely heat interacting device, so no work transfer is
considered across a HEX. Now applying the steady state mass and energy Equation D.4 across
the HEX block, and ignoring the K.E and P.E effects, it gives:

�̇�𝑐𝑜𝑙𝑑 (ℎ2 − ℎ1) = �̇�, system gaining heat (D.5)
�̇�ℎ𝑜𝑡 (ℎ1 − ℎ2) = �̇�, system rejecting heat. (D.6)

2. Turbomachines:
Consider a turbomachine block as shown in Figure D.4.

Figure D.4: Compressor and turbine block diagram

A turbomachine has been characterised as a purely work interacting device and thus an adiabatic
model will be applied to a turbomachine. So, applying the steady state mass and energy Equation
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(D.4) across the turbomachine block, and ignoring the K.E and P.E effects, it gives:

�̇� (ℎ2 − ℎ1) = �̇�, system absorbing work: compressor, pump (D.7)
�̇� (ℎ1 − ℎ2) = �̇�, system producing work: turbine. (D.8)

Further, turbomachines have been subjected to isentropic efficiencies to account for the irreversible
nature of compression or expansion:

𝜂𝑖𝑠,𝑐𝑜𝑚𝑝 =
�̇�𝑖𝑠
�̇� = ℎ2,𝑖𝑠 − ℎ1

ℎ2 − ℎ1
, (D.9)

𝜂𝑖𝑠,𝑡𝑢𝑟𝑏 =
�̇�
�̇�𝑖𝑠

= ℎ1 − ℎ2
ℎ1 − ℎ2,𝑖𝑠

. (D.10)

3. Expansion Valve:
Consider the diagram of an expansion valve as shown in Figure D.5.

Figure D.5: Flow through an expansion valve

The expansion valve has been categorised as an adiabatic device with no work interaction with
the surrounding, so no work and heat transfer is considered across an expansion valve. This
leads the steady flow energy Equation D.4 to the following relation, while neglecting the changes
in K.E and P.E,

ℎ1 = ℎ2 (D.11)

which is termed as an isenthalpic process.
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Figure D.6: Thermophysical properties of phase change materials
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E
Heat Exchanger Design

The general heat exchanger design procedure for heat exchangers is discussed as follows:

Step 1: Specification and Duty

The first step begins with defining the HEX duty/heat load, process streams inlet-oultlet conditions,
mass flow rates and specific heat capacity of individual streams. This also includes evaluating any
unknown process consdition, which can be estimated from Equation (E.1).

𝑄 = �̇�𝑐𝑝 (𝑇ℎ𝑜𝑡, 𝑖𝑛 − 𝑇ℎ𝑜𝑡 𝑜𝑢𝑡) = �̇�𝑐𝑝 (𝑇𝑐𝑜𝑙𝑑, 𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛) . (E.1)

Step 2: Collection of physical properties

The subsequent step involves gathering all pertinent physical characteristics of the streams at appropriate
pressures and temperatures. It is necessary to determine properties such as the specific heat, thermal
conductivity, density, and viscosity at both the inlet and outlet conditions. The REFPROP tool has been
used to evaluate all the thermo-physical properties of the process streams [56].

Step 3: Assume an overall heat transfer coefficient 𝑈0
Next, an overall heat transfer coefficient 𝑈0 is assumed. The assumption is based on the properties
of the process streams and the type of heat exchanger used. The typical values can be found from
standard heat exchanger books such as Sinnott and Towler, & Kern [81, 37].

Step 4: Calculate the logarithmic mean temperature difference Δ𝑇𝑚
The Log Mean Temperature Difference (Δ𝑇𝑚) gives an estimate of the effective driving force in a heat
exchanger and can be calculated from Equation (E.2). The subscripts correspond to Figure 2.25.

Δ𝑇𝑚 =
(𝑇ℎ, 𝑖𝑛 − 𝑇𝑐, 𝑜𝑢𝑡) − (𝑇ℎ, 𝑜𝑢𝑡 − 𝑇𝑐, 𝑖𝑛)

𝑙𝑛 (𝑇ℎ, 𝑖𝑛−𝑇𝑐, 𝑜𝑢𝑡𝑇ℎ, 𝑜𝑢𝑡−𝑇𝑐, 𝑖𝑛
)

. (E.2)

𝐿𝑀𝑇𝐷 is purely dependent on the process fluid operating conditions at the inlet and outlet of a heat
exchanger. The LMTD calculated in Equation (E.2) is for a pure counter-current flow, however the
actual flow path in heat exchangers is never 100% counter-current. In order to consider the effect
of deviation from counter-current condition, an additional correction factor (𝐹) is applied to the 𝐿𝑀𝑇𝐷
calculated from Equation (2.13). The overall heat load of a heat exchanger can then be written as:

𝑄 = 𝑈0𝐴(𝐹Δ𝑇𝑚). (E.3)
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Step 5: Calculate the heat transfer area

Based on the assumed overall heat transfer coefficient 𝑈0 and corrected LMTD, the heat transfer area
can be evaluated from Equation (E.4).

