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Abstract

The need to decarbonise the industrial secteguires new innovations ihigh
temperature heating. The development of an industriligh temperatureheat
pump presents not only great emissions reduction potential but also cost saving
potential for industrial process heat user€ompared to boilers with efficiencies
ranging from 70 to 99%, heat pumps have the ability to leverage renewable
electricity to supply heating as a standalone technologyd@imce heat pumps)
with one unit if electricity being ablto supply multiple units of heat (Coefficient of
Performance > 1) or integrate with existing boilers to reduce steam demand (air
source or waste heat recovery).

This thesis investigates a novel high temperature transcritical @@t pump
concept using a case study in milk powder spray drying. A series of cycle
architectures were modelt® that incorporated internal heat exchangers and
cascade arrangements to assess their effect on thermodynamic performance for
not only large temperature lifts (>150 °C) but also large temperature glides
(>150 °Q: A transcriticatranscritical cascade configuration was found to achieve a
sink temperature of 200 °C with a COP of 2a22Znoderate discharge pressures
(150 bar) compared to what currently available in the literature (>200 bar).
Expansion work recovery, using ejectors and expanders, was further explored to
reduce exergy losses, achievingramaental COP gains up to 2.35. However, it was
determinedthat, at this stage, the marginal increases in COP did not overcome the
challenges iromplexity of integrating an expander or ejector within the system.

A comparison of integration optionwas undertakenthat compared the high
temperature heat pump integration wittfiuel switching toelectrode or biomass
boilers. Hybrid configurations of heat pump and boilers were also assessed at
varying utility prices to determine whether an optimum sink temperature existed
to minimise the operational costWith this, a multitemperature heat pump
configuration was found to improve the C@P the heat pump to 2.55or air
heating to 200 °Cwhich emphasises the importanagf temperature profile
matching in heat pump desig®perating costs depended on the electrieiby
biomass price ratio and grid emissions intensity all cases, electrode boiler
conversions had the highest operational toPrice ratios below 2.75 were
favourable forfull electrification using a heat pump, while price ratios above¥ 3.
favoured a full biomass conversion. Between these two price ratios, the optimal
hybrid configuration was to supply the air heating to the temperature level for

the fluidised bed(102 °C) using a heat pump andoply the remainder of the
heating using a biomass boildn comparison to coal, the proposed solutions
achieved emissions savings between 55 and 94 %.

The wider potential for the high temperature heat pungoncept wasthen
estimated, revealing a broader potential for £igh temperature heat pumps to
supply hundreds of gtajoules per year of lowarbon heat across a diverse range



of industrial sectors. Due tbeing able to produce both large temperature glides
and large temperature lifts, the G@igh temperature heat pump was particularly
suited fora range ofdrying processes (further than milk powder spray drying
Potential source and sink streams for the heat pumere identified for each
application to estimatgossible COPs, which ranged between 2.0 and 3.05 for sink
outlet temperatures ranging from 110 to 28C.Emissions reductiowas shown to

be viable for nearly all reghs when displacing coal, but requitgeaner electricity
grids or higher COPs when displacing natural gas.

This thesis contributes an in depth thermodynamic analysis of both a novel high
temperature heat pump cycle architecture ara novel application of high
temperature heat pumps into the milk powder spray dryprgcess Additionally,

this thesis contributes arosssectoral analysis for implementatiorcollating
potential source and sink streams acrossdety of applications.
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Chapter 1
Introduction

1.1 Background

Climate change is driving an increasing concern for the futuiredofstrialprocess

heat. Legislative measures have been introduced with the objective to pressure
large energy users to rapidly reduce their carbon emissions. Of particular relevance
is the Climate Change Response Amendment Act 2019 which sets out the goal to
achievenet-zero emissions in New Zealand by 2(0aD Uncoincidentally, New
wSIFflFyRQa fINHSald SySNHe& dzaSNE IINB |taz2 3ISys
and therefore, a successful and economically viable transition to renewable energy
sources is imperativeln New Zealand, dairs the biggest export producind
contributes approximately 17 billion dollars to the economy per yemhich
includes the manufacture of dairy food products such as milk, milk powteese

and butter [2]. In 2016, 92% of the process heat usedlhia dairy industry to
manufacture dairy food productsas supplied using fossil fu€ligurel). Most of

this processheat is used for the dewatering processes in milk powder produgction
namelyevaporation and spray dryingvhich results in approximateh2.1 million
tCQ-e of emissiongper year[3]. However, from 2037, these processes will no
longer be able to rely on coal boilers to supply process heat, with the eventual
phase out of natural gas boilers also inevitable under current legisl{ipand

given the shortage of gas supply

Milk powder production
T(°C)

Pasteurisation

y

Evaporation

92%

fossil fuels
in dairy

y

Spray drying

‘—------------------s
S ———_

Figurel. Emissions in the NZ dairy processing sector, 2016.



The transition away from traditional technologies is slowed by the lack of
economically viable alternatives, particularly for higher temperature applications
like spray drying (~20TC). Conversion to biomass boilers is gaining popularity due
to the relative similarity of biomass to conventional coal boilgk but the supply

of biomass is constrained by the rate at which it can be produced and, as the
demand increases, so will the cost. Alternatively, New Zealand holds a unique
advantage, with more than 80 % of electricity being generated from renewable
sources[6]. Paired with the high efficiencies that can be achieved by electrode
boilers (~99%), electrification is a promising option in terms of emissions reduction,
however, even so, a similar challenge is faced in the relative cost of electricity to
fossil fueldper unit of heaj [7].

There are two general approaches to redwmest in these necessary transitionary
measures: 1) reduce demand, and 2) improve energy conveesiiziency or
Coefficient of Performance (COP). In both respects, heat pumpanaaéiractive

iSOKy2t23e +a ¢FaisS KSFHdG FNRBY | LINROSaa

highertemperature useful heatusing electricity. The heat produced from the heat
pump is often multiple times greater than the required work ing@OP>1)
theoretically lowering the heating demmd required from the boiler for the overall
process. This ratio of heat output to electrical work input is referred to as the
Coefficient of PerformancéCOR. Heat pumps are already wedbktablished as a
low-emissions technology for industrial process heat applicattbat operate at
temperatures less thah00 °C, but heat pumd®er generatinghigher temperatures

are still in relative infangywith the amount of existing research dwindling as
processsinktemperatures increasgs].

Since 2016, several large decarbonisation projects have been undertaken in the
New Zealand dairy industjp], [9] (Figure2). Most conversions have involved
either biomass or electrode boilers, with only a small number of lamgde heat
pump installations. The heat pump projects to date have primarily targeted hot
water generation[5], [10], accounting for less than 3 % of the total estimated
emissions reduction. Among théentified projects, electrode boilers contributed
approximately 58 % of the estimated emissions reduction, while biomass boilers
contributed 37 %. Despite these efforts, the New Zealand dairy industry still emits
Fy SadAYlF (SR w™®ce péryearmnbtyacchUiting far2pgtential/ h i
increases in production capacity. This highlights that substantial opportunities for
further emissions reduction remain, reinforcing the need for kiginformance
technologiessuch as industrial heat pumps (COP,x&)able of providing process
heat at temperatures currently achievable only with electrode and biomass boilers
6' F Mnn 20@

Due to the varying heat profiles and process requirements across existing industries,
the integration of high temperature heat pumg@e THPs)jequires a multfaceted
approach that is unique to the individual cd4é] and is yet to be implemented at

a large scale for milk powder spray drying. In the spray drying process, air is heated
to approximately 200 °C using boiler steam heating, supplemented by hot water
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waste heat recovery. The development oHaHPthat could displace the boiler
steam heating in this process presents significant emissions reduction potential for
New Zealandas spray drying is the most energy intensive processes within the
dairy industry. Spray drying is part of a class of applications that can be
characterised by the large temperature glides experienced by the process sink
stream (i.e., air heating), dominating the dryer energy demand.

Recorded by
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)—(; - 13,712 tCO,/ly ) SYNLAIT | DUNSANDEL

)—(; -41,110 tCO,/y ) OCD | AWARUA
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9900 0 0O 008
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Figure2. Recent decarbonisation efforts in the New Zealand dairy (processing) inglustry
since 2016.

In this context, a temperature glide refeis the temperature change of a process
stream as it is heated or ctaml, usually sensibly, rather than undergoing phase
change at an approximately constant temperatulre spray drying, ambient air is
heated continuously from neaambient conditiondo high temperatures, typically
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in the range of 15Q; 220 °C before entering the drying chamber. This large
temperature increase is required to provide sufficient driving force for moisture
evaporation while maintaining product quality and throughput. aksis not an
efficient heat carrier, a large energy demand is required to proviaetarget
temperatures For the development of a heat pumthat can meet this energy
demand considerations around the optimal cycle configuration and components,
the placement of the heapump within the process and the refrigerant selection
are necessary. Within this, detailed modelling is required to inform the design of a
future prototype.

The refrigerant selection in the development of new heat pump technology is
particularly constrained. The phasait of ozonedepleting (high ODP) and high
emitting (high GWP) refrigerants restricts the choice of selection in new heat pump
systemg12]. Ammonia is a popular refrigerant due s high heatig efficiency,
zero ODP and zero GWRowever, the high toxicity of ammonia makes it less
attractive, particularly at the scale required for New Zealand milk powder spray
dryers (>MW) Although hydrocarbon refrigerants have low toxicignd high
heating efficienciesthe high risk for fire and explosioare a significant barrier to
uptake[13].

Refrigerants that are noetoxic and noAflammable with low ODP and GWP include
air, water, and carbon dioxide (G While air would be a cheap and abundant
refrigerant with no adverse effects due to leakage, relatively low COPs can be
achieved. Additionally, the low specific heat capacity of air would require the heat
pumps systems to be very largehich isunfavourable for retrofit into existing
plants where space is constrainedimilarly, water would also be a cheap and
abundant refrigerantand hasthe highest specific heat capacity relative to other
fluids, however, thevacuum pressurethat would be required to evaporate water
using lowtemperature waste heat or ambient air would consume significant
amounts of energy, such that the efficiency of the overall heat pump system would
be severely decreasdd4].

CQ is already a welstablished refrigerant for commercial heat pump systems
[14]. The low critical temperature and pressure of.@&hd itself well for use in
transcritical heat pump cyclesather than the more conventional subcritical cycles
that use ammonia and hydrocarboriBhe high volumetribeatcapacity of Cé&also
minimises the size of the required components, and therefore the overall system
[15]. Transcritical Céheat pumps do not come without challenges, such as the high
discharge pressures required from the compressor. However, for instances where
upgrading the heat using a heat pump would require a large temperature increase,
or temperature glide, such as isg@ired for spray drying (~15 °C to 200 °C), more
optimal temperature profile matching between the refrigerant and the heat sink
(process stream) can be achieved, resulting in the potefuidietter performance
when compared to coventional subcritical heat pumpnd the ability to leverage

the entire cooling profile of supercritical €[24].



1.2 Thesis aim

The aim of the thesis is to devel@new high temperatureheat pump(HTHP
conceptfor heating largetemperature glide process application&s a primary
motivation, this thesisfocuses ona milk powder spray drying processs the
common case studyf a largetemperature glide proces3he scope of the research
is focused on transcritic&@Q cycles because of tirdow toxicity, flammabilityand
good temperaturematching between the gas cooler arsinks with large
temperature glides (such as dryer air heating)

The research questions of this thesis are:

1. Feasibility:Can a closed cycle HTHP supply the fulhed@ting demand of
the milk powder spray drying process?

2. Cycle design:What heat pumpcycles and configurations offer high
performance while remaining practical for industrial implementation?

3. Process integrationHow should a HTHP be integrated in the milk powder
spray drying process? Furthermore, can integration with other-low
emissions technologies provide additional practical or economic
advantages compared with a staatbne heat pump system?

4. Decarbonisation potential:What is the potential emissions reduction
achievable with a heat pump optimised for high temperature lifts and large
temperature glides?

