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Abstract

Developing net-zero emission buildings is crucial, as the building sector is responsible for
significant global energy consumption and greenhouse gas emissions. Governors have set a
carbon-neutral target for 2050, mandating that all new constructions achieve net-zero
emissions. This study introduces a thermal energy storage system integrated with a two-
stage heat pump in a novel configuration, as heat pumps are considered a viable alternative

to gas boilers.

The innovative, flexible two-stage heat pump has been analysed and compared with a
baseline two-stage heat pump, as well as with both flexible and baseline single-stage heat
pumps, under the same operating conditions. A control strategy was formulated based on
heating duty, time of day, and storage tank status to enable the system to function in four
different modes: 1) Normal operation, 2) Charging, 3) Discharging, and 4) Standby (Off).
The weather data for heating systems in Glasgow and Birmingham, UK, were utilised to
obtain variable hourly heating loads for a typical four-story residential building through
IESVE software. A sinusoidal daily heating load profile was created to investigate the effect
of heating load shape, maintaining the same maximum duty as the variable load derived from
IESVE software. All proposed flexible cycles are named 1 configuration - config. 1, and

the second flexible cycle in each model is named second configuration - config. 2.

Results indicate that the flexible two-stage system exhibits a 1.67% higher seasonal
coefficient of performance (SCOP) with real variable loads and a 5.31% increase with
sinusoidal loads. Furthermore, while the maximum price cut achieved was 2.1% with

sinusoidal loads, the price reduction for real variable loads was less significant.

Additionally, this thesis introduces and thoroughly examines the novel configuration of the
flexible two-stage heat pump system for cooling applications. Under identical operating
conditions as far as possible, a baseline two-stage heat pump, a comparable flexible single-
stage heat pump, and a second configuration of a flexible two-stage heat pump were
compared and analysed alongside the newly proposed flexible two-stage heat pump. A
control strategy was established to operate the system in four modes, normal operation,
charging, discharging, and standby, based on cooling duty, time of day, and the status of
storage tanks. Weather data for London/UK, and Rome/Italy, were used to acquire variable
hourly cooling loads for a typical four-story residential building via IESVE software. The
findings show that the flexible two-stage and single-stage systems achieved SCOP equal to



ii
2.33% and 2.55% higher, respectively. Additionally, the heat pump demonstrated a higher
SCOP and better flexibility in milder weather conditions, such as those in London, compared

to Rome. Overall, the newly proposed system in this study shows superior performance

compared to other similar heat pump systems.

In the third phase of this thesis, a techno-economic analysis was conducted on the two-stage
flexible heat pump. An Al-extruded tube micro-channel evaporator and a corresponding
condenser were designed for this system. The techno-economic analysis included calculating
various economic parameters to assess the system's feasibility. Results indicate the system's
economic viability, supported by calculated metrics such as Annual Profit (AP), Net Present
Value (NPV), Period Payback (PP), Internal Rate of Return (IRR), and Multiple on Invested
Capital (MOIC). The Al-extruded tube micro-channel heat exchangers achieved heat
transfer rates of 106.28 kW for condenser and 76.34 kW for evaporator, with overall heat
transfer coefficients of 1,790.8 W/m?K and 1,011.8 W.m2.K'!, respectively. The system
demonstrates economic feasibility, with an NPV of £177,903, an IRR of 16.4%, and a
payback period of 7.8 years. The total capital investment for 40 flats amounts to £163,880,
yielding a MOIC of 2.08.
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Nomenclature

Parameter Explanation

A area

Ags cross-sectional area

Afiow Free flow cross-sectional area of air
AP annual profit

Bo boiling number Bo = — ¢

Mrefhsg
c coefficient in the Lockhart—Martinelli
parameter

Cer Capital investment cost rate

Cheat Unit price of heat

CRF Capital recovery factor

comp Compressor

Cond Condenser

c hourly unit cost of electricity
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opening and closing valves
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Expansion valve in schematic figures

Xii

kw

kW (Kilo Watt)

kw
W m?

W m?
kw

Kw!

mm



0

1,2 3 ..

air

ann

cb

ch

COTld (Rt,cond)
conv (Rt,conv)

ambient

State points

Air-side related properties and parameters
annular flow in channels

convective boiling

channel

conduction

convection

Xiii

g saturated gas state -
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i inlet -
in inlet -
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Chapter 1 Introduction

Heating and cooling represent two fundamental energy-demanding requirements for
household and industrial applications in all regions on Earth. On the other hand, energy
usage trends are gradually increasing due to rapid population growth and the increase in
living standards. This intensifies the greenhouse gas emission level and eventually
exacerbates global warming and its long-term effects, climate change !. Building energy
consumption is skyrocketing worldwide, with building heating and cooling energy
consumption making up 54% of the building's overall energy consumption 2. Most energy
used for heating and cooling in residential and commercial buildings makes up 36% of the
total energy consumed globally today 3. Given that, the building industry is acknowledged
as having a substantial impact on how human activity affects the environment *. For the Gulf
Cooperation Council (GCC) countries (Bahrain, Oman, Qatar, Kuwait, UAE, KSA), annual
water consumption will exceed 26 billion m3, while the cooling demand is expected to be
more than 36 million Rton (ton of refrigeration) until 2030 °. Regarding the other countries,
the total cooling demand is expected to increase up to 5.8 EJ (Exa-Joule) in 2050, only for
Asia, Latin America, India, and China °. In the European Union, the heating industry uses
the most energy and produces the most carbon emissions. Nearly 50% of the Union's overall
energy demand relates to this sector, with fossil fuels accounting for 75% of it /. While in

2017, just 10% of the world's heat demand came from renewable sources ®.

Regarding the environmental issues, around 80% of the energy used in European homes is
used by heating systems to produce domestic hot water and space heating, which contributes
significantly to building environmental emissions °. In the annual COP (Conference of the
Parties to the United Nations Framework Convention on Climate Change), lots are discussed
and achieved. The goals of decarbonisation by 2050 and a maximum 1.5 °C increase in
ambient temperature have been set by the COP26 conference in response to the persistent
global warming concerns. Also, in COP26, it was agreed that in 2024, international funding
for the unabated fossil fuel energy sector should be discontinued by 34 nations and five
public finance institutions. Trillions are being reallocated by central banks and private
financial institutions to achieve global net zero by 2050 !°. Decarbonisation of several

energy-intensive industries is necessary to meet these grand goals.
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In the UK specifically, household energy consumption is a significant factor in the current
environmental and strategic supply of energy. 80% of domestic energy associated with space
and hot water heating are being provided by electrical radiators or boilers fired with fossil
fuels. The UK, as well, has passed legislation to achieve Net Zero by 2050 !!. To achieve a
carbon emission-free status by 2050, all new construction must be Net Zero-Energy
Buildings (NZEBs) '2. When greenhouse gases are created and removed from the
atmosphere in equal amounts, the balance is called net zero. NZEBs have just moved from
being studied to being used in practice '*. Although the UK has made significant progress in
the past ten years to decarbonise its industry ', there are some challenges due to temporal

changes, and quick dynamic responses (seasonal, weekly, and daily).

Among several possible solutions (such as hydrogen, biomass, heat pumps, and electrical
heaters), electrically powered heat pumps are considered the most promising solution for
decarbonising heating/cooling. Given that heat pumps are used in buildings, improving heat
pump efficiency can directly address problems with building energy. Aligned with
alterations of the traditional heating technology, the air source heat pump system is
becoming increasingly popular '°. According to the European Heat Pump Association's
market forecast, heat pumps installed in buildings in gigawatt (GW) will increase from 1000
GW in 2022 to 6,500 GW by 2050 '®. The Air-Source Heat Pump market worldwide is
projected to grow by US$ 131.1 billion, driven by a compounded growth of 10.7%.
Numerous recent studies have been conducted to increase heat pump efficiency, including

using different refrigerants and suggesting innovative cycles 7.

Generally, a heat pump takes thermal energy or heat from the environment, such as soil,
water, or air '*. Among all heat pumps, air-source heat pumps are the most cost-effective
option for householders. Utilising Air-Source Heat Pumps (ASHP) as a replacement for gas
boilers would have some benefits, such as cost savings and emission reductions '°. In the

next section, more information is provided about the fundamentals of an air-source heat

pump.

1.1 Fundamentals of Vapour compression cycle of a heat
pump

A heat pump is a device that works based on vapor compression cycle - also known as
Reverse Rankine Cycle. In the heating mode, It transfers heat from a low-temperature source

to a higher-temperature sink by means of external work, most commonly via a closed vapor-
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compression cycle comprising a compressor, condenser, expansion device, and evaporator.
Fig. 1.1 shows a schematic figure of a simple single-stage heat pump. In the compression
step (1 to 2 in Fig. 1.1), saturated or slightly superheated vapor is raised to a higher pressure
and temperature — ideally in an isentropic process (entropy constant) - so it can reject heat
to the sink 2. In the condenser (the sink), the high-pressure vapor rejects heat isobarically
(pressure constant) and condenses to liquid, often followed by mild subcooling (process 2 to
3 in Fig. 1.1) 2!. The liquid then undergoes throttling in the expansion valve, an isenthalpic,
irreversible process (enthalpy constant) that lowers pressure and temperature to produce a
liquid—vapor mixture (process 3 to 4 in Fig. 1.1) %, In the evaporator, the refrigerant absorbs
heat at low pressure and typically leaves slightly superheated (process 4 to 1 in Fig. 1.1) to

protect the compressor 21

>«
EXP. Valve

Figure 1.1 Schematic figure of a single stage heat pump

Performance is measured by the coefficient of performance (COP) for heating equals to the
aimed/provided heating load (Qy) or cooling load (Q;) divided by the input work (work

consumption of the compressor) (W;,), as shown n Eq. 1-1.

Qy (Qn) Equation 1-1
COPyp = ———
HP W,
which exceeds unity because the provided heat Qy includes both the extracted heat from
environment and the input work done by the compressor. In the next section, thermodynamic
viewpoint of an ideal and a non-idea heat pump cycle are elaborated. As any process in

thermodynamics, the processes happening in a heat pump can be idealized to simplify the
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simulation/calculations or can be viewed as realistic as possible within the thermodynamic

rules.

1.1.1 The non-ideal vapor compression cycle

Practical vapor-compression heat pumps differ from ideal ones due to irreversibility which
is visible on a T-s diagram. The reason is that entropy is generated in every process in the
real world’s chemical/physical processes. Fig. 1.2 shows a T-s diagram of an ideal and non-
idea vapor compression cycle, the running cycle of a heat pump device. 1-2-3-4-1 cycle
resembles the ideal vapour compression cycle, while 1°-2°-3"-4"-1" shows the non-ideal one.
The state points of Fig. 1.1 are matched with the state points in Fig. 1.2. However, the

pressure drops of heat exchangers have not been considered here.

Temperature (K)

evaporating T

Entropy (J K™ mol™)

Figure 1.2 Ideal and non-ideal vapor compression cycle

Major entropy loss mechanisms are the source of irreversibility where potentially
recoverable work is dissipated as entropy and non-isentropic compression; throttling losses
in the expansion device 2!, finite temperature differences in heat exchangers that perform the
heat transferring process but with a price of entropy generation 23, deliberate
superheat/subcooling for stability and control 2!, and pressure drops in piping and
components that alter operating pressures and degrade COP. All are elaborated for a heat

pump in the following paragraphs.



Compressor inefficiencies: Real-world compressors are not isentropic. Because of
friction, eddy losses, heat transfer to the surroundings, and motor/electrical losses,
the compression process generates entropy and requires more work than in the ideal
process. Instead of following the vertical line of an ideal isentropic compression
(process 1-2 in Fig. 1.2), the real compression route strayed rightward, increase in
entropy, on a T-s diagram, as 1°-2" line depicted in Fig. 1.2. In practice, the isentropic
efficiency of compressors is usually much lower than 100% (usually between 70 and

85% for many refrigerated compressors) because of these irreversible losses.

Expansion (throttling) losses: This irreversible expansion process causes a noticeable
rise in entropy when the liquid flashes into a mixture. The loss of enthalpy happens
rather than converts into useful work, producing a cool combination of lower quality
mixture. Efficiency is drastically decreased by this throttling loss as the energy that
might have powered the cycle or reduced compressor work is lost as entropy
increases. In other words, it is changed into kinetic energy and then thermal disorder

and finally wasted.

Heat exchanger temperature differences: The refrigerant and the heat-transfer fluid
(air, water, etc.) in actual condensers and evaporators never stay at the same
temperature throughout heat exchange; instead, a finite temperature differential, or
pinch temperature, is always required to propel heat transfer. For instance, the
refrigerant may evaporate at -5 °C while the air is at 0 °C, or it may condense at 40
°C while the cooling medium heats to 35 °C. Because heat flows with a temperature
gradient, these limited temperature gaps result in entropy formation and make heat
exchange less than completely reversible. In practice, designers must decide between

larger exchanger surfaces and smaller temperature variations.

Subcooling and superheating requirements: The majority of actual systems
purposefully use some superheat (heating the vapour over saturation in the
evaporator) and subcooling (cooling the refrigerant liquid below its saturation
temperature in the condenser). By taking certain precautions, such as preventing
liquid droplets from entering the compressor and guaranteeing complete liquid input
to the expansion valve, stability and equipment protection are ensured. Subcooling
and superheating are advantageous for safe operation, although they somewhat stray
from the optimal cycle path. However, the evaporator is less efficient when there is

excess superheat because some of the heat absorbed is sensible heat that raises the
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vapour temperature without causing phase shift. About the condenser and
subcooling, after a certain point, it just puts extra strain on the evaporator without
increasing production. Since both processes take place with finite temperature
differences and do not entirely contribute to beneficial heat transfer, both impacts

add to the irreversibility. In Fig. 1.2 increasing entropy in these processes is shown.

e Pressure drops in piping and components: Frictional pressure losses occur as the
refrigerant passes through pipes, valves, heat exchanger tubing, and filters. Because
of these pressure dips, the condenser runs at a little higher pressure than the
compressor discharge, or the evaporator runs at a little lower pressure than optimum.
As a result, either the compressor has to work harder to maintain the necessary
pressures, or the cycle has a less effective pressure/temperature lift than planned.
Even while each pressure decrease may be small on its own, taken as a whole, they

progressively diminish the cycle's efficiency.

Some strategies to enhance the vapour-compression cycle and lower these losses include the
use of sophisticated compressors, improved heat exchanger designs, and optimised
expansion devices. Careful heat pump design, such as lowering temperature differentials in
the heat exchangers, increase efficiency and decreases entropy generation. As a result, in
addition to source and sink temperatures, system design and component quality have a
significant influence on a heat pump's performance. Despite these practical losses, heat
pumps remain very efficient heating technology. Nevertheless, depending on the kind of heat
pump and application environment, more cycle improvements could be added to ensure both
efficiency and economic viability. The pressure drops of pipes and heat exchangers assumed
zero in this thesis. Also, there are no super-heating and subcooling considered. But an

isentropic efficiency of the compressors is added to the calculations.

The cycle that has been introduced in Fig. 1.1 is a single stage heat pump. The main problems
of air-source heat pumps when using regular ASHP systems in cold climates during the

winter are as follows:

1) Energy consumption increases, and COP decreases with decreasing ambient temperature
24

2) When the outside temperature drops considerably, the compressor's discharge temperature

in the ASHP system increases to the point where it is no longer functional as a result of the
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increase in irreversibilities during the compression process, as well as the reduction in the

mass flow rate 2.

Therefore, single-stage air source heat pumps are usually more suitable for applications with
relatively small temperature lift (i.e., low heat production temperature, higher ambient air

temperature, or both), e.g., underfloor heating.

Numerous approaches have been devised to tackle the problems mentioned, and they can be

broadly divided into three main categories:

1) Recovering energy throughout the expansion process by using a power-producing device.
To recover power from the expansion process, expanders have first been employed to replace
the expansion valves. Numerous studies have shown that turbine expanders can recapture
energy to lessen the irreversibility of the expansion process, but they are costly and
mechanically complex. Energy recovery during the expansion phase has also been
investigated for volumetric devices such as piston expanders, screws, scrolls, and rolling

pistons.

2) Flash gas produced during expansion may enter the compressor and be recompressed in
a single-stage system, causing waste and system heating. Employing a two-stage cycle to
prevent flash gas from partially recompressing is suggested. Also, because it has two
compressors, the pressure ratio between each stage is lower. A two-stage heat pump is shown
in Fig. 1.3. In a two-stage compressed air source heat pump cycle with a flash tank positioned
between stages for heating, the process begins as low-temperature, low-pressure refrigerant
absorbs heat from the surrounding air in the evaporator and transforms the fluid into
superheated vapor. This vapor is then compressed by the low-pressure compressor to an
intermediate pressure. Afterward, a flash tank generates saturated vapor, which is mixed
with the superheated refrigerant before entering the high-pressure compressor. The resulting
high-pressure superheated vapor flows into the condenser, where it releases heat to the user
side and condenses into a liquid. Before reaching the flash tank for cooling, the liquid
refrigerant is throttled to a lower pressure. Once it exits the flash tank, it is further throttled
to the evaporation pressure, allowing it to re-enter the evaporator and begin the cycle again

by absorbing heat 26,
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Figure 1.3 Schematic figure of a two-stage heat pump

It should be emphasised that the above-mentioned solutions add an additional mechanical
component, either an expander or an additional compressor, to heat pumps, which increases

complexity and expense.

3) Recovering some heat from the heated liquid refrigerant and saving in a storage tank and
repurposing it as an auxiliary heat source. There is a concept called flexibility in
heating/cooling systems which is possible by adding a storage tank to the system. Flexibility
is defined as the ability to adjust the energy consumption of a cycle based on external signals
such as outside temperature. The most common parameters that are focused on the flexibility
of a system are the change in power consumption (shaved electricity) and shifted load
(shaved load) *’. For a cooling application in the summer season, for example, the city's
electrical power grid is heavily loaded during peak hours to provide cooling. Conversely,
during the night, there is a significant decrease in the requirement for cooling, which results
in excess capacity that can be saved and used further 2. Therefore, storage systems offer
significant benefits in peak load reduction, energy supply and demand profile balancing, and
lower cooling costs ?°. In section 1.2, the concept of using phase change material (PCM)

tanks as a storage medium in a heat pump system is explained.



1.2 Phase Change Materials (PCMs) as a Superior TES
Medium

The fundamental principle of PCM-based thermal energy storage is the material's ability to
transition between different phases, often from solid to liquid and vice versa *°. The
significant feature of a PCM is the amount of energy that absorbs from its surroundings
throughout the melting process without causing a discernible change in its own temperature.
Energy that is absorbed or released without changing the temperature is known as latent heat
31 However, after solidification, this stored latent heat is released back into the system. In

the 18th century, British scientist Joseph Black provided the first explanation of latent heat.

While all materials may change their energy in certain circumstances, PCMs are used to do
so reliably and effectively, storing or releasing large amounts of latent heat at a nearly
constant temperature *2. The great thermal energy storage capacity per unit volume of PCMs
is a major benefit over traditional sensible heat storage medium, which stores energy by
altering temperature rather than changing the material’s phase. This intrinsic characteristic
means that far lower storage volumes are needed to get the same energy storage capabilities

by a PCM 31,

If it is linked with a heat pump, PCMs' isothermal behavior allows them to prevent
undesirable temperature fluctuations inside a system or room by maintaining a constant
temperature, which will increase heat pump performance (because it reduces the required
temperature lift/drop) and enhance occupant comfort. This contrasts sharply with sensible
heat storage, where the temperature naturally changes during charging and discharging. The
unique isothermal phase change feature of PCMs transforms thermal storage from a passive
buffer into an active thermal regulator, lowering temperature variations during heat
exchange and enabling more stable and efficient operation of heat pump systems. This
enhances thermal comfort in the built environment and boosts system performance. Using
PCM or any material to save some energy inside is known as Thermal Energy Storage

(TES)*.

TES efficiently shifts thermal loads by isolating energy output from consumption. TES may
help minimise power demand by reducing energy consumption and the high costs of winter
heating and summer cooling, and it can be used in both small and large residential buildings.
TES is an essential part of both behavioural and economic demand response strategies when

it 1s controlled well. When choosing the ideal TES system, factors including operating
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conditions, system costs, practicality, and the quantity and duration of energy that has to be
stored are taken into consideration. In addition, weather and building insulation affect the
heat load. PCMs are widely used in TES because they are effective at heating and cooling
through charge and discharge operations. By storing energy at times of low demand and
utilising it during times of high demand, TES encourages cost savings and grid efficiency **.
Thermal storage systems help address the challenges by shifting energy consumption from
peak to off-peak periods. These systems can reduce costs and overall energy use by storing
low-cost electricity as thermal energy in PCM tanks during off-peak hours and releasing it

during peak periods %°.

Comprehending the basic concepts of PCMs is crucial to understanding their function in
sophisticated thermal energy storage systems. PCMs are a perfect fit for flexible heat pumps
because of their special thermophysical characteristics, which allow for effective and small
energy control. Optimising operational and management tactics to maximise energy
efficiency and cost-effectiveness while also feeding the building's load throughout the day
is necessary to fully harvest these benefits *. In sub-section 1.2.1 the criteria of PCM

selection is explained.

1.2.1 Criteria for PCM Selection in Heat Pump Applications

In order to efficiently meet building loads and maintain occupant comfort, choosing an
appropriate PCM is a critical design challenge that is mostly determined by the required
temperature range and the anticipated thermal energy storage capacity. Research indicates
that storage units perform best when the PCM's melting point corresponds to the optimal
comfort temperature of the hottest month for free cooling, and passive cooling is most
effective when the PCM's melting point is between 20 and 22 °C 3°. Passive and active
method of PCM integrating to the building/heating system of the building will be cleared

out in section 1.2.2.

The thorough selection criteria include a suitable phase-transition range, high latent heat
capacity, efficient heat transmission capabilities, stable phase equilibrium, high density, low
vapour pressure to preserve containment integrity, and minimal volume change during phase
transitions *2. Selecting a PCM is a highly tailored technical venture rather than a generic
one, as seen by the ongoing emphasis on bringing the PCM's melting point down to certain
ambient or comfortable temperatures. If the PCM's phase change temperature is not properly

matched with the heat pump's working temperature range and the building's thermal demand,
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the system will not provide the maximum energy savings or comfort benefits. For example,
in a hot area, a PCM will lose a considerable amount of its effectiveness if it does not fully

solidified overnight *’

. This suggests that the flexibility of the heat pump system must extend
to its PCM component in order to ensure both technical efficiency and financial return on
investment, requiring careful consideration of application needs and geographic location.
This highlights the need for sophisticated design methods and a deep understanding of local
thermal properties. In addition of the material itself, the method of integrating is another key
factor as well. In the next section, different PCM integrating configurations will be

explained.

1.2.2 Various Configurations for Integrating PCM Tanks

Phase Change Materials can be incorporated directly into the building envelope or
strategically into the heat pump machinery itself. The two main categories of integration
techniques are named passive and active systems, respectively. The charging and
discharging of passive storage, which usually uses PCM inside the building envelope,
depends on changes in the surrounding temperature. In this setup, a heat exchanger is
typically employed to couple the PCM-integrated building component (e.g., walls, ceilings)
with the air handling unit (AHU) of the HVAC system. This allows the building structure
itself to act as a thermal battery. This method makes use of the building's natural thermal
mass 3. Active storage designs, on the other hand, which frequently include distinct heat or
cold stores, enable real-time control of the thermal energy storage process, which makes
them far more successful for accomplishing demand management and grid flexibility goals
36 In this configuration, the PCM is directly incorporated into key components of the heat
pump's refrigeration cycle, such as the condenser or evaporator, or is coupled via a
standalone storage tank.’ This direct integration allows for highly efficient heat transfer with
the refrigerant. In this study, the PCM is connected to the heating/cooling system, rather than

the building, which means it is an active PCM storage system.

The effectiveness of PCM-integrated heat pumps in delivering demand response and energy
savings is profoundly influenced by their active control and strategic placement within the
HVAC system . In the following sections 1.2.3 and 1.2.4, the concept of charging and
discharging processes, or the operational cycles of a PCM tank in a heating and cooling

systems will be explained, respectively.
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1.2.3 Operational Cycles for Heating Applications (Charging and
Discharging Processes)

The operational cycle for heating applications in a PCM-integrated heat pump system is
designed to optimize energy use and leverage favorable energy pricing. Charging and

discharging of a PCM in a heating system is elaborated as follows:

Charging Phase (Heating): During periods when electricity is inexpensive or renewable
energy supply is abundant (e.g., nighttime, off-peak hours), the heat pump operates to
generate thermal energy. This heat, typically sourced from the heat pump's condenser, is
then transferred into the PCM modules within the storage tank. As PCM absorbs this heat,
it undergoes a phase transition from solid to liquid, storing a large amount of latent heat
without a significant increase in its own temperature. This stable temperature profile is ideal

for controlled heating applications !

Discharging Phase (Heating): When there is a demand for heating (e.g., during daytime peak
demand hours or when electricity prices are high), and the heat pump is either not actively
running or operating at a reduced capacity, the PCM releases its stored thermal energy *°. As
the PCM solidifies, it provides a consistent and stable heat supply to the building *'. This
stored energy can then be utilized by the heat pump or directly by the building's heating
system *°. Crucially, the ability to store thermal energy means the heat pump does not need
to be sized for the absolute peak thermal demand of the building. Instead, it can operate over
a longer period at a lower, more efficient capacity to charge PCM, allowing for a longer
recovery time and potentially reducing the capital expenditure on the heat pump by enabling
the installation of a smaller, less expensive unit. PCM integration enables heat pump systems
to strategically decouple thermal energy generation from immediate demand, allowing for
optimized operation during off-peak electricity hours, leading to significant operational cost
savings through time-of-use tariffs and potentially lower upfront capital expenditure due to

reduced heat pump sizing requirements *°.

1.2.4 Operational Cycles for Cooling Applications (Charging and
Discharging Processes)

The operational cycle for cooling applications similarly leverages the unique properties of
PCMs to enhance efficiency and manage demand. Charging and discharging of a PCM in a

cooling mode heat pump are as follows:
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Charging Phase (Cooling): Similar to heating, the cooling cycle leverages off-peak hours
(e.g., night-time) for charging. During this period, the heat pump operates to absorb heat
from the PCM tank, effectively generating cold inside the PCM. This unwanted heat is then
transferred to the outside, causing PCM to solidify and store the negative amount of heat as

cold energy. A common PCM for cold storage has a phase change temperature of 10 °C .

Discharging Phase (Cooling): During periods of high cooling demand (e.g., hot daytime
hours), the PCM releases the stored cold as it starts to be warm®*!. This allows the system to
provide cooling to the building's circulation loop without the heat pump needing to run
continuously or at full capacity, thereby shifting the cooling load away from peak electricity

times “°.

This extends beyond mere energy shifting; it translates into a more stable and comfortable
indoor environment and reduces the need for the heat pump to operate intensely during peak
demand periods. This capability allows for more effective peak shaving, alleviating stress
on the electrical grid during hot/cold weather for a cooling/heating system, respectively. All
in all, PCM integration in heat pumps not only facilitates significant energy load shifting but
also demonstrably enhances indoor thermal comfort by maintaining stable temperatures for
extended periods, reducing the operational burden on the mechanical system during peak
demand, contributing to both energy savings and a superior indoor environment,
significantly enhancing energy efficiency, enabling sophisticated demand management, and

contributing substantially to environmental sustainability.

1.3 Thesis Structure

In chapter 1, section 1.1, fundamentals of Vapour compression cycle of a heat pump, the
definition of a heat pump, and its ideal and non-ideal forms in sub-section 1.1.1 have been
explained. The advantage of a two-stage heat pump over single-stage is shown. What is a
PCM tank and the reasons and advantages of inserting a PCM tank into heat pump system
are explained in section 1.2. The selection criteria of PCM material for a system in sub-
section 1.2.1, various configurations for Integrating PCM Tanks in sub-section 1.2.2 and
Operational cycles of a PCM tank in both heating and cooling application have been shown

in sub-sections 1.2.3 and 1.2.4, respectively.