𝐴 = 𝑄
𝑈0𝐹Δ𝑇𝑚

(E.4)

The area calculated above is high;y dependent of the 𝑈0 value. The final overall heat transfer coefficient
𝑈0 can then be estimated based on individual heat transfer coefficients of hot and cold fluid, fouling
factors. This is done by the sum of the individual resistances. For shell and tube heat exchanger the
𝑈0 is calculated from Equation (E.5).

1
𝑈0

= 1
𝛼𝑠
+ 1
𝛼𝑓, 𝑠

+
𝑑𝑜𝑙𝑛 (

𝑑𝑜
𝑑𝑖
)

2𝜆𝑤
+ 𝑑𝑜𝑑𝑖

1
𝛼𝑓, 𝑡

+ 𝑑𝑜𝑑𝑖
1
𝛼𝑡
. (E.5)

For plate heat exchanger the 𝑈0 is calculated from Equation (E.6).

1
𝑈 =

1
𝛼ℎ
+ 1
𝛼𝑓,ℎ

+
𝑡𝑝
𝜆𝑝
+ 1
𝛼𝑐
+ 1
𝛼𝑓,𝑐

. (E.6)

The further steps for each heat exchanger is different and is included in the individual sections.

E.1. Shell and Tube HEX
The further steps for the design of Shell and Tube HEX are as follows:

Step 6: Decide HEX model, tube size, material layout and fluid allocation

This step is necessary to determine the layout of the HEX. Further the fluid allocation criteria has been
explained in detail in Chapter 2.6.1. The tube size amdmaterial selection is done based on the standard
charts available in Sinnott and Towler [81].

Step 7: Calculate number of tubes

The total number of tubes (𝑁𝑡) is determined by dividing the total area of the exchanger by the area of
a single tube (𝐴𝑡), as given in Equation (E.7).

𝑁𝑡 =
𝐴
𝐴𝑡
, where𝐴𝑡 = 𝑑𝑜𝜋𝐿 (E.7)

where 𝑑𝑜 , 𝐿 is the outside diameter and length of a tube respectively. The designer has the choice of
fixing the number of tube passes (𝑁𝑝, 𝑡). A high number of tube pass results in a higher pressure drop.
However it also plays a role in increasing the fluid velocity, in case, overall mass flow is less. The tube
side velocity 𝑢𝑡 can be calculated using Equation (E.8).

𝑢𝑡 =
�̇�

𝑁𝑝, 𝑡𝜌𝑡(
𝜋
4𝑑

2
𝑖 )

(E.8)

where, �̇�, 𝑑𝑖 , 𝜌𝑡 is the ttal mass flow rate, inside diameter of the tube and density of the fluid at tube
side respectively.

Step 8: Calculate bundle and shell diameter

The bundle’s diameter is influenced by the number of tubes, tube passes, and configuration of the
tubes. Constants 𝐾1 and 𝑛1 that are obtained from typical tube layouts are used to gauge the bundle
diameter 𝑑𝑏. It is given by the empirical relation in Equation (E.9).

𝑑𝑏 = 𝑑𝑜 (
𝑁𝑡
𝐾1
)

1
𝑛1

(E.9)

The Values of these constants are taken from Sinnott and Towler [81]. Further, the shell diameter is
chosen based on a standard clearance with the bundle diameter.
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Step 9: Calculate tube side pressure drop and heat transfer coefficient

The main sources of pressure drop within a tube of a S&T HEX are the frictional losses through the
span of the tube length and the sudden expansion, contraction, and flow reversal losses considering
the tube arrangement. The combined effect of these losses has been formulated and developed by
Frank (1978) and is presented in Sinnott & Towler [81], which is stated here as follows:

Δ𝑃𝑡 = 𝑁𝑝 [8𝑗𝑓 (
𝐿
𝑑𝑖
)( 𝜇𝜇𝑤

)
−𝑚

+ 2.5] 𝜌𝑢
2
𝑡
2 (E.10)