The objectives of this research are to evaluate and compdiieHP cycle
configurations suitable for applications involving large temperature glides, and to
examine the influence of expansion work recovery on cycle performance in this
context. Additionally the study aims to investigate practical strategies for
integrating hightemperature heat pumps into industrial processes under varying
site constraints. Finally, the research seeks to explore the broader potential of high
temperature heat pumps beyond thmilk powder spray drying process, identifying
opportunities for wider application across the food and process industries.

1.3 Thesis outline

This thesis has been structured to reflect the development stages of the research,
from understanding the current state of HTHP technology to proposing and
evaluating new cycle and integration concepts for industrial decarbonisation.

Thebody of thethesis begins with Chapter 2, which reviews the literature that has
informed and guided this work. The chapter covers the key advances in high
temperature and transcritical heat pump cycles, compressor technologies and their
suitability for such applicatits, and the use of ejectors and expanders as potential
cycleenhancing components. Methods for modelling and comparing heat pump
performance are also discussed, along with approaches to process integration and
the experimental challenges sxciated with higitemperature componentry. This



review establishes the foundation for the research direction and highlights the
technological gaps that motivate the subsequent chapters.

Chapter 3 introduces the case study that underpins this research and outlines the
key design and boundary decisions that frame the investigation. This chapter
provides the industrial and process context for evaluating the performance and
integration of HTIR systems and defines the assumptions used consistently
throughout the thesis.

The next stage of the research, presented in Chapter 4, focuses on the
thermodynamic modelling ohigh temperature transcritial heat pump(HTTHP

OdO0tS I NOKAGSOGdzNBA dzaAy 3 [/ hi Fa GKS 62NJ Ay
compares several candidate cycle configurations and identifies a reference cycle

that offers high performance under the process conditions of interest.

Building on these findings, Chapter 5 investigates the effect of expansion work
NEO2@SNE 2y GKS LISNF2NYI yOSifferrrE expafdsr NS O2 YYSY R
and ejector configurations are explored to assess their potential to improve

efficiency and reduce exgy losses in higtemperature operation.

Chapter 6 explores the integration of the HTTHP results for a milk powder spray
drying case study. It compares the performance and decarbonisation potential of
the selected HTTHP with alternative fisglitching options, such as electrode and
biomass boiles. The chapter also explores the influence of-sjtecific constraints

on integration feasibility and performance.

Chapter 7 broadens the discussion to consider potential applications of the
technology beyond the milk powder spray drying process, highlighting
opportunities for wider industrial decarbonisation.

Finally, Chapter 8 concludes the thesis by summarising the major findings and
contributions of the research. The chapter also identifies areas where further
research and development could accelerate the deploymentHaTHRs and
support the broader transition to lovemission process heat



Chapter 2
Literature review

2.1 Introduction

There has been extensive research iHBHP$n recentyears,and awide range of
literature is availablethat pertains to different aspects in thie advancement and
developmen. For this thesisthe key areas of interest will be around heat pump
performanceand identifyingthe challenges related to developingd#aHRhat can
supply temperatures above 100.°@ithin this,the heat pump cycle design and
process integration of heat pumpse of particular interestwith the objectiveto
design a heat pump thias optimised fotargetemperature glide applicationsuch
asmilk spray drying in New Zealand

The aim of the literature review is to investigati HPcycles to identify suitable
componentsfor the development of édTHPthat can supply air heating for the
spray drying process. As part of this, an investigation on appropriate performance
metrics was undertaken to inform the method for comparing heat pump cycle
performance and gain insights on the optimal heat pump cyaigigurations. The
scope will focus mainly on transcritical &@at pumpsasthe source temperatures
available for spray dryingre generallyat lower temperatures (<60 °) However,
where the information is scarce, the scope may be widenedTélPsising other
refrigerants. The main parts of the literature review witxamine existing
refrigerants, transcriticaheat pump cycle architecturespmpressor technologies
and process integratioof HTHPsThereview is concluded bgiiscussing practical

and economic pathwayo investigate for the development & HTHHor a milk
powder spray dryingase study

2.1.1 Heat pump working principle

A standard industrial heat pumpsually operates on the subcritical vapour

compression cycld~{gure3). A lower temperature heat source, such as waste heat

or ambient air, is used to evaporate a refrigeranith a lower saturation

temperature than the heat sourc€nce evaporatedhe refrigerant is compressed

to a higher temperature and pressure (P2) using electrical work inputh&ae

from the refrigerant isthen rejected to a heat sinkwhich isusuallya process

heating streamthat needsii 2 06 S & dzLJANJI RSRé (i 2hrodbgh KA IKSNI G S°
condensingefrigerant vapour Once condensed, the refrigeraneigpanded to the

evaporation pressure (P1) to restart the cycle.

A transcritical cycle differs slightly from a subcritical cycle in that the heat rejection
stage occurs above the critical point of the refrigerant, and therefibrdoes not
condense. Hence, instead of having a condenser in the cycle, the heat rejection
occurs in a gas cooler. Cooling of the refrigerant in a gaseous phase allows for the
leveraging of the temperature profile, i.e., the temperature glide, exhibitgd
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sensible coolingather than condensatiorat near constant temperature to reduce
exergy destruction. A comparison of the heat rejection process for a subcritical heat
pump (a) and a transcritical heat pump (b) is showhigure4.

P2 P2
Condenser
Y v T 1
Expansion e Work In :
vave T T}  TTTmmmc
Evaporator Compressor
P1 P1

Figure3. Subcritical vapour compression cycle

1a) Critical point 1)
. ritical poin o Heat rejection
>
» Heat rejection ]
g < /.\ <
o o
\ ; Expansion Compression
Compression
Evaporation I Evaporation l
Specific enthalpy Specific enthalpy
2a) 2b)
[
% E Gas cooling
] Condensing g
8 o
£ G
e &
Specific entropy Specific entropy

Figure4. Comparison of 1) Presstgathalpy and 2) Temperatwentropy diagrams
between a) subcritical and b) transcritical heat pumslapted fromAustin and Sumathy
[16].

2.1.2 Configurations

There are two main aspects for the arrangement of components for a heat pump
system ¢ one is the configuration of the heat pump, and the other is the
components within the heat pump itself, i.e., the cycle architectparticularly in

the case of a clogkcycle heat pump. In this work, the configuration of a heat pump
refers to whether the heat pump, as a system, is open cycle or closed cyéte and

8



whether it has any additional components outside of the heat pump itself that is
integral to theintendedoperation of the heat pump system.

Arpagaud17]identified five main configurations that are employed in the field of
HTHPsThe first and most common configuration of heat pump for all temperature
levels (not jusHTHPsJs the closed cycle configuratioRigure5). All closed cycle
heat pumps will include some form of heat absorption (onto a refrigerant),
compression, heat rejection (from the refrigergnand expansionwhere the
refrigerant is in a closed cydmd there is indirect heat exchange between the sink
stream and the refrigerant stream.

Gas Cooler

Expansion ¥
valve

Evaporator

Figureb. Closed cycle heat punfgpanscritical)

The second heat pump configuration is an open cycle heat pagpreéa). Open

cycle heat pumps will generally use a process heating stream, such as steam, as the
working fluid. In an open cycle configuration, the exhausted process heat vapour is
recompressed to the set point temperatyrethere the process itself acts as the
heat rejection expansionand heat absorption stagesf equated to a closed cycle

heat pump. The most common employment of the open cycle heat pump is
Mechanical Vapour Recompressidi\(R which recompresses steam to a higher
saturation pressure and temperature.

The third heat pump configuration is an open cycle with a flash teigu(e6b).
Similarly to the open cycleonfiguration(Figure6a), the open cycle with a flash
tank can also be used when the process heating fluid is used as the working fluid.
However, he open cycle with a flash tank is most appropriate for when the process
heating fluid is exhausted from the process as a liquid rather than a vapour.
Dropping the pressure of the exhausted liquid allows a portion of the waste heat
stream to be vapourisedvhich carthen be compressed through an MVR. This can
be done directly on the process stream or indirectly using a separate feedwater
stream, annotated by the blue dotted line Figure6b. The third configuration
(Figure6b) is most suitable for when the waste heat temperatures are relatively
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high, i.e. the temperature lift across the MVR is relatively small, as a single MVR
unit can only increase the saturation temperatureugyto 15 K[18].

__________

: Heat sink ' Heat sink !
HPS
wps 1
________ MVR -+ 1 Work In !
MVR ----1 Work In !
Lps
PODCERIC DN ' Feedwater , h
+ Heat source  (optional)

(waste heat)

_____________

Heat source
(waste heat) !

~

a) Open cycle heat pump b) Open cycle heat pump with a flast
tank

Figure6. a) Open cycle heat pumgnd b) open cycle heat pump with a flash tank.

If the waste heat temperature was too low, it would require multiple MVR units
integrated in series to achieve the required temperature lift. As a result, the capital
cost would increase significantly, particularly if more than one additional MVR unit
is reeded. Instead, a fourth configuration could be employed to achieve the higher
temperature lift requirement Figure7a). The fourth configuration is similar to the
third configuration; however, the lower temperature waste heat is first upgraded
using a closed cycle heat pumphe available heat now exists at a higher
temperature as a liquiéind is therflashed to produce vapour that is compressed
to a higher pressure. This exploits the higher COP that can be achieved by an MVR
for increasing the temperature of the steam but reduces the need for stabimg
MVR units At the same timemoderately high COR=n be achieveffom a heat
pump overthe larger temperature increase.

The fifth configuration takes a similar process to the fourth configuration but
instead uses a closed cycle to heat a pressurised hot water loop, and which is then
used to produce steam in a steam generatéig(re7b). The heat transfer between

to produce steam is done indirectfigrough a pressurised water lopgvhereas in

the fourth configuration, the heat sink of the closed cycle heat pump is the fluid
which is flashed and upgraded in the MVR.
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hot water loop
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. generator
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S

a) Closed cycle + flash tank + MV b) Closed cycle + pressuriset
(open cycle) hot water loop + steam
generator

Figure7. a) Closed cycle + flash tank + MVR (open cycle) heat pump configuatidy)
closed cycle + pressurised hot water + steam generator heat pump configuration.

2.1.3 Refrigerant selection

Refrigerant selection is a critical decision in the development and integration of a
HTHPwithin an application. The selection process is inherently complex, as the
choice of refrigerant must be driven by the process requirements, yet it also directly
influences the cycle architecturperformance and design of the heat pump. These
process requirements include safety (toxicitflammability, and operating
pressures), environmental impact (GWP and ODP) and thermodynamic suitability
for achieving the requiré temperature lift and capacity per unit size. Additionally,
the cost and longerm availability of a refrigerant should be considered to ensure
the viability and sustainability of the heat pump system. Crucially, no single
refrigerant excels in all thesespectsand the optimal choice will be a balance of
trade-offs specific to each application.

Refrigerantdor HTHP@re typicallyclassified asynthetic HCFOs, HFOs, H}-@rs
natural refrigerantg8]. Whilehalogenatedsyntheticrefrigerants (HCFOs, HFOs and
HFCs)ften deliver higher performance the use of these refrigerants is being
banned in many regions, such as the EU, with the potential for other countries to
follow in this direction[12]. Despite trade-offs in performance, safety, and
environmental impact, opting for loeWP and lowDDP refrigerants generally
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ensures better alignment with climate targets and evolving regulations. As a result,
research to improve the performance of natural refrigerants will be required.

Tablel lists natural refrigerants that are suitable fdiTHPswhich includeCQ, air,
water, and hydrocarbong he corresponding advantages atidadvantagesf the
refrigerants are also listed witihe corresponding 20 yea(GWP20and 100 year
Global Warming Potential(GWRO00) relative to CQ Ammonia is the most
commony used natural refrigerant While traditionally used for refrigeration
recent demonstrations show the potential for higher temperature applicatj@8$
Simulation studie®f ammoniaHTHP#$ave shown that the COPs achieved can be
relatively high[13], but its high toxicity can be a prohibitive barriétydrocarbons
have also been demonstrated to achieve high COPsHHPs though their
widespread adoption is limited by concerns over flammabjli8}.