In chapter 2, a review of the previously published papers has been summarized in four

sections: In section 2.1, improvements in COP with using PCMs have been explained, which
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in turn divided into three sub-sections to showcase different system’s improvement by using
PCM/storage tank: 2.1.1 Heating single-stage flexible system, 2.1.2 Heating two-stage
flexible system, 2.1.3 Cooling flexible system. In section 2.2, the concept of demand side
management and control strategies will be explained. It will be answered to the question:
How will the system be controlled if a PCM tank is added to the system? What’s the meaning
of flexibility, demand side management and peak shaving in HVAC systems? What is the
effect of adding a PCM tank to a heat pump? Section 2.3 refers to the previously published
papers regarding techno-economic analysis and based on the information provided from the
previously published papers, the research gap is revealed. In section 2.4 key objectives in
this PhD thesis are mentioned. Chapter 3 explains the novel two-stage flexible system for
heating, how to calculate the loads, how to run a flexible heat pump with a control strategy,
which parameters are calculated as the results, etc. In chapter 3, a novel flexible two-stage
heat pump has been studied and compared with a baseline two-stage heat pump, as well as
the same flexible and baseline single-stage heat pump, in the same working conditions for
heating application. A control strategy has been defined based on the heating duty, hour of
the day, and storage tank status to run the system in different modes: 1- Normal operation,
2- Charging, 3- Discharging, and 4- Standby modes. The weather data of Glasgow and
Birmingham cities, UK, for heating, have been used to acquire the variable hourly heating
loads of a typical 4-story residential block via IESVE software. Also, to study the effect of
heating load profile shape, a sinusoidal daily heating load profile has been created with the

same maximum duty of variable load from IESVE.

Chapter 4 explains the same story but for cooling purposes. A PCM tank has been
incorporated and connected to a flash tank via a separate fluid circuit rather than through a
conventional PCM heat exchanger. A control strategy based on demand-side management
(DSM) patterns for residential buildings has been implemented. The proposed system has
been evaluated using real weather data and non-ideal, randomly varying cooling load profiles
extracted from IESVE software for Rome and London. The key performance indicators
include annual operational cost and seasonal COP, both of which are used to demonstrate
the advantages of the proposed configuration (config. 1) over a baseline two-stage heat
pump. This study aims to address the research gaps by proposing a new system that
integrates a PCM tank at the intermediate stage of a two-stage heat pump, linked to the flash
tank, and operating under real, variable load conditions. The central contribution of this work
is the integration of system flexibility into a two-stage heat pump through a novel
configuration. Research gaps and key objectives of this thesis will be elaborated in chapter

2. In addition, this thesis contributes to that effort by rigorously analysing both
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thermodynamic performance and economic outcomes. Chapter 5, the second and third phase
of this research will explain about designing of the heat exchangers and how to calculate the
economic parameters. Knowing the heat transfer area is a crucial step to calculate the initial
investment. Therefore, logically, first the system has been analysed via thermodynamic
fundamental rules, then heat transfer analysis and heat exchangers’ design have been

performed and then economic parameters have been calculated.

Chapter 6 explains the final conclusions, while chapter 7 has a look at the future work that

could be done based on this research.
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Chapter 2 Literature Review

In this chapter the key research articles summerised and key information that required to
perform this research has been introduced in three sections. The main focus of reviewing the
previous works was to find out which correlations, methods, and economic parameters have
been applied/calculated on which type of air-conditioning systems and how. Section 2.1
summarises improvements in COP with using PCMs for single-stage heating heat pumps
(sub-section 2.1.1), heating two-stage systems (sub-section 2.1.2) and flexible cooling
systems (sub-section 2.1.3), while section 2.2 refers to demand side management and control
strategies, section 2.3 refers to techno-economic studies, and section 2.4 clarified the key

objectives of this research.

2.1 Improvements in COP with using PCMs

PCM-based heat pump systems have demonstrated notable energy savings. One study
reported a 4.6% electricity saving for cooling applications under forced convection
compared to a heat pump without PCM 2. This saving increased to 8.6% when natural
convection was employed. However, energy-saving potential can vary with application; in a
winter heating scenario, incorporating the same PCM under natural convection reduced
energy savings by 1.4%, highlighting the context-dependent nature of benefits. Furthermore,
PCM-enhanced systems exhibit an average of 17% higher energy storage capability during
the charging phase compared to conventional sensible-only storage tanks **. More studies
will be referred to in the following sub-sections, but the wide range of reported energy
savings and COP improvements is not a contradiction but a critical observation regarding
the complexity of these systems. It strongly suggests that the energy-saving potential is
highly sensitive to specific design parameters (e.g., PCM type, melting temperature,
integration configuration), operational strategies, and prevailing climatic conditions (e.g.,
summer vs. winter, specific regional climate). This implies that a flexible heat pump system
requires meticulous engineering and optimization to achieve its full potential and to ensure
optimal performance and maximize the return on investment, in a given application. In the
next three sub-sections, improvement of a heat pump by PCM integration is explained for a
single-stage heating heat pump (2.1.1), a two-stage heating heat pump (2.1.2), and cooling
heat pump (2.1.3) have been elaborated.
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2.1.1 Heating single-stage flexible system

Regarding single-stage heat pumps integrated with thermal storage systems, the following

articles have been noticed: Hutty et al. **

simulated an ASHP with two thermal storage-
sensible and adsorption- in a 50-house neighbourhood with AnyLogic software, aimed to
reduce the electricity peaks in demand. It has been shown that a 14% reduction is possible
with either 0.25 m3 of adsorption thermal storage (ATS) or 5 m3 of hot water storage in
each residence. However, it has been concluded that considering the systems' increased
expense and complexity, the appeal of ATS for a mere peak-shaving application becomes
questionable. Ferndndez et al. ¥ develops, builds, tests, and evaluates a water vapour
compression chiller for experimentation that is coupled to a PCM TES tank, which serves as
a substitute heat sink. They evaluated the transient model of the chiller-PCM system using
experimental data. At last, the energy-saving values that the chiller-PCM system offers over
a standard aerothermal chiller are determined by calculating the system's COP at various
temperatures. The models revealed energy savings ranging from 5% to 15%. Arteconi et al.
6 analysed heat pumps with radiators or underfloor heating distribution systems coupled
with TES in Northern Ireland, UK. The aim was to show how a heat pump system behaves
and how it influences the building occupants’ thermal comfort under a DSM strategy. The
DSM control system designed to flatten the shape of the electricity consumption curve by
switching off the heat pump during peak hours (16:00-19:00). It is proved that it’s possible
to achieve a good control of the indoor temperature, even if the heat pump was turned off
for 3 hours, and to reduce the electricity bill up to £135, if a time-of-use tariff structure was

adopted. A study by Sultan et al.

utilised an idealised method to analyse a novel heat pump
(HP)-integrated TES system. At a phase change temperature of 30 °C for New York City
and 20 °C for Houston and Birmingham, USA, the greatest reductions in power
consumption, utility costs, and peak electric demand were attained. Peak heating load was
shifted utilising a time-of-use utility schedule, which resulted in reductions of 47%, 53%,
and 70% in peak energy usage in Houston, New York City, and Birmingham, respectively.
However, the highest energy savings resulted is only 5.4%. When the TES capacity is
matched with the daily building heating loads encountered during the most extreme ambient
conditions, the maximum heating load shift from on-peak to off-peak hours is possible. In
another research work, Sultan et al. *' conducted a comprehensive analysis of PCM selection
for heat pump-integrated TES across various system configurations. The authors compared
PCMs with different melting temperatures and setups based on reported energy savings and

demand reduction impacts and offered general guidance for designing efficient PCM-based

TES systems in residential applications. It is identified that salt hydrate PCMs with melting
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temperatures between 15-27 °C, integrated through the heat pump's air distribution system,
offered the most favourable outcomes in terms of demand impact and energy savings.

According to Lin et al.*

,an ASHP system that is combined with a latent heat thermal energy
storage (LTES) unit, which is based on a condensing heat storage unit that is specially
designed for heat exchange, can further enhance system performance in cold climates. This
device's breakthrough is the direct heat transfer between the PCM and refrigerant, which
drastically lowers heat loss. An experimental analysis of the system's thermal performance
is conducted. Additionally, to study the charging and discharging properties of condensing
heat storage units, a mathematical model is created and verified by experimental data. The
average heat release power is 4.73 kW, and the heat storage capacity is 31.83 kWh, according
to experimental data. Results from the simulation reveal that the PCM melting rate is
accelerated by larger fin pitch and smaller tube diameter, but not significantly by variations
in tube diameter. Increasing the water flow rate during the discharging time is necessary to
sustain the heat-release power. As opposed to single-stage PCM, three-stage PCM enhances
energy and performance. The entire energy efficiency is raised by 4.65%, and COP
improvement may reach 4.01%. In order to increase its application in extremely low
temperatures, the ASHP system, in conjunction with the LTES unit, is a viable strategy.
Bastani et al. * proposed an innovative method for integrating PCM: the storage unit
operates on the load side during charging in parallel with the condenser and replaces the
external heat exchanger during discharging. The study explores two system configurations,
series and parallel, and develops a detailed model to assess how different setups and building
heating demands influence the charging process. Results indicate that PCM’s low thermal
conductivity is the primary factor limiting heat transfer to the storage unit. When there is no
heating demand, charging does not significantly accelerate due to the heat pump’s limited
output and restricted heat flow within the refrigerant-PCM heat exchanger. While operating
at reduced compressor speeds lowers the system’s load, it also extends the charging duration.
Moreover, during peak thermal demand, the system requires a heating capacity beyond its
nominal rating to simultaneously meet building needs and charge the storage unit, increasing
compressor workload and energy use during charging. Hirschey et al. °° established the
energy reduction and demand reduction potential of TES-integrated HPs with both analytical
and numerical HP models. All possible temperature arrangements are considered for HP-
TES systems with two fixed temperature bodies (application and TES) and one variable
temperature (ambient). Results show that overall energy savings are most attainable when
the TES temperature is near the application temperature, whereas a large temperature

difference between the TES and the application leads to the highest peak demand reduction.
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The potential for overall energy savings increases as the magnitude of ambient temperature
fluctuations increases. Xu et al. °! introduced three novel latent heat thermal energy storage
(LHTES) integration layouts for heat pump systems, connecting the LHTES unit to the de-
superheater (Case 2), the condenser of a cascaded booster cycle (Case 3), or both (Case 4).
Using a quasi-steady-state model for a multi-family residence in Stockholm, these
configurations were compared against a baseline system without storage (Case 0) and a
conventional condenser-integrated layout (Case 1). Under an off-peak charging strategy
(8 pm—6 am), Cases 2—4 achieved 22-26% higher heating performance factor (HPF) than
Case 1 and reduced operational costs by 2—5% compared to Case 0. A daytime charging
strategy (10 am—7 pm) was found to be more effective in lowering CO: emissions, achieving
reductions of up to 14%. Hu and Shen *° presents a novel PCM-based multifunctional heat
pump system with integrated thermal storage. Testing revealed good performance in several
modes, such as a COP of 2.1 for heating down to -15°C, a COP of 8.8 for space cooling and
water heating combined, and a COP of more than 4.0 for water heating annually. The
system's seasonal heating performance factor of 10.0 and cooling energy efficiency ratio of
18.0 demonstrate both operational flexibility and substantial energy savings potential. The
integrated thermal storage allows load shifting and enhances the system's compatibility with
variable renewable energy sources, making it an efficient way to decarbonise HVAC systems
in cold and temperate climates. Kelly, et al. 7° evaluates the effects of load shifting on an
ASHP in a detached home in the United Kingdom using a building energy simulation model.
While simulating activities under the Economy 10 time-of-use tariff, they examined two
thermal storage strategies: conventional hot water buffering and PCM-enhanced buffering.
To fully shift heating operations to off-peak hours, 500 litres of PCM-enhanced storage or
1000 litres of standard hot water storage were required. However, the load shifting approach
resulted in a 60% increase in overall power consumption, increased carbon emissions, and
higher user fees due to subpar off-peak functioning. These findings suggest that PCM
buffering can reduce the amount of storage needed, but the extensive and haphazard
application of tariff-based shifting may worsen grid stability. Kumar, et al. >* develops a
comprehensive thermodynamic and control model of the device to evaluate an air-to-water
reversible heat pump's versatility and potential for energy savings in an Italian office
building. Systems with constant-speed and variable-speed compressors are evaluated by
them using a control method based on heating curves. The model simulates startup and
transitory conditions as well as dynamic and steady-state activity. According to the model,
variable-speed compressors may see a 17%—-50% boost in COP, especially when running at

partial load. The issue of constant-speed units cycling a lot when there is minimal load,
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which leads to inefficiencies, was also highlighted. These findings support the use of
advanced controls and variable-speed technologies to increase flexibility and efficiency,
allowing buildings to respond to grid signals effectively while maintaining indoor comfort.
Inserting a PCM tank into a heat pump system is not only for residential areas. The
COMHPTES project exemplifies ongoing efforts, aiming to develop innovative, cost-
effective, compact, and modular heat pump (HP) and thermal energy storage (TES)
technologies for industrial applications (ranging from 0.5 to 10 MW-t and 5 to 225°C) .
The results highlighted the expansion of PCM-integrated heat pump applications beyond
residential buildings into the industrial sector, addressing significant thermal energy
demands. The next sub-section explains the improvement of two-stage heat pumps by PCM

integration, for heating applications.

2.1.2 Heating Two-stage Flexible Systems

L 55

Bertsch et a compared different heat pump cycles and concluded that the cascade cycle

and the two-stage cycle with intercooling or economising outperform the conventional
single-stage cycle when the ambient temperature becomes very low. Roh et al. *°
experimentally studied the effects of intermediate pressure on the heating performance of a
vapour-injection heat pump system using R410A and indicated that a proper operating
strategy was needed for the vapour-injection cycle. Torrella et al. °7 described a general
method to analyse any configuration for two-stage vapour-compression refrigeration cycles.
Two parameters are obtained: the degree of subcooling and the degree of desuperheating in
the inter-stage configuration. Also, as inter-stage pressure plays a key role in the COP as
well as the economy of two-stage refrigerating systems, the optimisation is performed.
Although several methods for selecting the inter-stage pressure can be found in the related
literature, the most famous one is the geometric mean of the condensing and evaporating
pressures, which is only suitable for a perfect gas with the same temperature during suction
of both stages. Baakeem et al. °® performed the energy, exergy, and economic analysis of a
multistage vapour-compression refrigeration system. An optimisation of the Conjugate
Directions Method was carried out to maximise the COP by considering sub-cooling, de-
superheating parameters, and evaporator and condenser temperatures as optimisation
variables. Also, eight different working fluids are assumed to work inside the cycle: R717,
R22, R134a, R1234yf, R1234, R410A, R404A, and R407C. The results showed that R717
is the best option among all refrigerants, while R407C will not be recommended. Torrella et
al. ¥ analysed a two-stage vapour-compression refrigeration system with direct liquid

injection and a two-stage system with sub-cooler, experimentally in different evaporating
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temperature ranges between 36 and 20 °C and in a condensing temperature range between
30 °C and 47 °C. The results show that the inter-stage working temperature/pressure
achieved in the tests is not verified by the two common theoretical criteria or correlations:
1- the arithmetical mean of the condensing and evaporating temperatures, and 2- equal
pressure ratios in the stages. Deymi-Dashtebayaz et al. *° investigated the optimal mass flow
rate of the injected refrigerant into a compressor in a two-stage compression cycle based on
the operational data of a site in Mobarakeh Steel Company of Isfahan recorded over six
working months, as a case study. To analyse, the first and second laws of thermodynamics,
as well as environmental and economic analysis, are applied. The objective functions
considered were the coefficient of performance, power consumption, exergy destruction, and
efficiency. It is found that ambient temperature and the evaporator inlet chilled water
temperature will have no effect on the optimal mass flow rate.Finally, the authors found that
employing a two-stage compression refrigeration cycle leads to 16,600 GWh/year energy
saving, 9700 ton/year CO2 reduction, and 1.9 million $/year cost saving in Iran’s industrial
sector. Wang et al. ® proposed a novel method to inject the vapour inside flash tank and
applied the extremum-seeking method as a real-time optimisation in a Modelica dynamic
simulation to calculate the optimum pressure of inter-stage in a two-stage air-source heat
pump. Controlling the intermediate pressure setpoint by the upper expansion valve
eliminates the need to adjust the superheat for the injection loop. In other words, the injected
medium remains saturated vapour, which retains the inherent merit of the flash-tank cycle
concept. Lugo-Méndez et al. *' derived an analytical expression to calculate the optimum
interstage pressure of a multistage compressor with intercooling based on the minimum
compression work. The optimal interstage pressures are calculated by considering different
parameters, such as the geometric mean of the suction and discharge pressures, the geometric
means of the pressure drops in the intercoolers, and the isentropic efficiencies of each
compression stage. Finally, the obtained expression to achieve the optimal interstage
pressures of a two-stage centrifugal compressor of natural gas provides a first approximation

[ %2 selected six common

expression to calculate the optimal pressure. Purohit et a
refrigerants (R134a, R22, and R143a as synthetic refrigerants and propane, carbon dioxide,
and nitrous oxide) to study the effect of inter-stage pressure on the performance of a two-
stage refrigeration cycle, based on thermodynamic analysis. In a range of -50 °C to -30 °C
for evaporator temperature and 40 °C to 60 °C for condenser, the optimal inter-stage pressure
is calculated with three classic correlations. Then, the values calculated via optimisation are
compared to classic ones, which shows that for trans-critical cycles, the deviation of

optimised inter-stage pressure from the classical ones is more considerable than that of sub-
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critical cycles. This means COP will be less sensitive to interstage pressure in sub-critical

cycles. Also, it is shown that COP goes higher with an increase in evaporator temperature.

When PCMs are taken into account in heat pumps and solar thermal energy storage, Kapsalis
and Karamanis ® draw the conclusion that more research and experimental work are needed
to fully understand the impact of PCMs on building components and heat pump performance

I. ® present an experimental investigation of a novel latent

in various climates. Kosan et a
heat storage unit integrated with the heat pump system condenser. Its novelty is that it added
a phase-change material in a heat exchanger with the intention of storing the heat released
from the heat pump condenser. The phase change material in the heat pump system is
intended to be used for an efficient and sustainable heating system. Systems using solar-
assisted heat pumps, as well as air-source heat pumps, have tested latent heat storage units
designed for this use. A novel double-pass solar collector has also been designed for the
solar-assisted heat pump. For air-source heat pump systems, the average coefficient of
performance ranged from 2.19 to 2.34, while for solar-assisted heat pump systems, it ranged
from 2.32 to 2.77. Jin et al. ¥ provide a thorough analysis of the heat pump latent heat
storage system for hot water supply to study storage medium matching and operation
strategy evaluation. A case study for a subtropical home was created after a simulation
platform was created to show the system's application possibilities. According to the
findings, phase-change materials having melting points between 40 and 50 C outperformed
other materials in terms of cost and energy savings. In winter, the unit with a 75% storage
medium that ran at a setpoint of 57.5-60 °C significantly moved the loads to off-peak hours.
A comparison was made between the system's energy and economic performance under
various operating techniques. Woods et al. % developed a numerical method to simulate a
cascaded two-stage vapour compression heat pump with an integrated PCM heat exchanger
in the middle of the cycle to connect the upper and lower cycles. The aim was to control the
system with and without a pick shaving strategy to compare the results. The system stored
thermal energy during a cold morning and charged it in the relatively warm afternoon while
still providing space heating. The results were shown for only one day, which is reasonable,
as the load profiles of the days are the same sinusoidal curve, although, in everyday life, the
heating profile is not ideal for a flexible system. Due to the sinusoidal shape of the loads, the
charge and discharge hours are predefined and fixed. In the range of the summit of the curve
at (3:00 — 9:00), discharge will happen, while near the valleys (14:00 — 20:40), charging is
the working mode. The results reveal that in discharge mode, electricity usage is 4.5 kWh,
while in charging mode, it will be 3.9 kWh, which means, all in all. 0.8 kWh energy (1.2%)

has been saved in one day for an ideal sinusoidal load.
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However, it is claimed that flexibility decreases the peak electricity by 23%. It should be
noted that this 23% is only within the discharging time section, not on a yearly timetable.
Showing that in the discharging mode, the electricity will be lower, hides the fact that in the
charging mode, there will be some electricity usage that does not exist in normal working.
In a fair method to calculate how much electricity usage and price will decrease, yearly data
at an hourly pace is common in the literature. Bahman, et al. * performed a multi-objective
simulation-based optimisation of a two-stage vapor-injected heat pump designed for usage
in severely cold areas, like Minneapolis, USA. Using NSGA-II, a multi-objective genetic
algorithm, the model assesses five refrigerants (R-32, R-290, R-410A, R-454A, and R-452B)
in order to maximise both cost and performance. The results showed that R-32 had the lowest
destruction cost and the best energy performance, whereas R-290 had the lowest heat cost
but the highest overall investment and destruction cost. The system achieved a minimum
unit cost of heating (UCH) of $0.19/kWh and a heating COP of up to 5.2. Minglu et al. *
used reverse cycle defrosting based on TES to overcome defrosting problems in a cascade
air source heat pump. TES-based defrosting cycles cause multi-mode heat discharge in the
phase change material because of the different circumstances in the high-temperature cycle
and the low-temperature cycle. Having the goal of optimising control techniques for the
TES-based defrosting cycle, their work discussed parameters impacting heat transfer and
analysed heat coupling between high and low cycles across five scenarios with varying
outside circumstances. However, it has not been referred to as reducing power consumption
through peak shaving or the annual running price. Huang et al. % developed a numerical
model for a cascaded vapour compression heat pump system integrated with a PCM TES
device. This innovative system allows for independent control of TES charging and
discharging, separate from the building’s thermal load, enabling more efficient management
of electricity use. The model was used to evaluate the system's performance under peak
shaving and no-shaving scenarios, as well as the impact of different PCM transition
temperatures. Results showed that peak shaving effectively reduces peak electricity demand,
with a 23.5% reduction achieved using a PCM transition temperature of 10 °C. Although
charging the TES requires additional energy, the net savings during the discharge window
amounted to 0.8 kWh. Higher transition temperatures enhanced both peak reduction (17%
to 28%) and energy savings (12% to 24%). When compared to a conventional air-source
heat pump with electric resistance heating, the system with PCM at 10 °C and peak shaving
delivered the highest overall energy savings of 45.5%.

All in all, researchers found that peak demand reduction, cost, and energy savings varied

significantly based on the PCM phase change temperature, total TES storage capacity,
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system configuration, and the building's location and environment. The next sub-section

elaborated the improvement of cooling systems by PCM integrating.

2.1.3 Cooling Flexible Systems

Farid et al. 7’ studied how PCMs can balance supply and demand and store excess energy
in buildings to increase energy efficiency. One experimental set was used as a control, and
the other was equipped with PCM storage devices. To lower heating and cooling loads, the
PCMs conserved solar energy in the winter and cool night air in the summer. The findings
revealed notable energy savings: 10% in January, 10.3% in June/July, 30% in March/April
for cooling, and 40% for heating in May. The results demonstrate how PCMs can lower
energy use all year long. In order to lower Adelaide, Australia's high summer power demand

for cooling, Farah et al. !

combined an ASHP with a phase change thermal energy storage
unit. The system with a PCM unit stores energy during low temperatures and releases it
during periods of high demand, allowing the system to function in four modes. According
to simulations, a system with a PCM unit uses 6—11% less electricity and supplies 13-25%
of cooling energy. Cost savings vary by modality, ranging from 7 to 14%. Chaiyat et al. ”°
explore using PCM to enhance air conditioner efficiency in Thailand's climate. Rubitherm20
(RT-20) PCM balls were used to lower the temperature of air entering the evaporator coil.
The PCM bed without bypass tubes was chosen to improve cooling efficiency. Results
showed a 3.09 kWh/day reduction in electricity consumption, leading to a 9.10% annual cost
saving and a payback period of 4.15 years. The energy performance of charging a PCM
storage tank using an air-source heat pump is investigated by Li et al. . A simulation
platform developed with TRNSYS and MATLAB was validated with experimental data.
The study looked at how different water mass flow rates affected inlet/outlet temperatures,
charging time, and overall energy use. The study describes a strategy for optimising the
combination of air-source heat pumps and PCM storage tanks. The results showed that
increasing water flow rates reduced charging time but increased inlet temperature while
decreasing outlet temperature. Sdnchez et al. " discuss the use of Phase Change Material
(PCM) storage tanks in the Solar Decathlon HVAC system. The PCM storage tanks keep
the system's COP steady and independent of external temperature changes. According to
simulations, employing the warm PCM tank as a dissipation reservoir can result in an energy
savings of 18.97%. Shafii et al. ”° have examined a single-stage vapour-compression cooling
system in Tehran, Iran, which is connected to a PCM through its condenser. The system's
load profile and temperature are shaped as an example of the warmest day of the year. The

outcomes demonstrated that PCM lowers power usage at peak load times. On the warmest
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day of the year, the PCM volume of 154 L has a 2.9% reduction in daily energy usage and a
0.9% reduction in electrical peak load. Based on the power usage price, economic research
indicated that integrating PCM storage can result in peak shavings of up to 69%, making it
extremely beneficial from an economic viewpoint. To reduce the amount of energy used by

I. 7% investigated the use of Ice Thermal Energy

an air conditioning system, Sanaye et a
Storage (ITES) devices. Partial load (POM) and full load (FOM) are the two operating modes
for ITES systems. It has been shown that POM's power consumption dropped by 10.23%
and FOM's by 11.83% when ITES systems were used. Furthermore, there was a considerable
drop in power costs, 32.65% for FOM and 13.45% for POM, when energy usage was
switched from peak to off-peak hours. A novel ice energy storage system is being created
and coupled to an air-conditioning system by Zhang et al. . The SIMULINK model
dynamically simulates the amount of energy used and the costs for cooling an average home
by considering hourly temperature and peak/off-peak power pricing data. For two US cities,
the model predicts that during the six months of the cooling season, significant energy cost
reductions (up to 3 times) can be realised in areas with high peak electricity prices. Hosseini
Rahdar et al. 7 examined a vapour compression air conditioning system that utilises two
hybrid strategies: one that employs a PCM tank for complete storage and an ITES system to
transfer power consumption from peak to off-peak hours. Compared to traditional systems,
power utilisation is 7.58% lower with the PCM tank and 4.59% lower with the ITES system.
CO2 emissions for ITES and PCM systems are also 17.8% and 27.2% lower, respectively,
than for the traditional system. Gado et al. 7’ simulated an integrated PCM storage tank and
heat pump with MATLAB-SIMULINK all year round in Egypt. During the summer, the HP
cooling load is decreased during the day by using the cooling energy that was stored during
the night inside the hot room. Nevertheless, in the winter, the HP heating demand at night is
lessened by the hot storage energy that the PCM stores during the day. Building spaces are
equipped with phase change temperature sensors (RT 18 HC) set to 17-19 °C for summer
and winter, respectively. MATLAB-Simulink is used to construct the mathematical
modelling of the PCM-based HP system, which is then verified by published research.
Results show that, when forced convection is used, PCM-based HP considerably achieves
4.6% electricity savings over HP without PCM during the summer. The average cooling
capacity and COP decrease from 2.8 kW and 12 to 2.6 kW and 8, respectively, when the
external temperature rises from 35 to 40 ©C. When choosing natural convection over forced
convection counterparts for PCM platers, there is a noticeable difference that highlights an
8.6% electricity savings at an ambient temperature of 35 °C. Erdemir et al. ’® provided a

feasibility analysis on the utilisation of thermal energy storage to move heating and cooling
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loads to off-peak times to balance the supply and demand for electricity. The study's
conclusion notes that thermal energy storage has a significant potential to move the peak
load of electricity to off-peak hours based on the cooling and heating loads. By moving
heating and cooling loads to off-peak hours and implementing storage, the peak electricity
loads can be decreased by 25% and 45% for heating and cooling, respectively. Moreover,
thermal energy storage devices can assist in lowering household heating and cooling
expenses in Canada by 18% and 20%, respectively. However, in the study, an average daily

sinus-shaped cooling profile was considered.

A summary of some papers referred to in this section is shown in Table 1.1. The aim of
reviewing the previous articles is to find out the effect of inserting PCM in the system, the
type of the system, concept of the flexibility in these systems, method of simulation, type of
PCM and amount of melting temperature, types of the results were important to notice and
consider in the research. As seen from the table, the energy savings are variable from case
to case, no dynamic analysis has been done sometimes, no SCOP calculated, no proper load
for demands has been considered. In section 2.4, it will be referred to the research gaps and
key objectives of this research and how the author tried to cover the research gaps. In the
following section, the concept of demand side management and control strategies will be

explained.