𝑚 = 0.25; for laminar flow, Re < 2100
= 0.14; for turbulent flow, Re > 2100

where, Δ𝑃𝑡 is the tube side pressure drop (𝑁/𝑚2), 𝑁𝑝 is the number of tube passes, 𝐿 is the length of
a single tube (𝑚), 𝑑𝑖 is the inside diameter of the tube (𝑚), 𝑢𝑡 is the tube side velocity (𝑚/𝑠), 𝜇 is the
fluid viscosity at the bulk fluid temperature (𝑁𝑠/𝑚2), 𝜇𝑤 is fluid viscosity at the wall temperature, and
𝑗𝑓 is the tube side dimensionless friction factor and is a function of Reynolds number (Re). The value
of 𝑗𝑓 can be read from the Figure shown in E.1 against the calculated Re.

Similar to friction factor in the pressure drop relation, Equation (E.10), the heat transfer data has been
correlated to a heat transfer factor (𝑗ℎ, which allows to evaluate heat transfer coefficients for laminar
and turbulent flows through a single Equation (E.11).

𝛼𝑡 = 𝑗ℎ𝑅𝑒𝑃𝑟0.33 (
𝜇
𝜇𝑤
)
0.14 𝜆𝑓

𝑑𝑖
(E.11)

where, 𝑗ℎ can be read from the Figure E.2. 𝜆𝑓 is the thermal conductivity of the fluid within the tube.

Figure E.1: Tube side friction factors
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108 E. Heat Exchanger Design

Figure E.2: Tube side heat transfer factors

Step 10: Calculate shell side pressure drop and heat transfer coefficient

Similar to tube side correlations, the shell side pressure drop and heat transfer relations are also based
on friction and heat transfer factors respectively. These are based on the method developed by Kern
and collected in Sinnott and Towler [81]. The correlations for pressure drop and heat transfer are given
in Equation (E.12), and (E.13).

Δ𝑃𝑠 = 8𝑗𝑓 (
𝐷𝑠
𝑑𝑒
)( 𝐿𝑙𝐵

) 𝜌𝑢
2
𝑠
2 ( 𝜇𝜇𝑤

)
−0.14

(E.12)

𝛼𝑠 = 𝑗ℎ𝑅𝑒𝑃𝑟0.33 (
𝜇
𝜇𝑤
)
0.14 𝜆𝑓

𝑑𝑒
(E.13)

where, 𝑗𝑓 and 𝑗ℎ can be read from the Figures E.3 and E.4 respectively. Re represents the Reynolds
number for the flow on the shell side and is calculated using the Equation (E.14). The term 𝑑𝑒 is the
hydraulic diameter of the shell and is estimated using relation Equation (E.15).

𝑅𝑒 = 𝜌𝑢𝑠𝑑𝑒
𝜇 (E.14)

𝑑𝑒 =
1.27
𝑑𝑜

(𝑝2𝑡 − 0.785𝑑2𝑜) (E.15)

𝑢𝑠 =
𝐺𝑠
𝜌 (E.16)

𝐺𝑠 =
�̇�𝑠
𝐴𝑠

(E.17)

𝐴𝑠 =
(𝑝𝑡 − 𝑑𝑜) 𝐷𝑠𝑙𝐵

𝑝𝑡
(E.18)

where, 𝐷𝑠 is the shell diameter, �̇�𝑠 is the mass flow rate of fluid on shell side, 𝑢𝑠 is the shell velocity, 𝑝𝑡
is the pitch of the tube arrangement, 𝐺𝑠 is mass flux, and 𝐴𝑠 is the cross flow area.
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Figure E.3: Shell side friction factors

Figure E.4: Shell side heat transfer factors
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110 E. Heat Exchanger Design

E.2. Plate Hex

Step 7-9: Geometric design specifications

The plate dimensions are selected from the standard catalogue. Some standard plate dimensions have
been given in Sinnott and Towler [81]. The total number of plates, however, can be calculated from the
a single plate area as given in Equation (E.19).

𝑁𝑝 =
𝐴
𝐴𝑝
, (E.19)

𝐴𝑝 = 𝜙𝐿𝑝𝐵𝑝. (E.20)

Where, 𝜙 is the coefficient for corrugated plates and is taken 1.22. The designer has the choice to fix
the number of passes. Generally, it is kept 1-1 pass. So, total number of effective plates excluding the
front and rear plate are 𝑁𝑝 −2. This leads to estimating number of fluid channels (𝑁𝑐, 𝑝𝑎𝑠𝑠) per pass as
𝑁𝑝−1
2 . The channel velocity can be calculated using Equation (E.21)

𝑢𝑝 =
�̇�

𝑁𝑐, 𝑝𝑎𝑠𝑠𝜌𝑡𝑔𝐵𝑝
(E.21)

Where, �̇� is the total mass flow of the fluid through the plate HEX, 𝑡𝑔 is the channel width/gap, 𝐵𝑝 is
the channel length or width of the plate.