Air is an abundant and loaost refrigerant but its low specific heat capacity leads

to poor COPs and requires oversized componefiiscan be suitabléor Brayton

heat pumps as some of the exergy can be recovered using an expander to
compensate for the generally lowerformance[20]. Like air, water is also an
abundant and inexpensivefrigerantwith the added benefit of having a very high
specific heat capacity, enabling high COPs. However, the boiling point of water at
near atmospheric conditions is relatively high, which necessitates high source
temperaturesg making it unsuitable for processesth low-grade waste heat.

CQ has low toxicity and low flammability. Although tiOPof CQ heat pumps
for large temperature glides is lower thathe COPs thattan be achieved
hydrocarbonheat pumps CQ has a very high volumetriteat capacity[21]. This
enabkscompact heat pump designshich isa large advantage for the retrofit of
existing plantsFor large scale applications, £€an beadvantageous over the
higher performing natural refrigerants at the temperature lift and glide required,
namely ammonia and hydrocarbofik3].

Other natural refrigerants can also be used for Brayton heat pumps such as helium,
argon and nitrogenwWhile inert and nortoxic, heliumwould be a costly option for

an industrialscale HTHP due to the sheer amount of helium requénedl its rarity
relative to other refrigerants. At presensome helium HTHPgeversedStirling
cycle)have been developed however, the COPs are generallgser to lat the
required temperature$22], [23] Limited research exists for argon and nitrogen in
the use of high temperature heggumps Argon and nitrogenhave comparable
specific heat capacities to €®ut much lower volumetric heat capacitieé\
comparison of these natural refrigerants Brayton and Stirlingheat pumpshas

been given in the Appendix (Secti8rb).
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Tablel. Natural refrigerants for high temperature heat punijp4), [25]

ASHRAE P T. GWP20/
. crit crit .
Refrigerant (bar) °C) GWP100 Advantages Disadvantages
No. | Class.
Ammonia | R717| B2 | 113 | 132.3 0/0 Already well established in Toxic
refrigeration Flammable
High volumetric heating capacity , .
CQ R744 Al 74 31.0 1/1 Suitable for large temperature glideg High pressures required
. T Lower COPs
Transcritical operation is common
0.022/ : Flammable
Butane RE00| A3 38 152.0 0.006 High COPs Low volumetric heating capacity
Isobutane | R600a| A3 | 36 | 1347 13 High COPs Flammable .
Low volumetric heating capacity
Flammable
Pentane | R601| A3 34 196.6 -14 High COPs High source temperature required
Low volumetric heating capacity
isopentane| R601a| A3 | 34 | 187.8 /4 High COPs Flammable .
Low volumetric heating capacity
Water rR718 | A1 291 373.9 0.2 High CO!:’S High source ter_nperat_ures requ!red
Abundant refrigerant Low volumetric heating capacity
Abundant refrigerant
Air R729 - 38 -140.6 -/<0.001 Suitable for high temperature lifts LO.W CORS :
. . Low voumetric heating capacity
Possible for large temperature glide
Limited production and growing
Helium R704 | Al 2.27 -268.0 0/0 Inert and nonrtoxic demand
Low volumetric heating capacity
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The toxicity of ammonia is generally considered a well mitigated risk in the
refrigeration industry and therefore the adoption risk for ammonia can be
perceived to be lower. However, the refrigerant charge in a high temperature
ammonia heat pump for spragrying would be significantly larger than a typical
ammonia refrigeration unit, as the minimum heating demand would be much
greater than the minimum cooling demaiib]. In addition, ammonia is flammable

at concentrations between 15 and 28% by volume in air and when mixed with
lubricating oils, the flammable concentration range increg2&$§ The risks of using
hydrocarbons are also amplified in large scale applications as a result of the charge
and high flammability of hydrocarbons. The volumetheat capacity of
hydrocarbons is lower than Gecessitating much larger heat pump systeiite

use of Cin HTHPs does not come without challenges. Whilgh@®low toxicity,

it presents an asphyxiation risk. Additionally, extreme pressures (>100 bar) are
required for CQ@ systems, which leads to higher cost componentry to maintain
safety requirements. Developments in £ THPs need to address the challenges
to lower the adoption risk8].

2.1.4 Challenges for heat pumps

Adoption of heat pump technology is rapidly growing, however, the penetration
level of heat pumps in largecale industrial processes is still relatively [@8].

There are various challenges, including geographical, technological, economic and
regulatory challenges, that are continuing to limit the uptake of heat pumps for
industrial processes.

2.1.4.1 Technological

Adamson et al.[8] reviewed hightemperature and transcritical heat pump
developments, identifying six key technological challengeblTorHRIevelopment
with possible solutions, summarised Tiable2. The challenges are mainly related
to the high pressures required for €eat pumps, which creates difficulty in the
identification of a suitable compressor for a LCEBTTHP Additionally, the
limitations of the electrical network are also an important technical barrier. Voltage
drops in the grid were identified by Aguilera et 9] as a significant potential
cause for unexpected shutdowns of largeale heat pump systems and the
resulting compressor damage.

2.1.4.2 Lack of expertise, policy, and regulation

As newHTHRNnnovations are developed, COP is no longer a sufficient performance
metric to compare heat pump systems due to an increase in the number of factors
to consider, which makes it difficult to categorise the heat pumps into accessible
information for the poential adopter.A lack of information and expertise around
process integration and installation of largealeHTHPseinforces the reluctance

for users to adopt heat pump technology with uncertainty further inflated by lack
of clear policies fo heat decarbonisation pathways and lack of regulation and
standards around the installation ¢({THP428]. Userfriendly, informative tools
related to the technical and economic considerations for installing heat pumps have
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the potential to reduce the risk for the potential adopter, however, are currently
not readily availabl¢30].

Table2. Technological challenges for high temperature transcritical heat pumps identified
by Adamson et a[8]

Challenge Possible solution
Select cycle structures that limit the
Extreme discharge pressures discharge pressure through:
1 required (>150 bar for GPwhich 1 Superheating prior to
surpass the performance of existin compression
compressor technologies. 1 Using refrigerants with lowe
critical pressures.
Requires compression ratios great
than 8 also surpassing the curren : ,
2 Use multiple compression stages

specifications of commercially
available compressor technologie

Optimise temperature profile match
3| Identifying efficient refrigerants. between the refrigerant and the
source/sink.
Investigate tradeoffs between fluid

4 Large heat transfer surfaces velocity, pressure drop, required
required. pumping power, and cycle
temperature lift.
Requires lubricants that is suitablg :
5 Use oilfree compressors.
across the full temperature range
Cool the refrigerant prior to
6 High expansion losses due to hig expansion.
compression ratios. Use expansion work recovery

devices, such as ejectors.

2.1.4.3 Economic

While the use of heat pumps has been demonstrated to yield reduced operating
costs, considerable capital investment is requifatl]. The capital investment not
only encompasses the high upfront cost of the heat pump but also the required
costs for structural changes to retrofit existing industrial systems. Government
initiatives can help to ease the financial risk for the potentiatrudiowever,
expertise and technological readiness is still required. An example of such an
initiative is the Government Investment in Decarbonising Industry Fund (GIDI) in
New Zealandwherethe New Zealand Governmeptedged650 million dollars of
funding for the subsidisation of process heat decarbonisgdBah

2.1.4.4 Geographical location

The efficacy of heat pumps in the context of decarbonisation is reliant on the way
electricity is generated at the location where the heat pump is installed. For
example, the emissions reduction of displacing natural gas consumption in a
process by instafig a heat pump would result in marginal, if any, reduction in
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emissions if the electricity in the region is generated using coal. Additionally, the
climate of the location can influence the efficiency of the heat pump. Yokoyama et
al.[33] found that the COP of a transcritical Z@at pump decreases with ambient
temperature, and thus temperature control of the space where the heat pump
being installed is an additional factor to consider in the installation of transcritical
CQ heat pumps.

2.2 Stateof-the-art for high temperature heat
pumps

Heat pump performance varies significantly depending on the refrigerant, cycle
configuration and placement of the heat pump within the procgsIn general,

as the temperature lift between the source and sink increases, the performance of
a heat pump decreases, which is a challenge that must be mitigated in the
development of aHTHPRInherently, this is true aa result of the thermodynamic
limits, i.e.the CarnoiCOP decreases. However, as the temperatinmerease there

is also greater thermodynamic strain on the system components, which can
decreasethe performance of the overall heat pump systerVhile some
developments have produced higemperatureheat pumps that can achieve large
temperature lifts they do not necessarily produce large temperature glickasd

vice versawhichwould berequired to substitute the function of a traditional boiler.

2.2.1 Developmentsigh temperature heatquinmplogies

HTHPsare being continually developed to increase the sink temperatures that they
can supply[34]. HTTHPs argaining interest due to the ability to exploit the
GSYLISNI GdzZNBE LINPFAES 2NJ GGSYLISNF G§dz2NBE 3t ARSE
efficiency of high temperature heatinghe IEA Annex 58 Tasg Technologief35]
provides an overview ofiTHPdemonstration cases above 100 16.the 150¢

200 °C temperature range, many of the heat pumps that have been developed are
focussed on steam generatioA Stirling heat pump with R704 (helium) as the
refrigerant has achieved temperatures tgp183 °C for steam generation and has
been demonstrated for a pharmaceutical application. The heat pump system has a
reported capacity of 1. MW and a technological readiness level (TRL) of 7 to 9 with
a COP of 1.7 when using a 3&8Grce[36]. In this system, a very large temperature

lift (approximately 150C on average) can be achieved but the temperature glide
at steady state operation is only 5 °C. Another demonstration stganerating

heat pump, using R600a (isobutane) as the refrigerant, is under construction at a
pulp and paper plant. At a source temperature of 15 °C and sink heating from 104 °C
to 170 °C (66 °C temperature glide), the system expects to achieve a C{37]of 2
The 12MW heat pump is intended to supply steam at 170 °C for thermal power
production. The manufacturers claim that the systems can achieve a maximum heat
sink temperature of up to 250 °C with a maximum temperature lift exceeding@00
Table3 lists further demonstration casesf heat pumpssupplyng temperatures
above 150 °C.
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Table3. High temperature heat pump demonstrations reported in the Annex 58 that can produce temperatures abovigs,50 f1C

Jl 5 g J| s Jl =l J| iid ] e Ca acity
No Manufacturer Refrigerant e 'fff‘ﬂ voom) Tleo® v o vie e " Ccop
J (°C) (°C) Q) | (C) | (Mw)
70 95 2.5
=
1 KOBELC[38] (Hiifg?lgiig:;a 20/12'(:5021_”3))’ 168 95 (HP) 0.624
P: P- 50 115 2.2
-10 160 1.4¢ 1.6
Svnthetic 90/150 60 15 135 1.7¢1.9
2 AtmosZerd39] (un3s’ ecified) 0.65
P 40 110 1.9c2.1
90/165 75 15 150 1.6¢1.7
3 ecop Technologies GmK#0] R704 120/150 30 120 30 0.7 5.8
P 9 +Argon +Krypton ' '
R245fa, -/160 - 100 60 3.0
4 Rank{41] R1336mzz(2), 0.12¢2.0
R1233zd(E) -/1160 - 116 44 2.8
Svenska Rotor Maskiner
5 International A§42] R718 159/160 1 91 69 1.0 1.9
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Jl S J| Jl M J| | J| E Ca aClt
No Manufacturer Refrigerant LM d;," v e ® Alve o wibm U B pacity COP
? (“C) (°C) (C) | O | (Mw)
101 59 1.31 2.6
111 49 2.13 3.8
R1234ze, R1233z¢
SPH Sustainable Process Heg R1224yd,
6 GmbH[43] R1336MzE, -/159 - 95 64 0.3¢5.0 3.0
R1336mzZ
36 148 1.7
178/183
7 Olvondo Technology A33] R704 5 60 123 0.5 1.9
154/159 60 99 2.1
8 Heaten[44] HCs, H.FOS 155/165 10 120 45 1.0¢ 8.0 4.6
(unspecified)
85 117 2.0¢2.15
206/212 5
9 Enerin[45] R704, R728 16 196 0.3¢10.0 1.6¢l.7
154/160 135 25 3.3¢3.7
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J| Jl i Ml J| il g = Capacit
No Manufacturer Refrigerant v d;," v e ® Alve o wibm U B pacity COP
d (°C) (°C) C) | (Mw)
80 80 2.2¢2.45
16 144 1.75¢ 1.9
10 Turboden S.p.487] R600a (HP), R718 1441170 66 15 155 5.0¢ 40.0 2
(comp.)
11 MAN Energy Solutiorf46] R744 50/150 100 20 130 | 10.0¢50.0 2.85
105/150 45 115 35 4.1
12 Siemens Enerdg7] R1233zd(E), 8.0¢ 70.0
R1234ze(E) 20/190 (incl. ' '
- 80 - 2.9
comp.)
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Some manufacturers have explored the use of heat pumps to supply pressurised
water at temperatures above 100 °C, which is expanded and flashed to produce
steam and then compressed to a higher temperature and pressure. An example of
such a system was comnuéglised in 2011, which can produce approximately
600kW of steam at 165 °[38]. The system can achieve a COP of 1.9 with a source
temperature of 50 °C and a sink inlet temperature of 20 °C. The refrigerant used
was a R245fa/R134a mixture. Another option is to use an open cycle system, where
the heat is rejected to the process. Onpem cycle systern48] is able to produce
superheated steam at 24 (201°C saturation temperature) with a high COP of
4.7 for a pulp drying application (approximatelyMI¥V heating capacity). However,

the system requires a very high source temperature of X33which makei less
suitable for many process heating applications

2.2.2 Transcritical heat pump cycle concepts

For the development of a GOHTTHPR it is important to consider cycle
configurations that can achieve the high sink temperatures required while
maximising the COP of the system. Transcritical @@t pump systems in the
literature that have sink temperatures greater than 80 °C were the focus of the
review with some unique cycle configurations identified with sink temperatures
less than 80 °C also included to identify potential cgelbancing comonents or
configurations.