Table 2.1 Summary of the references studied cooling systems with storage tank - dynamic simulation

approach.
Authors Title/content System or Heat pump  COP included Ambient temperature  Any results
Farid et Experimental ~GREE heat pump, No dynamic COP weather conditions in energy
] 70 active PCM  Model variation is the city of Auckland, savings: 10%
atk. storage system GWHO9MBK3DNA4  shown/NO SCOP is New Zealand, from in January,
in a building H/O calculated. LabVIEW software 10.3%
for
heating/coolin
g
Farah et Numerical Single-stage HP No dynamic COP Meteorological Year 6-11% less
|7 investigation variation is  Climate File 2016 for electricity
atk. of phase shown/NO SCOP is the City of Adelaide and supplies,
change calculated. 13-25%  of
material cooling
thermal energy
storage for
space cooling
Chaiyat et (PCM) to  Single-stage HP No dynamic COP - 3.09
[ 7 enhance  air variation is kWh/day
at. conditioner shown/NO SCOP is reduction in
efficiency in calculated. electricity
Thailand's consumption,
climate leading to a
9.10%
annual cost
saving
Liet al 2 Single-stage HP No dynamic COP Transys weather data  No reduction
73 comprehensiv variation is shown in energy
e study with saving  was
TRANSYS to discussed
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provide an

optimisation
guideline
Sanchez Experimental ~ Terra 7 S/W from the COP hourly Variable real data Energy
et al ™ Improvement  Austrian company calculated. savings  of
of a heat IDM No price has been 18.97%
pump-based calculated.
HVAC system
with PCM
thermal
storage
Shafii ef @ vapour-  Single-stage HP COP hourly Dom-shaped load for 2.9%
[ 7 compression calculated only one day reduction in
at. cooling daily energy
system usage and a
utilising a 0.9%
PCM heat reduction in
exchanger electrical
peak load
Sanaye et (ITES) for air-  Single-stage HP COP only at the Dom-shaped load, power
] 76 conditioning optimum point repetitive  for the consumption
atk. applications in whole year dropped by
full and partial 10.23%-
load operating 11.83%
modes
Zhang et Modelling Home cooling system COP hourly Variable load for 200 reduction in
] 2 using with supercooling  calculated days energy cost
atk. Simulink energy storage (up to 3X)
A building
cooling
system
integrating
with a novel
ice-based
storage tank
Erdemir A case study normal heating and No COP/SCOP  Sinus shape for 1 day  18% and
etal 78 for Canada cooling system with calculation 20% for
multi-way valves heating and
cooling

In section 2.1, the improvement of heat pump/air-conditioning systems has been checked,

mostly to understand configuration, and methods of simulations, and the results that should

be expected from a flexible system. In the next section, a key part of a flexible system, its

brain, is explained clearly.

2.2 Demand side management and control strategies

PCM-based TES is a widely recognized an effective solution for shifting peak energy

demand in buildings, thereby contributing significantly to grid stability . By storing or

releasing latent heat at almost consistent temperatures, the PCM tank functions as a thermal

battery. This decouples thermal demand from power demand by enabling the heat pump to

run during off-peak hours. This feature is essential for load shifting, lowering peak energy

use, and boosting grid stability in flexible heat pump systems. Without immediately turning

on the compressor, the heat pump may be programmed to charge the PCM tank when energy
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is most affordable or clean and to discharge it when heating or cooling is required. PCMs
facilitate the temporal shifting of heating and cooling loads: thermal energy can be stored
during periods of high renewable energy supply or low demand and subsequently released
when demand is high or renewable supply is low, in a heating system. This capability is
fundamental to enabling demand response programs 4.

But in practice, the flexible system needs a brain, a control strategy, a set of commands to
follow, ordering the system open/close valves and making the system run in different

working modes, and charge/discharge the PCM tank when it is required.

There are different HVAC control methods: bang-bang control, Proportional-Integral-
Derivative (PID) control, RBC (Rule-based control), and Model Predictive Control (MPC).
The latest one offers significant advancements. Bang-bang control, the simplest form of
feedback regulation, frequently causes temperature overshoots and energy inefficiencies due
to its binary on/off switching based on deviation from a set-point. PID controllers improve
temperature tracking by applying proportional, integral, and derivative adjustments;
however, they are often difficult to tune and still lack optimal energy efficiency . RBC,
while more advanced, employs designer-defined rules to adjust set-points based on
situational factors. However, suitable for managing complex systems, it remains non-
optimised and highly dependent on expert knowledge. RBC control typically begins with
heuristic logic following the structure: if (condition is met), then (action is triggered). These
systems generally rely on monitoring a specific ¢rigger parameter, such as room temperature,
with a predefined threshold. When the threshold is reached, the heat pump operates
according to the programmed control strategy %°. In contrast, MPC control solves an
optimisation issue at each time step and predicts future behaviour using a mathematical
model of the HVAC system. It seeks to reduce a cost function, while adhering to system
limitations, usually balancing comfort and energy consumption. MPC constantly predicts
performance over a predetermined future time while operating at a high degree of
supervisory control. Modelling the building's HVAC dynamics, including room temperature,
system reactions, and outside effects, is the first step in the process. The model forecasts
future circumstances at each stage and determines the optimal control action (such as
modifying fan speed), implementing just the initial action before resuming with fresh data.
Although this technique requires accurate models and a large amount of processing power,
it enables anticipatory, constraint-aware management that enhances comfort and energy

efficiency .
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There will be more flexibility, responsiveness, and energy efficiency if the heat pump is
paired with demand side management (DSM) and advanced control systems. Another

question just raised up. What is demand side management or DSM strategy?

DSM is all strategies intended to affect the consumer's energy consumption via the control
method of the heating/cooling systems. These strategies concentrate on improving the
heating/cooling load's shape, which helps to optimise the whole power system, from
generation to distribution to final usage *2. Fig. 2.1 shows different methods of DSM. In this
study, peak clipping or load shifting have been desired. Any electricity or load
usage/providing decreased at peak hours in a system is considered peak shaving. When
designing a heat pump system integrated with TES, it is essential to consider control

strategies coupled with demand-side management within the smart grid framework 3.
Peak il Strategic
clipping — ﬂ conservation
Valley Strategic
filling v T\ load growth
Load — Flexible
shifting | — — load shape

Figure 2.1 Control strategies as demand side management (DSM) 34
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DSM initiatives are generally categorised into three main types: energy reduction programs,

85 Energy

load growth and conservation programs, and load management programs
reduction programs focus on minimising energy use by adopting energy-efficient
technologies and practices without compromising user comfort. Load growth and
conservation programs require careful planning for infrastructure expansion and procuring
new equipment. On the other hand, load management often employs pricing mechanisms,
such as time-of-use tariffs, that incentivise consumers, particularly in the commercial and
industrial sectors, to shift energy usage to off-peak periods when electricity prices are lower.

Key barriers to the effective implementation of DSM include challenges related to

accountability, political independence, and the lack of robust monitoring and evaluation
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frameworks *¢. In the following paragraphs, some previously published research articles
about control startegies and DSM schems in heat pumps have been summerised. The aim of
reviewing them was to understand the common control strategies of a flexible heat pump,
how to start/stop charging and discharging in a flexible system and to answer this question:

what kind of demand side management have been applied in the published studies?

In order to find out how house heat pumps may help demand-side response (DSR) in the UK
energy system, 76 properties with air-source heat pumps, 31 of which had a special control
system, were employed in a field trial by Sweetnam et al. 8. The objective was to ascertain
if automated controls might optimise heat pump operation to match time-varying electricity
prices without the need for human intervention. Rather than focusing on thermal storage, the
testing focused on devices that took use of the thermal inertia of buildings. The results
showed that the controller effectively reduced the peak evening power usage by shifting
loads to other periods. Some inhabitants, however, found the increased inside temperatures
during the day and at night to be unpleasant. Interviews with participants exposed issues
such a lack of zoning, noise disturbances, and trouble using the control interface. Although
DSR is theoretically feasible and beneficial for short-term peak reduction, the study's
conclusions suggest that clever control of DSR may compromise occupant comfort over long
periods of time. Future improvements might include thermal covers, better zoning, or
dedicated storage to boost user satisfaction while preserving flexibility. Rapucha, et al. 3
examine how intelligently regulated heat pumps may aid in balancing the electricity needs
of the home. Using TRNSYS simulations, the study investigated the performance of air
source and ground source heat pumps under smart control systems that respond to grid
signals and rooftop solar generation in typical South Australian homes. The findings
demonstrated the great potential of load shifting, which involves adjusting energy
consumption from periods of high demand to periods of ample renewable energy.
Additionally, advanced controls improved solar power self-consumption and reduced total
emissions. The solutions were particularly effective in reducing the stress on energy
infrastructure and enhancing grid stability. By encouraging a more thorough integration of
smart HVAC systems in residential buildings, the findings aid in the expansion of renewable
energy sources. Kumar, et al. >* constructs a linked thermodynamic and control model of an
air-to-water heat pump system to optimise dynamic behaviour and energy efficiency in home
heating applications. In addition to simulating control strategies that adjust to shifting
thermal loads and ambient conditions while preserving a pleasant interior temperature, the
model incorporates important system components such as compressor dynamics, expansion

valves, and heat exchangers. Simulations validated the model's accuracy and demonstrated
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that advanced control techniques, such predictive and adaptive control, may significantly
improve system COP, reduce cycle losses, and consume less energy. The integrated
modelling framework allows control engineers and heat pump designers to work together to
improve system performance and design. Using both modelling and experimental, Wei, et
al. ¥ investigates a quasi-two stage compression air source heat pump (QTASHP) in Harbin,
China, that runs at extremely low temperatures. To maintain consistent performance down
to —27.5°C and lower high discharge temperatures, a novel segmented control strategy was
developed. The device could operate securely at a maximum discharge temperature of
112°C, according to test rig trials. Using the DeST modelling platform, the SCOP was found
to be 2.35 and the primary energy efficiency to be 0.88. When compared to conventional
central heating, the QTASHP reduced CO: emissions by 14.76% and achieved a dynamic
payback period of 9.86 years in energy-efficient buildings. The results demonstrate that the
system is suitable for extremely cold climates when enhanced with advanced management

strategies. Crawley, et al.

performed an empirical study, describing the real
implementation of three demand response (DR) strategies for heat pumps in UK households,
with a focus on reducing power consumption during the peak hours of 4-7 p.m. Each family
employed a variety of strategies, including lowering air temperature setpoints, lowering flow
temperature, and shutting down the compressor entirely. The data was collected using in situ
monitoring devices and smart meters. According to the study, electricity savings during peak
periods ranged from 56% to 90%, depending on the technique and compatibility with heating
systems. However, unanticipated outcomes were seen, including post-event
overcompensation and decreased thermal comfort, especially when controls conflicted with
the integrated heat pump's logic. The study concludes that effective DR strategies must be
integrated into the overall design of the heating system and control logic to minimise
rebound effects and ensure occupant comfort. In order to conduct an empirical research,
Hanmer, et al. ! gathered information from 71 homes in the UK that had implemented a
hybrid heat pump experiment, which involved replacing gas boilers with combination boilers
and smart heating controls. The study examined the effects of pre-heating and the continuous
low-power operation of heat pumps on daily heating trends. It also includes interviews with
eleven households to get information on comfort preferences. Setpoint temperature data
showed that many homeowners increased their evening settings, suggesting that their
comfort requirements were not fully met by the flattened thermal profile from preheating.
Despite efforts to shift heating operations away from times of excessive power consumption,
manual overrides and behavioural adjustments revealed a gap between control algorithms

and user needs. The findings demonstrate the importance of adaptive control systems that
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adjust heat distribution to patterns of occupancy and household activities. Using Simscape
(MATLAB), Singh and Serensen ° developed a comprehensive dynamic model of a home
vapor-compression ASHP heating system. The expansion valve, controller, compressor,
condenser, evaporator, and building space are the key components of the model, which
employs R-407c¢ as the refrigerant. It simulates system activity in a range of environmental
conditions to assess thermal performance and dynamic responsiveness. The model's ability
to maintain interior comfort setpoints and accurately replicate transitory reactions - like
warming up after a drop in outside temperature - was confirmed. Even in the absence of
specific COP values, the simulation showed that such a model could predict system
efficiency, assess control strategies, and optimise operations in response to changing loads.
This tool may be used to evaluate the viability of heat pumps in real-world situations and
plan the integration of decentralised heat pumps into district heating systems. MPC-based
DSM tactics, which usually adhere to an intricate two-step optimisation framework, provide
creative solutions for effective DSM. MPC techniques for heat pump heat storage and
heating have been explicitly studied in research articles, looking at how various control
settings and storage tank sizes affect system load duration and user costs *°. Advanced
control techniques like MPC are the brains that really unlock the energy flexibility and
financial advantages, even if PCMs offer the physical medium for energy storage. Having a
PCM tank alone is not enough; smart algorithms are needed to make decisions on the go.
when to charge (for example, in response to grid signals, renewable energy availability, or
current electricity pricing) and when to discharge (for example, during periods of high
power-costs or peak demand). It is this dynamic management that makes load shifting
possible ¥, reducing user cost *°, and alleviating congestion in electricity grid **. Demand
response and grid integration are still largely unfulfilled without such intelligent controls.
For PCM-integrated heat pump systems to maximise their economic and grid-level benefits,
new control strategies, in particular, Model Predictive Control, must be incorporated. These
sophisticated controls dynamically manage energy storage and release based on economic
signals, predictive models, and real-time situations, allowing for optimal load shifting, cost

savings, and improved grid stability.

In this study, two demand side management have been applied: First, this study applies time-
of-use tariffs to calculate the exact amount of the customer's payments. Elevated tarriffs push
the costumers use less electricity at rush hours, as the unit cost of electricity is higher at the
peak hours compared to the other times of the day. Second, the system is off at nights, which

sometimes named as nigh-loads shaving.
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In the next section, it has been looked at the research papers that worked on techno-economic

analysis of conventional/flexible heat pumps.

2.3 Techno-economic analysis of flexible /conventional
air-source heat pumps

Economic viability is a crucial component of retrofitting or designing new systems, and any
substitution of the traditional systems must be competitively priced in order to be an effective
rival to replace the established ones. The assessment of these new systems' economic
feasibility has been the subject of a few publications published in the literature in recent
years. The following paragraphs show the gist of the studies that have been performed so far
with regard to techno-economic and feasibility analysis of heating/cooling systems or air-

source heat pumps.

To assess the economic viability of a novel frost-free ASHP system, Wang et al. ** studied
three Chinese cities, Xi'an, Shenyang, and Hefei. With operational cost reductions ranging
from 23.2% to 29.0% across the three locations, the analysis showed significant cost gains.
As aresult, at 4.2 years in Xi'an, 3.3 years in Shenyang, and 4.03 years in Hefei, the initial
investment of 23-26% dropped dramatically to just 4-6% over the course of a 20-year
operation period. The feasibility of retrofitting Canadian homes with air-to-water heat pumps
(AWHPs) to create net/near-zero energy buildings is assessed in a study by Asaee et al. *°.
To evaluate energy savings, emissions reductions, and economic viability, researchers
examined over 17,000 distinct homes. According to the study, 71% of Canadian households,
or over 6.3 million residences, qualify for AWHP retrofits, which could result in 36% lower
energy use (520.8 petajoules) and 23% lower greenhouse gas emissions (15.16 million tons).
To study via energy, energy efficiency, economics, and environmental viewpoints,
Navidbakhsh et al. °° studied a hybrid ITES system with PCM for air conditioning
applications. Through multi-objective optimisation, it is shown that the hybrid system
showed notable gains in energy efficiency and environmental effect: It was able to reduce
CO2 emissions by up to 17.5% and electricity consumption by up to 17.1%, despite having
a slightly longer payback period (3.97 years) than the basic ITES system (3.39 years). By
contrasting ASHPs with more traditional heating techniques, including direct electric

1. ?7 assessed the viability of low-

heating, gas boilers, and coal-fired boilers, Zhang et a
temperature air source heating heat pumps for the colder regions of northern China. The
analysis showed that despite requiring a higher initial investment, the heat pump system was

more cost-effective in the long run due to its dual heating and cooling capabilities and lower
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operating expenses. Nolting et al. ** examined time-of-use and market price-based control
strategies to examine heat pump flexibility in the German energy system using validated
MODELICA simulations. Time-of-use control with current tariffs showed efficiency losses
of up to 16 percent and increased annual operating costs by about €40. Using the techno-

economic analysis, Alshehri et al. *°

present a comparison of Ground Source Heat Pump
(GSHP) and ASHP systems in hot, dry climates, using Saudi Arabia as a case study. The
analysis revealed that GSHPs can achieve substantial energy consumption reductions and
CO2 emissions savings compared to ASHPs but require a lengthy payback period of 10-20
years, depending on system configuration and local conditions. To assess the techno-
economic performance of cascade air-to-water heat pumps (CAWHP) in residential building

retrofits, Le et al. 1%

used experimentally validated TRNSYS models, including scenarios
with TES. It has been shown that although the CAWHP systems were more cost-effective
than low-efficiency gas boilers, they are still unable to compete economically with gas
boilers and high-efficiency gas boilers (90%) despite showing notable CO2 reductions (14-
57%). By applying the economic analysis method on thermally integrated pumped-thermal
energy storage (TI-PTES) systems, Igbal et al.’’" examined two types: cold TI-PTES that
used vapour compression refrigeration and hot TI-PTES that used a high-temperature vapour
compression heat pump. The results of the economic analysis showed that, at a 0.5 MW
scale, cold TI-PTES needed $3.21M with a Levelized Cost Of Storage (LCOS) of
$0.31/kWh, whereas hot TI-PTES required $ 4.31 M. Better economic performance at bigger
sizes might be demonstrated by the LCOS dropping to $0.25/kWh for hot TI-PTES and
$0.23/kWh for cold TI-PTES for larger scale applications (5 MW, 8-hour storage). The
viability of using TES-based air source heat pumps rather than traditional reverse cycle

defrosting (RCD) systems is examined by Li et al. '*°

, including financial analysis.
According to key findings, TES-based ASHPs can perform better than conventional systems
in some situations. At ambient temperatures between -2°C and 2°C, they exhibit efficiency
gains of 3.0-19.5%. The study highlights that appropriate system design and control are
necessary for a successful deployment. To assess a novel air conditioning system that
integrates latent heat thermal storage (LHTS) with a refrigeration system, Mosaffa et al. 1%
studied three separate phase change materials (PCMs) with different slab configurations,
RT27, S27, and SP25, which were analysed in order. Testing showed that with a cooling
load of 11.8 kW, SP25 (Case 3) had the highest Coefficient of Performance (COP) at 3.434.
RT27 (Case 1) had the best exergy efficiency at 2.93% and the highest product exergy rate
of 0.084 kW. S27 (Case 2) was the most cost-effective, with the lowest total cost rate of

$4,094 $/year and the lowest CO2 emissions. A mathematical model for assessing the
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potential of three ecological refrigerants (R290, R600a, and R1234yf) in vapour compression
systems is presented by Paula et al. ™. The analysis took into account a number of variables,
such as the overall plant cost rate, COP, exergy efficiency, and environmental effect (TEWI,
or total equivalent warming impact). A thorough cost analysis showed that while
environmental penalty costs from CO2 emissions were negligible at less than 2.60%,
operational costs accounted for almost 73% of overall expenses. In this study, the
environmental costs have been neglected, given that most of the costs would be the capital
cost of the components. In order to optimise design factors for both performance and cost-
effectiveness, Mansuriya et al. ' examined a hybrid cooling system that combined vapour
compression refrigeration with liquid desiccant dehumidification. With the hybrid system
obtaining a COP range of 5.7-6.4 (compared to 3.8 for conventional systems) and a 68.4%
increase in efficiency, the results showed significant gains over traditional systems. With a
1.54-year payback period, the technology demonstrated economic viability and greatly

decreased electricity consumption.

2.4 Research Gaps and Key Objectives in this PhD Study

some studies have been performed so far to investigate the flexibility of air-conditioning
systems, especially heat pumps with storage tanks. Two crucial aspects have been raised in
these studies. First, in some cases, electricity usage reduction, cost, and energy savings were
studied, but the results varied significantly based on the PCM phase change temperature,
total TES storage capacity, system configuration, control strategy, and the building's location

and environment.

Given the reviewing of the previous works, it is noticed that dynamic-numerical time-paced
analysis, SCOP calculation to compare different systems, assuming proper realistic loads,
considering a smart Control Strategy, Comprehensive Benchmarking, and economic

analysis have been overlooked in most cases.

First, one of the primary challenges associated with adopting flexible systems is
demonstrating their economic feasibility. In some research, the annual operational cost of
systems has often been overlooked, while some research has examined reductions in
electricity usage, cost savings, and energy efficiency. However, the findings vary
significantly depending on several factors, including the PCM phase change temperature,
total TES capacity, system configuration, control strategy, and the building’s geographic and

climatic context. Second, some studies have neglected to consider the seasonal system's
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COP. Third, many of these studies rely on representative or idealised daily load profiles,
typically semi-sinusoidal patterns over a single day (e.g. riahi, et al. >, Erdemir and Dincer
78), which do not reflect realistic seasonal variability and may lead to overly optimistic
results. This study has considered a whole season, with randomly variable loads extracted
from IESVE software. Second, in some cases in the literature review, DSM or peak-shaving

expressions are referred to in their manuscripts.

While single-stage systems with PCM tanks have been studied to some extent, flexible two-
stage systems incorporating PCM storage require more studies. To the best of the authors’
knowledge, the specific configuration presented in this thesis, featuring a PCM tank with
salt hydrate connected via a fluidic loop, has not previously been investigated or compared

with other systems.

On the other hand, economic viability is a crucial component of retrofitting or designing new
systems, and any substitution of the traditional systems must be competitively priced in order
to be an effective rival to replace the established ones. The assessment of these new systems'
economic feasibility has been the subject of a few publications published in the literature in
recent years. The objective of this research was to improve the heating/cooling systems by
introducing a novel system and filling in the mentioned research gaps. The technical
challenges to perform as such were mostly adding the details of the control strategy, and
calculate the loads based on the real data for a case residential block which required learning
a new software (IESVE). The details of control strategy, how to define charging and
discharging in heating and cooling modes require high punctuality. Key objectives will be

elaborated in the following paragraphs:

2.4.1. A novel two-stage flexible heat pump, with a PCM tank fluidly connected to the
flash tank, has been proposed.

2.4.2. Three-phase analysis has been applied to the proposed system: Thermodynamics,
heat transfer analysis (Heat exchanger design), and techno-economic analysis

(TEA).

2.4.3. A control strategy based on the heating/cooling load, time of the day, and PCM
tank status has been proposed to run the system in different operating modes

hourly.
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Four valves have been inserted in the cycle and manipulating them will lead to
running the system in different modes: charging, discharging, normal, and

standby modes.

To study the effect of weather conditions on flexibility, the weather data of four
different cities have been studied: Glasgow and Birmingham, UK, for heating

and Rome and London for cooling purposes.

To study the effect of heating load profile shape, two types of loads have been
created and used to run the heat pump with: a) Variable loads exported from
IESVE software for a residential block, and a sinusoidal load with the same

maximum peak load.

The results of the novel flexible two-stage system will be compared to those of
the baseline system (a two-stage heat pump without PCM), as well as with a

baseline and flexible single-stage heat pump.

To study the effect of the configuration of the flexible system in heating in both
single and two-stage forms, the results will be compared with another flexible
system, common in literature, in which the PCM is placed after the condenser as

a sub-cooler.

For cooling, the results of the novel flexible two-stage cooling will be compared
to those of the baseline system, a baseline and flexible single-stage heat pump,
and a second configuration of a flexible two-stage heat pump in the same weather
data and control strategy and working conditions, except the

charging/discharging trigger.

The TEA is performed by calculating the economic parameters - PP, IRR, NPV,
MOIC. - to study the viability of the mentioned flexible two-stage system heat

pump by applying a techno-economic viewpoint.
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Chapter 3

Peak-shaving investigation of a novel flexible two-
stage heat pump for heating

3.1 Introduction

In this study, a new system has been proposed to address the research gap using a two-stage
heat pump with a PCM tank in the middle stage connected to the flash tank, working with

real variable loads.

The specific objectives to investigate in this work include: 1. A novel two-stage flexible
heat pump, with a PCM tank fluidly connected to the flash tank, has been proposed. 2. A
control strategy based on the heating load, time of the day, and PCM tank status has been
proposed to run the system in different operating modes, hourly. 3. Four valves have been
inserted in the cycle and manipulating them will lead to running the system in different
modes: charging, discharging, normal, and off modes. 4. To study the effect of weather
conditions on flexibility, the weather data of two different cities has been studied: Glasgow
and Birmingham, UK. 5. To study the effect of heating load profile shape, two types of loads
have been created and used to run the heat pump with: a) Variable loads exported from
IESVE software for a residential block, and a sinusoidal load with the same maximum peak
load. 6. To study the effect of the configuration of the flexible system, the results will be
compared with another flexible system in which the PCM is placed after the condenser as
the sub-cooler. 7. The results of the novel flexible two-stage system will be compared to
those of the baseline system (a two-stage heat pump without PCM), as well as with a baseline

and flexible single-stage heat pump.

3.2 Methodology

The method of simulations has been elaborated in this section, which includes the following
subsections: 3.3.1- System description 3.3.2- Operating modes of the flexible two-stage heat
pump 3.3.3- Flexible two-stage heat pump versus the other flexible systems., 3.3.4- Basic
assumptions of simulations, 3.3.5- Loads of IESVE and simulation logic, 3.3.6-

Mathematical governing equations, 3.3.7- Annual price calculations.
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3.2.1 System description

A novel flexible two-stage heat pump has been studied and compared with the baseline two-
stage heat pump in heating applications. As an air-source heat pump, it uses the ambient air
as its heat source and includes a compressor and expansion valve at each stage. The upper
stage has the condenser, and the lower one has the evaporator, and both are connected to a
flash tank. A fluidic circuit connects a PCM tank to the flash tank. Four valves are inserted
before both compressors and expansion valves, which control the system's operation modes.
The ambient air is the hot stream of the evaporator. It will heat the cold stream of the working
fluid in the evaporator and turn the working fluid into a saturated vapour state. The
compressor at the lower stage compressed the saturated vapour at the outlet of the evaporator
and turned it into superheated vapour. To avoid having flash gas throttled to the evaporation
pressure and the requirement for further recompression, which would require more
compression power, a flash tank is provided to evacuate the flash gas at the intermediate
pressure. Compressor I's (the lower stage compressor) vapour is further intercooled by the
flash tank, which lowers the amount of compression power needed by Compressor II, the
high-pressure stage compressor. Because of this, compared to a single-stage running at the

same temperature lift, the system's COP is substantially higher.
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Figure 0.1 Schematic figure of the proposed flexible two-stage heat pump (a), charging (b), discharging (c).

R134a, as the working fluid, will enter a flash tank, where the main entering stream will be
divided into two outlets: A stream of saturated liquid and a saturated vapour one. The liquid
stream will enter the lower stage expansion valve to decrease the pressure of the working
fluid and then go through the evaporator, while the vapour stream will enter the upper
compressor and turn into superheated vapour and then go through the condenser. The air
stream at the condenser is the room airflow, which will be heated by the energy transferred
through the condenser from its hot stream to the cold stream. The working fluid, which was
the hot stream, will expand in an expansion valve within an enthalpy-constant process after
being a saturated liquid in the condenser. Then, the two-phase working fluid exits from the

expansion valve and enters the flash tank.

3.2.2 Operating modes of the flexible heat pump, configurations, and
calculation methods

To operate the system in different modes, a suitable control strategy is required.

The novel flexible two-stage heat pump will work in four modes by manipulating the four
inserted valves, as Fig. 3.1 (a), (b) and (c) and Table 3.1 show: Mode 1: Normal heating with
a two-stage heat pump when four vales are open, shown in Fig. 3.1 (a), Mode 2: Charging -
when valves 3 and 4 are open and the rest are closed, shown in Fig. 3.1 (b). Mode 3:
Discharging - when valves 1 and 2 are open, and the rest are closed, shown in Fig. 3.1 (c).
In the charging mode of the heating application, the PCM will be charged with the thermal
energy of the hot stream 2-3. Therefore, the interstage temperature is defined as the approach
temperature added to the PCM temperature, while for the discharging mode, the interstage
needs to be lower than the PCM melting temperature, as the PCM has been cooled until
being fully discharged via transferring the thermal energy to stream 3-6. The meaning of a

fully charged/discharged PCM tank will be defined later in the methods section. Table 3.1
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shows the operation modes and valve status in the proposed flexible two-stage heat pump.
Fig. 3.2 (a), (b), and (c) show the T-s diagrams of the normal operation mode, charging, and
discharging modes of the two-stage flexible heat pump. In the next section, 3.3.4, the details
of the control strategy will be elaborated. Thermophysical properties have been calculated

in the code via linking MATLAB '% to NIST23-REFPROP V10 7,
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Figure 0.2 T-s diagram of the proposed flexible two-stage heat pump in (a) normal working, (b) charging
and (c) discharging modes.