Step 10-11: Calculate the film heat-transfer coefficients for each stream

The heat transfer coefficient for a fluid stream is calculated using the Nusselt’s number as follows:

𝛼 = 𝑁𝑢𝜆
𝑑𝑒

. (E.22)

where, 𝜆 is the thermal conductivity of the fluid. In literature, the researchers have provided a number
of correlations for Nusselt number with different validation ranges. One of the standard correlation of
Nusselt number for single phase operation is provided in Sinott and Towler [81], formulated as:

𝑁𝑢 = 0.26𝑅𝑒0.65𝑃𝑟0.4. (E.23)

which is valid for a turbulent flow across a typical plate. Another correlation much more efficient as
compared to other correlations is provided by Infante Ferreira is formulated as follows:

𝑁𝑢𝑠𝑝 =
𝛼𝑠𝑝𝑑𝑒
𝜆 = 0.275𝑅𝑒0.7𝑃𝑟1/3; 320 ≤ Re ≤2600 (E.24)

Step 12: Calculate the overall heat transfer coefficient

The overall heat transfer coefficient of the plate heat exchanger is calculated using Equation (E.6). The
fouling factors for the streams have been taken from standard HEX books [81, 37].

Step 13: Check the pressure drop for each stream

The total pressure drop for a fluid stream in a plate heat exchanger is a result of frictional pressure loss
across plates and in the main conduit while expansion and contraction losses across the exit and inlet
ports respectively.

Δ𝑃 = Δ𝑃𝑝𝑙𝑎𝑡𝑒 + Δ𝑃𝑐𝑜𝑛𝑑𝑢𝑖𝑡 + Δ𝑃𝑝𝑜𝑟𝑡𝑠 , (E.25)

Δ𝑃𝑐𝑜𝑛𝑑𝑢𝑖𝑡 = 8𝑗𝑓 (
𝐿𝑝
𝑑𝑒
)
𝜌𝑤2𝑝𝑡
2 , (E.26)

Δ𝑃𝑝𝑜𝑟𝑡𝑠 = 1.3
𝜌𝑤2𝑝𝑡
2 𝑁𝑝𝑎𝑠𝑠 (E.27)

Divyansh Gautam Master of Science Thesis



E.2. Plate Hex 111

where, 𝑗𝑓 is the friction factor in the conduit and is approximated by 𝑗𝑓 = 0.6𝑅𝑒−0.3. The terms 𝑤𝑝𝑡, 𝐿𝑝,
𝑑𝑒, and 𝑁𝑝𝑎𝑠𝑠 corresponds to the fluid velocity in the conduit/port, path length, hydraulic diameter of the
conduit and number of passes respectively.

The friction factor (𝜉) correlation for a single phase flow in a plate HEX is taken from VDI Heat Atlas
[43] and is defined across the plate, which is formulated as follows:

Δ𝑝𝑝𝑙𝑎𝑡𝑒 = 𝜉 (
1
2𝜌𝑤

2
𝑝)
𝐿𝑝
𝑑𝑒
, (E.28)

1
√𝜉

= 𝑐𝑜𝑠𝜙
√0.18𝑡𝑎𝑛𝜙 + 0.36𝑠𝑖𝑛𝜙 + 𝜉0/𝑐𝑜𝑠𝜙

+ 1 − 𝑐𝑜𝑠𝜙
√3.8𝜉1

, (E.29)

𝜉0 =
64
𝑅𝑒 ; 𝜉1 =

597
𝑅𝑒 + 3.85, Re < 2000, (E.30)

𝜉0 = (1.8 𝑙𝑛𝑅𝑒 − 1.5)
−2 ; 𝜉1 =

39
𝑅𝑒0.289 , Re ≥ 2000. (E.31)

where, 𝑤𝑝, 𝐿𝑝, 𝑑𝑒 corresponds to the plate channel velocity, plate length, and hydraulic diameter of the
channel. Greek letter 𝜙 corresponds to the corrugation angle on the plate (0° < 𝜙 < 90°). 𝜉0, and
𝜉1 represents the friction factor for the smooth longitudinal flow (𝜙 = 0°), and wavy longitudinal flow
(𝜙 = 90°) and are a function of Reynolds number (Re).
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E.3. Widom Line

Figure E.5: Widom line for CO2 from experimental calculations [93].
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