HTHP and transcritical heat puropcles were reviewed by Adamson et al. [7]; the
article introduced a coding system to classify the 49 unique cycles found in the
literature. The following review will use the same coding conventiummarised

in the AppendixTable34to classify the cycles and also for additional cycles found
from other review papers (review articles hable 35 and individual research
articles in Table 40). For individual articles, both simulation/thermodynamic
analysis and experimental research articles were considered that included the key

GSNX¥ayYy aiGNIYyaONRGAOIE wrtnn O8O0ftSaés aiGNIryao

08 O0f Saé¢ | yR & KRABNK SBNQISINI KNS LY LA ¢ @ ¢ KS

for the heat pump and the type of research conducted (simulation or experiment)
for each individual article msoidentified inTable34. A review of market available
heat pumps was also conducted to understand the current climate of transcritical
heat pumps in industryT@able41).

2.2.2.1 Internal heat exchangers

The simplest transcritical heat pump cycle-{)is shown ifFigure8, featuring an
evaporator, compressor, gas cooler and an expansion valve. In transcriti¢ed&@ O
pumps, the large pressure differences across the compressor and expansion valve
can result in significant exergy destruction and therefore limits the performance of
the heat pump. The most common modification to improve the cycle performance
would bethe addition of an internal heat exchanger (IHX). The simplest IHX cycle
(T2-2) is also shown iRigure8. IHXs are commonly used to preheat the refrigerant

at the compressor suction inlet by cooling the refrigerant at the gas cooler
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(condenser for a subcritical cycle) outl®]. This simultaneously minimises the
compressor work and reduces exergy destruction during expansion.

40

X T
T1-1 ¢ Singlestage cycle T1-2 ¢ Singlestage cycle with IHX

Figure8. Cycle diagrams for Tlland T312.

Cao et al[49] performed an experimental comparison between theTand T12

cycle, i.e. without IHX and with IHX respectively, for heating water t¢Q 90°C,
finding COP improvements ranging between 1 and 7 % from the addition of an IHX.
In another study, Cao et gb0] also simulated the T2 system with discharge
temperatures up to 140C, finding COP improvements of up to 13% in comparison
to T1-1. The results of both studies suggested that the IHX becomes more beneficial
for the overall system performance when thesgeooler outlet temperature of the
refrigerant is higher, which can be attributed to greater heat recovery within the
cycle.

2.2.2.2 Economisers

Economisers are similar tiH>6 in that they are primarily used to subcool the
refrigerant prior to expansion, however, instead of transferring heat to the suction
inlet of the compressarthe refrigerant at the gas cooler outlet is expanded to an
intermediate pressure and temperature for compression intercooling. Economisers
can be in an open or closed configuratigigure9). In an open economiser
(sometimes referred to as a flash economiser), the expanded fluid enters a
separator where the vapour is separated and injected into the compressor between
the first and second stages. The separated liquid is further expanded tprior
evaporation. In a closed economiser, a portion of the refrigerant from the gas
cooler outlet is diverted and expanded to an intermediate pressure and
temperature. The intermediate pressure fluid exchanges heat with the remaining
refrigerant from the gasooler outlet before injectiof51].

The use of economisers was more commonly found in refrigeration applications.
Cecchinato et a[52] studied the performance of four transcritical &&cles (T8,

TE2, TE4, TP1) for a refrigeration application. The study found that tatage
compression with double throttling and closed economisersZ BHad TE) gave
efficiency improvements of up to 70 % compared to sikgggye compression with
single throttling (TB), however, the cycles were much more complex, increasing
the required installation costsFor heating applications, Agrawal et &3]
investigated cycles I, T3 and TE3 (Figure9). TE3 exhibited the highest COP of
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the cycles; the COP of-T'lwas limited due to the additional mass in the second
stage compressor and gas bypass enabled by tH& ddafiguration increased the
effectiveness of the evaporator in comparison te3TIHowever, the highest
discharge temperatie of 240 °C was able to be reached b8 With COPs that
were comparable to T8 for a discharge temperature of 160 °C, suggesting that Tl
3 is more suitable for higtemperature applications.

D
3{@

TE2 ¢ Two compression TE3 ¢ Two TE4 ¢ Two compression
stages with closed compression stages stages with closed and
economiser, IHX and with open economiser flash economisers and
external intercooling external intercooling

2

TE5 ¢ Two compression Tk ¢ Two TR1 ¢ Singlestage with
stages with closed compression stages closed economiser and
economiser with open parallel compression
economiser/
intercooler

iz

TR2 ¢ Two compression stages with T3 ¢ Two compression stages with IF
closed economiser and external intercooling

Figure9. Cycle diagrams for open and closed economiser heat pumpstage
compression heat pumps and parallel compression heat pumps.

2.2.2.3 Cascade cycles

Limited research exists for transcritical J@at pump cycles that produce sink
temperatures at 200 °C. A study by Sarkar €18, conducted in 2007, modelled
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T1-2 (and the subcritical equivalent) for various natural refrigerants, heating water
from 30 °C to 200 °C. For the G9cle, a COP of only 1.67 could be achieved,
markedly lower than the COPs of the ammonia, propane and isobutane cycles.

Coupled with lower efficiencies for standard heat pump cycle configurations, CO
heat pumps are generally regarded as unsuitable for industrial processes due to the
low critical temperature of Ccompared to the temperatures of industrial waste
heat[54]. Transcritical C{heat pumps are commonly asourced at temperatures

less than 30 °C, making high temperature |$isch as what is required for industrial
HTHPsless intuitive. Temperature lifts in heat pumps are a prevalent limitation to
HTHPdevelopment. Increasing the temperature lift in a heat pump requires the
refrigerant to be compressed to a higher pressure and may require more than one
compression stage. Generally, the efficiency loss due to increasing the temperature
lift is mitigated through intercooling (in mukstage compression cycles), for
example, by using economisers or external intercooling, and/or cascade
arrangements.

Cascade cycles are used to combine two heat pump cycles, generally the bottom
cycle condenser or gas cooler also acts as the evaparasuperheatefor the top
cycle(Figurel0). Oneadvantage of cascade cyslethat different refrigerantscan

be usedor each cycle, allowing for better refrigerant matchiBgth Wu et al[55]

and Yang et al56] analysed cascade systems with a subcritical top cycle, using
R1234ze(z) and R152a respectively, and transcritical bottom cyelg, @@h using

CQ, that produced sink temperatures ranging between 90 and 102 °C. Although
the operating conditions were generally similar, the COPs for the R152a cycle were
much higher for sink temperatures of approximately 100 °C, highlighting the
importance of refrigerat selection in highemperature heat pumps.

A more standard cascade configuration-@)Svith IHX on both the top and bottom
cycles was analysed by Yao et[&lf], achieving a COP of 2.2 for a discharge
temperature of 130 °C. Adamson et §B] proposed a unique transcritical
transcritical cascade cycle concept-jTwhere a singlstage transcritical cycle is
used to superheat the suction inlet of another singtage cycle to increase the
possible temperature lift.

Cascade systems can also be advantageous due their ability to better exploit
multiple sources and produce multiple sinks. In the cycle analysed by Wiy5S]al.

and Yang et al[56] (TS1), the two cycles have individual sinks and sources,
cascaded by a superheater for the bottom cycle and subcooler for the top cycle. For
an industrial heat pump, there is the potential for such a cycle to supply cooling and
heating for multiple procss streams and thus, displace more utility demand.
Further, multitemperature heat pumps can also exist as a+ascade system.
While the COPs are generally lower for these systems, sitaghe multi
temperature heat pumps can be advantageous totiove temperature matching

in the gas cooler or evaporat{8].
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TS1 ¢ Cascade with TS2 ¢ Cascade TT-5 ¢ Cascade with
transcritical, singlestage (left ~ with transcritical, transcritical, single
cycle/bottom) and subcritical, singlestage with  stage (top) and

singlestage (right cycle/top) IHX (top) and transcritical, single

with subcooler subcritical, single stage (bottom) with
stage with IHX gas cooler and
(bottom) cascade in series

o=

T3 ¢ Singlestage with mid TM-6 ¢ Cascade  TT1¢ Cascade with
gas cooler IHX and normal IH with transcritical, transcritical, single
singlestage with  stage (top) and
IHX (top) and transcritical, single
transcritical, stage (bottom)
singlestage
(bottom) with gas
cooler and
cascade exchange
in series

FigurelO. Cycle diagrams for cascade and mitdthperature heat pumps.

2.2.2.4 Temperature profile matching

While the COP increase betweenTand T12 was the main focus of the study by
Cao et al[49], the most significant effect on the overall system COP was found to
be related to the temperature profiles of the exchanging fluids in the gas cooler.
For heating water to 70 °C, a COP of 3.81 was achieved for a sink inlet temperature
of 10 °C, howeverhe COP was only 2.92 for a sink inlet temperature of 40 °C for
T1-2. Similarly, Jiang9] found in an experimental study that the COP ofiT1
increased by 15 % when heating water from 15 °C to 65 °C compared to heating the
water from 25 °C to 65 °C and Sarkar e{HE3] showed that the COP decreased
from 1.67 to 1.52 for T-L when the sink was heated from 100 °C to 200 °C
compared to 30 °C to 200 °C heating. Another study by Sarkafj@dtoncluded
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that 90 % of losses in the gas cooler are due to the temperature difference between
the exchanging fluids.

Closely matching the temperature profiles, i.e. minimising the approach
temperatures, of the Cfand sink improves heat exchanger effectiveness and
minimise losses in the gas cooler, therefore improving the system performance. Ye
et al. [61] used a pinch point analysis approach to achieve closer temperature
profile matching in the gas cooler by varying the discharge pressure, achieving a
COP improvement of 26.3 %. The extent which the temperature profile matches
can be optimised for a singgas cooler is limited, however, due to the nonlinear
dependence of thepecific heat of C{ntemperature As a result, high expansion
losses can still occur.

2.2.2.5 Expander and ejector cycles

With such high expansion losses in,C{Zles, expansion work recovery becomes a
viable modification for CEHTTHPRsusing either an expander or an ejectéigure

11). Expanders operate inversely to compressors and thus have similarities in type,
e.g. piston, screw, screw and turlp@2]. When the refrigerant is expanded, work
can be recovered which minimises the total work required by the heat pump
system.Ejectors recovethe expansion worlof the high pressuraefrigerant by
convertingexpansion work intdo kinetic energyIn doing this, a vacuum is created
(as a result of the high velocity), which entrains the lower pressure refrigerant out
of the evaporator. An intermediate pressure fluid results which simultaneously
decreases the compression work required by the compressor and reduces the
expansion losses.