Table 0.1 Four operational modes of the proposed flexible heat pump system.

Mode Comp. I Comp.II  Pump V1 V2 V3 V4
1 Normal on on standby on on on on
2 Charging standby on on standby standby on on
3 Discharging on standby on on on standby standby

3.2.3 Basic assumptions and control strategy of simulation

Table 3.2 represents the required assumptions to start the simulation of the systems for the
heating application, except the heating load and ambient temperature, which are variable
throughout the year and will be exported from IESVE software ', For the heating
application, the evaporator temperature varies based on the ambient temperature, and it is
assumed to be 10 degrees lower than the outside temperature. The condenser temperature is
considered 45 degrees. The melting temperature is assumed to be 20 degrees. Compressor
second law efficiency, or the isentropic efficiency and approach temperature of the streams
passing through the PCM storage tank, are assumed to be equal to 80% and 3 degrees,
respectively. Working fluid has been considered R134a 7.

Table 0.2 Simulation assumptions for heating application.

Parameters Value Unit
Condenser Temperature % 45 C
Evaporator Temperature Tatm — 10 C
PCM Melting Temperature *° 20 C
Weather Data Glasgow and Birmingham, UK -
Neomp ' 80% ]
Approach Temperature

. 3 -
difference

Table 0.3 Salt hydrate PCM properties coupled to the flexible heat pumps.

Parameters Value Unit

Initial PCM temperature 15 C

Mass of PCM 1000 kg

Cppcm 2 k].kgl. K1
Lrys * 195 kj.kg™*
QMax th,PCM 205 MJ

Table 3.3 shows the PCM properties such as mass, initial temperature, Specific Heat at
constant pressure, and heat of fusion (required energy for melting), and based on that
information, the maximum energy capacity of PCM has been calculated and added to the

Table. The PCM thermal capacity and related correlation will be written in section 3.3.6,
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Mathematical governing equations. The assumptions are written in Tables 3.2 and 3.3. The

following rules have been applied while simulating:

Heat transfer takes place under isothermal conditions in all heat exchangers.

Specific Heat at constant pressure is considered constant to simplify the simulation.

No heat and pressure losses have been considered for the working fluid passing

through pipes and heat exchangers.

In the normal two-stage heat pump, the interstage temperature is a sensitive
parameter that is normally optimised. To simplify, in this study, it has been assumed
that the interstage temperature equals the interstage temperature in the flexible
system. The interstage temperature of the proposed flexible system is equal to the
summation of the approach temperature and the melting PCM temperature. To have
a fair comparison, in the baseline two-stage systems without PCM tanks, the
interstage temperature will be a flexible system’s interstage temperature. In the
second flexible configuration, the interstage temperature cannot be the summation of
the approach temperature and the melting PCM temperature, as it needs to be less
than the melting temperature plus the approach temperature difference. It has been
assumed that it is 10 degrees less than the summation of the melting temperature and

the approach temperature difference.

The systems are working from 7 a.m. until 11 p.m. except for the flexible systems at
nighttime (11 p.m. to 7 a.m.), in which charging mode is possible if the duty is low
enough. This strategy is called night load shaving, and it’s a type of demand-side
strategy (DSM). In this study, triggering of charging and discharging is based on the
amount of heating duty. If the duty is less than 15% of the maximum heating load
(=20 kW of 134 kW of maximum heating duty), the charging will start with no regard
to the time. While discharging will start when the heating load is higher than 20kW.

However, for Birmingham weather, the trigger assumed the same 20 kW.

After importing ambient temperature and variable heating load from IESVE, the
control strategy in this simulation will decide if the system will operate in charging,
discharging, normal operation, or standby mode. Table 3.6 shows the system’s

operation modes logically on different occasions, based on the duty, time of the day,
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and status of the PCM tank. Based on the control strategy, the provided heat will be
varied in different modes, as the aim is different in each mode. As in charging, the
aim is to charge the PCM; the heating load of the charging mode equals the energy
rate transferred to the PCM tank during charging. While in discharging and normal
modes, the aim is to provide the heating load of the residential block, and the
provided load will be the same heating loads extracted from the [IESVE model shown
in Fig. 3.8.

For the heating application, the system has been analysed from October to March,

and the rest of the year has been assumed off.

In addition, as it will be explained later, a sinusoidal load has been created with the
same maximum heating load as that of the IESVE exported loads. The aim is to
compare the results to see if there is any difference with different heating load

profiles.

First, the state points of a flexible two-stage heat pump in heating application in normal

working mode will be calculated based on the following steps, based on the state points of

in Fig. 3.1 (a), (b) and (¢). To calculate the thermodynamic properties of each state point two

independent properties are required. Thermodynamic properties include pressure (P),

Temperature (T), Enthalpy (h), quality (Q), and Entropy (s). In each state point, calculations

started with independent properties lead to (presented with — symbol) the third calculated

property, as shown below. m refers to mass flow rate in kg. s and Ncomp 18 isentropic

efficiency of the compressors.

» State point 1: evaporator outlet, evaporator temperature, saturated vapour state.

{

Qq = 1, saturated vapour

Ty = Tevar Teva = Tatm — AT. Equation 0-1

a
pp—>h1

> State point 2: compressor outlet (isentropic efficiency 80% ''%), and pressure of state

point 6.

P, =P Equation 0-2
hZS - hl 4 h2

Ncomp = m
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» State point 3: flash chamber outlet, saturated vapour, pressure of state point 6.

{ Py =Pg 5 Equation 0-3
Q3 = 1, saturated vapour

> State point 4: compressor outlet (isentropic efficiency 80% !'), pressure of the

condenser.
P, = P Equation 0-4
0 _hys—hz > h,
comp — 1. 1.
P~ hy —h;

» State point 5: condenser outlet (fixed temperature), saturated liquid.

{ Ts = Teond» Tcond = Cte N Equation 0-5
Qs = 0, saturated vapour

» State point 6: interstage temperature (melting PCM temperature Tpeiting plus approach
temperature AT,p,,). The interstage temperature of normal working has been defined in

the same way as the charging mode. Also, the conventional system’s interstage has been
defined the same as the flexible system’s interstage, to prevent having any difference

due to different interstage pressure or temperature.

{T6 = Tinterstage’Tinterstage = Imelting T ATapp 5P Equation 0-6

hg = hg 6
» State point 7: saturated liquid, interstage pressure.

{ Py =Ps S h Equation 0-7
Q; = 0, saturated liquid 7

» State point 8: enthalpy of state point 6, pressure of the evaporator

{hs = h, Equation 0-8
Pg =P,
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The mass flow rates come from Eq. 3-9, and duty refers to the heating load extracted from

IESVE or the sinus-shaped loads:

(. duty Equation 0-9
m2 =
h, —hs
. _ . hy—hg
mq = mo.
1 2 h2 _ h7

Second, in the charging mode, we’ll have the PCM as a condenser. The state points and mass

flow rate of the charging mode will be calculated based on the following steps:
m. = 0.06, constant. Equation 0-10

» State point 7: saturated liquid, Temperature of charging, which is PCM melting
temperature, is added to the approach temperature. This temperature definition will

charge the PCM over time.

Tye = melting T ATapp Equation 0-11
= hye
Q;c = 0, saturated liquid

» State point 8: enthalpy of state point 6, pressure of the evaporator.

{h8c = hy, Equation 0-12
Pge =Py

Finally, the discharging mode will have the state points based on the following steps:

. duty Equation 0-13
m = ————--—
© " hyg —hg

» State point 3: The pressure of interstage in discharging, saturated vapour.

{ Pzq4 = Psa S h Equation 0-14
Q; = 1, saturated vapour 3d

» State point 4: compressor outlet, pressure of interstage.
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P4d = PS Equation 0-15

_ hysa —hzg > hyy
Necomp =

hsg —hzq
» State point 6: interstage temperature (melting PCM temperature minus approach

temperature), enthalpy of condenser outlet.

{T6d = Tmelting — ATapp Equation 0-16
— = Peq
heq = hs

On the other hand, to compare the results with a common flexible heat pump in the literature,
a similar single-stage flexible heat pump, and another configuration of flexible heat pump in
single and two-stage models have been studied and simulated based on the energy storage

concept, which will be elaborated in the following paragraphs.

In Fig. 3.3 (a), a single-stage heat pump that is connected to a PCM storage tank has been
shown. The two valves control the fluid streams into/out of the PCM tank. With the closed
valves, the system will work in normal heating mode while charging will happen when valve
2 is closed, and the PCM will play the role of the condenser. The working fluid after the
condenser will be saturated liquid, which means it will transfer its energy to the PCM, and
the PCM will be charged. While in the discharging mode, valve 1 is closed, and the PCM
tank is the evaporator, which will lose its energy to vaporise the working fluid during the
evaporation process. Fig. 3.3 (a), (b), and (c) represent the schematic figures of normal
heating, charging, and discharging modes of a single stage heat pump, respectively. Fig. 3.4
shows the T-s diagrams of the mentioned modes of a single-stage flexible heat pump in this
specific configuration. As it is represented, the evaporator and condenser temperatures
would be adjusted based on the PCM temperature in charging and discharging modes, as the
PCM tank plays the role of an evaporator and condenser in different modes, as explained

previously.
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Figure 0.3 Flexible single-stage heat pump, normal operation with closed valves (a), charging mode (b),
and discharging mode (c).
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Figure 0.4 T-s diagrams of (a) Normal operation, (b) charging, and (c) discharging process of a flexible
single-stage heat pump in the heating application.

Based on the schematic figure of the flexible heat pump in Fig. 3.3, step-by-step will be
explained in the following paragraphs how the properties of state points have been calculated

for the flexible configuration of the single-stage heat pump.
In normal working mode:

» State point 1: The evaporator outlet will have a saturated vapour state, and a fixed

temperature of 10 degrees lower than the weather temperature.

Equation 0-17
app _, q

Qq = 1, saturated vapour

{Tl = Tevar Teva = Tatm — AT
1

» State point 2: outlet of the compressor, pressure of outlet of the condenser (state point

3).
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P2 = P3 Equation 0-18

_hys—h; > h,
Ncomp = m

» State point 3: condenser outlet, fixed temperature of condenser, saturated liquid.

{ T3 = Teond» Tecong = cte R Equation 0-19
Q3 = 0, saturated vapour

» State point 4: outlet of the expansion valve, evaporator pressure, enthalpy of the

condenser outlet, and enthalpy.

{h4 = h, Equation 0-20
P4_ = Pl

For the charging mode, the PCM will be connected to the condenser, and rather than

providing duty for the residential block, the system will charge the PCM:
m, = 0.06 kg.s™?, constant. Equation 0-21

» State point 2: Outlet of the compressor: the same as normal working.

Pye = P3¢ Equation 0-22

» State point 3: Outlet of the PCM tank as the condenser, its temperature will be higher
than the melting temperature and in a liquid state. The temperature difference of the state

point with the malting temperature will be the approach temperature difference.

{ Tz = melting T ATapp ha. P Equation 0-23
Q3. = 0, saturated vapour 3¢ 3¢

» State point 4: Outlet of the expansion valve: Pressure is as much as the evaporator

pressure, and enthalpy is equal to the enthalpy of state point 3 in charging mode.

{h4c = h;, Equation 0-24
Ppe =Py
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In the discharging mode, we will have the PCM in an evaporator role. The state points in a

discharging mode will be as follows:

. duty Equation 0-25

nyg = ——
hzq — h3

» State Point 1: PCM outlet, melting temperature minus approach temperature difference,

saturated vapour.

{ Tid = Tmeting — ATapp S P h Equation 0-26
Qiq=1  saturated vapour ‘& 1d

» State point 2: Compressor outlet, pressure of the condenser.

P2 da= P3 Equation 0-27

_ hasa —hia - hyy

» State point 4: Expansion valve outlet, pressure of the PCM outlet, and enthalpy of the

condenser outlet.

{h4d = h, Equation 0-28
Prg = Pig

3.2.4 Comparing the results with Other flexible configurations of single
and two-stage Heat pumps

To study other configurations of flexible heat pumps and compare them to the novel
proposed configuration, the PCM tank has been added to the system as a sub-cooler. This is
not a novel configuration, at least in the single-stage model. In this configuration, the main
components are the same. The system can operate in different modes, similar to any flexible
heat pump. In this type of configuration, in the charging mode, the working fluid exiting the
condenser will enter the PCM tank, which will decrease its energy even more and increase
the thermal energy of the PCM tank. This means that the PCM tank, as a sub-cooler, will be
charged with thermal energy. The schematic figures of normal operation mode, charging,
and discharging have been shown in Figs 3.5 and 3.6 for two-stage and single-stage,

respectively.
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Figure 0.5 Second configuration of flexible two-stage heat pump charging mode (a) and discharging mode

(b).
The state points properties of config. 2 of the two-stage heat pump shown in Fig. 3.5 are

elaborated as follows:

duty Equation 0-29

m; = —h4 " hg (a)
, . hz—h
my =y ()
7

» State point 1: evaporator outlet, evaporator temperature, saturated vapour state.

{T1 = Teva Teva = Tatm — ATapp Sh Equation 0-30
1

Qq = 1, saturated vapour

> State point 2: compressor outlet (isentropic efficiency 80% ''%), and pressure of state

point 6.

P, = P Equation 0-31
_hys—h; 5 h,
Ncomp = m

» State point 3: flash chamber outlet, saturated vapour, pressure of state point 6.

{ Py =Py N Equation 0-32
Q3 = 1, saturated vapour
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> State point 4: compressor outlet (isentropic efficiency 80% !'°), pressure of the

condenser.

P, =Ps Equation 0-33

_hys—hz > h,
Ncomp = m

» State point 5: condenser outlet (fixed temperature), saturated liquid.

{ Ts = Teond» Tcond = Cte . Equation 0-34
Qs = 0, saturated vapour

» State point 6: interstage temperature (melting PCM temperature plus approach

temperature). The interstage temperature, in this case, cannot be Tyeiting + ATapp-

Therefore, it has decreased 10 degrees.

{TG = Tinterstager Tinterstage = Telting ATapp — 10 5P Equation 0-35
hg = hg 6

» State point 7: saturated liquid, interstage pressure.

{ P7 N P6 - h Equation 0-36
Q, = 0, saturated liquid 7

» State point 8: enthalpy of state point 6, pressure of the evaporator.

{hg = h, Equation 0-37
Pg =P

Second, in a charging mode, we’ll have the PCM as a condenser. The state points of a

charging mode will be calculated based on the following steps:
m, = 0.06 kg.s™1, constant. Equation 0-38

» State point 5°: PCM outlet temperature in charging mode,

Ts = Tmelting + ATapp h Equation 0-39
Ps. = P - s
5« — 15
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» State point 6¢: enthalpy of state point 5*

{h6c = hs, Equation 0-40
Psc = Ps

» State point 7c: saturated liquid

{ P7c = Pgc > h Equation 0-41
Q,. = 0, saturated liquid 7c

» State point 8: enthalpy of state point 7c, pressure of the evaporator.

{h8c = hy¢ Equation 0-42
Pge =Py

» State point 3c: flash chamber outlet, saturated vapour, the pressure of state point 6.

{ P3c = Pgc 5 h Equation 0-43
Q; = 1, saturated vapour 3¢

> State point 4c: compressor outlet (isentropic efficiency 80% '), pressure of the

condenser.

Py = B Equation 0-44

_ Duse —hze 5 hy
ncomp h4_c _ h3c

Finally, the discharging mode will have the state points based on the following steps:

» State point 1**:

{Tl** = Tmelting — ATapp S h Equation 0-45
_ T**
Ql** =1

> State point 2d: compressor outlet (isentropic efficiency 80% !'°), and pressure of state

point 3.

P,y = B3 Equation 0-46

N _ h25d - hl** - h2d
comp —
P th - hl**
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Figure 0.6 Second configuration of flexible single-stage heat pump charging mode (a) and discharging
mode (b).

In the normal working mode of config. 2 of the single-stage heat pump, we will have state

points as follows:

» State point 1: The evaporator outlet will have a saturated vapour state, and a fixed

temperature of 10 degrees lower than the weather temperature.

Equation 0-47

{Tl = Tevar Teva = Tatm — ATapp Sh
1

Q; = 1, saturated vapour

» State point 2: outlet of the compressor, pressure of outlet of the condenser

P, =P; Equation 0-48
_hys—h; 5 h,
Ncomp = m

» State point 3: condenser outlet, fixed temperature, saturated liquid.

{ T3 = Teond 5 ha P Equation 0-49
Qs = 1, saturated vapour 33

» State point 4:
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P,=P Equation 0-50

hysqg —hzq —» hyy

Necomp = haq — hag

In the charging mode of config. 2 of the single-stage heat pump, we will have state points as

follows:
m, = 0.06 kg.s™?, constant. Equation 0-51

» State point 3*:

{Tg* = Tmelting + ATapp Sh Equation 0-52
P3, = P; >
» State point 4c:
P, =P Equation 0-53

In the discharging mode, we will have the PCM in an evaporator role. The state points in a

discharging mode will be as follows:
» State point 1**:

{ Ty = Tmelting - ATapp N Equation 0-54
Q.. =1,  saturated vapour Lo

» State point 2d:

P,q =P Equation 0-55

N _ hZSd - hl** - h2d
com -
P h2d - hl**

» State point 4d:

{P4d = P1** Equation 0-56
hug = h;
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3.2.5 Loads of IESVE and simulation logic:

To calculate the required variable heating loads for Glasgow and Birmingham, UK, a four-
story residential building was created based on a predefined geometry in IESVE, as shown
in Fig. 3.7. To calculate the loads of heating/cooling, a geometry is required to be created in
IESVE. There are three ways to create a geometry, (a) create from scratch, (b) Import from
Revit, (c) use predefined geometries. As the loads are the aim, not the geometry itself, a

predefined residential geometry is selected from the predefined geometry options in IESVE.

Figure 0.7 Geometry of the predefined residential block from IESVE.

The assumptions used to create the energy model of the residential block in IESVE are
shown in Table 3.4, while the U values of the building’s components are written in Table

3.5. However, the U values are automatically defined in the building geometry.

Table 0.4 Residential Block’s geometry and energy Model Parameters in IESVE software.

Parameters Value Unit

Area 3,134.92 m?
External wall area 1,542.19 m?
External Opening Area 231.38 m?
Room set point 19 [

DHW consumption 0 I.h™1
Internal Gains

Occupancy 25 m? per person
People's Max sensible gain 64 w per person
latent 70 w per person
Lighting Max sensible gain 6.5 w per m?
Equipment sensible gain 24 w per m?
Equipment Max power consumption 4.8 w per m?

Infiltration (Air Leakage) 0.6 Ach (air changes per hour)
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Natural ventilation (Air change)

0.3

Ach (air changes per hour)

Table 0.5 Default U values of the walls, Roof, Floor, windows, doors, etc, from predefined geometry in

IESVE.

Components

U values (w/m?. K)

Thickness (mm)

Internal ceiling/Floor
External window
Exposed Floor
Internal Partition

Roof

External wall

1.0866
1.6
0.22
1.7888
0.18
0.2599

282.5
24.0
268.0
75.0
317.0
208.0

Fig. 3.8 (a)-(d) shows the ambient temperature and heating loads of two Uk cities extracted

from IESVE software: Glasgow and Birmingham, as a sample of cooler and warmer cities

in UK. Also, to compare with variable loads from IESVE, a sinousoidal load has been created

based on maximum load of Glaswiegen heating load came from IESVE, which is shown in

Fig. 3.9. Sinousoidal load was one of the common assumption to be found is a sinous-shaped

load for one day, or extended for the whole year.
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Figure 0.8 Ambient temperature and heating loads input for Birmingham (a) - (b), and Glasgow,
Scotland, UK, (c)-(d).
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Figure 0.9 A sinusoidal load profile per day as input (repeated for the whole season).

Table 3.6 shows the working status of the baseline and flexible systems based on the
indicator parameters, heating load or duty from IESVE, time of the day, and stored thermal
energy of the PCM tank. At each hour, the heating duty will be checked. If it is lower than
20 kW, no matter what the time is, the charging will start until the PCM tank is fully charged.
After having a fully charged PCM tank, even if the charging triggers are ready to activate
the charging, that will not happen, as the PCM tank has reached its maximum capacity. To
define mathematically what the fully charged state is, a parameter named SOC (State of
Charging) has been defined and calculated. SOC is the amount of thermal energy inside the
PCM tank’s divided by the theoretically PCM tank maximum storage capacity, or it is
defined as the ratio of the available capacity at the i-th hour of the day, Qpcy (i), compared
to the maximum possible charge that can be stored in a storage tank or battery, i.e.,

the maximum nominal capacity of PCM Quayx thpcu-

Qpcm (D)

Max th,PCM Equation 0-57

SOC(i) =

A fully charged battery/storage tank has an SOC of 1 or 100%, while a fully discharged
battery has an SOC of 0 or 0% !!!. In this study, it is considered that if the amount of SOC
is higher than 96%, it is assumed that the PCM tank is fully charged, and if it is less than
4%, it is said that the PCM tank is fully discharged. SOC is defined and has been used many

times previously in some published research articles, such as Huang, et al. *°.



Table 0.6 Working status of the normal and flexible two-stage heat pump in heating application.

Time

duty

PCM state

Baseline

0-7

Duty<20 kW

QPCM Max
QPCM not 0
QPCM=0

Duty>20 kW

QPCM Max
QPCM not 0
QPCM=0

7-23

Duty<20 kW

QPCM Max
QPCM not 0
QPCM=0

Duty>20 kW

QPCM Max
QPCM not 0
QPCM=0

Flexible

The flowchart of the system’s logic, matched with Table 3.6, has been shown for heating in

Fig. 3.10. As shown, starting with inputs including the assumptions and data extracted from

IESVE, first, the heating load mentioned as duty will be checked. If it is higher than 20 kW,

the PCM status will be checked. If it is not fully charged, the system will go to charging

mode until it gets a fully charged PCM tank. The meaning of fully charged has been

explained in this section. In a fully charged state, the system will be switched to normal

working mode.

If the duty is lower than 20 kW, and it is between 7 a.m. and 11 p.m., the PCM status will

be checked again. If there is any energy saved in the PCM tank, the system will be switched

to discharging mode until the tank is fully discharged, if nothing is changed. However, at

nighttime, the system will be in standby mode (off).
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Figure 0.10 Flowchart of the simulation for heating in this study.
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3.2.6 Mathematical governing equations:

To analyse the systems based on thermodynamic fundamentals in MATLAB, the first and
second laws of thermodynamics have been applied, and each component is assumed to be a
control volume. Based on the 1% and 2™ laws of thermodynamics, the corresponding mass

and energy balances of each component are given in Egs. 3-58 and 3-59.

Z My = Z Moyt Equation 0-58

Z Miphin + Q = Z Moythout + W Equation 0-59

i shows the mass flow rate (kg.s~1), while h refers to enthalpy (kJ.kg' . K™). Q is the heat
transfer via that control volume component, while I is the work production or consumption.
The work consumption for all components is assumed to be zero except for compressors,
while heat transfer is zero for those compressors. If there is any index in the correlations, it

is based on the schematic figures shown in Figs. 3.1 — 3.6 in this chapter.

To elaborate more, the mass flow rates of upper and lower cycles in a two-stage heat pump
will be calculated as Eq. 3-60 and 3-61. duty(i) is the heating duty coming from Fig. 3.8
(b) and (d). T refers to the temperature in K for Birmingham and Glasgow, respectively.
ATpp 1s the approach temperature difference defined to calculate the interstage temperature

regarding the PCM melting temperature in different modes.

m, (i) = duy(®) 0-60
2(1) = Equation 0-
h, — h5 quation
m(i)—m(i)x—3_h6 E 0-61
1) = My ti -
h, —h, quation
T7,c = Tpem + ATapp Equation 0-62

The thermal energy rate of charging Q. (i), which is responsible for charging the PCM tank,
will be calculated as follows in Eq. 3-64. m, is the mass flow rate of the charging mode

m. (i), which will be constant as in Eq. 3-63 in all cycles.

me(i) = 0.06 kg.s™! Equation 0-63
Qc(D) = 1 (i) X (hyc — hy ) Equation 0-64

The work consumption of the compressor in charging mode is written as:
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Wwe (1) = me (i) X (hoc — hic) Equation 0-65

The PCM tank will be charged at a rate that comes from correlation (3.8) at each hour of
charging. To convert the energy rate to the amount of energy stored in the PCM in Joules,
the rate should be multiplied by the number of seconds per hour. This will convert kW to

Joules, as shown in Eq. 3-66:

Qpem (i) = Qc(i) X 3600 Equation 0-66

PCM tank energy in (i-1)-th time pace will be calculated from Eq. 3-67 by substituting i-1
with 1 (Q(i-1)), and will be added to the energy of the i-th time pace, which leads to
calculating the total PCM energy amount stored at the i-th time pace:

Qpem (D) = Qpem (i — 1) + Qc (i) x 3600 Equation 0-67

In discharging mode, the temperature of the state point 6 in Fig. 3.2 (b) is lower than the
PCM tank temperature:

Tsa = Trem — ATapp Equation 0-68

The discharging thermal energy rate at the i-th time step, if it is in the discharging mode,

will be calculated as:
Qa (D) = mg (D) X (hzq — he,q) Equation 0-69

The PCM thermal energy amount at each time step in discharging mode will be expressed

as:
Qpem (D) = Qpem (i — 1) — Qg (i) % 3600 Equation 0-70

As previously explained, to stop charging and discharging, a parameter named SOC (status
of charging) has been defined.
. Qpem (D)
S0C(I) = ——— Equation 0-71
Max,PCM,th

Qpcm (i) comes from Eq. 3-70, while Qpcp¢p is the maximum PCM tank capacity. It is
assumed that 1000 kg PCM is stored in the PCM tank with the maximum capacity, shown
in Eq. 3-72:
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Qumax,pcm,th = Mpem- Cppem- | (Tmete,pem — Teemini) | + Mpem- Lpus Equation 0-72

The hourly COP of the system at each hour can be written as the following correlation:

Qu(®)

Wtot

COP(i) = Equation 0-73

However, to compare a flexible two-stage heat pump with the baseline one, the seasonal
coefficient of performance is computed as COP in every hour of the year, which is not a
proper parameter to compare two systems fairly to find out which system is working more
efficiently. It is not reasonable to compare a set of COPs for both systems one by one during
the whole heating/cooling season. Therefore, SCOP or seasonal coefficient of performance
is defined as the accumulated heating demand divided by accumulated electricity usage

during a specific time duration 2,

X0y

SCOP = ;
YW eomp Equation 0-74

However, the above-mentioned correlation is in its general form, and it could be written as
Eq. 3-74. As the flexible system works in different modes at a specific duration for each
mode, SCOP should be calculated as a weighted summation at each mode’s duration.

Therefore, SCOP would be elaborated as follows:

SCOP =

Z{:l QH (l) X tmode (l)

i i : . Equation 0-75
{:1 VVcomp (OR tmode () 1

j is the number of the he modes. t,,,p4, (i) is the duration of mode in that time pace. Qy (i) is

the provided heating load that varies based on Eq. 3-77. If the duration of each mode is one

hour for all modes, then it would be simplified as the following correlation:

QH,C + QH,d + QH,Norm
VVC + Wd + WNnrm

SCOP = Equation 0-76

Qy in Eq. 3-74 — Eq. 3-76 will vary in different operation modes, as in different modes the
system’s demand or duty will be varied, as explained before. In charging, the objective is to
charge the PCM tank, therefore the numerator of the COP definition would be the heat
transfer rate of entering to the PCM tank (Q.). While in discharging and normal working
mode, the objective is to provide the heating load to the building (Building Qg). Eq. 3-77

shows the general form of the provided heat in each mode:
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Qy = Q., in charging mode (@) Equation 0-77
Qy = Building Qy, in discharging mode. (b)
Qy = Building Qy, in normal working mode. (0

In the following Table, the provided heating load and work consumption of each mode have
been shown to clarify the hourly calculation method, for config. 1 and config. 2 of the two-

stage heat pump:

Table 0.7 Correlations of hourly numerical calculations for the flexible two-stage heat pumps.