Ma et al [63] performed a comparative analysis of expander, €@les (T, TX

3, TX4, TX5) where the expandewas used to power the compressor or one of the
compressors for two stage compression. The study found that the use of an
expander for twestage compression without intercooling held little benefit
compared to a singlstage expander system. However, th@Cof the twestage
system could be significantly improved with the addition of intercooling. Powering
the high (T>6) or low (TX4) stage compressorsing the expander did not differ
significantly for the heating COP, however, the cooling COP fBriis higher. For
cases where the objective is simultaneous heating and cooling, using an expander
to power a highstage compressor with intercooling woudé advantageous.

While expanders tend to have higher efficiencies than ejectors, the complexity and
the capital cost of an expander heat pump is far greater than an ejector heat pump.
However, in situations where the heat pump could have fluctuating loads, an
ejector systen would cause challenges due to its fixed geometry. The operation of
a spray dryer is generally fixed, which makes it possible to use ejectors for
expansion work recovery. Zhang et 4] performed an extensive review of
ejector heat pump systems, concluding that the performance of heat pump cycles
in general can be improved by more than 30 % through the use of ejectors. Many
experimental transcritical G@jector heat pump systems have also demonstrated
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the performance improvement resulting from ejector cycles, -Iland T1e2,
compared to basic transcritical cycles,-Tland T2 [65], [66], [67] With the
substantial COP improvements and very low capital cost, ejectors have significant
potential in future heat pump development, therefore, ejector developments will
be investigated further in this review (Sectidr?.3.9.

TX1 ¢ Singlestage with  TX2 ¢ Singlestage with Tx3 ¢ Two compression
expander expander and IHX  stages with expander or
the low stage

TX4 ¢ Two cimpression ~ TX5¢ Two compression Tlel ¢ Singlestage

stages with expander on  stages with expander on with ejector and
the low stage and externa the high stage and externa separator
intercooling intercooling

Tle2 ¢ Singlestage with
IHX, ejector and
separator

Figurell Cycle diagrams of expander and ejector heat pumps.

2.2.2.6 Conclusions

The primary objective ilTHRIevelopment is to increase the temperatures which

it is possible for heat pumps to operai economically. At present, high
temperature lifts in transcritical heat pumps result in restrictively low COPs with
little research cascade and singiage cycle configurations that can produce sink
temperatures above 200 °C, utilising expansion work reggvinternal heat
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exchange and optimising the temperature profile matches in the gas cooler to
minimise the discharge pressure requirements and increase the cycle performance.

2.2.3 Components

2.2.3.1 Compressors

One of the key challengesiHtrHRlevelopment is that som&echnologieoperate

at conditions which surpass current compressor performangarameters The
objective of ths section of theeview is to providen overview ofhe current state
of-the-art for market available compressors and identify which compressor types
are the most suitable foa CQ HTTHPIt should be noted that compressors in
HTHPsare largely bespoke dudo the generally bespoke nature of high
temperature heat pumps and therefore thedhnical information is not readily
available.

Compressors are used to increase the pressure @gequently the temperature

of a gaseous fluid. There are two main types of compressors: positive displacement
and dynamic. All compressors are generally powered by electric motors which
consume work to power the shaft (shaft work)positive displacement compressor
works by decreasing the volume of the fluid. The method by which the volume is
decreased is different depending on the type of positive displacement compressor.
For example, in a reciprocagincompressor, the volume of the fluid is decreased
using a piston and cylinder whereas for a scroll compressor the volume of the fluid
is decreased using two spirals, one which is stationary and one which orbits. The
different types of positive displacemenompressor and their respective working
principles are given imable4. A dynamic compressor compresses a fluid by
accelerating the fluid to high velocity and then congdtie kinetic energy into
static pressure. Dynamic compressors are categorised by the direction of fluid flow,
given inTableb.

The pressures required for €@re often multiple times greater than that of other
refrigerants, resulting in large pressure differences across the compressor and high
expansion losses. In 2004, Hays and Bf@8kdeveloped a turbinecompressor
(expandercompressor) to integrate expansion work recovery for vapour
compression cycles. Although this design was shown to increase the efficiency of
the cycle, it wasiot until recently that centrifugal compressors were starting to be
seen on the transcritical GOompressor market at the scale that could be used for

a heat pumpThe reason for this delayed uptakdikely due to complexity and cost.

In 2021, MAN Energy Solutiofsow Everllence)ntroduced a higihemperature

CQ heat pump which uses a centrifugal compressor with an integrated expander
(HOFIMM), achieving sink temperatures of 150 The HOFIMM compressoris
desigred for pressures of up to 30 MPa. It was stated that the maximum sink
temperatures that could be produced by the heat pump could not be increased due
to the limitations of using G(as a refrigerant. Thermodynamically, this has been
proven to be untrug13]. However, it is unclear whether this statement was related

to the performance capabilities of the compressor or the chosen cycl@)TX
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Table4. Positive

displacement compressors

Type of
compressor

Subcategory Working principle

Reciprocating

The fluid is drawn into the cylinder and
compressed using the piston. The fluid is thé
discharged from the cylinder.

Reciprocating

Scroll

The fluid is compressed between two spiral
(scrolls). One spiral is orbiting while the othel
static, resulting in a reduction of the volume

the fluid as the pockets of fluid between the

scrolls ae slowly pushed towards the centre.,

Orbital

Screw

The fluid is compressed between two adjace

interlocking helical rotors (screws) that turn i

opposing directions within the housing. The

fluid is trapped between the two screws, an

the volume is gradually decreased througho

the rotation as the fluidnoves from the inlet
to the outlet.

Rotary

Vane

The fluid enters a chamber containing an
eccentric rotating shaft with vanes that slide
and out of the housing to meet the outer wa
of the chamber. As the shatft is aféntre from
the chamber, the vanes shorten as they rotal
causing the volume thahe fluid occupies to

decrease.

Rotary

Swing

The fluid is drawn into the chamber by the
orbiting motion of a piston which is
eccentrically connected to a shaft, vane an
ALINAY TP ¢KS dagAiy3aai
piston draws fluid into the chamber, reducey

Rotary

the volume and discharges the fluid.

Table5. Dynamic compressor types

Type of Working principle
compressor
The fluid is drawn into the compressor tangentially to the axi
rotation. The radial motion and radial design of the blades in
Radial impeller cause the fluid velocity to increase and the static
(Centrifugal)| pressure to rise as a result of the centrifugal force. Thécst
pressure is then further increaddy passing the higtielocity
fluid into a diffuser.
The flow of the fluid in an axial compressor is parallel to the
Axial of rotation. The fluid velocity is increased by multiple rotatin
blades and then diffused (resulting in increased static presst
by multiple stationary blades.
Mixed-flow Aspects of axial and radial compressors are combined to
(Diagonal) produce a diagonal fluid flow to the axis of rotation.
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The majority of compressors found as part of the review were reciprocating
compressorsA summary of the standardised market available compressors for CO
HTTHPs that were found is given Table 6. A Bock serdhermetic piston
compressor (HGX34/130 S CO2 TGEA) was used in astabe experimental
prototype developed by Zhang et §9] for producing water up to 86 °C. The GEA
AddCool CeHTHRalso uses a Bock seimermetic piston compressor to heat water

up to 120 °d70]. Dirr thermea thermeco271] uses reciprocating compressors
manufactured by either Dorin or Bitzer for supply temperatures up to 120 °C. The
Mayekawa Eco Siroc¢d2]and Eco Cute Unimi@3] heat pumps both used rotary
screw compressors for sink temperatures up to 120 °C, however, the technical
information for the compressor could not be found.

The Mistubishi Qon heat pump was the only one found to use a rotary scroll
compressor[74]. With the exception of the Bitzer and MAN Energy Solutions
compressors, which can achieve discharge pressures up to 16 and 30 MPa
respectively, all the compressors that were identified in the review would be unable
to achieve the pressures required foHfHP(>13 MPa). The implementation of
HTHPsds very limited in this respect, however, with the growing popularity of
Carbon Capture and Storage (CCS), which requiresdbipression to pressures
far greater than 15 MPa, there is the possibility thatrtowing innovations from
largescale CCS compressors to create compressorsTeétPsare not far in the
future. Although, 1 is uncertain when the scale and cost of these technologies will
become accessible foet THRmplementation[75]. Initially, itwould be beneficialto
investigate ways in which the discharge pressure requirementéoHTHRould

be reduceduntil compressor technologies advance in their design

The modelling of heat pumps is generally done through the analysis of individual
control volumesaroundeach component, with varying levels of detail that exist in
heat pump compressor modelling. Sarkar et[&B] used the simplest form of
compressor modelling for a highmperature transcritical C{heat pump where

the compression process is assumed to be stestdte and adiabatic but non
isentropic, using an assumed isentropic efficiency. The assumption for isentropic
efficiency has a significant effect on the calculated sink temperatures andTGe®P.
isentropic efficiency used by Sarkar et al. was 70 % for compression fravtPa.7

to 20 MPa. Neksa et 4I/6] developed a series of sehermetic reciprocating GO
compressors, measuring an isentropic efficiency (including the motor efficiency)
and volumetric efficiency of 0.69 and 0.77 for a single stage, compressing from 2.7
MPa to 6.9 MPa, suggesting that an isentropic efficiency assumption of 70 % is too
high fa compression up to 20 MPa as the isentropic efficiency is expected to
decrease due to increased entropy generation at higher temperatures. Modelling
of compressors using manufacturer data is getigrmore accurate, however, the
same problem is faced when investigating compressors at more extreme operating
conditions[77]. For detailed modelling, CFD can be used, however this would not
only require the design of a compressor but is often computationally intensive.
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Table6. Review of standardised markavailable C@compressors for heat pumps

Manufacturer | Compressor | Inlet Outlet Frequency| Displacement| Power Lubricant/ Other notes Reference
type pressure| pressure| (Hz) (m®/h) consumption| Lubricant
(MPa) | (MPa) (kW) charge (L)

Atlas Copco* | Centrifugal 0.01 20.5 50¢ 60 - - - Eightstages with [75]
intercooling. Large
scale (for carbon
capture and power
cycles)

GEA Bock Piston 1-5 4¢13 20¢ 70 6¢45 10¢58.7 BOCKIubE85/2.] Semihermetic [78]

-2.6

Emerson Piston 4-9 4¢12 - - - - - [79]

Bitzer Reciprocating | 4¢ 10 4¢16 50¢ 60 17.5¢21.1 <33.7 BSES85k/ - [80]

Mehrer - 0.01 1.9¢10 |- - 22 Oilfree/- - [81]

Dorin Piston 2¢85 5.5¢13 | 30¢70 13.8¢ 16.6 - -[2.5 Maximum [82]
temperature is
160 °C. Semi
hermetic.

MAN Energy | Centrifugal - <30 - - In the MW Oilfree/- Hermetic with [83]

Solutions range. integrated
expander
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2.2.3.2 Ejectors

In conventional heat pump cycles, such agrigure3, losses can occur during
expansion which results from friction. The magnitude of these losses is dependent
on multiple factors,includingthe thermodynamic properties of the refrigerant
However, large compression ratios generally result in greater expansion losses
which is particularly relevant faHTHPsOne way which expansion losses can be
minimised in heat pumps is by using ejectors. An example of how an ejector can be
placed in a heat pump is shown fiigurel2. Compared to the conventional heat
pump system, given ifrigure 3, the ejector introduces a third, intermediate
pressure (P3 as shown iRigure 12 where P1<P3<P2) which reduces the
compression ratio across the expansion valve and thus reduces the expansion
losses. Additionally, the pressure of the refrigerant leaving the evaporator is
increased through the ejector, lowering the compression ratio across the
compressor. Theoretically, this lowers the compression work required and
increases the COP of the heat pump.

—-)EG— Compressor
A
Ejector P3 P3
Separator
P3
P1
@ Expansion valve
P1

Evaporator

Figurel2. Ejector heat pump cycle example.

The working principle for an ejector involves two fluids, generally, afigbsure

liquid or gas and a lowressure vapour that mix to produce an intermediate
pressure vapourHigurel3). The higkpressure stream is referred to as the motive
fluid [84]. The motive fluid enters a nozzle that causes the fluid to accelerate and
generate a vacuum pressure or pressure which is lower than the pressure of the
low-pressure stream. This draws the lgaressure stream into the ejector from a
secondary inlet, mixigp with the motive stream in the mixing section. Once
combined, the stream enters a diffuser section within the ejector where the
velocity of the stream decreases and pressure is regained. The resulting pressure at
the outlet of the ejector will be beteen the high and low inlet pressures.
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Primary inlet: Nozzle Mixing Diffusing

High pressure Zone Zone Zone
liquid
e )
| e

Secondary inlet:
Low pressure vapour

Figurel3. Ejector working principleimage adapted from Adamson et ).

Ejectors are a low cost, simple in structure (compared to an expander), and low
maintenance modification that can be made to recover expansion work that would
normally be lost during throttling in heat pump systems. Ejectors also enhance the
cycle performace by increasing the suction pressure or decreasing the discharge
pressure, thus reducing the compression work and can function as a flash gas
bypass, reducing the required evaporator Ji@4]. The objective of the review was

to identify ways to optimise ejector design and placement in transcritical heat
pump cycles. The secondary objective of the review was to determine the level of
depth required for an ejector model that is sufficient to é&p a prototype system.
Review papers related to ejector technologies were included in the reviedld

36), which discussed the application of ejectors in vapour compression cycles.
Individual research articles related to high temperature transcritical €€xrtor

heat pumps and their associated challenges were also considéadted7). Some
unique ejector cycles that were identified with sink temperatures lower than 80 °C
wereincluded inTable34.

The function of ejectors in vapor compression cycles can be categorised into three
applications related to the placement of the ejector in the cycle: 1) Ejector in heat
driven refrigeration, 2) ejector for expansion work recovery and 3) ejector after
compression Figureld). The concept of ejectors used in heliven refrigeration

is not applicable to higkemperature heat pumps as the temperature of the heat
source for the generator must be greater than the sink temperature being
generated. Ejectors for expansion work recovery, e.g. cycled Bhel T1e2, are

the most common application of ejectors in tamitical C@cycles due to the large
amounts of exergy destruction that result from the pressure lift requ[g%g].

The majority of publications found related to ejectors used for expansion work
recovery focussed on refrigeration applications rather than heating, with limited
studies that could be found for the use of ejectors i, GOTHPY86]. Sarka[87]
proposed to modify the conventional ejector expansion cycle {Ij1® include
double expansion from the separator for evaporator quality control {T4e The
analysis considered sink temperatures up to 103 °C with the maximum sink
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temperature increasing by 10 °C with the proposed modification. However, the
COPs of Ti#a were found to be lower than Tik due to a lower optimum
discharge pressure.

Zhu et al[65]found that T1e2 increased the COP by up to 10.3 % compared to the
equivalent norejector cycle (T-R) for sink temperatures ranging between 50 and

90 °C. The optimal benefit from using an ejector oeediat approximately 70 °C

sink temperature (10.3% COP increase), however, the benefit of using an ejector
was still significant at 90 °C sink temperatures with a COP increase of 8.5 %. A
unigue ejector expansion cycle with two evaporators (Ble&vas modelld by Qin

et al.[88] for sink temperatures up to 110 °@sultingin similar heating COPs as
Tle2 (COP of approximately 4) for the same conditions, howdtveould achieve

a much higher total COP (COP heating and COP cooling), nearly double the total
COP of T1&.

a) Heatdriven ejector b) Ejector for c) Ejector after
refrigeration expansion work compression with pump
recovery

Figurel4. Application of ejectors in vapor compressigoles figure adapted from
Sumeru, Nasution and Ai&@9].

The use of an ejector after compression aims to reduceotherallwork required

by the systemas less work is required to compress a liquid compared to a vapour.
Although the liquid pressure out of the pump must be lower than the vapour
pressure out of the compressor, the volume of vapour that would need to be
compressed to that higher pressure uld be significantly smaller than a
conventional heat pump systerfiheoretically this resultsin a large increase in the
system efficiency and a much more compsystem, provided that the compressor
can supply the high temperature requirements. Bergari®] modelled the cycle
(Figure 14c) for a refrigeration application, finding that the cooling COP could
theoretically be increased by up to 38 %, with an energy saving of 16% shown under
the experimental conditions.

Chen et al[91] also investigated a subcritical ejector refrigeration cycle with the
ejector after the compressor, however, instead of a pump after the gas cooler, a
closed economiser was used. The analysis showed that the volumetric heating
capacity could be improved hyp to 7 % and the COP improved by 15 to 37 %
compared to a conventional heat pump system. There were no studies that could
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be found that investigated the performance of this configuration in a transcritical
cycle. The application of this concept in a transcritical cycle would likely require a
combination of the concepts proposed by Berganf@®®j and Chen et a[91], with

a pressure reducer (e.g. closed economiser) after the gas cooler, prior to the
separator, to condense the fluid for pumping.

The use of ejectors in GEITTHPshows very promising efficiency gains, however,
ejectors can introduce significant challenges for heat pump design. The behaviour
of ejectors, particularly transcritical ejectors, can be difficult to predict, with
multiple parameters that can affect thejextor efficiency such as discharge
pressure, ejector geometry and load characterisf@2]. The performance of an
ejector is most often characterised by the ejector efficieney ( , Equation2.1),

mass entrainment ratic' ( Equatior2.2) and pressure lift ratioX 0 | ¥quatior2.3)

[93].

— - 2.1
W j
a
S 2.2
a
DOY — 2.3
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The simulation methods for G@jectors are generallgither a 1D or 3D approach

[94]. In the 1D approach, the ejector is divided into four control volumes: 1) primary
nozzle, secondary nozzle, mixing section and the diffuser and analysed using
thermodynamic analysis. For the 3D approach, Computational Fluid Dynamics (CFD)
is used. From th perspective of heat pump modelling, 1D approaches are more
commonly used as they are less computationally intensive, however, are far less
accurate. Another challenge associated with ejectors is the inability to operate at
part load. For spray dmy, this is less significant as the conditions are generally
steady, howeverissuescouldarise during stadup and shutdown.

2.3 Process integration of heat pumps

The performance, selection, and, therefore, the design of a heat pump is heavily
influencedby how the heat pump is integrated in the process. Process integration
methods can be used to identify the optimal source (and sink) to supply the heat
pump and also to target the addition of components within the heat pump cycle,
for example, external suboters and superheaters. Presently, a lack of knowledge
exists around the integration diTHFor industrial processes and is a key barrier
to uptake [95]. The review will focus on papers that discisEHPfor industrial
processes but also includes some more general integration studies to help illustrate
heat pump integration methodologies. The objective of the review is to identify
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practical, accessible and efficient methoddH3fHHntegration that can be used to
integrate a newHTHHnNto the spray drying process.

2.3.1 Waste heat recosary heat pumps

2 KSy | LINROSaa aidNBFry SEraidta G | t286SN GSYI
industrial process, it is referred to as waste heat. This generally occurs following a
heat transfer process. Waste heat is often discarded; however, in many cases, there
is the potential for the waste heat to be recovered and further utilised within the
process to improve the overall efficiency of the system. In milk powder production,
there is hot water, generally Condensate of WhéZOW water)that can be
considered a wastheat stream from the evaporation process and exhaust air can
be considered a waste heat stream from the spray drying process. Waste heat
recovery is increasinigg popularity as a way to reduce energy consumption and is
already implemented in various forms within the dairy industry. In evaporation,
mechanical vapour recompression (MVR) and thermal vapour recompression (TVR)
are used to recover the water vapour fromet milk (tube side) which is then used

for heating on the shell side. Additionally, using tk®OW water from the
evaporation process to partially heat the air for spray drying is also a method of
waste heat recovery.

Waste heat recovery can be achieved heuristically, however, process integration
methods to achieve more efficient waste heat recovery are being continually
researched and developed. At the basis of many process integration methods is
Pinch Analysis, origafly proposed by Linnhoff et al]96]. Pinch Analysis is a
graphical method to help determine areas of heat surpluses and heat deficits within

a process to help establish the theoretical minimum amount of utibtyutility

targets that needs to be supplied to the process and to maximise waste heat
recovery. The undertaking of a Pinch Analysis involves the construction of a
Problem Table Algorithm (PTA), hot and cold composite curves (CCs) and the Grand
Composite Curve (GCC) for thiecess. The CCs and GCC, as showigimel5,

are a representation of the hot and cold streams within the process. The pinch
GSYLISNI §dzNBx O2YY2yf@ NBFSNNBR G2 Fa aiKS t A
indicating where the hot and cold CCs converge to the minimum approach
temperature 'Y ) [97].

The GCC and principles of Pinch Analysis are most used for the design of heat
exchanger networks but can also be used for the integration of heat pumps.
Conventionally, the objective of Pinch Analysis is to utilise as much of the heat
recovery potential whin the process as practically possibkgurel5b). Where

there is no potential for heat recovery, heating or cooling utility needs to be
supplied. The way in which a heat pump operates is to supply heating to a stream
using heat that is acquired by cooling a lower temperature stream and compressed
to a higher temperature and pressure. By Pinch principles, heating should only be
supplied above the Pinch and cooling should only be supplied below the Pinch as
heating below the Pinch and cooling above the Pinch should theoretically be fully
realisable throgh heat recovery, for example, using heat exchanger networks
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(HENS). As a result, to supply simultaneous heating and cooling with a heat pump,
the appropriate placement of the heat pump to reduce energy consumption and
maximise economic benefit is across the Pirkigyrel6).

o
-
=z

Heat deficit

Temperature
Temperature

Heat surplus

Enthalpy Enthalpy

Figurel5. a) Example of a Combined (hot and cold) Composite Curve and b) example of a
Grand Composite Curve.

Temperature

Heat
pump

Enthalpy

Figurel6. Example of heat pump integration using the GCC

The integration oHTHPsequires a multfaceted approach that considers many
factors, such as system efficiency, sizing, capital cost, complexity and scheduling.
Many have studied methods to integrate heat pumps in industrial processes to
optimise the system efficiency, howevepractical considerations are more
complex as they are unique to the individual application, with few studies
investigating the integration diTHPswvith sink temperatures greater than 90 °C.
The results of the review found that &k pump integration methods could be
classified into four general categories:

1. Pinch Analysis or insight based
2. Mathematical optimisation based
3. Process simulation based

4. Hybridof 1¢ 3.

Pinch Analysis based methods were found to be the most accessible heat pump
integration methodsGraphical visualisation through the GCC is used to obtain the
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appropriate placement of a heat pump within the procg®)]. Schlosser et dP9]
extended Pinch Analysis principles for targeting heat pump integration for retrofit
applications, proposing a heat pump bridge analysis method using modified energy
transfer diagrams.

Mathematical optimisation basedheat pump integration can ensure the
identification of optimal results for the selected objectives and constraints
Additionally, mathematical optimisation based heat pump integration methods
provide the advantage of reducing the manual input, however, for the same reason,
there is less flexibility in considering the practical limitations for the application
[100]. A hybrid approach that combined Pinch Analysis and mathematical
optimisation for heat pump and storage integration for Roontinuous processes
was proposed by Stampfli et al101]. Wallerand et al.[102] proposed an
interesting method which also combined Pinch Analysis and mathematical
optimisation for the integration of industrial heat pump¥he method involved
targeted the design of heat pump superstructures with optimal COPs and lowest
total annualised costs.

Yang et al[100] noted that these existing methods of heat pump integration rely
on the accuracy of the heat pump modets determine the heat pump
performance Additionally, conventional heat pump integration cases are more
widely established for subcritical heat pumps, where tfigl&w efficiency of the
cycle is estimated based on the ratio of the irreversible process to the Carnot
equivalent proces§101]. Schlosser et a]30] recommended that for transcritical
heat pumps, it would be more appropriate to use the Lorenz efficiency. Jensen et
al. [103] developed a generalised method for the estimation of heat pump COP
using the Lorentz cycle, finding that Lorenz efficiencies between 45 a¥dcsild

be used as a reasonable assumption. It is unclear whether the assumptions are
reliable for transcriticaheat pump cycles with greater cycle complexity.