Operational

mode Mass flow rates (kg. S')  Provided heating load Work consumption

Config. 1 - Proposed configuration of two-stage flexible ehat pump (Fig. 3.1)

) dutyh . . .
mzzh_h . WN=W1+W2
Normal * hs 5 he Qn = duty = my(hy — hs) V:Vl = ﬁ.ll (hy —hy)
m; = m, ) Wy =1y (hy, — hy)
h, = hy
Charging mode 7, = 0.06 kg.s™! Qc = me(hye — hye) we = m.(hye — hye)
Discharging . dutyh Qq = duty = 1y (hay L _
mode mg = —h4—d " he, — hey) Wwg = my(hzq — hya)
Config. 2 - Second configuration (Fig. 3.5)
) dutyh . . .
mzzh_h . WN=W1+W2
Normal * hs 5 . Qn = duty =71y (hy —hs) Wy =1y (hy = hy)
my = 1My ( ) W, = my(hy — hy)
hy = hy
Charging mode 71, = 0.06 Q. = m,(hs — h,) W, = m.(hye — hse)
Discharging . h3—hg Qq = duty = my(h,, L _
mode mg = mz(ihm — h7) — hg) Wwq = mg(hzq — h.)

3.2.7 Annual price calculations:

In the end, the price of electricity usage has been calculated for the mentioned systems. The
most important aspect of the flexible systems is utilising off-peak electricity price cuts. To
calculate the variable price of the electricity, and compare the systems from an economic
viewpoint, cosy octopus tariff package is used from Octopus Energy '°, specifically defined
for heat pump users, which is as follows: 1- (4-7 p.m.) 48.36 p/kWh, 2- (4-7 a.m.) 18.13
p/kWh, 3- (1-4 p.m.) 18.13 p/kWh, 4- (the other times) 30.22 p/kWh '!*. Therefore, the total

price of used electricity in Pounds Sterling (£) would be as follows:

n
Price = z Weoe (1) X c(0) Equation 0-78
i=1

c(i) is the hourly unit cost of the electricity, while Wy, (i) is the hourly work consumption

of the compressors, which varies based on different modes.
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3.3 Results and discussion

In this section, the results will be discussed in two sections: First, in section 3.4, the results
of a two-stage flexible system (Fig. 3.1) will be compared with a single-stage (Fig. 3.3) as
well as the second flexible configuration in two- and single-stage forms (Figs. 3.5 and 3.6).

Second, in sec. 3.4.2. the validation has been performed and explained.

3.3.1 Flexible two-stage heat pump versus the other flexible systems:

In this study, a novel flexible two-stage heat pump is introduced, simulated, and finally
compared with a baseline two-stage system, as well as a flexible single-stage heat pump in
baseline and flexible types. Also, a second configuration has been studied and compared
with the mentioned systems. The aim is to study the feasibility of peak-shaving and price
reduction of the novel flexible two-stage heat pump and compare the results with those of
the mentioned flexible systems. The schematic figures of the flexible systems have been
shown in Figs. 3.1, 3.3, 3.5 and 3.6. In all cases, the energy stored in PCM will be used for
home heating duties (config. 1), or subcooling (in the second type of flexibility
configuration- config. 2), and not for defrosting or other aims. Heating loads have been
calculated with IESVE software for Glasgow and Birmingham in the UK for heating, which
have been shown in Fig. 3.8 (d) for Glasgow.

The parameters needed or assumed to calculate the loads with IESVE software are shown in
Tables 3.4 and 3.5. The rest of the assumptions that are needed to perform the analysis are
written in Tables 3.2-3.3. A PCM tank has been connected to the flash tank to store the
energy when there is no required duty, and that stored energy will be used at the proper time.
A control strategy has been devised to run the system in different modes in different
situations based on the expected duty, PCM charging status, and time of that day. To
compare the studied cases together, SCOP has been calculated for all, as SCOP shows the

coefficient of performance of the whole heating season.

In Table 3.8, SCOPs of the proposed two-stage compared to other flexible heat pumps have
been shown. The three parameters that have been investigated as the key results for heating
application have been shown in the Table: SCOP: seasonal coefficients of performance, the
annual price of electricity consumption, and the work consumption itself. As shown in the
Table, the SCOP of the proposed flexible system in any case is higher than that of the

baseline cases, because the proposed flexible systems will consume less electricity.
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As the thermal energy saved in the PCM has been released after the discharging trigger
kicked in (more than 20 kW heating loads), the lower compressor will be off in the
discharging mode. On the other hand, in charging mode, the baseline system is off, while
the flexible system is charging the PCM tank under the same conditions. However, as it is
providing some heating load to save in the PCM tank, it will add the whole annual heating

load. Therefore, in both cases, it will increase the SCOP.

On the other hand, due to less electricity usage, the annual price of electricity usage will be
lower. In the heating system, flexibility helped to increase the SCOP by 1.67%, while the
price has been reduced by £163 with a variable load from IESVE. The work consumption
and Price are 1.74% and 1.68% lower, respectively, in a two-stage flexible system. In a
similar single-stage, the SCOP is 0.78% higher, and work consumption and price are 0.8%

and 0.88% lower.

In addition, the two-stage of the second configuration (config. 2 in Fig. 3.5) flexible heat
pump shows less favourable results compared to config. 1 (Fig. 3.1). The reason is that in
defining the details in the simulation for this configuration, the PCM is added only as the
sub-cooler after the condenser, not as the load provider, which means less energy will be
stored in the PCM tank of this type compared to config.1. It is the same for single-stage heat
pumps that have been studied in this work. The second configuration type shows lower

SCOP, lower price, and work consumption, compared to those of the baseline type.

On the other hand, Table 3.8 shows the results of the sinusoidal heating load, which
presented a better result compared to the variable loads from IESVE. With a sinusoidal load,
the price of the two-stage system will be reduced by £174 annually, compared to the baseline
system. The SCOP will be increased by 5.31% with the proposed flexible system, while

work consumption and price will be decreased by 2.1% and 3.2%.

The annual price difference is £1299 between a two-stage heat pump working in real weather
compared to one with sinusoidal loads. On the other hand, a single-stage system with
sinusoidal loads shows 4.8% better SCOP, 1.54% lower price, and 2.65% lower work
consumption, as a sinus profile will provide the chance of charging and discharging every
day and at a specific hour of the day. While in real conditions, a system wouldn’t be that
lucky to have that favourable load profile every day. Therefore, although a better result has
been shown with a sinus load profile, it couldn’t be used to justify using the flexible two-

stage system. It is only added to show that, despite different claims in the literature,
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flexibility relates to many parameters, and the most important one is the load profile shape.
Also, the claims of superiority of the flexible systems with calculated results for one day
couldn’t be reliable, as the heating/cooling systems will be working for the whole season,

not for one day, and that’s the reason SCOP is calculated here to compare the systems.

Table 0.8 Heating results for Glasgow/ UK/ Single and two-stage cycles/two different loads profile.
Cycle type Model/Load SCOP (-) Price (£) mep(kW)
Variable load

baseline 4.4654 9,668 30,314
Two-stage flexible config. 1 (proposed) 4.5403 9,505 29,784
flexible config. 2 4.3950 9,629 30,190
baseline 4.0787 10,585 33,189
Single-stage flexible config. 1 4.1108 10,500 32,896
flexible config. 2 4.0114 10,550 33,077
Sinusoidal Load
Two-stage base}ine 4.5276 8,369 29,487
flexible config. 1 (proposed) 4.7679 8,195 28,547
Single-stage basgline 4.1376 9,159 32,267
flexible config. 1 4.3333 9,018 31,410

Table 3.9 shows the capacities of the system’s components for the proposed two-stage heat
pump; however, it doesn’t mean that all should be provided by one heat pump. A residential

area will normally be designed to have a heat pump per flat.

Tale 0.9 Component heat transfer /work consumptions in the proposed flexible and similar baseline
system/ Glasgow weather.

Components

total work of Compressor I 16,606 kW (max hourly: 18.98 kW) 20,302 kW
total work of Compressor 11 12,826 kW (max hourly: 10.31 kW) 10,012 kW
heat transfer of evaporator 104,510 kW (max hourly: 76.96 kW) 105,050 kW
heat transfer of Condenser 135,230 kW (max hourly: 10.63) 135,370 kW

To study the effects of the weather, the same method has been applied to Birmingham
weather conditions, and results have been shown in Table 3.10. As shown, the milder
weather will help the higher SCOP of a system, compared to the SCOP of the same system
working in Glasgow. Also, SCOP improvement of a flexible system is higher in
Birmingham, compared to Glasgow. The reason is that the heating loads in Birmingham are
lower compared to those of Glasgow. On the other hand, during the load sacrificing, as the
charging/discharging trigger, it has been selected to use 15% of the maximum load for
Glasgow (20 kW), while for Birmingham, the same trigger has been used. Therefore,
flexibility shows higher results, while if a lower trigger had been used, the results possibly

wouldn’t be better, compared to those of Glasgow.
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Table 0.10 Heating results of proposed flexible heat pump for Birmingham, UK/ Single and two-stage
cycle.

Cycle type model SCOP Price (£) Wcomp (kW)
baseline 4.5835 7,241 22,734
Two-stage Flexible config. 1 47278 7.112 22.396
(proposed)
baseline 4.190 7,920 24,866

Single-stage g1 ible config, 1 4.2890 7,841 24,687

Fig. 3.11 (a)-(o) presents the daily work consumption and required duty in 24 hours of the
randomly selected days of 7™ to 31% of October, for the proposed two-stage flexible heat
pump, working in Glaswegian weather conditions. Fig. (a) is shown here, and the rest are
added to Appendix B. The short, dashed lines show the baseline two-stage heat pump, while
the longer dashed lines are for the proposed flexible heat pumps. On the other hand, the solid
line presents the heating loads that have been extracted from IESVE for Glasgow, UK. The
reason that the days have not been selected based on a specific pattern is that the loads
extracted from IESVE are quite varying without a pattern, as seen in Fig. 3.8 (d). In Fig.
3.11, the baseline work consumption can be compared with that of the flexible two-stage
ASHP hourly. It could be seen in the figures that when the duty is lower than 20 kW,
charging has happened, which leads to lower work consumption, as only one of the
compressors will be working. On the other hand, in the next hours after the charging, if the
charging state is higher than 4%, it means discharging could happen if the time is between 7
a.m. and 11 p.m. For example, for the 7 of October, it is shown that despite the heating
duty, the heating system is off, as a scheme of night load shaving until 7 a.m. As shown, the
work consumption until 7 a.m. is zero, as the system is off in both baseline and flexible
systems. After that, until around 1 p.m., as there was no energy in the PCM tank, the system
had to work in normal operation mode, which led to a work consumption equal to the
baseline system’s work. Then, the load is going to be decreased to 8 kW. It means that in the
range of lower than 20 kW, the system will start to charge, and it is the reason for the lower
work consumption around the range of 1-5 p.m. After that, the loads gradually go higher
than 20 kW, which means that it is possible to jump to discharging mode, as there is some
amount of energy in the PCM. From 6-8 p.m. in the figure, the work consumption is lower
than the similar baseline system, as the flexible one is working in the discharging mode,
which uses only one of the compressors and leads to consuming less compressor power
compared to the work of the baseline compressors. After finishing the PCM tank energy, the

system will be back to normal operation mode after 8 p.m.

As it is presented, the shape of the heating load and work consumption is the same on a day,

as work consumption has been calculated with the mass flow rate, which comes from the
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heating load. Also, no two days are exactly similar to each other, as the loads are randomly

changing from day to day.
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Figure 3.11 (a) Variation of daily work consumption of baseline and flexible two-stage system in
heating versus heating duty extracted from IESVE during 24 hours of the day for randomly selected
days of the heating season in October (The rest of the figures are in Appendix B (b)-(0)).

3.3.2 Validations

An ice-storage tank connected to a single-stage heat pump has been simulated in its full load
operating mode, based on the original study of Sanaye et al. 7. However, there are some
differences in the assumptions and control strategy of the selected paper to validate this
study. Sanaye’s work has some similarities, such as hourly calculation, variable loads,
configuration, etc. The biggest difference was that Sanaye’s work was designed for cooling
applications, which does not affect the validation aim, as the method is the same for both
applications. The ice storage has been used as the evaporator in charging mode, while during
discharging, it will be connected to the air-cooling loop of the building to provide the cooling

76, and optimal

load. The cooling load is digitised from Fig. 4 of Sanaye and Hekmatian
working conditions provided in Table 5 of Sanaye and Hekmatian ’° (optimum values) have
been used as assumptions to validate this study. Based on that Table, the evaporator and
condenser temperatures are -5.12 and 38.46 U, respectively. The storage tank capacity
would be large enough to charge the tank for 8 hours at a constant rate. The system will be

run in charging mode during the night from 7 p.m. to 7 a.m., and discharging from 7 a.m. to
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7 p-m. and will be in standby mode from 7 p.m. to 11 p.m. The results, shown in Table 3.11,

compared to the results of the reference, show a great level of compatibility when 75 comp

equals 97%:

Table 0.11 Validation results based on Sanaye and Hekmatian 76

Hourly results’ parameters in charging Values Reference’s results Difference
(Unknown M5 comp) percentage

Evaporator heat transfer rate 1596 kW 1596 kW 0%

mass flow rate 11.28 kg.s™! 11.15kg.s™! 1.17%

compressor work usage

(Mis,comp = 85%) 384.78 kW 14.6%

compressor work usage 337.18 33573 kW 0.43%

(nis,comp =97%)

condenser heat transfer

(Mis,comp = 85%) 1981.28 kW 1932 2.55%

condenser heat transfer 1933.68 0.087%

(nis,comp = 97%)

Cop (nis,comp = 85%) 4.14 47543 -14.84%

cop (nis,comp = 97%) 4.7348 ’ -0.41%

3.4 Summary of the chapter

In this chapter, a thermal energy storage system is introduced to a two-stage heat pump
system in a novel configuration for heating. The novel flexible two-stage heat pump has been
studied and compared with a baseline two-stage heat pump, as well as the same flexible and
baseline single-stage heat pump, in the same working conditions. A control strategy has been
defined based on the heating duty, hour of the day, and storage tank status to run the system
in different modes: 1- Normal operation, 2- Charging, 3- Discharging, and 4- Standby (off)
modes. The weather data of Glasgow and Birmingham cities, UK, have been used to acquire
the variable hourly heating loads of a typical 4-story residential block via IESVE software.
Also, to study the effect of heating load profile shape, a sinusoidal daily heating load profile
has been created with the same maximum duty of variable load from IESVE. The results
show that a flexible two-stage system shows 1.67% and 5.31% higher seasonal COP
(seasonal coefficient of performance) with real variable loads and sinusoidal loads,
respectively. While the maximum 2.1% cut price has been shown with sinusoidal loads, the

price cut for the real variable loads is less than that.
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Chapter 4 Investigation on the peak shaving
potential of a new flexible two-stage heat pump for
Cooling

4.1 Introduction

One of the primary barriers to adopting flexible cooling energy systems remains their
economic feasibility. In addition, previous studies often neglected to evaluate COP, and
many of them used simplified sinusoidal daily load profiles, which may overestimate the
performance of the flexible systems. This chapter proposes a two-stage heat pump integrated
with a PCM tank connected to the flash tank via a fluid circuit for a cooling heat air-source
heat pump. The addition of PCM makes the system flexible in storing energy and controlling
cooling capacity, which is the reason why the system is named ‘flexible’. This system is
investigated with real-world weather data and two key parameters, annual price and seasonal
COP (SCOP), to demonstrate its advantages over a conventional two-stage heat pump.
Furthermore, a demand-side management (DSM)-based control strategy for residential

buildings is implemented in this study.
Key objectives and innovations of this chapter are summarised as follows:

4.1.1. A novel two-stage flexible heat pump integrated with a PCM tank fluidly connected

to the flash tank for cooling application has been proposed.

4.1.2. A control strategy based on the cooling load, time of the day, and PCM tank status

for a residential block has been proposed to run the system in different operating modes.

4.1.3. Two conventional heat pumps (a single-stage system and a two-stage system), serve
as the baseline systems, have been enhanced with additional valves to operate in different

modes: charging, discharging, normal operation, and standby modes.

4.1.4. The effect of real-world weather conditions on the flexibility of the heat pump

systems is investigated using the weather data of Rome and London.

4.1.5. Two configurations are applied to the flexible two-stage and single-stage system for

cooling: config. 1 is newly proposed in this study, and the second configuration is a common
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configuration in literature. The performance of the novel configuration is compared to that
of the other four systems: a conventional two-stage heat pump, a conventional single-stage
heat pump, as two baseline systems, a flexible single-stage heat pump and a second
configuration (config. 2) of a flexible two-stage system. All used the same weather data and
control strategy and working conditions, except the charging/discharging trigger, which will

be explained in the next section.

The difference between this chapter and previous chapter is the difference between heating
and cooling system: 1- the definition of SCOP/COP for heating/cooling systems are
different, as in heating system the aim is to pass the heat from the outsidle of the building to
inside of the room, while a cooling system is taking out the heat from inside of the room to
the outside of the building. The numerator of COP definition is the aimed thermal energy
(taken in for heating and taken out for cooling) 2- The PCM tank in heating will gain energy
and its temperature will be increased, or can be melted, but in cooling it’s the opposite. The
PCM in cooling system will lose energy and could be solidified. The reason is that in
discharging mode of heating, it is expected the thermal energy extracted from the PCM tank
and increase the temperature of the residential/heated spaces of the building, while in
discharging of cooling system, the PCM tank will absorb the heat pf the cooled spaced in
the building and gain energy. The rest of the details are the same, including the logic, the
general equations, etc. A part of the difference of the heating and cooling systems is cleared

in the flow-chat of the systems, Fig. 3.10 in chapter 3 and Fig. 4.7 in this chapter.

4.2 Methodologies

Section 4.2.1 introduces all systems, including the proposed novel two-stage flexible heat
pump (config. 1), a conventional two-stage heat pump, a conventional single-stage heat
pump, a flexible single-stage heat pump and a second configuration (config. 2) flexible two-
stage heat pump. Load calculations have been explained in section 4.2.2. The control
strategy, which defines the working of the system based on operating modes, has been
explained in section 4.2.3. Mathematical governing equations have been elaborated in
section 4.2.4. Finally, the annual price calculation is referred to in section 4.2.5 and

validation in section 4.2.6.
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4.2.1 System description

A new flexible two-stage heat pump has been investigated for cooling applications, and
results have been compared with the baseline/standard two-stage cooling heat pump. In the
new flexible two-stage heat pump, each stage consists of an expansion valve, a compressor,
and an interior heat exchanger to absorb heat from the environment (indoor air in cooling
mode). Both stages are connected to a shared flash tank. A fluid circuit connects a PCM tank
to the flash tank, which makes the heat pump ‘flexible’. Four control valves, positioned
upstream of the expansion valves and compressors, enable the system to switch between

operational modes: charging, discharging, normal operation, and standby modes.

For the two-stage baseline system in cooling mode, the evaporator absorbs heat from the
indoor air and heats the cold refrigerant to vaporise. As the indoor air passes through the
evaporator, its temperature is reduced due to the heat transfer from the indoor air to the
refrigerant. Next, the vaporised refrigerant is compressed to high-temperature vapour by the
compressor, and then enters the condenser, where the refrigerant vapour releases heat to the
outdoor air and turns back to a liquid phase. The liquid refrigerant flow from the condenser
undergoes a constant-enthalpy expansion process through the expansion valve, reducing its
temperature and pressure and becoming a mixture of liquid and vapour. Subsequently, the
two-phase refrigerant R134a flows into the flash tank and is split into two streams: a
saturated liquid and saturated vapour. The liquid stream enters the lower-stage expansion
valve, further reducing pressure before entering the evaporator, whilst the vapour stream
flows through the top compressor and becomes superheated vapour before entering the

condenser. This completes the cycle, which repeats continuously.

Fig. 4.1(a) is the schematic diagram of the proposed novel two-stage flexible heat pump.
Fig. 4.1 (b) and (c) show the charging and discharging modes, respectively. The PCM plays
multiple roles in different modes. It is the evaporator in charging mode, but it becomes a
condenser during discharging. The PCM tank is disconnected in normal operation mode. In
Fig. 4.1 (b) (charging mode), the exterior heat exchanger (condenser) transfers the heat from
the ambient to the working fluid in streamline 4-5. PCM acts as an evaporator and releases
heat to the working fluid in the streamline 6-3, and therefore, the temperature in the PCM
tank drops. Fig. 4.1 (c) (discharging mode), PCM acts as a condenser. It absorbs heat from
the working fluid in streamline 2-7 and thus experiences a rise in its own temperature. Fig.
4.2 shows the T-s diagrams of the three modes (normal working, charging and discharging)

in Fig. 4.1. Here, an approach temperature is assumed as a constant to indicate the interstage
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temperature in the novel two-stage HP and its different operational modes. In the charging
mode, as shown in Fig. 4.2(b), the PCM is supposed to be charged by transferring heat to
the cold working fluid in streamline 3-6, until being fully charged. Therefore, the interstage
temperature is defined as the PCM temperature minus the approach temperature. For the
discharging mode as shown in Fig. 4.2(c), the interstage temperature is required to be higher
than the PCM melting temperature, as the PCM has been heated by the hot working fluid
from the streamline 2-7 to the PCM until being fully discharged. The criteria for ‘fully

charged’ and ‘fully discharged’ status will be mathematically defined in subsequent sections.
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Figure 4.1 Schematic figure of a flexible two-stage heat pump (config. 1) during (a) normal working
mode (b) charging mode, (¢) discharging mode in cooling application.
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Figure 4.2 T-s diagrams of a flexible two-stage heat pump during (a) normal working mode (b)
charging mode, (c) discharging mode in cooling application.

Table 4.1 Four operational modes of the proposed flexible heat pump system.

Mode Comp.I Comp. Il Pump V1 V2 V3 V4
1 Normal on on standby  on on on on
2 Charging on standby  on on on standby  standby
3 Discharging standby on on standby  standby  on on

Table 4.1 shows the operational modes and valve status in the proposed flexible two-stage
heat pump (config. 1). Upper cycle valves and one compressor (V1, V2 and upper Comp.)
are working in charging mode, while, in discharging mode, the lower cycle’s valves and the

other compressor (V3, V4 and lower Comp.) are switched on. A flexible single-stage heat
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pump is also analysed as the additional flexible system (config. 2) represented in Fig. 4.3,
where the PCM is added to the cycle with manipulating valves. The PCM plays the same

role as it does in the proposed flexible two-stage heat pump.

For the cooling application, the concept and method are the same as for heating system,
except that the PCM would be located in its right place to support the charging and
discharging process. In a charging mode at cooling application, PCM would have an
evaporator role, while in cooling/discharging, the PCM is inserted in the cycle as the

condenser.

All systems are modelled in MATLAB, utilising the thermophysical properties extracted
from REFPROP (NIST-23). All assumptions and input parameters are summarised in Table
4.2. The evaporator has a fixed temperature, while the condenser, which is in contact with
the ambient air, has variable hourly values. Therefore, it is assumed that the condenser

temperature is 15 ‘C higher than the ambient temperature.

The cooling loads of the system are required to be calculated hourly, which will be elaborated
in section 4.3.2. The loads are acquired for a 4-story residential building from IESVE
software. A control strategy is introduced to the system in section 4.3.3 to operate it hourly
based on time, PCM status, and cooling load. Mass and energy balance equations are applied

to the components of the systems in each hour, which are mentioned in section 4.3.4.

Table 4.2 Simulation assumptions for cooling application.

Parameters Value Unit
evaporator Temperature !4 -5 C
condenser Temperature Tatm + 15 C
PCM Melting Temperature * 20 C
Weather Data London, UK / Rome, Italy -

Ncomp Ho 80% -

Approach Temperature 3 C

The properties of state points in the normal working mode of the cooling application will be
calculated based on the following steps. The equations might look the same, but there are
subtle differences between the equations in this section and those in the previous chapter, as
these ones are written for cooling applications. The outlet air is connected to the condenser
rather than to the evaporator. Charging the PCM tank means decreasing its temperature

rather than increasing it.

» State point 1: evaporator outlet, fixed evaporator temperature, saturated vapour.
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{ Ty = Teva, Teva = cte. . Equation 4-1
Q; = 1, saturated vapour

> State point 2: compressor outlet (isentropic efficiency 80% !''°), pressure of state point

6.

P, = P Equation 4-2

_hys—h; > h,
Ncomp = m

» State point 3: flash chamber outlet, saturated vapour, temperature of state point 6.

{ P; = Py 5 h Equation 4-3
Q; = 1, saturated vapour 3

> State point 4: compressor outlet (isentropic efficiency 80% !'!°), pressure of the

condenser.

P4 = P5 Equation 4-4

_hys—hz > h,
Ncomp = rhg

» State point 5: Condenser outlet (which is 15 degrees higher than ambient temperature),

saturated liquid.

{TS = Teond> Teond = Tmelting + 15 S h Equation 4-5
Qs = 0, saturated vapour >

» State point 6: interstage temperature (melting PCM temperature minus approach

temperature), enthalpy of condenser outlet.

{TG = Tinterstage: Tinterstage = Imelting — ATapp S P Equation 4-6
6

h6 = h5
» State point 7: saturated liquid, interstage pressure.

{ Py =Ps S h Equation 4-7
Q; = 0, saturated liquid 7

» State point 8: enthalpy of state point 6, pressure of the evaporator.
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{hg =h, Equation 4-8
P8 = Pl

The mass flow rates come from;:

{ ) duty Equation 4-9
m; = ———
hl - h8
.. hy—hy
m, =mq..———
2 1 h3 _ h6

The properties of state points in the charging process at cooling application will be as

follows:
m, = 0.02 kg.s ™1, constant. Equation 4-10

» State point 3¢: Temperature, saturated vapour.

{ Tz = melting — ATapp S h Equation 4-11
Q3. = 1, saturated vapour

» State point 4c¢: compressor outlet, pressure of interstage.

P4C = P6 Equation 4-12

» State point 6: interstage temperature (melting PCM temperature minus approach

temperature), enthalpy of condenser outlet.

Tee = ing — AT, Equation 4-13
{ 6C melting AP _, pox q
hge = hg

While in the discharging mode, the properties are calculated based on the following steps:

» State point 2: compressor outlet, pressure of state point 7d (interstage pressure).
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Pg = Pyq Equation 4-14
. _ hysqa —hy - hyy
comp — 1. 1.
P hyg—hy

» State point 7: saturated liquid, interstage pressure.

Equation 4-15

{ T7q = Tmelting + ATapp h
7d

Q74 =0, saturated liquid -

» State point 8: enthalpy of state point 6, pressure of the evaporator.

{hsd = hyq Equation 4-16
Pgq =P

3 cond. 2

V1

PCM

EXP. Valve

G%im
>
4 evap. 1

(a)
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Figure 4.3 Schematic figures of a flexible single-stage heat pump in the normal operating mode (a)
charging and (b) discharging operational modes (c) for cooling application.

The properties of state points in the other configurations of cooling application will be

calculated based on the following steps.

» State point 1: evaporator outlet, fixed evaporator temperature, saturated vapour.

{ T; = Teva, Teya = cte. Equation 4-17

q
Q; = 1, saturated vapour

> State point 2: compressor outlet (isentropic efficiency 80% !'°), pressure of state point

6.

P, =P3 = Peona Equation 4-18

_hys—h; 5 h,
Necomp = m

» State point 3: condenser outlet, saturated liquid.

Equation 4-19

{TB = Teond = Tatm + 15 — ha, Poyng

Q3 = 0, saturated liquid

> State point 4: compressor outlet (isentropic efficiency 80% !'°), pressure of the

condenser.
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P,=P Equation 4-20
_hys—hz > h,
Ncomp = m

The mass flow rates come from:

) duty Equation 4-21
m; = ———
'"hy—h,

The properties of state points in the charging process at cooling application will be as

follows:
m, = 0.02 kg.s™?, constant. Equation 4-22

» State point 1c¢: Temperature, saturated vapour.

Tic = Tmelting — ATapp Equation 4-23
- hlc'slc
Q; = 1, saturated vapour

> State point 2: compressor outlet (isentropic efficiency 80% !''°), pressure of state point

P, =P3 = Prong Equation 4-24

While in the discharging mode, the properties are calculated based on the following steps:

» State point 1d: evaporator outlet, evaporator temperature, which is 10 degrees lower than

ambient temperature, saturated vapour.

T1a = Tmeiting + ATapp Equation 4-25
Q1q = 0, saturated liquid

» State point 2: compressor outlet, pressure of state point 3d.
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Pg = P3q Equation 4-26

_ hasa —hia - hyy

» State point 4: enthalpy of state point 6, pressure of the evaporator.