Yang et al[100] proposed a heat pump integration method which combined Pinch
Analysis and rigorous simulation. The proposed method aimeiinfwove the
potential reliability of conventional process integration methods which rely on
accurate heat pumpmodels Process simulation based heat pump integration
methods have the benefit of providing insight to the interactions within a process,
however,they can possibly lead to missed opportunities for efficiency gains related
to the process structure and can be computaidly intensivg104]. Although the
contributions of Yang et dlL00]proved to be effective, the method relies on Aspen
HYSYS and MATLAB which are not only computationally intepsbeess
simulatorsbut also can beinaccessibly expensivier energy users needing to
decarbonise

Schlosser et al30] found that heat pumps with COPs between 3 and 6 were
favourable for heat pump implementation in industrial applications. However, a
heat pump iggenerally consideredconomically feasible if the COP is greater than
the ratio of electricity cost to fuel cost multiplied by the efficiency of the alternative
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heat generation[105]. With the rapidly increasing prices of fuel, resulting from
supply constraints or taxation, the COP required for the heat pump to be
economically feasible will decrease, which is favourable for teigiperature heat
pump integration.

From the review, it is clear that there is a lackwégrationmethodsfor integrating
HTHPsn the spray drying process, resulting in potential missed opportunities for
efficiency gains and heat recovery that is integrated with the heat pump
Incorporating Pinch Analysis principles in the design of the heat pump, e.g.
temperature profile matching or the appropriate placement of expansion and
compression operationgouldalso bea promising avenue faesearch.

2.3.2 Quantifying economic heat pumping

Thereisl gARS NIy3aS 2F YSGONAROa FyR Faaz20AlGSR aN
performance of a heat pump and are subsequently used for the integration of the

heat pump. The review aims to provide morediepth analysis to the applicability

of the metrics forthe comparison oHTHRperformance and integration.

COP is the most common metric used to characterise heat ppenfprmance;
however, many types of COPs exist that benefit different applications. At the
simplest level, the Carnot CQP ) describes the theoretical maximum COP
that can be achieved by the heat pump for the given temperatures (Equaidns
and 2.5), where"Y is the temperature of the higkemperature sink reservoir and

"Y is the temperature of the lowwemperature source reservoir and is often taken
as the temperature of the sink outlet and the temperature of the source outlet
respectively Figurel7a).
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Figurel7. Comparison of Carnot using a single heat pump and multiple heat pumps to
calculate COP.
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The Carnot COP is commonly used to provide a benchmark for the performance of
the heat pumpas a measure of ththeoretical maximum efficiency. However, for
applications where there is a large temperature glide in either the heat source or
heat sink, such as iHTHPsthe Carnot COP could provide misleading results.
Reinholdt et al[106]showed that by discretising the source and sink temperatures,
such that a mean COP can be calculated through the approximation of multiple heat
pumps and applying the Carnot relations, the COP will approach the actual
theoretical maximum, i.e. ideal CORgurel7b shows this concept for the case of
three heat pumps.

The Lorenz COP uses the same concept proposed by Reinholdt et al. but for an
infinite number of heat pumps, increasing the accuracy of the approximation. The
Lorenz COP is calculated using the logarithmic mean temperatures for the source
and sink rather thn the sink and source outlet temperatures that are used to
calculate Carnot COP (Equati@®) [106]. Reinholdt et al. considered the
discretisation of the source and sink temperatures both finiggly infinitely, using
Lorenz COP, finding that the results differed significantly from the conventional
Carnot COP by 37% and 51% respectivély ( /7Y r =40/15 °C,

Y 7 I'Y i =60/90 °C), sbwn inTable7. Additionally, the same calculations
were included for a smaller sink temperature glidé ( /'Y 5 =80/90 °C)
where the percentage difference was shown to be less significant.

ow W 2.6
“Yr Yh
VA p— N 2.7
"y I 1Y
e Y
A ! 2,
Ty | 1Y 8

For real life, i.e., irreversible heat pumps, the COP is usually defined as the ratio
between the useful heating or coolirzgnd the required compressor work, referred

to in this review as the actual COP. It is a useful metric as it is directly related to the
operating cost of the heat pump. For heating, cooling and simultaneous heating
and cooling, the COPs are given by Equst2.9, 2.10and2.11 respectively.

o M : 2.9
w
o M ,U 2.10
w
5 v 9 211
w

39



Table7. Comparison using Carnot COP (conventional), discretised as 3 HP and discretised as
n heat pumps (Lorenz COP) for the source and sink temperatures used indRenabl
[1L06]and for sink inlet temperature of 80 °C.

Y [t R Y r XY R

= 40/15 °C =40/15 °C

Operating conditions
Y ORTY § Y R TY §
60/90 °C 80/90 °C
Method COP % difference CoP % difference

Carnot 1HP 4.84 0 4.84 0
Carnot 3HP 6.68 38 5.04 4
Lorenz 7.33 51 6.21 28

The accuracy of these COPs relies on the accuracy of the values used for
heating/cooling capacity and work input, which either requires modelling or
experimentation on physical systems to develop correlations. This can involve
complex modelling using firgirinciples andequires knowledge offactors such as

the working fluid and compressor technology. Many studies have proposed COP
correlations that simplify the estimation of COP based on the required operating
parameters. Schlosser et §0] developed correlations to calculate the COP using
regression analysis for different temperature ranges for industrial heat pumps,
including transcritical COnheat pumps, and the logarithmic mean source and sink
temperatures. However, the validity of the correlations only holds up to the sink
temperatures (~90 ° C) which existing heat pumps operate at. It was also noted by
Pieper et al[107]that heat pump COP correlations are usually derived from single
stage heat pumps and are unreliable for tstage heat pumps. The same would

be true for newer cycle innovations and therefore it is necessary to develop either
a robust and detailed thermodyamic model or develop a representative prototype

in order to calculate the COP.

The second law efficiency combines the concept of the actual COP and ideal COP to
determine the effectiveness of the heat pump relative to its maximumssible
performance. Generally, the Carnot COP is used as the ideal COP to calculate the
second law efficiency (Equati@il?2). The Lorenz efficiency is the equivalent of the
second law efficiency but using the Lorenz COP in place of the Carnot COP (Equation
2.13). Another common method to calculate the second law efficiency is by using
exergy (Equatio2.14), using the ratio of exergy transferred to the ratio of exergy
input. The Carnot and exergy second law efficiencies can vary significantly while the
Lorenz efficiency and exergy efficiency tend to be more in agreerfi8].
Exergetic efficiency requires more calculation than the other methods, however, it
provides the benefit of easily identifying areas within the cycle where component
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irreversibilities can be minimisef0]. The second law efficiency, in its various
forms, is a useful metric as it can be used as an optimisation variable in the design
of heat pumps.
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The performance metrics discussed so far are relatively-astdiblished but the
number of differing metrics and methods to calculate them can mad#ficult to

make design decisions for heat pump implementation. There are two decisions that
need to be maddrom which insight can be lost depending on which performance
metrics are used:

1. What temperatures should the heat pump operate at?

2. What is the best cycle design?

The temperatures that the heat pump operates at are usually quantified in heat
pump literature by the temperature lift30]. The temperature lift is defined as the
difference between the source inlet temperature and the sink outlet temperature.
Generally, the smaller the temperature lift, the greater the COP for the heat pump.
However, Bellemo and Bergam|ai09] showed that the optimal heat pump COP
does not necessarily result in the optimal efficiency for the overall system. While
the operating temperatures of heat pumps tend to be dictated by the process
requirements, opportunities for flexibility should be @stigated. Further, these
metrics do not take into consideration cycle complexity and capital cost. Some
studies have used total annualised cost as a separate metric to account for the
capital costg110].

In general, heapump configurations with an increased number of components are
intended to achieve higher efficiencielsut the resulting capital expendituralso
increases, and the efficiency of a heat pump must compensate for the -often
unfavourable electricito-reference energy carrier price ratio. Thus, there is a
trade-off between capital costs influenced by the number of cycle components and
operating costs fhected by this price ratio and heat pump efficien¢30].
Depending on the available energy sources as well as political and legal framework
conditions, different competing reference energy carriers and price ratios exist.

In Scandinavian countries, electrietty-natural gas price ratios of less than 2 are
already being achieved 11]. In other European countries such asGermany, the
ratio was on average around 4 in 2021.2]. The price dynamics caused by global
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crisis situations such as the GVID19 pandemic make a longterm forecast
difficult. Nonetheless, a decreasing emissions factor in the electricitylrhigf and
increasing fossil fuel pricg$14] can be assumed in order to achieve the climate
protection goals within the framework of the energy transition. Studies therefore
assume an electricitpatural gas price ratio in Germany atiek rest ofEurope of

1.7 and 1.3 respectively by the year 20435]. To promote renewable energy,
recent government regulations in New Zealadral/erequired all coaffired boilers

for applications below 300 °C to be shut down by 2037. New Zealand is rich in
renewable energy sources, including hydropower, geothermal, wind power and old
plantation forests. As a result, the price ratio between electricity arferemce fuel
(formerly coal, now biomass) has fallen dramatically to between 1.5 angil216).

2.3.3 Heat recovery in spray drying

The exhaust air from a spray dryethich combines exhaust air from the main dryer
chamber and fluidised bedgypically exits between 60 °C and 93 °@17]
Manufacturershave claimed that the energy consumption of a dryer can be
reduced by up to 25 %y recovering the heat from the exhaust fid7]. A study

by Atkins, Walmsley and Ned[E18] modelled a potential 12 to 20 % reduction in
hot utility required through the use of exhaust heat recovfar milk powder spray
drying.Exhaust heat recovery systems can exist afoadir configurations or air
liquid-air configurationswvhere the exhaust air is used to preheat the inlet drying
air. Airliquid-air configurations can be beneficial for retrofit as the ducting required
from the exhaust air to the inlet air streams are smaller than whkatquired for
air-to-air configurationsUptakeof exhaust heat recovery within the dairy industry
has beerslowed by three main factors: 1) economics, 2) particle loading and fouling,
and 3) relatively low exhaust temperaturg418]. Atkins, Walmsley,and Neale
recommendthe consideration of the entire production process to enact effective
heat recoveryParticulate loading and fouling causes increased resistance to heat
transfer within the recovery heat exchangerss a result, heat recovery becomes
less cost effectivel he main factors which affect heat exchanger particulate fouling
are particle surface stickiness, air velocity, impact anghaticle size and wall
properties[119]. Milk powder stickiness is largely reldtéo the glass transition
temperature and viscosifywith the major amorphous component in milk powder
being lactos. The average glass transition temperature for lactose is ardid3d*C
[119].

Some studies have shown success in the integratiddTéiPsn the milk powder
production process. Bellemo and Berganjit9] used process simulation based
integration to investigate six case studies for the integration of a IO HANto

the milk spray drying process. The heat pumpZJvas used to supply air heating
from ambient to 120 °C and the remaining heating was supplied by a natural gas
boiler. The results showed that the overall COP of air heating could be increased by
using a boiler economiser to recuperate heat from the combined steam heating
condensate and heat pump condensate, achieving a COP of 2.4 foedh@ump

and overall heating COP of 1.3.
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Zuhlsdorf et alf120] also integratech HTHnto the spray drying process that used
zeotropic working fluids. Only one configuration was suggested where the incoming
air was heated to 70 °C with heat recovery, then a heat pump was used to heat the
air further to 120 °C, achieving a COP of 3.08.rémaining heating to 210 °C was
supplied using a natural gas boiler. The process integration method was not
described. Lincoln et dB1] integrated mediuntemperature transcritical C{heat
pumps in for the design of an electrified milk evaporation system. The study
proposed a process integration method which combined Pinch Analysis, process
simulation and Exergy Pinch Analysis that differed from conventional integration in
that the target was minimised work rather than minimised heating and cooling
utility. The method proposed by Lincoln et §B1] is more suitable for the
integration ofHTHPss conventional heat pump methods generally integrate heat
pumps after heat recovery using the remaining {@®enperature surplus heat to
supply the heat pump. By targeting minimised work, it unlocks the potential for
higher temperature waste heat to be lied first, resulting in potential
performance gainfor the systen{121].