{h4d = h3q Equation 4-27

Pyq = Pig

Furthermore, the new flexible two-stage heat pump (config. 1) is also compared with a
second configuration (config. 2) where the PCM storage tank is only used for superheating
the working fluid after the evaporator, shown in Figs 4.3. and 4.4 for single-stage and two-
stage air-source heat pumps. It means that both stages are working in all modes. In contrast,
in the originally proposed configuration (config. 1) for the flexible two-stage heat pump,
only one of the compressors is working during charging and discharging. The following

figure represents the schematic figure of the second configuration (config. 2) of the flexible

two-stage heat pump.

PCM

>«
EXP. Valve

EXP. Valve
w
< X-D
N

Flash Flash
Tank Tank

7 2 2
g N ‘ 7
s l g
i o
] &
g 1 1 5 evap. 1
PCM oo oo |
i s s |
(a) (b)

Figure 4.4 Schematic figures of the second configuration (V2) of flexible two-stage heat pump (a)
charging and (b) discharging operational modes, for cooling application.

The properties of state points in the normal working mode of the cooling application will be

calculated based on the following steps.

» State point 1: evaporator outlet, fixed evaporator temperature, saturated vapour.
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{ Ty = Teva, Teva = Cte. N Equation 4-28
Q; = 1, saturated vapour

> State point 2: compressor outlet (isentropic efficiency 80% !'°), pressure of state point

6.

P, =P, Equation 4-29
hys —h; > h,

Ncomp = h, — h,

» State point 3: flash chamber outlet, saturated vapour, temperature of state point 6.

{ Tz = Tinterstage - h Equation 4-30
Q3 = 1, saturated vapour 3

> State point 4: compressor outlet (isentropic efficiency 80% !!°), pressure of the

condenser.

P, = P Equation 4-31

_hys—hz > h,
Ncomp = rhg

» State point 5: Condenser outlet (which is 15 degrees higher than ambient temperature),

saturated liquid.

{15 = Teond> Teond = Imelting 15 h Equation 4-32
ﬁ
5

Qs =0, saturated vapour

» State point 6: interstage temperature (as PCM outlet temperature is melting PCM
temperature minus approach temperature, interstage T needs to be lower, as it is
expansion valve outlet temperature.), and its enthalpy is the enthalpy of the condenser

outlet.

{TG = Tinterstage: Tinterstage = Imelting — ATapp - 10 5P Equation 4-33
hg = hy 6

» State point 7: saturated liquid, interstage pressure.
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{ P, = Py 5 h Equation 4-34
Q, =0, saturated liquid 7

» State point 8: enthalpy of state point 6, pressure of the evaporator

{hg = h, Equation 4-35
Pg =Py

The mass flow rates come from

. duty Equation 4-36
m; = ———
h; —hg
.. h—hy
m2 - ml.—
h; —hg

The properties of state points in the charging process at cooling application will be as

follows:
m, = 0.02 kg.s ™1, constant. Equation 4-37
» State point 1*:

P, =P it

While in the discharging mode, the properties are calculated based on the following steps:
» State point 5**:

{TS** = Tmelting + ATapp Equation 4-39

Ps,. = Pg = hs..

» State point 6d:
hgq = hs,. Equation 4-40

. . h,—h, Equation 4-41
mg=m../——
T hs —hea
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4.2.2 Loads of IESVE and simulation logic:

To calculate the required variable cooling loads for London, UK, and Rome, Italy, a four-
story residential building is created based on a predefined geometry in IESVE software, as

shown in Fig. 3.7 of Chapter 3.

Table 4.3 shows all parameters of the residential block's energy model in IESVE, and Table
4.4 lists the U values of the building components. The U values of other components are
automatically specified as default values by IESVE. Finally, the cooling loads are shown in

Fig. 4.5 for Rome, Italy, and Fig. 4.6 for London, UK.

Table 4.3 Residential Block’s geometry and energy Model Parameters in IESVE software.

Parameters Value Unit

Area 3,134.92 m?
External wall area 1,542.19 m?
External Opening area 231.38 m?

Room set point 19 C

DHW consumption 0 I.h71
Internal Gains

Occupancy 25 m? per person
Max sensible gain 64 w per person
latent 70 w per person
Equipment sensible gain 2.4 w per m?
Equipmeqt Max power , q w per m?
consumption

Infiltration (Air Leakage) 0.6 Ach (air changes per hour)
Natural ventilation (Air change) 0.3 Ach (air changes per hour)

Table 4.4 Default U values of the walls, Roof, Floor, windows, doors, etc., from predefined geometry in
IESVE.

Components U values (w/m?. K) Thickness (mm)
Internal ceiling/Floor 1.0866 282.5

External window 1.6 24.0

Exposed Floor 0.22 268.0

Internal Partition 1.7888 75.0

Roof 0.18 317.0

External wall 0.2599 208.0
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Figure 4.5 Cooling loads for (a) and ambient temperature (b) of the residential building in Rome/ Italy.
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Figure 4.6 Cooling loads (a) and ambient temperature (b) of the residential building in London/UK.
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4.2.3 Control Strategy

The MATLAB simulation of the flexible heat pumps is conducted using the following rules:

= There is no heat or pressure loss in the working fluid when running through the

system via pipes and heat exchangers.

= The system is running from May to October for cooling applications only, and the

rest of the year is switched off.

= To simplify the engineering simulation, for the conventional two-stage heat pump,
the interstage temperature is assumed to be the same as the interstage temperature
in the flexible system. However, generally, optimisation is required to calculate
the optimum interstage temperature. It is assumed that the flexible system's
interstage temperature equals the approach temperature minus the PCM’s melting
point (i.e., the interstage temperature during charging). To ensure a fair
comparison, the interstage temperature in the conventional two-stage baseline heat
pump system, which has no PCM tanks, is assumed identical to the interstage

temperature of the flexible two-stage heat pump.

= All systems operate from 7 a.m. to 11 p.m. to heat the residential building, whilst
the flexible systems operate from 11 p.m. to 7 a.m., when it is possible to enter
the charging mode if the load is low enough. This method, known as night load
shaving, belongs to the category of Demand-Side Management (DSMs). The
cooling load in this study determines when to charge or discharge the PCM tank.
Regardless of time, charging will begin if the load is less than a trigger. The trigger
here means 15% of the maximum cooling load under a specific weather condition.
When the cooling load exceeds the trigger amount, discharging will begin. The
triggers for Rome and London are 10 kW and 7 kW, respectively. However, since
the average cooling load in London is lower than that of Rome, an additional 3

kW trigger is added to simulations for London.

= The control strategy in this simulation determines whether the system operates in
charging, discharging, normal operation, or standby mode after importing the data
of ambient temperature and variable cooling load from IESVE. The system's

operational modes depend on the load, time of day, and PCM tank status (fully
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charged, partially charged or fully discharged), as shown in Table 4.5. In charging
mode the cooling load in the charging mode is equal to the heat being transferred
to the PCM tank, while in discharging and normal operation modes, the aim is to
provide the cooling load of the residential block, and the provided load will be the
same cooling loads imported from the IESVE model shown in Fig. 4.5 and 4.6 for
Rome, Italy and London, UK.

A parameter named Status of Charge (SOC) is used to indicate the charging and
discharging modes. If SOC is more than or equal to 0.96, the storage tank is
assumed to be fully charged, and the charging should be stopped, followed by the
normal operation or discharging depending on other parameters. If SOC is lower
than 0.04, it means the tank is fully emptied or discharged. This method of starting
and stopping charging and discharging helps to simplify the simulation. Fig. 4.7
shows the logic of the control strategy and the role of SOC in calculations. Based
on the time of day, cooling load, and PCM status, the algorithm of the control
strategy will distinguish between different operational modes of the flexible
systems. Table 4.5 shows the logic of the control strategy. The load is regularly
checked. If it is lower than the trigger, the PCM status will be checked regardless
of time. If the PCM is not fully charged, the system will switch to charging mode.
If it is daytime and the PCM is not empty, discharge will be triggered to provide
the cooling loads of the building.
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Figure 4.7 Flowchart of the simulation for a flexible two-stage heat pump: Cooling application.



Table 4.5 Working status of the normal and flexible two-stage heat pump in cooling application.
Time duty PCM state Baseline Flexible

QPCM Max -

Duty<trigger QPCM not 0
QPCM=0
QPCM Max

Duty>trigger QPCM not 0
QPCM=0
QPCM Max

Duty<trigger QPCM not 0
QPCM=0
QPCM Max

Duty>trigger QPCM not 0
QPCM=0

0-7

7-23

4.2.4 Mathematical governing equations

The first and second laws of thermodynamics are applied to each component of the system
as a control volume. Eqs. 4-42 and 4-43 are the continuity and energy equations for each

component, respectively.

Z My (1) = Z Moy (D) Equation 4-42
D tiinDhin(@ + 0@ = D toue ) houe D) + W) Equation 4-43

m is the mass flow rate (kg.s~'), while h refers to enthalpy (kJ.kg".K™"). Q is the heat
transfer rate through the component, i is the number of the time step (hour), and W is the
power rate. Heat transfer via compressors and expansion valves, as well as work

production/usage of heat exchangers, are considered zero.

For the baseline two-stage heat pump, its hourly mass flow rates of upper and lower cycles
at each time step are calculated by Eqs. 4-44 and 4-45. Q. (i) shows the hourly cooling load
for the i -th hour of the season from Fig. 4.5 and Fig. 4.6. It should be noted that the mass
flow rate in Eq. 4-44 would be zero if the cooling load rate is zero, which means the system
is switched to the charging mode, the mass flow rate would be zero, and the system won’t
work at all in charging mode if the duty is zero. To prevent zero values for charging mass
flow rate, the mass flow rate of the charging is set constant at 0.02 kg.s~*. All in all, the

initial flow rates of upper and lower cycles are also set to 0.02 kg.s~! to avoid errors.
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iy (i) = Q@ Equation 4-44
2 hy — h5
g (i L B Equation 4-45
my (1) = my(i) X ——
hz - h7
Tsas.c = Trem = Aapp Equation 4-46

Tpcn 1s the melting point of PCM (K). T3¢  shows the temperature of state points 3 and 6
during charging. AT,y is the approach temperature difference, as shown in Eq. 4-46. The
heat transfer rate of charging the PCM tank is calculated in Eq. 4-48. m_ is the mass flow
rate of the charging mode cycle shown in Eq. 4-47. In charging mode, there is no cooling
load for the building. The heat transfer rate of charging Q. (i) will be calculated as shown in
Eq. 4-48, which is also known as the charge rate of the PCM. The heat transfer between the

PCM tank and the ambient air is assumed to be zero.

m.(i) = 0.02kg.s7?! Equation 4-47

Q. (D) = mc(i) X (hse — hec) Equation 4-48

The work consumption rate of the compressor in charging mode is written as:

W, (i) = me(Q) X (hye — h3e) Equation 4-49

To convert the heat transfer and power consumption rates to the amount of energy in kJ, the
rate (kJ. s™) should be multiplied by the seconds in an hour. This will convert kW to Joules.
With the heat transfer rate and power rate, the charged PCM energy at each time Qpy (i) of

PCM and power consumption of the charging can be calculated using Eq. 4-50 and 4-51,

respectively.
Qpcm (D) = Q.(i) X 3600 Equation 4-50
W (i) = w.(i) x 3600 Equation 4-51

The PCM energy at the (i-1)-th time step is calculated by substituting i-1 with i in Eq. 4-50.
The relation between the PCM energy at the i-th time step and at the (i-1)-th time step is
shown in Eq. 4-52. The PCM energy is checked hourly to calculate the state of charge (SOC)
of the tank using Eq. 4-56.

Qpem(D) = Qpem (i — 1) — Q. (i) X 3600 Equation 4-52

In discharging mode, the temperature of the state points 2 and 7 is lower than the PCM tank

temperature:



93

T287,0 = Tpem — ATgpp Equation 4-53

The discharging heat transfer rate at each time step is calculated as:

Qq (@) = mg (i) X (hyq — hyg) Equation 4-54

The PCM energy at each time step in discharging mode is obtained using Eq. 4-55.

Qpcm () = Qpem (i — 1) + Qg (i) x 3600 Equation 4-55

As mentioned previously, the SOC is defined as an indicator to stop charging and

discharging, which is calculated by:

soc(i) = _Qeen® Equation 4-56
QMax,PC M,th

Qpcm ¢n 1 the theoretical maximum capacity of the PCM tank. It is assumed that it is equal

to the capacity of 1000 kg of PCM stored in the PCM tank, shown in Eq. 4-57:

Qumax.pcm,th = Mpem-Cp pem- | (Tmere.pem — Trem.ini)| + Mpem- Lpus Equation 4-57

Cp,pcm 18 the specific heat capacity at constant pressure of the PCM and Ly, is the enthalpy
of fusion of PCM. Tyeit pc — Trem.ini 15 the temperature difference of the PCM from the

beginning of working until it melts completely.

The hourly COP of the system at each hour can be calculated as:

), (i Equation 4-58
cop(iy = 20

Wiot

However, in order to compare the flexible two-stage heat pump (config. 1) to the baseline
two-stage heat pump, the seasonal coefficient of performance is calculated. Because COP
per hour of the year is not a valid criterion for fairly comparing two systems to determine
which one is operating more efficiently. It is not fair to compare a series of COPs for both
systems, one at a time, throughout the cooling season. The SCOP, or the seasonal coefficient
of performance, is defined as the accumulated cooling load divided by the accumulated

electricity usage during a certain period ',
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2.0, Equation 4-59

SCOP =
Z M/comp

Since the heat pump systems work in multiple modes, the duration of each mode should be
accounted for when calculating the SCOP. In this research, the time step of each mode is an
hour, and the control strategy will decide whether to switch operational mode at the end of

each hour. Therefore, we only need to calculate ¥, @, and Y, W4, by making the sums of

the Q. (i) and Wy, (i) at all time steps respectively, so Eq. 4-60 becomes:

scop {=1. 0,() Equation 4-60
2zt Weomp (D)

Where j is the number of hours of the cooling season. Q varies in different operational
modes due to the variable demands. Its value could be specified according to Eq. 4-61. As
shown, in three different modes, the aim cooling load is different. In a cooling flexible
system, the goal of running system in charging mode is to charge the PCM tank, while in

discharging and normal working mode, the goal will be providing the cooling load to the

building.
QL = Q., in charging mode (a)
Q.. = Building cooling loads, in discharging mode (b) Equation 4-61
Q.. = Building cooling loads, in normal operational mode (©)

4.2.5 Annual price calculations

Finally, the cost of electricity usage for the aforementioned systems has been computed. The
most significant feature of flexible systems is utilising off-peak electricity price reductions.
To find the variable electricity price and analyse the systems from an economic perspective,
the authors chose the cosy octopus tariff package from Octopus Energy, which is particularly
designed for heat pump users. Its prices are: 1- (4 p.m. - 7 p.m.) 48.36 p/kWh, 2- (4 am. - 7
a.m.) 18.13 p/kWh, 3- (1 p.m. - 4 p.m.) 18.13 p/kWh, and 4 - (other hours) 30.22 p/kWh '3,
This tariff package is applied to both cities to have a fair comparison. Therefore, the total

cost for using electricity in Pounds Sterling is as follows:

n Equation 4-62
Price = z Weor (1) X c(i)
i=1
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c(i) is the hourly unit cost of electricity, while Wy, (i) is the hourly work consumption of the

compressors, which varies based on different modes.

4.2.6 Validations

An ice-storage tank connected to a single-stage heat pump is simulated in its full-load mode
against the results of Sanaye et al.’s study ’®. There are some differences in the assumptions
and control technique between Sanaye’s work and this paper such as similar daily cooling
load for the whole season, details in configuration which could be ignored, fixed charging
and discharging hours per day, however Sanaye’®'s work shares certain cases, such as hourly
computation, variable loads, and general system configuration which is matched with a
single-stage heat pump in this study. In charging mode, the ice storage serves as the
evaporator, while in discharging, it is connected to the building's air-conditioning loop to
provide the cooling load. The cooling load is obtained from Fig. 4 of Sanaye and Hekmatian
76, and the optimal operating conditions are supplied in Table 5 of the reference Sanaye and
Hekmatian 7% (optimum values), which are utilised as assumptions to validate this research.
Sanaye’®’s work calculated storage efficiency via heat transfer analysis. To simplify, the

storage efficiency is assumed to be 85%.

The Table in the reference Sanaye and Hekmatian 7°

shows that the evaporator and
condenser temperatures are -3.11 and 38.46 C, respectively. The storage tank capacity is
sufficient to charge the tank at a constant rate for 8 hours. The system will charge from 12
a.m. to 7 a.m., discharge from 8 a.m. to 6 p.m., and standby from 7 p.m. to 11 p.m. The
results, displayed in Table 4.6, suggest that the simulated results show good agreement

compared with those from the references.
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Table 4.6 Validation results based on Sanaye et al, 7°

Values

Hourly results’ parameters in charging calculated Reference’s values Difference percentage
Evaporator heat transfer rate 1580.25 kW 1596 kW -0.98%

mass flow rate 11.07 kg.s'  11.15kg.s™! -0.72%
compressor work usage 357.01 kW 335.73 kW 6.34%

condenser heat transfer 1937.35kW 1932 kW 0.28%

COP 4.4252 4.7543 -6.92%

4.3 Results and discussion

A new configuration (config. 1) of a two-stage flexible heat pump for cooling applications
is proposed and compared with 1- a conventional two-stage heat pump 2- flexible single-
stage 3- conventional single-stage and 4- another configuration of flexible two-stage heat
pump (config. 2). Hourly weather data and cooling loads of a residential block in two cities,
London UK, and Rome/Italy are imported into the simulation. The aim is to acquire SCOP,
annual economic cost, and power consumption (electricity usage) of the mentioned heat

pumps and find out if the flexibility is effective in reducing electricity consumption.

Fig. 4.8 (a) represents the hourly stored energy by the PCM during a hot season in Rome,
which indicates that the PCM is charged at lower loads shown in Fig. 4.5 (b). Compared to
the cooling load of Rome shown in Fig. 4.5 (b), when the loads are lower, PCM will be
charged. Fig. 4.8 (b) shows that the power consumption is higher in the middle of the season
due to the higher temperature of the ambient air shown in Fig. 4.5 (b), although the PCM is
empty at this moment, as illustrated in Fig. 4.8 (c). Due to the control strategy designed in
this study, PCM stored energy is not being used at the peak of the season. However, during
the day and the loads are higher than the trigger (10 kW assumed for Rome), the tank will
be discharged if it has energy (SOC>0.04). The reason for this strategy is that it is difficult

to save energy for the peaks of seasonal consumption, but easier to use it at the first chance.
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Figure 4.8 PCM stored energy (a), Hourly power consumption (electricity usage) (b), and SOC of the
proposed system in Rome weather conditions.

Fig. 4.9 shows the electricity usage of the baseline two-stage pump and flexible two-stage
heat pump for cooling in four days in May. Firstly, the curve shapes of the cooling loads and
electricity usage are the same, since the electricity usage means the work done by

compressors, and the electricity usage divided by the cooling load is the seasonal COP
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according to Eq. 4-58, 4-59. In addition, the hours during electricity usage have been
decreased by the flexible two-stage heat pump, compared to the baseline system, as shown
in Fig. 4.9. The PCM tank is charged during the hours when cooling loads are lower than the
trigger (7 kw in Fig. 4.9). Whenever it is required to provide the loads in cases of higher than
trigger loads, the status of the PCM tank is checked. If there is enough energy inside the
tank, it will start to discharge. At those discharging hours, there is less electricity
consumption compared to the baseline system, because there is no PCM tank in the baseline
system to release its energy, and all loads are provided by electricity to run compressors in
both higher and lower cycles. In contrast, in the discharging mode of the flexible two-stage
system, only the lower compressor works. Moreover, in charging mode, the electricity usage
would be less than the baseline one, as only one compressor works during charging if the
charging takes place during the day. However, charging at night would increase energy
consumption by the flexible two-stage system compared to the baseline system, as the
baseline system is completely off during the nighttime. For instance, there was no cooling
load until 10 a.m. on the 5th of May, as shown in Fig. 4.9 (a). However, due to the predefined
charging mass flow rate of the working fluid, some work was done by the compressors in
charging mode in the hours before 10 due to lower loads compared to the trigger. Then the
load increased as the outside temperature went higher, until around 16 p.m.. Before 10 a.m.,
the cooling load was lower than 7 kW (the charging/discharging trigger), and the system was
working in its charging operation mode.. After 12 at noon, the load went higher than 7 kW,
which was the trigger to start discharging mode, where only one of the compressors was
working in the two-stage cycle, and the power consumption by the flexible system was lower
than the baseline system. Discharging continued until the tank was emptied by 16 p.m.
Between 16 p.m. and 20 p.m., the load was higher than 7 kW, but the flexible system worked
as the baseline system since the PCM tank had already been emptied. Consequently, the
power consumption by the flexible and baseline systems was the same during this period.
After 20 p.m., the load is less than 7 kW, and the flexible system started to run the charging
mode until the end of the day, while the baseline system was still working with both
compressors on. The system was reset on the next day, which means no energy was stored
and transferred from one day to the next day to avoid the risk of storage energy leakage and

increasing storage costs and complexity.
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Figure 4.9 Daily electricity usage (left Y axis) for the baseline and proposed flexible two-stage heat
pump and cooling loads (right Y axis) for four days in the cooling season of London city.

Table 4.7 shows the results for Rome and reveals that the SCOPs of the flexible single and
two-stage heat pumps are 2.55% and 2.33% lower compared to those of the baseline
counterparts, respectively. Moreover, the annual price is reduced up to £43 for the two-stage
system, while the single-stage system shows a £65 reduction in annual price. The consumed
power decreased by 123 kW for the flexible two-stage system, while the flexible single-stage

system represented a 202-kW reduction.

Table 4.7 Cooling results for Rome/Italy/ Single and two-stage cycles/ Trigger 10kW.

Cycle type Model/Load SCOP Price W consumption (kW)
baseline 4.1517 7,501 23,112

Two-stage
flexible 4.2483 7,458 22,989
baseline 3.7661 8,269 25,479

Single-stage
flexible 3.8622 8,204 25,277

Table 4.8 shows the results for London weather conditions and two different
charging/discharging triggers. As the cooling load is lower in London compared to that in
Rome and the trigger is 15% of the maximum cooling load, the trigger value is lower in
London (3-7 kW) compared to Rome’s (10 kW). It is revealed that the SCOP of the systems

running in London is higher compared to those operating in Rome, because heat pumps
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generally work more efficiently in milder weather. As a result, the prices and power
consumption are lower. Moreover, it indicates that more load contributed to charging will
lead to a better result: higher SCOP, lower power consumption and lower price. When using
the 7-kW trigger, the SCOP of the flexible two-stage heat pump was 21.3% higher than that
of the baseline pump, while with the 3-kW trigger, the flexible two-stage heat pump obtained
20.99% higher SCOP compared to the baseline counterparts. However, the 3-kW trigger is
not enough for a flexible two-stage cycle, as the electricity usage and annual price are even
higher than the baseline heat pump. Therefore, the trigger plays a key role in controlling the
energy performance of the flexible heat pump. In comparison of the single-stage baseline,
the flexible single-stage system with the 7-kW trigger has 34.14% higher SCOP, £216
(17.18%) less annual price, and 626 kW (16.97%) less electricity usage, whilst with the 3-
kW trigger has 31.22% higher SCOP, £166 (13.21%) less annual price, and 465 kW
(12.61%) less electricity usage. It demonstrates that milder weather leads to higher SCOP,
less electricity usage and lower prices, even in the baseline system; however, the trigger

value would significantly affect the performance.

Table 4.8 Cooling results for London/UK/ Single and two-stage cycles/ Trigger 7kW and 3 kW.

Cycle type Model/Load SCOP (-) Price (£) W consumption (kW)
baseline 4.7967 1,154 3,388
Two-stage Flexible- 7kW trigger 5.8183 1,118 3,303
Flexible- 3kW trigger 5.8035 1,165 3,447
Baseline 4.4055 1,257 3,689
Single-stage Flexible- 7kW trigger 5.9095 1,041 3,063
Flexible- 3kW trigger 5.7809 1,091 3,224

In addition, another configuration for the flexible two-stage heat pump, named config. 2, is
compared with the proposed two-stage configuration (config. 1). The results of different
configurations are shown in Table 4.9. The same working conditions are applied to the
second configuration, except the interstage temperature. The difference between the two
configurations is that the PCM tank in the second configuration does not provide the cooling
loads directly during discharging, and both compressors are working, whereas in the config.
1, only one of the compressors is working during charging and discharging. Therefore, the
second configuration has higher energy consumption and price than those of the config. 1 of

the flexible two-stage system.
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Table 4.9 Cooling results for first (config. 1) and second flexible configuration (config. 2) working in
London and Rome.

Cycle type Model/Load SCOP Price W consumption (kW)
London GKW)  piclicys 30863 1326 2004
London TKW) [icGicys 40938 1251 s
Rome (1I0KW) — [ictiicvs  4ogto 75 20

4.4 Summary of the chapter

This work introduces a new configuration of a flexible two-stage heat pump system (config.
1) for cooling applications and compared it with the second configuration common in
literature (config. 2). This new system is investigated in comparison with the other four
systems under identical operating conditions: a baseline two-stage heat pump, a baseline
single-stage heat pump, and a flexible single-stage heat pump and a second configuration of
the flexible two-stage heat pump. A control strategy is developed to regulate four operational
modes- normal operation, charging, discharging, and standby, depending on the cooling
load, hour of the day, and status of the storage tank. The weather data of London, UK, and
Rome, Italy have been used to acquire the variable hourly cooling loads of a typical 4-story
residential block via IESVE software. The results show that the flexible two-stage system
and flexible single-stage system achieve seasonal coefficients of performance (SCOP)
2.33% and 2.55% higher than the two baseline systems of two-stage and single-stage heat
pumps, respectively. Furthermore, the heat pump demonstrates enhanced results in milder
weather in London than in Rome. The newly proposed system in this study shows an overall

higher SCOP than the other four compared heat pump systems.
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Chapter 5

Heat exchanger design and Techno-economic
analysis of the flexible two-stage heat pump

5.1 Introduction

Using the thermodynamic rules, the authors have previously worked on a flexible two-stage
system for a residential building of 40 flats with 40 separate heat pumps, recently published
in Mokarram, et al. "5, This chapter presents a comprehensive techno-economic analysis
(TEA) of a newly developed two-stage flexible heat pump system designed for residential
applications. The proposed system is capable of operating in three distinct modes: (1) normal
operation, (2) thermal charging, and (3) thermal discharging, enabling enhanced operational
flexibility and energy management. The heat pump incorporates aluminium-extruded tube
micro-channel heat exchangers for both the evaporator and condenser, engineered to
maximise heat transfer performance while maintaining compactness. Thermodynamic and
heat transfer analyses were conducted to characterise system performance, followed by a
TEA to evaluate economic feasibility. The condenser and evaporator achieve heat transfer
rates of 106.28 kW and 76.34 kW, respectively, with corresponding heat transfer coefficients
of 1,790.8 W/m?:K and 1,011.8 W/m?-K. Economic performance was assessed using
standard financial indicators including annual profit (AP), net present value (NPV), payback
period (PP), internal rate of return (IRR), and multiple on invested capital (MOIC). Results
indicate strong economic viability for deployment in a 40-flat residential building, with an
NPV of £177,903, IRR of 16.4%, and a payback period of 7.8 years. The total capital
investment required is £163,880, resulting in a MOIC of 2.08. These findings support the
feasibility of the proposed heat pump system as a cost-effective and energyefficient solution

for low-carbon residential heating applications.

5.2 Methodology

In this section, the simulation logic will be explained in the following sub-sections. In section
5.2.1, thermodynamic analysis will be reviewed, as it is required for the next two sections.
Second, the evaporator and condenser design will be elaborated. Two Al-extruded tube
micro-channel heat exchangers are designed as the evaporator and condenser of the system.
Heat transfer design will be covered in section 5.2.2. In 5.2.3 and 5.2.4, two-phase boiling

and condensing heat transfer coefficients are explained, respectively. In 5.2.5, the air-side
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convection heat transfer coefficient has been elaborated for a rectangular air channel. Section
5.2.6 explained the validation of the heat transfer section. The heat exchanger design is added

1. 113 which is a study to design a three-fluid AL-extruded

based on a work by Mokarram et a
tube micro-channel heat exchanger for an air-conditioning cooling system. In the current
study, a two-fluid two-phase micro-channel heat exchanger has been considered. In the third
phase, a techno-economic analysis will be presented, which has been performed by using
the cost function correlations per component of the system. In the end, the results will be

explained in the results and discussion section, shown in section 5.4.

For a flexible two-stage heat pump introduced in Mokarram, et al. '° (chapter 3 of this
thesis) which is shown in Fig. 5.1, a techno-economic analysis is performed in this chapter.
The whole thermodynamic analysis has been performed in Mokarram, et al. '5. Being an
air-source heat pump, it draws heat from the surrounding air and has an expansion valve and
compressor at each step. A flash tank is connected to work in between the condenser and
evaporator in the upper and lower stages, respectively. A fluidic circuit connects a PCM tank
to the flash tank. The system operation modes are controlled by four valves that are installed
before the compressors and expansion valves. The heated stream from the evaporator is the
ambient air. By heating the evaporator’s cold working fluid stream, it will transform the fluid

into a saturated vapour state.

The core code controls the three phases, and their inputs and outputs, which are written as
M-File functions in MATLAB %, Fig. 5.2 shows the schematic figure of the functions to
calculate the final results. Different parameters have been calculated to analyse the flexible
two-stage heat pump in three phases. It has been shown that the order of the study, which
starts with a thermodynamic viewpoint, is followed by heat transfer and then techno-
economic phases. In the Thermodynamic analysis phase, the work and heat transfer rates of
the components are required to be determined. In the second phase, heat exchanger design,
the heat exchangers will be sized based on the details of their physical properties, depending
on the type of heat exchanger. In the third phase, techno-economic analysis, the key
economic parameters are of importance, as the system is meant to be realistic. All the phases

will be elaborated in the next sub-sections.

5.2.1 System description

The flexible two-stage heat pump was proposed in our previous work Mokarram, et al. '1°

for heating application in comparison with the conventional two-stage heat pump. This novel



104

flexible two-stage air-source heat pump, integrated with a phase-change material (PCM)
thermal energy storage system, and is designed to improve heating efficiency and reduce
electricity costs. The system has four modes, normal operating, charging, discharging, and
standby, based on heating demands and PCM status. Simulations using real and sinusoidal
load profiles for two cities in UK show that the system achieves 1.67% and up to 5.31%
higher seasonal coefficient of performance (SCOP) with real loads and sinusoidal loads
respectively, compared to conventional two-stage heat pumps. Moreover, it lowers annual

electricity costs by leveraging stored energy during peak demand.

As an air-source heat pump, this system incorporates a compressor and an expansion valve
at every stage and absorbs heat from the atmosphere around it. The condenser and evaporator
are located at the top and lower stages, respectively, and both are connected to a flash tank.
A fluidic circuit connects the flash tank to a PCM tank. Compressors and expansion valves
are controlled by four valves that regulate the operation modes of the system. The evaporator
uses two fluids. Ambient air is heated in the evaporator and becomes the hot stream, which
will heat the cold working fluid stream to a saturated vapor state. The saturated vapour at
the evaporator's outlet is compressed by the compressor at the bottom stage, and becomes
superheated vapour. The flash tank evacuates the flash gas at the intermediate pressure in
order to prevent it vaporising due to potential pressure drop and thus saves energy for
recompression. The flash tank further intercools the vapour from Compressor I (the lower
stage compressor), reducing the compression power required by Compressor II (the high-
pressure stage compressor). Consequently, the system's COP is significantly higher than that

of a single-stage operating at the same temperature lift.

The two-stage heat pump with PCM storage operates in four modes, charging, normal
operation, discharging, and standby, controlled by four valves as shown in Fig. 5.1. In
normal operating mode (Mode 1), the compressor runs to warm the indoor air (process of
refrigerant-air heat transfer) when all the four valves are open. The compressor runs in
charging mode (Mode 2) with only valve 3 and 4 (V3 and V4) open to store off-peak
electricity energy into PCM-stored energy in the storage tank using hot stream 2-3.; and in
discharging mode (Mode 3), the system operates with only V1 and V2 open to cool the
indoor air using stored PCM energy. The entire thermodynamic analysis of this system has

been performed in our previous work 16,
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Fig. 5.2 shows the diagram of the functions to calculate the final results. Different
parameters are calculated to simulate the flexible two-stage heat pump in three phases in
sequence, thermodynamic analysis, heat transfer, and TEA (techno-economic analysis). The
core code controls the three phases, and their inputs and outputs, which are written as M-
File functions in MATLAB !%. In the Thermodynamic analysis phase, the work and heat
transfer rates of the components are required to attain for the next phase. In the second phase,
heat exchanger design, the heat exchangers will be sized, according to their physical
properties and the type of heat exchangers. In the third phase, TEA the key economic
parameters are of importance, as the system is meant to be realistic. Based on the results of
first and second phase of analysis, thermodynamics and heat transfer analysis, the economic
parameters including Annual Profit (AP), Total Capital Investment (TCI), Net Present Value
(NPV),

Multiple on Invested Capital (MOIC), Interest Rate of Return (IRR), Period Payback (PP)

will be calculated.
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Figure 5.2 Three functions in-order, feeding in each other in this study.

5.2.2 Thermodynamic analysis

The thermodynamic properties to calculate the state points of the cycle are obtained. All are
needed to perform components’ sizing and economic investigation. Table 5.1 shows the

assumptions of the thermodynamic study of this system, which have been used in chapter 3.

The thermodynamic properties to calculate the state points of the cycle are obtained. They
are needed to perform thermodynamic analysis and then feed in the results to components’
sizing and economic investigation phases. Table 5.1 shows the assumptions of
thermodynamic study of this system. Also, the heating loads have been extracted from
IESVE software and used as input in thermodynamic phase of analysis. The hourly variable
loads of a residential block in Glaswegian weather are shown in Fig. 5.3. For more details

I 116

regards to the loads, please refer to the previous study by Mokarram, et a , chapter 3 and

4 of this thesis and Appendix A.
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Figure 5.3 Heating loads fitted to control strategy versus the IESVE loads input for Glasgow,
Scotland, UK.

The first and second law of thermodynamics are applied to analyse the thermodynamic
performance of the systems in MATLAB, and each component is assumed to be a control

volume. The corresponding mass and energy balances of each component are given in Eq.

5-1 and 5-2
Z Min = Z Moyt Equation 5-1
Z minhin + Q = Z mouthout +W Equation 5-2

m is the mass flow rate (kg.s~1), while 4 refers to enthalpy (kJ.kg'.K™"). Q is the heat
transfer into or out of this control volume (kW), while W is the work done (kW). More

detailed explanation can be found in Mokarram, et al. ''°, and chapter 3 and 4 of this thesis.

Table 5.1 Simulation assumptions for heating application.

Parameters Value Unit
Condenser Temperature 40 C
Evaporator Temperature ' Toem — 10 C
PCM Melting Temperature 4 20 C
Weather Data Glasgow, UK -
Ncomp 80% -

5.2.3 Heat Transfer viewpoint

To design two-phase three-fluid micro-channel heat exchangers, the entire design process is
described in full detail in Mokarram and Wang '°, and for heat transfer of micro-channels
in general in Lee and Mudawar ''7!18120 byt the key correlations are included in the

following paragraphs for a two-fluid micro-channel evaporator and condenser. In this
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chapter, the evaporator and condenser are designed using the same process and reasoning,

except that the heat exchangers are two-fluid.

This system is designed to use a two-fluid AL-extruded tube micro-channel condenser and
the same evaporator. The schematic figure of an AL-extruded tube micro-channel heat
exchanger is shown in Fig. 5.4. The cross-sectional view of the tube itself is presented in
Fig. 5.5. Due to a crossflow design, air will flow over the micro-channel tube, via the
rectangular air-channels shown in Fig. 5.4 while refrigerant will flow via parallel micro-
channel tubes in a counterflow design at both of the evaporator and condenser. The physical
properties of the present evaporator and condenser designs are displayed in Table 5.2 with

their values.

Figure 5.4 3D model of an AL- Extruded tube micro-channel Heat exchanger '!

Web Thickness Tube Thickness

Outer Height

Inner Height

Inner Width
- Outer Width -

TUBE CROSS SECTION

Figure 5.5 A general cross-sectional view of an Al-Extruded Micro-channel '
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Figure 5.6 One-layer rectangular offset strip fin pattern of air-channel adapted from reference 122,

Channel width, wall thickness, channel hydraulic diameter, tube numbers, and micro-
channel numbers are the required information to perform the heat transfer analysis of heat

exchangers’ design.

Table 5.2 Physical properties assumptions to design heat exchangers ''3

Parameter Description Value
Ncn Micro-Channel Numbers in one tube 15
Niube Number of Al-Extruded micro-Channel tubes 17
w Width of the Aluminium extruded tube (cm) 4
dy, Hydraulic diameter (mm) 1.46
theip Fin thickness (mm) 0.25
thyan Wall thickness of tubes (mm) 0.5
Sfin Air fin distances 3
Hfin Air fin height (m) 0.01

Tube walls thermal conductivity (Aluminium

kwall AHOY) 177

Determining the length of the heat exchanger (L) requires computing the overall heat transfer
coefficient (U), which is obtained by calculating the thermal resistance between the two
fluids (R). It includes the refrigerant's convection resistance and the tube walls' conduction
resistance. The refrigerant convection heat transfer coefficient is calculated using the

Universal model developed for boiling by Lee and Mudawar !!7-118119

and condensing by
Kim and Mudawar ''®. The two-phase correlations are expressed in terms of the vapour
quality of the fluid. The quality changes along the tube length in both condensation and
evaporation phases, which causes variations in the heat exchanger's overall heat transfer
coefficient (U value) in the model. Therefore, it is required to divide the heat exchanger into
some sections and calculate the length of each section based on the fluids’ thermophysical
properties and sum them up. In this chapter, there are 50 sections. As there are two fluids in

two hot and cold streams, air and working fluid, two types of correlations are required in
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each evaporator and condenser. On the other hand, in the evaporator and condenser, two
different heat transfer phenomena happen: boiling and condensing, respectively. Therefore,
two different convection heat transfer calculation correlations are required, which will be

explained in the following sub-sections.

5.2.4 Two-phase boiling heat transfer coefficient in the evaporator
(refrigerant side)

Kim et al. '"? developed a generalised correlation to determine the two-phase boiling heat
transfer coefficient in the evaporator's microchannels. Convection and nucleate boiling
contributions are combined in the correlation. The correlation is created by building a
database of 10,805 data points from 37 sources, consisting of 1229 multi-channel points and

9576 single-channel ones.

hep = (hpp” + hep?)° Equation 5-3

Phy*” K Equation 5-4
hay = [2345 (Bop!)  P%%*(1 = )7031](0.023Re*Pry 4 1Y) q
F h

0.08

PH —0.54 1 0o pg 0-25 0.8 0.4 KL
hg =1[5.2 (BO—) Wer, 7"+ 3.5 (—) (—) 1(0.023Rey, “Pr,"" —)
Pg Xt PL Dy,

Equation 5-5

Equation 5-6

0.1 . .. Q
_ () =X Peos 5o Q@ /3L w. Ntubes
Xy = (—=)°°,Bo=
X PL

Ug Ii’lrefhfg B rhrefhfg
G(1 —x)d P G2d E . .
Re, = Q,PR — ,Wep, = h quation 5-7
ML Perit p.0c

The parameters are as follows: hg, the two-phase convection heat transfer coefficient,
h,,;, nucleate boiling dominant heat transfer, h, convective boiling dominant heat transfer,
Bo boiling number, Py heated perimeter of channel, Pz wetted perimeter of channel, Py
reduced pressure, X thermodynamic equilibrium quality, Res liquid-only Reynolds number,
Pr;, Prandtl number K; thermal conductivity, We, liquid-only Weber number, X
Lockhart—Martinelli parameter (X) based on turbulent liquid-turbulent vapour flows, Q
effective heat flux averaged over heated perimeter of channel, h mass flow rate, hg, latent
heat of vaporisation, Rey, superficial liquid Reynolds number, G mass velocity, p;, dynamic

viscosity surface tension, and p density. For more details, please refer to ',

5.2.5 Two-phase condensing heat transfer coefficient in the condenser
(refrigerant side)

In order to build the two-fluid micro-channel condenser, the convective heat transfer

coefficient of refrigerant is described using the generalised condensing two-phase heat
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transfer correlation by Kim et al. '?°. The universal correlation of condensation is constructed
using a database that contains 4045 data points from 28 sources, including single-channel
and multi-channel data points. Depending on the flow regime, the correlation is divided into
two parts: one for annular flow and another for slug and bubbly flow, which are shown in

Egs. 5-8 and 5-9.

? Equation 5-8
hep annu = 0.048Re0-69pr0-34x_i, 7X02 < We* q
Equation 5-9

1) 2
hep non—annu = [(0.048Re°'69Pr°'34X—g> + (3.2 X 10 7Re*8sul39)* [ 02,
tt

7X%2 > We*

0.1 0.9 - -
Xy = <ﬁ> (1 - X) (%)0,5 Equation 5-10
Hg X PL
Gd Gd . _
Repo = 7 Rego = u_gh Equation 5-11
We = (;ztlh’ Re, = G(l—x)dh’ Reg _ Gxdh’
L HL Hg
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Lo We ) go We
We* = 2.45 Reg-“ Re, < 1250 Equation 5-12
e = 2. ) e <
Sugs (1 + 1.09X3%)04 t
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We* = 0.85 —3 g At o [(E) (_g)]o.oszm‘ Re,, > 1250 q
Sugy (1 4+ 1.09X¢ ") uL/ \vp
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0.35 A _
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g
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Lo g Pg g

0.36 3
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in which hyp, nny refers to two-phase heat transfer coefficient of annular flow, hip non—annu
is slug and bubbly flow, @, shows two-phase multiplier for saturated vapour, @, two-phase

multiplier for saturated liquid, Su Suratman number, We*modified Weber number, X

Lockhart-Martinelli parameter, C coefficient in Lockhart—-Martinelli parameter, (%)

frictional pressure gradients based on actual flow rates, x thermodynamic equilibrium quality
or flow quality, G mass velocity, v specific volume, f Fanning friction factor, d;, hydraulic

diameter, and Re refers to Reynolds number.
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5.2.6 Air-side heat transfer coefficient 123

A rectangular Offset Strip Fin concept is used to construct the air side, as illustrated in Fig.
5.6. To determine the convective heat transfer coefficient of the air-side, the following heat
transfer correlation is utilised, where a, o, and y stand for the width to length, lateral fin

spacing to height, and thickness to lateral fin spacing ratios, respectively.

j Equation 5-22
h= (W)ch q

j — 0.6522(Re_0'5403)((X_O'1541)(60'1499)(Y_0'0678)[1 Equation 5-23
+5.269 X 10—5(Re1.34)(a0.504)(80.456)(y—l.OSS)]O.l
C £ tfin
0(=B: SZW; sz; Re = (DyG)/p
G 1m Equation 5-24
Aﬂow
_ DhAflow—corss Equation 5-25
flow —~— 7y
4'Lﬂow
D = 4w(c — tgn) (b — tgp) Equation 5-26
h =

Z(C - tfin)w + (b - tfin)VV + tfin(b - t1‘in) - tfin(C - tfin) - tfin2

Equation 5-27
€ = Sfin + tin; b = Lein + thin;

in which h refers to convection heat transfer coefficient, j Colbourn factor, G mass velocity,
Re Reynolds number, tg, fin thickness, w Tube width, ¢ Fin pitch, b Fin height, Pr Prandtl
number, y Fin thickness to fin pitch ratio, 6 Fin thickness to fin width ratio, a Fin pitch to
fin height ratio, Afow—corss Cross-sectional flow area, Agqoy,, Minimum free-flow area for

air, and Lg,, Flow length.

5.2.7 Heat Transfer Validation

The study's methodology and simulation codes (in MATLAB) are validated by considering
the input parameters from references !'®!'°. The Universal correlations from Kim and

19 and Kim and Mudawar ''® are used to compute the heat transfer coefficients

Mudawar
for boiling and condensation. The convective and nucleate boiling heat transfer coefficients
vs. quality, as well as the Percentage Difference percentage with the main reference Kim and
Mudawar ' are shown in Table 5.3. While Table 5.4 shows the same concept, two-phase
heat transfer coefficient along the heat exchanger, for condensing, and compared with the
results of reference Kim and Mudawar ''®. As can be seen from both Tables, the reasonable

percentage difference confirms the heat transfer calculation's accuracy.
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Table 5.3 Percentage Difference of Calculated two-phase hy,, nucleate boiling h,;, and convective
boiling h,, heat transfer coefficients and the same parameters in Ref. 119

Quality | 0.4 | 0.6 | 0.8
Parameter calculated Ref. 11? 3lff' calculated Ref. 11? Blff' calculated }}ge f. Blff'
0 0 (1)
hep 6.7885 6.8380 0.20 6.73 6.77 0.68 6.59 6.64 0.16
hup 4.2486 5.2747 -0.06  4.7951 4.8906 1.97 5.33 541 041
h, 5.2946 4.3465 0.53 4.7184 4.6701 -1.03  3.88 3.83  -0.31

Table 5.4 Calculated two-phase condensation heat transfer coefficient and the same parameter in Ref.
118and their Percentage Difference.

Quality Calculated Ref. 118 Diff. %
0.1 1101.807 1018.22 -7.88
0.2 1261.901 1245.436 -1.31
0.3 1474.356 1461.568 -0.87
04 1522.191 1596.589 4.77
0.5 1728.718 1728.747 0.0016
0.6 1941.588 1947.751 0.317
0.7 2173.789 2174.061 0.0125

5.3 Techno-economic analysis (TEA)

In the economic analysis of this study, an overall cost rate balance is applied to the system

as written in Eq. 5-28:

K

Zeotal = Zgyel + CEPCI X [z (Zci + Zowm) + BOS] Equation 5-28
i=1

Here, Zg,¢) is the total price of the electricity used annually. The capital investment cost rate
for the k-th system component (C'C,’K) can be estimated by correlations presented in Table

5.6. The cost of operating and maintenance costs (all in all Z,,,) and balance of the system
(pipes, valves, the separator) (BOS) are considered as 20% and 6% of the components'
updated capital cost investment (CEPCI X Y. Z;), respectively '?*. As a result, Eq. 5-29's
factor ¢ equals 1.06 2. Additionally, ¢ represents the system's annual operational hours,
which is assumed to be 4000 (for a heating season). The chemical engineering plant index
(CEPCI) equals 798.8, updated to June 2024 2. For each component, the sum of capital cost

and operating and maintenance cost is calculated using the following equation '?’:

Cerx X CRE X @

ZCI,K +Zoy = :

Equation 5-29

The capital recovery factor (CRF) is a ratio to calculate the present value of a series of equal

annual cash flows. Its value can be estimated using Eq. 5-30 2*!2%,
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i(i+ 1)
CRF = -1 Equation 5-30

Here, i is the interest rate and is assumed to be 5%, and n represents the project lifetime,

which is considered 15 years '2°. Assumptions are gathered together in Table 5.5.

Table 5.5 Techno-economic analysis assumptions.
Parameter sign Value
Annual interest rate 1 0.05
System lifetime ' n 15
Maintenance factor '2>!% [0) 1.06
Operational hours in a year (for a heating system) t 4000

Table 5.6 Cost functions of the components in the recovery cycles 193-130-132

components Cost functions (C; ﬁ) No. of Eq.
. (P, P,
Compressor Ceomp = 39'5m( / Pi) log ( / Pi) Equation 5-31
09— Nis,comp
evaporator Cevap = 516.62. Agyap + 268.45 Equation 5-32
condenser Ceond = 268.45 + 516.621Aong Equation 5-33
Flash chamber Cpr = 280.3 X (11, %7 + 11,%°") Equation 5-34
Expansion valve Cexp =114.5m Equation 5-35

Additional costs should be accounted for the PCM tank. The cost of the storage tank, stored
material and encapsulation cost are required to calculate the total cost of PCM-related costs.
The following correlations in Table 5.7 are used to calculate the cost of PCM tank
manufacturing, the cost of PCM material, the cost of PCM storage (Encapsulation cost of
the PCM material), and the total cost. The assumptions required to calculate PCM cost, the

tank cost and the details of the parameters are shown in Table 5.8.

Table 5.7 PCM cost functions 13
correlation Calculated parameter No of Eq.
Csm = [ppcm(1 — €)Cpem + preCs] TRZHy, PCM material cost Equation 5-36
Con = Con X ( Rpﬂ )03 Encapsulatif)n cost of the
en "7 X0.005 PCM material

Cst = PmsH [T(R + wy,)? — TR?]Cys Cost of mild steel for the
+ mR?Cp¢ + 2RHL, Ciy storage tank body

Equation 5-37

Equation 5-38
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Table 5.8 Assumptions of PCM cost calculation 133,

Parameter Explanation Value Unit
PpcM Density of PCM material 1530 kg.m™3
Hy Height of the PCM tank 0.5 m
: void fraction- empty space in between 0.3 i
PCM capsules '
Cpcm Unit price of PCM per kg 2.5 $.kg™!
-1
Cr134a Unit cost of working fluid per kg 24 (19) (g' 11:2—1)
D¢ Density of working fluid 511.89 kg.m™3
Dpcm PCM spheres diameter 38 mm
Cen Unit cost of encapsulation 2.4 $.kg™?!
Pms Density of Mild Steel (tank) 7860 kg.m™3
Cms Unit cost of mild steel 1.5 $.kg™?!
Wiank Thickness of PCm tank 1 mm
Cc Unit cost of Concrete (PCM tank platform) 0.75 $.kg™?!
Hp Concrete platform height of PCM tank 10 cm
Pe Density of concrete 2000 kg.m™3
Cin Unit cost of PCM tank insulation 16 $.m3

The techno-economic approach is applied via calculating some economic concepts such as
NPV (Net present value), IRR (internal rate of return), PP (payback period) and MOIC
(multiple of invested capital), which are defined as Eqs. 5-39 - 5-45.

The current value of the potential net cash flow from an investment is shown by a standard
economic indicator known as net present value (NPV). For the investment period, it contains
the annualised cash flow cost estimations, both positive and negative. For a project to be
considered acceptable, its NPV must be positive, which means that the cash inflow must
exceed the cash outflow. PP is the amount of time required to recover the cost of an initial
investment. Stated differently, it is the amount of time required for the NPV to gradually
drop to zero. However, IRR has a different perspective on the return of investment. The
interest rate at which the cash flow's NPV equals zero is known as the internal rate of return
(IRR). MOIC differs from IRR as an investment return metric in that it emphasises how
much rather than when. It compares the current value of the anticipated profit flows over the
course of the project with the initial investment '3*. Eq. 5-41 is used to estimate AP, which
stands for the plant's annual profit '?°. It is equivalent to the yearly sale of thermal energy
minus the recurring yearly costs, like the operation and maintenance charges. After
determining the annual profit, further economic metrics such as the multiple of invested
capital (MOIC), internal rate of return (IRR), and (dynamic) payback period (PP) have been

determined.
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In addition, it should be noted that the economic analysis of this study is predicated on the

assumption that no loan or subsidy has been secured.

TClI =143 X PEC Equation 5-39

k
PECtotar = Z Zeix +Zom Equation 5-40
i=1
AP = ((Qcond XtX Cheat) - ZOM) Equation 5-41
n
_ AP
0=-TCI+ Z (1+IRR)t Equation 5-42
t=1
n
_ AP
NPV =-TCI + Z (1+10)t Equation 5-43
t=1
in (1~ "5)

PP =

] ( 1 Equation 5-44

"T+1

n AP

1+ t/

MOIC = z ( ) TCI Equation 5-45

t=1

TCI refers to fotal capital investment. PEC shows the purchased equipment cost. One piece

AP

of a correlation };}-. ; ———— has been repeated in all of the equations. AP refers to annual
t=1 (1+1RR)t p q

profit, Cp... the cost per kWh of heat, t Operational hours in a year (for a heating system),

and 1 means annual interest rate.

To calculate the summation of the mentioned series, the geometric progression summation

for finite terms is used. AP assumed as (a) in the general form of geometric progression

. . . 1-r™ 1
summation of the mentioned series: S,, = a ( ), and — or

1-r 1+i 1+IRR 15 a8 (r)

Only a portion of the total capital investment (TCI) is included in the purchased equipment
cost (PEC), meaning that additional expenses will be added, including labour costs, the cost
of additional miscellaneous equipment, and costs associated with assembling the cycles and
combining them with the heat source, etc. Using a constant multiplication factor is a popular
technique for obtaining the TCI from the PEC. Numerous similar criteria have been proposed

in the literature. The total expenditures listed will be regarded as 43 percent of the PEC,
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according to Kolahi, et al. '3°. The results of the heat transfer and economic analysis have

been addressed in the following section, results and discussion.

5.4 Results and discussion

A flexible two-stage heat pump has been studied based on techno-economic principles. The
first step is to calculate the component's energy/power usage or production. Then, the heat
transfer areas of the heat exchangers have been calculated based on heat transfer
fundamentals. Then, based on cost functions, the capital costs of the components have been
calculated, which leads to measuring the total cost of the system. In the end, the techno-
economic parameters have been calculated to have a vision of the system’s economic
feasibility. Four functions in MATLAB have been created to calculate the results in each
step. Table 5.9 shows the heat transfer design results of the evaporator and the condenser.
The overall heat transfer coefficient, required length, and total heat transfer area have been
shown in this Table. In the residential block, there are 40 flats, and there will be 1 heat pump
per flat. However, the heat transfer area and length shown in the Table below are for per flat.
Evaporator and condenser heat transfer rates are included in Table 5.9 as well, which resulted

from the thermodynamic analysis phase.

Table 5.9 Heat exchanger design result for flexible two-stage heat pump (sizing per heat pump- 40 heat
pump in total).

Parameter Description Value
Qevap total EI\(/)aCI;{(ES;(]))r maximum heat transfer rate of the whole 76.98
U Evaporator overall heat transfer coefficient (W m™ 1.011.8
evap K_l) P .
Levap per each Ié‘e/glg)g;a;)ofr t(}(l;fn )des1gned Al-Extruded micro-channel 2706
A per cach Heat transfer area of the designed Al-Extruded micro- 188
evap channel Evaporator (m?) ’
Qcona total Condenser maximum heat transfer rate (kW) 106.28
U Condenser overall heat transfer coefficient of the 1.790.7
cond whole block (W m™2 K1) e
Length of the designed Al-Extruded micro-channel
Lcond per each 6.5
condenser (cm)
Aynq per ach Heat transfer area of the designed Al-Extruded micro- 0.80

channel condenser (m?)

Figures 5.7 and 5.8 represent the temperature profile of the evaporator and condenser,
respectively. The figures have been created within the discretization method. As mentioned
before, the properties of the hot and cold fluids, including temperature, should be calculated

in each section of the heat exchangers. Therefore, the temperature of all sections in both heat
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exchangers is added to create the temperature profiles. In the evaporator shown in Fig. 5.7,
the heat is transferred from the air (heat source) to the working fluid, assuming no heat loss
in the cycle, therefore the temperature of the hot stream is decreased while the temperature
of the cold stream is fixed, as it’s going through the two-phase temperature constant
evaporating process. On the contrary, in a condenser, the roles of the working fluid and the
room air are exchanged, as shown in Fig. 5.8. The working fluid is hot stream, losing energy
due to condensing two-phase temperature-constant process, while the temperature of cold
stream is increasing as the flows moving through the fluid channels. Also, the pinch point

happened at one end of the heat exchangers.
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Figure 5.7 Temperature profile of the evaporator in the flexible two-stage system
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Figure 5.8 Temperature profile of the condenser in the flexible two-stage system
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Figure 5.9 two-phase convective heat transfer coefficient of boiling (evaporator) and condensing
(condenser) through the length of the evaporator and condenser, respectively.

Convective two-phase heat transfer rate of boiling and condensing for the working fluid

passing through the evaporator and the condenser are shown in Fig. 5.9. The boiling heat

transfer coefficient declines gradually from effective nucleate boiling at the inlet to

convective boiling vapour-dominated flow close to the outlet, where dry-out and decreased

liquid film decrease the heat transfer coefficient. The condenser, on the other hand, exhibits

an initial plummeting, a sharp peak, and then a slow decline. When vapour condenses, the

liquid content increases, decreasing heat transfer and turbulence. This causes the initial
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reduction. The rise signifies a shift in the flow regime that momentarily improves the heat
transfer coefficient. It's noteworthy that the condensing heat transfer coefficient is higher
than the boiling one at the outlet. In contrast to boiling at the exit, which suffers from vapour
dominance and loss of liquid film on the pipe inner wall, condensation preserves a thin liquid
film on the surface, allowing for more efficient heat transfer. However, both boiling and
condensing heat transfer coefficients are decreasing while the flow is moving through the
pipe. As condensation proceeds and the liquid fraction increases, the flow becomes more
annular and less turbulence, reducing heat transfer. In the evaporator, the reason for
reduction toward the exit of the pipe is that as more vapour forms and the liquid film thins,
dry-out or film boiling may occur, which reduces heat transfer. Less turbulence and more
vapour dominance decrease the boiling heat transfer coefficient through the micro-pipe of

the evaporator.

Fig. 5.10 shows the convection heat transfer coefficient of boiling in the evaporator, which
in turn contains the convective and nucleate boiling coefficients. As seen from Eq. 5-3, the
total boiling heat transfer behaviour and trend during the micro-pipe length depend on the
behaviour and trend of the convective or nucleate boiling heat transfer coefficient. It could
be decreasing or increasing due to the variation of convective or nucleate boiling heat
transfer coefficient. Based on Ref. !'°_ it depends on the mass flux. At lower mass fluxes, the
convective boiling coefficient reduces as the fluid inside the pipe becomes saturated vapour,
because the fluid molecules do not obtain enough energy during their movement. While at
higher mass fluxes, the molecules absorb more energy to move during their movement which
leads to an increase in the convective boiling coefficient in the pipe. This case is the first
case (lower mass flux) where the convective boiling factor is getting lower as the quality of

the fluid increases.
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Figure 5.10 convective boiling, nucleate boiling and two-phase convection heat transfer coefficients of

the evaporator.

Fig. 5.11 compares the capital cost of the components in the heating system studied. Table

5.10 summarises the costs in Fig. 5.11 and their percentages of the total cost. They both

illustrate that the evaporator and condenser are the most expensive components of the

system, followed by the PCM storage tank and the Compressor II. As the evaporator of this

system is bigger than the condenser, its price is higher compared to the condenser. Because

the heat transfer area and the price of the heat exchangers are related based on Eq. 5-30 and

Eq. 5-31 from Table 5.6. Also, the PCM storage tank, considering every detail of the storage

tank construction and PCM cost and storage cost, shows the third most expensive component

of the cycle. The rest of the costs are 1% or less, compared to the total initial investment of

the components.

Table 5.10 capital cost of the components for flexible two-stage heat pump.

components Cost 2016 Cost 2024 f:::;:;:(gieto the t;‘tz;tllo
Compressor | 247.82 498.63 0%

Compressor II 642.21 1292.19 1%

Evaporator 39117.76 78708.48 48%

Condenser 16855.01 33913.8 21%

Expansion valve I 72.67 146.21 0%

Expansion valve II 91.45 184 0%

Flash chamber 447.79 900.99 1%

PCM storage tank 13784.97 27736.61 17%

Total updated to 2024  247.82 498.63 0%
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Figure 5.11 capital cost of the components in the flexible two-stage heat pump.

Finally, to show the feasibility of this system, the techno-economic parameters have been
calculated using Eq. 5-39-5-45. The summarised results in Table 5.11 reveal that the techno-
economic parameters are within a reasonable range. The table presents a techno-economic
comparison between a flexible two-stage heating heat pump system and a single-stage
heating system. It outlines several key financial performance parameters for each system,
including annual profit, total capital investment, net present value, multiple on invested
capital, internal rate of return, and payback period. These metrics are commonly used in
economic evaluations to assess the feasibility and profitability of engineering investments,

particularly in energy-related projects.

Annual profit (AP) represents the net income generated from operating each system per year.
The single-stage system demonstrates a slightly higher annual profit of £26,298 compared
to £26,122 for the two-stage system. This suggests that, from an operational standpoint, the
single-stage system performs marginally better in terms of yearly financial returns. However,
this difference is relatively small and might not be significant when viewed over a longer

investment horizon.

Total capital investment (TCI) indicates the upfront cost required to implement each system.
The two-stage system demands a slightly larger investment of £163,880, while the single-
stage system requires £160,220. This cost difference, though modest, could influence the

choice of system, especially for investors or projects constrained by initial budgets. Despite
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the higher investment, the two-stage system still performs competitively across several

indicators.

When evaluating long-term profitability, the net present value (NPV) becomes a critical
parameter. It reflects the value of future profits discounted to their present value. The single-
stage system yields a higher NPV of £183,900, compared to £177,930 for the two-stage
alternative. This suggests that, over time, the single-stage system is expected to deliver more
economic value. A similar conclusion can be drawn from the multiple on invested capital
(MOIC), where the single-stage system again slightly outperforms with a value of 2.14,
meaning it returns more than double the initial investment, compared to 2.08 for the two-

stage system.

The internal rate of return (IRR), another key profitability indicator, is also higher for the
single-stage system at 17.61%, compared to 16.8% for the two-stage option. This metric
represents the rate at which the investment breaks even in net present value terms, with a
higher percentage indicating a more favorable return. Additionally, the payback period (PP),
or the number of years required to recover the initial investment, is slightly shorter for the

single-stage system at 7.4 years, while the two-stage system takes 7.7 years.

In summary, the single-stage heating system demonstrates slightly better performance across
all economic indicators. It offers higher annual profits, requires a lower capital investment,
and promises better long-term financial returns with a quicker payback period. However, the
differences between the two systems are relatively small. Therefore, while the single-stage
system may appear more economically attractive, the final decision should also consider
other non-economic factors such as energy efficiency, system flexibility, maintenance

requirements, and environmental impact, which are not captured in Table 5.11.

Therefore, a single stage shows delicately better techno-economic results, however not too
different than those of two-stage. Depends on the objectives of a project and the costumer
type, the decision could be different. If we are dealing with a mass-production, the difference
between single and two-stage would not too much, but for a private costumer, the initial

costs could be beneficial in single-stage case.
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Table 5.11 Techno-Economic results of the flexible two-stage heat pump in heating

Parameter Value unit
Two-stage

Annual profit (AP) 26,122 £
Total Capital Investment (TCI) 163,880 £
Net Present Value (NPV) 177,930 £
MOIC 2.08 -
Interest Rate of Return (IRR) 16.8% -
Period Payback (PP) 7.7 year
Single-stage

Annual profit (AP) 26,298 £
Total Capital Investment (TCI) 160,220 £
Net Present Value (NPV) 183,900 £
MOIC 2.14 -
Interest Rate of Return (IRR) 17.61% -
Period Payback (PP) 7.4 year

5.5 summary of the chapter

The two-stage flexible heat pump is studied via techno-economic concept in this chapter. To
perform an economic analysis, the heat transfer areas of the heat exchangers are necessary.
To design the evaporator and condenser, the type of heat exchanger is assumed as an Al-
Extruded Tube micro-channel heat exchanger. Due to compactness of these heat exchangers,
they’re getting more attention in HVAC systems. One of the issues with heat pumps is their
bulkiness, therefore it’s not easy to retrofit and substitute with a gas-boiler. Therefore,
having Al-extruded tube micro-channel heat exchanger will help the compactness of a heat
pump and will solve the retrofitting issues. Using the two-phase correlations to calculate the
convection heat transfer coefficient, the heat transfer areas and the length of evaporator and
condenser have been calculated. The results of HEX design showed that the condenser and
evaporator are quite compact, and the length is only 7 and 27 cm, respectively. Also,
economic parameters have been calculated. The initial investment will be gained back to the
investor in 7-8 years, the investment is safe, as the IRR is more than 17%, which is higher
than interest rate of the UK. However, single-stage shows better results compared to the two-
stage, but thermodynamic results were the other side as well, which needs to be considered.
Flexible Two-stage system got higher SCOPs compared to the single-stage cycles. For the
future works a multi-objective optimization would be helpful to decide in between different

objectives for a heating/cooling system.
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Chapter 6 Conclusions

As the heating and cooling industry moves towards low-emission technology, heat pumps
are becoming more popular as a substitute for fossil fuel systems. However, their portion of
the market for heating and cooling, as a whole, is still rather small. Although air-source heat
pumps are a viable alternative for gas-boilers of individual homes in the UK, their operation
is fraught with difficulties. These systems should be able to handle significant temperature
increases during peak winter demand while still offering flexibility and cost saving. Energy
usage rises and efficiency is frequently decreased under such circumstances, reducing
competitiveness and compromising dependability, compared to gas boilers. In light of this,
the main research issue is: how can air-source heat pumps be improved to overcome these
obstacles at a reasonable cost? A flexible two-stage, multi-valve air-source heat pump with
thermal storage is introduced in the thesis to investigate this, for both heating and cooling
applications. This study lays the groundwork for upcoming improvements and the creation
of optimised designs. In comparison to traditional single- and two-stage heat pump systems,
the main goal was to investigate if the addition of flexibility and thermal storage may
increase energy efficiency, allow peak shaving, and improve economic performance. Across
both heating and cooling case studies, the results consistently highlighted the benefits of
flexibility when combined with advanced control strategies and real-world load profiles. The
flexible two-stage configuration performed better compared to both baseline systems and the
second alternative flexible configuration, demonstrating that the integration of PCM thermal
storage can provide measurable achievements in terms of performance, peak shaving, and

cost savings.

In both heating and cooling studies, adopting rule-based control techniques proved crucial
for managing PCM charging and discharging cycles. In order to utilise the stored energy and
prevent compressor running during peak hours, the systems included load-dependent
triggers and state-of-charge (SOC) monitoring. In addition to decreasing the strain on the
electrical grid, this demand-side flexibility demonstrated how smart control strategies may
help thermal storage systems reach their full potential. The quantitative findings will be

explained in more detail in the paragraphs that follow.

For the heating study, work consumption of the flexible two-stage system is lower than that
of the baseline two-stage heat pump. Consequently, it has more SCOP and a lower electricity

usage price compared to the baseline system. For a residential block in Glasgow under
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variable loads, the two-stage baseline heat pump achieved SCOP of 4.4654, with annual
electricity usage of 30,314 kW, and a running annual price of £9,668, while the proposed
flexible two-stage (config. 1) improved these to a SCOP of 4.5403 (+1.67%), reduced
electricity consumption to 29,784 kW (—1.74%), and lowered the annual running cost to
£9,505 (—1.68%). In the same conditions, the single-stage baseline system reached SCOP
4.0787, electricity consumption 33,189 kW, and annual cost £10,585, while the flexible
single-stage improved to SCOP 4.1108 (+0.78%), electricity usage 32,896 kW (—0.88%),
and annual price £10,500 (—0.88%). Under a sinusoidal load profile for Glasgow, the flexible
two-stage system further improved SCOP from 4.5276 (baseline) to 4.7679 (+5.31%), with
electricity consumption reduced from 29,487 to 28,547 kW (=—3.2%) and annual running
cost from £8,369 to £8,195 (=—2.1%). The flexible single-stage in the same sinusoidal case
achieved SCOP 4.3333 compared to 4.1376 for the baseline (+4.73%), with consumption
falling from 32,267 to 31,410 kW (—2.65%) and cost from £9,159 to £9,018 (—1.54%). For
warmer weather condition, in Birmingham with real variable loads, the flexible two-stage
achieved a SCOP of 4.7278 compared to 4.5835 of baseline (+3.15%), with consumption
falling from 22,734 to 22,396 kW (=338 kW) and annual price from £7,241 to £7,112
(—£129). The single-stage systems showed a smaller improvement, from SCOP 4.1900 to
4.2890, electricity consumption 24,866 to 24,687 kW, and cost £7,920 to £7,841, compared
to a baseline single-stage heat pump. At compressor level, in Glasgow the flexible system
reduced Compressor [ work from 20,302 to 16,606 kW, while Compressor II work rose from
10,012 to 12,826 kW, resulting in a net reduction. Overall, the heating results highlight that
the flexible two-stage system achieved up to 5.31% higher SCOP, almost 3.2% lower
electricity use, and nearly 2.1% lower annual cost, with the largest benefit observed under
sinusoidal load conditions. The proposed configuration (config. 1) got better results
compared to those of the second configuration (config. 2), which has PCM as the sub-cooler.
The PCM tank in the second configuration does not provide the loads and has the role of a
superheater, rather than a complete evaporator, providing the loads. It has less SCOP, more
work consumption, and a higher price compared to config. 1. Config. 1 shows a 3.2% higher
SCOP compared to the SCOP of the config. 2 for a two-stage system working in Glaswegian

weather.

While the absolute cost savings were modest (a maximum of 2.1% with sinusoidal loads),
the thermodynamic improvements and demand-shaping capabilities represent a meaningful
contribution to the decarbonization of heating in residential buildings. The integration of
PCM allowed the system to operate in four distinct modes, normal, charging, discharging,

and standby, depending on heating load, time of day, and storage status. This operational
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flexibility enabled partial shifting of heating demand to off-peak periods and reduced

reliance on auxiliary systems during cooler conditions in the heating systems.

In addition, in this study, the novel two-stage heat pump has been studied for cooling. Based
on thermodynamics aspects, SOC, electricity usage, and the annual price have been
calculated and compared with the results of the baseline system. The following results are

the highlights of the research.

For the cooling study, similar trends were observed, though the magnitude depended on
climate and trigger selection. In Rome (trigger 10 kW), the two-stage baseline system
achieved SCOP 4.1517, electricity usage of 23,112 kW, and annual cost £7,501, while the
flexible two-stage increased to SCOP of 4.2483 (+2.33%), reduced annual electricity usage
to 22,989 kW (-123 kW), and annual price to £7,458 (—£43). The single-stage baseline
achieved SCOP 3.7661, annual electricity usage 25,479 kW, and annual price £8,269,
whereas the flexible single-stage reached 3.8622 (+2.55%), 25,277 kW (=202 kW), and
£8,204 (—£65) for SCOP, annual electricity usage and annual running price, respectively. In
London, the improvements were stronger due to milder weather and different triggers. At a
7-kW trigger, the flexible two-stage outperformed its baseline with SCOP 5.8183 vs 4.7967
(+21.3% improvement), electricity consumption 3,303 kW vs 3,388 kW (=85 kW), and
annual running cost £1,118 vs £1,154 (—£36), compared to its baseline system. Under the
same trigger, the flexible single-stage achieved SCOP 5.9095 vs 4.4055 baseline (+34.14%
improvement), reducing consumption from 3,689 to 3,063 kW (decreased —626 kW,
—16.97%) and annual running cost from £1,257 to £1,041 (decreased —£216, —17.18%). With
a lower 3 kW trigger in London, SCOP still improved substantially: for a two-stage:
increasing from 4.7967 to 5.8035, showing +20.99% improvement ; while for single-stage
SCOP improved from 4.4055 to 5.7809, representing +31.22% improvement, but in the two-
stage case, electricity use slightly increased compared to baseline system from 3,388 to 3,405
kW; and annual cost from £1,154 to £1,165, respectively, whereas the single-stage still
showed clear savings in electricity usage from 3,689 to 3,224 kW, and —465 kW changing;
and annual price cut from £1,257 to £1,091, —£166 changing. More load sacrificing (higher
trigger) to start charging will lead to higher SCOP, lower price, and lower work
consumption. However, sacrificing more in a two-stage system results in less favourable
results in price and electricity usage. However, the aim was not to endanger the comfort of
the residents, but to provide flexibility. Therefore, a reasonable amount for trigger has been

considered for milder weather conditions in London.
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Compared to the second flexible configuration (config. 2) where the PCM acted as a sub-
cooler), the newly proposed configuration (config. 1) proved more effective in balancing
cooling demand, reducing peak loads, and enhancing overall system efficiency. The
configuration comparison demonstrated that the newly proposed flexible two-stage system
(config. 1) outperformed the conventional flexible two-stage design (config. 2) across cities:
in London with a 7-kW trigger, config. 1 achieved SCOP 5.8183, annual running price
£1,118- and 3,303 kW electricity use, compared with config. 2’s SCOP 4.0938, annual
running price £1,281, and electricity usage 3,853 kW. In Rome, config. 1 reached SCOP
4.2483, annual running cost £7,458, and electricity usage 22,989 kW, versus config. 2’s
SCOP 4.0670, annual cost £7,571, and electricity usage 23,409 kW. Overall, in cooling, the
flexible systems provided SCOP gains of 2.33-2.55% in hot climates and 21-34% in milder
climates, with cost reductions up to 17.18% and electricity savings up to 16.97%, however
trigger settings strongly influenced the balance between SCOP improvement and economic

savings.

As the second and third phases of this work, the flexible two-stage heat pump for a residential
building of 40 flats has been investigated in this work via heat transfer and techno-economic
aspects. Heat exchangers, evaporator and condenser, have been designed as two-phase
micro-channel Al-Extruded tube heat exchangers. Then, via techno-economic correlations,
a techno-economic analysis has been performed. Therefore, the analysis has been performed
in three phases: 1- thermodynamic, 2- heat transfer, and 3- techno-economic aspects. At this
phase, the objective of research is to find out the economic feasibility using the economic

parameters.

Micro-channel Heat exchangers have been designed and are quite compact. The condenser,
which is the interior heat exchanger per heat pump, is around 6.5 cm. The evaporator, which
has been designed for a worst-case scenario of 0 outside temperature, is only 27 cm in length.
The economic parameters show reasonable values: 2.14 times of the total capital cost will

come back to the investor in 15 years.

The investment is safe, as it will stop being profitable at an interest rate of 17.61%, which is
higher than the inflation rate of Great Britain. The flexible two-stage shows £3,440 less Total
Capital Investment (TCI), 3.89% better PP, and 2.88% better MOIC, compared to the

baseline two-stage heat pump.
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The findings of this thesis contribute to the growing body of literature advocating for heat
pumps as a cornerstone technology in the global transition to net-zero energy buildings.
While air-source heat pumps are already recognized as efficient alternatives to fossil-fuel
boilers, their performance can be constrained by seasonal temperature variations and peak
load demands. By embedding flexibility through PCM storage and advanced control, this
work demonstrates that such systems can be made more resilient, more efficient, and better

aligned with the dynamics of electricity markets.

Nevertheless, several challenges remain. First, while SCOP improvements are clear, the
economic benefits are highly sensitive to electricity tariff structures, PCM costs, and system
complexity. In many scenarios, modest reductions in annual energy costs may not be
sufficient to offset higher capital investments without supportive policies or incentives.
Second, the reliance on simplified assumptions in simulation models (e.g., isothermal heat
exchangers, constant thermophysical properties) introduces uncertainties that must be
addressed through experimental validation. Third, user comfort and real-world integration
with smart grids and dynamic pricing schemes require further exploration before widespread

deployment.

In conclusion, the novel flexible two-stage heat pump proposed and analyzed in this thesis
demonstrates tangible improvements in both heating and cooling applications, offering a
pathway toward higher energy efficiency and demand flexibility in the built environment.
While challenges remain in terms of cost-effectiveness and large-scale adoption, the results
confirm that flexible thermal systems have strong potential to play a pivotal role in reducing
greenhouse gas emissions, alleviating grid stress, and advancing the vision of net-zero

energy buildings. In the final chapter, the possible future work will be suggested.
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Chapter 7 Future Outlook

Connecting flexible heat pumps to phase change material (PCM) tanks may improve energy
efficiency and lessen reliance on the grid during times of high demand. These systems enable
load shifting by storing thermal energy for use when electricity is more economical or
greener, which is especially helpful in the shift to smart, grid-responsive buildings. In colder
climates, conventional air-source heat pumps struggle to function effectively; however,

PCM storage enhances their effectiveness and lessens the requirement for backup heating.

Based on the experience gained during this research, it turns out that the particulars of each
project greatly influence whether the right or wrong option is chosen. Case-by-case
assessments work better than generalised methods, which frequently fail. There are different
studies and claims in different research papers, which require double-check to use in real

world, which shows the sensitivity of the results to simulation details and assumptions.
Building on this thesis's contributions, future studies ought to focus on:

e Further testing of flexible heat pumps in real-world settings, including ongoing
observation of seasonal performance and occupant comfort, is part of the

experimental validation process.

e Going beyond the rule-based tactics employed here and performing simulation based

on machine learning and model predictive control (MPC).

e Evaluating if it is feasible to use these systems in district heating and cooling
networks, where further grid-level advantages may be obtained via aggregated

demand flexibility.

e Assessing modern PCMs and low-GWP refrigerants to make sure they comply with

environmental requirements and sustainability goals.

e Another important aspect that could have been studied is to combine the concept of
digital twins with flexible heat pumps. Given their potential significance for

optimisation and real-time decision-making, this study investigates the coupling of
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flexible systems with digital twins. Data, simulation, and real-time decision-making
come together to form digital twins. They will probably be crucial in tackling the
problems of resource management, urbanisation, and climate change, guiding society
towards futures that are not merely decarbonised but also wisely managed. As a

result, integrating them with heat pump systems will yield further advantages.

Digital twins are expected to transform several key sectors. In Building sector, digital twin
techniques may optimise energy consumption, spot inefficiencies (such heating and cooling
at the same time), and gradually enhance building performance. Smarter and more flexible
buildings are already being made possible by platforms like Microsoft Azure, Honeywell
Forge, and Johnson's OpenBlue. In Cities planning, by combining transportation, utility,
environmental, and demographic data, urban digital twins assist planners in addressing
issues like pollution, traffic, and the resilience of infrastructure. These techniques are already
being tested in cities including New York, Helsinki, Singapore, etc. The Virtual Singapore
project, which uses billions of data points to recreate real-time urban activity, is a prime

example.

Going forward, decarbonisation will affect more than just heating and cooling. It resides in
the creation of intelligent, interconnected systems, especially with the ideas of smart cities
and smart buildings. The digital twin, a real-time virtual representation of a physical system
made with sensors and real-time data streams, is a crucial enabling technology. Predictive
maintenance, system optimisation, and ongoing monitoring are made possible by digital

twins. This suggested option would be highly recommended in UK in near future.

In summary, heating and cooling systems have a very bright future. However, substantial
technological and regulatory changes will be needed to meet the Net Zero 2050 goal. The
most feasible way to electrify heating and cooling systems is still with heat pumps.
Traditional units' retrofitting potential has previously been hampered by their relatively large
size, but this issue has since been lessened thanks to the creation of small size heat pump
systems by a number of manufacturers, including Nesta, Kensa Shoebox, Sunamap, and

NZTS.
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Appendix A. IESVE Dynamic Simulation for load
calculations

A brief explanation of the heating load calculation is provided below. Step-by-step
screenshots have been taken and added, starting from geometry to the results. Fig. A.1 shows
the first step of creating the project file in IESVE software by clicking on New Project/
Create from starter geometry/click on Midrise Apartment/Create Project. The geometry of
different types of buildings has been created and archived in the software. Rather than
starting from scratch, the provided geologies can be used. In this research, the mid-rise

apartment is selected.

[ VE - Start Page - ] X

© E VE 2024 New Project

IES Online W Starter Geometry:

B schematic Geometry wizard
New Project

Outpatient Healthcare Wareho —
Open Project E Create From Starter Geometry m
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Outpatient Healthcare v e

About
'_J Create From BIM File

B uiccrete roject ﬂ

Multifamily Lo den

Pinned Location & Weather

“w #2525

D> Location & Weather:

D> HVAC Methodology:

Figure A.1 Geometry selection in IESVE and creating project.

Clicking on the Model Viewer icon, highlighted in red in the figure below, will display a 3D

model of the building. Fig. A.2 was extracted from this view of the residential block.

o]
File Edit View Tools Modelll Draw Selection Settings Help
tssonoses T .
B-Applications £ Model Viewer Il -~ O
Mode Builde 5 e ) . -
e 53 %@ % 0@ 8 0-89-¢ 855 &% ¥ %- » Dwlew
ode
& O~ &~ 6~ [F ol Jan Zpay: W 12 EfTime: ] wesE @ P
[b Components
Solar
SunCast
Energy
L Apache

= ApacheHVAC
Lie

MacraFlo

HEF Manufacturing view

( VistaPro
Fm

Compliance and Ratings v
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Figure A.2 3D model of the mid-rise apartment in IESVE- Model Viewer view.
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The next step is to specify the location of the residential building where the weather data
will be attained, as shown in Fig. A.3. By clicking on Tools/APlocate, a new window will

be opened, which is shown in Fig. A .4.
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Figure A.3 APlocate section to specify the weather data.

By skipping the other tabs in Fig. A.4, clicking on the simulation weather data tab and then
clicking on the select button, a drop-down list will be opened. Glasgow is selected from the

drop-down list.
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Figure A.4 Selecting the specified cities from the weather data list.

The next step is to specify the details of the building inside (set point temperature, air-
exchange, equipment, etc). Click on Building template manager, encircled with red in Fig.

AS.
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Figure A.5 Building template manager icon in IESVE software.

The following box will be opened, as shown in Fig. A.6. All the tabs shown in red in the

following figure should be clicked on and changed one by one if needed.

Building Template Manager
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Template
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Figure A.6 Tabs in Building template manager window.

The space conditions tab will be set as

continuously, and domestic hot water and

shown in Fig. A.7. Only heating will be on
cooling will be off. The heating loads will be

manipulated later. Therefore, there is no need to create any heating load profile. The room

set point has been assumed to be 19 °C (suitable for UK standards).
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Figure A.7 Space conditions Tab in Building Template Manager Window in IESVE.

In the next Tab shown in Fig. A.8, internal gains, three components have been added:

lighting, people, and refrigeration. All three options will be shown in the later figures.

Building Template Manager - X
General © Room § Void ® RA Plenum @ SA Plenum
@ Constructions Template System Space Conditionq Internal Gains [Air Exchanges Bullding Regulations Comfort
: MacroFlo Reom (ApSys, metric) Type Reference
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LightPro Refrigeration Refrigeration
Radiance
] AddEdt — Remove
Fluorescent Lighting

Fluorescent Lighting

New Annual Profile

Profile saturates for loads analysis?

6.50
0.45

Electricity: Meter 1

off continuousl

Figure A.8 Internal gains Tab in Building Template Manager of IESVE.

Lighting adjustment is shown in Fig. A.9. The energy gained by turning on the lights will be
added to the calculations here. The numbers will be added based on the amounts written in
Table 3.4. In any case, that's not mentioned as a parameter; it has been used as its default

value.
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Figure A.9 Internal energy gains via lighting in IESVE.

Internal energy gain by residents is added in this step, shown in Fig. A.10. The number of

the people is shown with a parameter named occupancy density with m? /person unit.
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Figure A.10 Internal energy gains via residents in IESVE.

Energy gain via equipment is added, as shown in Fig. A.11. Only refrigeration has been

considered here.
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Figure A.11 Internal energy gains via refrigeration in IESVE.

The next Tab in the Building template manager window is the Air Exchange tab, as shown
in Fig. A.12. Infiltration and natural ventilation have been adjusted using this window, and
the energy loss/gain via air exchange with a unit of air per hour will be added to the

calculation. Clicking on the options and then the Add/Edit button will open a new window,

which is shown in Figs A.13 and A.14.
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Figure A.12 Tab of Energy loss via Air-exchange in IESVE.
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Figure A.13 Air Exchange/Infiltration energy loss in IESVE.
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Figure A.14 Air Exchange/natural ventilation energy loss in IESVE.

The next step is to start the simulation. By clicking on Apache, as shown in Fig. A.15, a new

box will be opened. The values can be adjusted as below and clicking on Simulate will start

the simulation. The whole year has been considered here; however, the heating loads will be

zero in a hot season and vice versa.
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Figure A.15 Simulation starting using Apache IESVE.
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The final step is extracting the results that are required for this study: date and time, ambient
temperature and heating load. After clicking on VistaPro on the left-hand side, Boilers Load
should be selected for the heating load, and Chillers Load for the cooling application. A new

window will be opened, showing the selected parameter in a graphic figure. Fig. A.16 shows

the result extraction process.
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Figure A.16 Graphical representation via VistaPro option in IESVE.

To extract the results in a Table and import it to the MATLAB code, from the window
opened to show the graphic result, click on Analysis, and from the list, select Table, as
represented in Fig. A.17. The results will be saved in a table and can be saved in a text file.

Later, it can be imported as an xIsx/CSV format file.



B~ -

EX Chart: Thu 01/Jan to Thu 31/Dec — O X
Outpuf Analysis [Help

- & Graph

Table

Snapshot
Synopsis
Ranges
Monthly totals

T Peak time table
Peak day table
Peak day graph

XY chart

Stacked XY chart
Stacked bar chart (+/-)
Stacked bar chart
Side-by-side bar chart
Donut chart

=

= Colour Gradient
Value Gradient
Colour Gradient 3D plot

SEgM2IeEEL|(ICGEMEWLO®I

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
Date: Thu 01/Jan to Thu 31/Dec

= Boilers load: (Residential 3.aps)

TPT T = = T W o TIT TT 1

Figure A.17 Saving weather data in a text file using the Table option.
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Appendix B. Continued Figure 3.11
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