2.4 Conclusions

This chapter has reviewed the state of knowledge on tégtperature heat pumps
(HTHPs) for industrial decarbonisation, with a focus on their potential application
to large temperature glide processes such as spray drying. Several key insights
emerge from the literaturegelated to the &ck of technology for large temperature
glide processes refrigerant limitations potential opportunities to improve
performancethrough cycle architecture anidtegration challengesA research gap
also exists in HTHPs fopray drying applicationsWhile HTHPs have been
successfully demonstrated in medidi@mperature applications, there is a lack of
proven technologies that can efficiently decarbonise processes with large
temperature glides. Spray drying in the food industry is one such exampleewher
no commercially available heat pump system has yet been shown to fully replace
fossiHuelled heating. This gap highlights the importance of developing tailored
solutions for industrial processes that cannot be addressed bylatarheat pump
designs.

No single refrigerant satisfies all the requirements for Higimperature operation.

Halogenated refrigerants are being phased out due to environmental regulations,

making natural refrigerants the primary loigrm candidates. Howevergach

option carries limitations: ammonia and hydrocarbons offer high efficiency but

raise toxicity and flammability concerns, while air and water are restricted to niche

applications/ hi &aGFyRa&a 2dzi F2NJ ¥F22R LI AOFGA2ya Rd
capacity, norflammability, and low toxicity. These characteristics make it

particularly attractive for processes such as spray drying, where safety and plant

integration are criticalb S@SNIKSt Sadax /hi &aeaidSya NBIjdza NB
pressures, and theiefficiency decreases over large temperature glides. More

research is needed to improve cycle performance and address the engineering

challenges of safe, cosftfective highpressure operation.
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Integrating HTHPs into industrial sites is not straightforward. Conventional
integration approaches, developed for leéemperature systems, are
underdeveloped for higitemperature applications. Identifying suitable source and
sink streams is complex, andriventional metrics such as COP are insufficient to
effectivdy compare and select the optimal heat pump for the applicatiostead,
integration must be assessed in terms of process feasibility, system interactions,
and overall plant performance.

wSaSINDOK KlFra akKz2gy GKIFIG GKS LISNF2NXYIFyOS 27
exploiting cycle architecture. Relatively simple modifications, such as the use of

internal heat exchangers or cascade configurations, have demonstrated efficiency

gains, though applations at high temperaturgremain limited. Expansion work

recoveryis another promising avenue, as the large pressure differeticasare

AYKSNBYG Ay [/ hi OeodftsSa 2FFSNI aA3ayAFAOlLyG L3
53aLIAGS (GKS LGSy iihere is a latk @t sjudids vSidave2 ¥ / hi X
explored its use to supplall of the heating required for spray drying. This

represents a critical research gap, given the importance of spray drying in food

manufacturing andhe large carbon footprinthat is currently associated
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Chapter 3
Overview of the pocess
requirements andresearch
approach

3.1 Introduction

HTHPsre expected to play a significant ratethe industrial transition to netero
emissions. Howevefurther research isequiredto determine the most efficient
solutions forimplemening heat pumps intca wide variety ofindustrial processes
¢ eachwith unique challenges and requiremenis he performance of aheat
pump depends on many factorsio single heat pumpolution can be universally
applied. This makes difficult for large energy users to identify and compane
heat pump cycles thatra best suitedor their processesThe dfective integration
of a heat pump requires careful consideration of several key faaergified from
the literature, including:

Process requirements and constraints
Refrigerant selection

Heat pump configurations

Appropriate placement within the process
Safety considerations

= =4 —a —a A

3.1.1 Process requirements and constraints

The most importanfactor for the successful integration of a heat pump is a clear
understanding of the process requirements and constraints under which the heat
pump will operateThis informs the availability of surplus heat which is available t
supply the heat source to the heat pungnd will also determine the optimal
refrigerant and heat pump configuratiorOperational characteristics such as
whether the process is continuous or neontinuous (batch), as well as the
scheduling and variability in opeing conditions, can significantly affect
performance and feasibilitipr a heat pump installationin many cases, heat pumps
will be retrofitted into existing industrial processeather than new industrial sites,
whichwill constrain the optimal placemerdf the heat pumpwithin the process
These constraints are often driven by capital cost,afttrfeasibility and system
complexity.

3.1.2 Refrigerant selection

The refrigerant, or working fluid, of a heat pump has a major influence on the heat
pump performance asits thermodynamic properties direlgt impact the
effectiveness of heat transfein HTHPsthis choice becomes even more critical due

45



to the more demanding operating conditions and the limited number of
refrigerants that can perform efficiently and reliably at extreme temperatures.
Selecting a suitable refrigerant is further complicated by the ongoing phase out of
high GWP and high ODP refrigerafencurrentlygrowingsafety regulationsand
industry concersfor the installation and use of certain refrigerants in heat pumps

¢ particularly those which are flammable and toxiare still evolving, leading to
uncertainty and reducedndudrial confidence. As a result, choosing the right
refrigerant involves navigating a complexhanginglandscape of technical,
environmenta) safety and regulatory considerations.

3.1.3 Heat pump configuratidmcycles

In general, refrigerants that have low environmental impact hagnificant
barriers to overcome, which can inclutlever performancein many casesOne
way in which theseperformance challenges can be overcome is through
customisinghe heat pump configurationr cyclearchitecture.lIn HTHPsselecting
the optimal cyclearchitectureis crucial, ashigh temperature applicationgnpose
greater thermal demands on theerformance of thecomponents the choice of
cycledirectly influenceghe achievabldaemperature lift and the amount of exergy
destruction within thesystem It should also be considered whether the heat pump,
as a system which supplies process heat, can be sibw or if it needs to be
integrated in conjunction with other components such as steam generators and
flash vesseldo achieve the process heating requirementss with refrigerant
selection, identifying the optimal cyclend configurationinvolves assessing the
complex tradeoff between performance, cost, reliability and design coaisiis.

3.1.4 Appropriate placement of heat pumps within the process

In addition to understanding the requirements and constraints of a process, the
method by which a heat pump is integrated into that process can have a significant
effect on overall system efficienc¥stablished process integration technigues,
such as Pinch Analysis, are not always-sugtedfor HTHRapplicationgcompared

to low and medium temperature heat pumpsg-or instance, conventional Pinch
Analysis recommends maximising direct heat recovery between process streams
first through heat recovery heatxchangers. After which, a heat pump is integrated
to upgrade any remaininigw-gradeheat. While this approach generalgnhances

the systemefficiency, it may not be optimal foa HTHP,as it is possible to
unnecessarily increase the temperature Hitross theheat pumpcompressors
penalising the heat pump performanc€onventional integration techniques can
still be useful in the integration diTHPsbut it isimportant to evaluate the trade

off between the heat pump performance and the overall systdfitiency.

3.1.5 Objectives

With themultitude offactorsthat need to be considerefbr heat pump integration

it is impossible to consider all the combinations of refrigerants, cycles and
integrations ofHTHPs foindustrial processes. Thusie purpose of this chapter is

to outline the motivations fokey design decisions that are carried throoghthe
research chapters of thihesis,and theseaspectsare used tadefine the scope of
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the research. This chapter also aims pgmvide an overview for the research
approachto dedgn andintegrate a heat pump into the spray drying process

3.2 Overview of milk powder spray drying

Milk powder spray drying is a particularly energy intensive process in the food
industry and contributes significantly to industrial emissions in New Zeaksd.
bSs »SIflyRQa StSOIGNAROAGE 3INAR KlFa F KAIK
integrating aHTHPInto the spray drying process has the potehtia make a
substantial reduction inndustrial emissions compared to traditional fossil fuel
heating As a caveat current heat pump solutions struggle to meet the
requirements.Presently HTHPghat can abieve temperatures above 150 °C are
generally designed to operate for a high temperature lift and smaller temperature
glide or for a large temperature glide and a lower temperature lift. Milk powder
spray drying presents a unique challerfge the research fieldbf HTHPss both

high temperature lifts and large temperature glides are required.

3.2.1 Process description

In spray dryingthe high temperature heating requirement is ttiryer airthat
needs to be heated t@00 °QFigurel8). The200 °Cdryer air is used to heand
remove moisture fromthe milk concentrate as it is atomised in the dryer.
Depending on the equipment and the type of miwhole, skim, goat, infant
formula, etc.) thisdesigntemperature can vary between 16Gihd 220 °CTo heat
the dryerair,a common configuration ussteam heaterspossiblywith someheat
recoveryfor the lower temperature portion of the heatingrhe heat recovery
portion is generally wastehot water from the milk evaporation process.
Alternatively, thedryer air can be heated using natural gas heaters rehtbe
combustion heatis used to heat the air directlyin the dryer, a the milk
concentrate is driedmost ofthe water content ofthe milk is evaporated into the
air, causinghe absolute humidity of the air to increaskt the bottom of the dryer,
the milk powder enters a static fluidised bed (SFB), that is heatedhasitlair at
approximately 10 °C to further remove moisture from the powdand improve
moisture content uniformity The totalmass flowof this dryer and SFB ag then
blown into a bapouse to remove particulates and/or exhausted directly into the
atmosphere at approximately 60 °S8ome configurationsf dryer systerswill also
have vibrating fluidised bed¥FBfter the SFBsvhich operate aapproximately
80 °Cfor a higher temperature stagend at room temperature for a lower
temperature stage The humidified air from the fluidised bedm these
configurationsalso contributes to the exhaust air.
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Figurel8. Simplified diagram of theilk powderspray drying process

The exhaust air is the main source of waste heat from the milk powder spray drying
processA significant amount of waste headcovery potential exists in the exhaust
air due to the large amount of energy stored in the water vapohat had
evaporatal into the air during the drying processlewer plants will generally
employ exhaust heat recovery systertisat utilises the heat availabjeeither
through latent or sensible cooling of the exhaust @rpreheat the inlet aito the
dryer. However, for many Ider plants, including many in New Zealand, exhaust
heat recoverysystems arecurrently not in use due to the high cost of retrofit.
Where plants do employ exhaust heat recovery systehesgreatest heat recovery
occurs when the humid air is cooled past the dew point, as the latent heat of the
water vapour in the air is released when the water vapour condenses.

3.2.2 Centraksl vs. decentralised heat pump integration for spray drying
Heating of the process air is largely achiewsthgfossil fuel boilers, to produce
steam, omatural gas heaters, that heat the directly. To displace the use of fossil
fuel systems by integrating BITHR a key design decision involves choosing
between a centralised utility heat pump that can supply heat to multiple
processeg; or having decentralised heat pumps that are optimised for a specific
process or set of processest the simplest level, thelTHRcan be used to replace
the steam heaters orap heaters that heat theain dryerair at 200 °GFigurel9).

This would represent aersion ofdecentralisedheat pump integrationAs the
largest source of waste heat in the process is exhaust air, it is logical in the first
stage to considensing the exhaust heat to supply the source side of the heat pump
Another potential source for the heat pump could include ambient air source.
Thesewill be the integration strateigsthat arefirst considered irthis thesis
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Figurel9. Simplified process flow diagram e HRoump integration into the milk
powder spray drying process

As an alternative integration strategthe heat pump can be used to supply steam

to the entire site.This would involve using the heat pump to generate steam and
most likely,compressing it to a higher temperatutesing a steam compressor or
MVR Traditionally, process heating is often supplied using large, centralised fossil
fuel boilers and a steam distribution system whiohturally makes a large,
centralised steam generating heat pump an attractive option. However, the lower
efficiency and lack of fiébility can limit their effectivenessincethe performance

of a heat pump can be dramatically reducedhen operating at part load.
Decentralised heat pump integration presents a compelling advantage: by being
localised to the process, the heat pump systems can be optimised to match the
individual temperature profiles, leading to higher operational efficiency and energy
savings. Thisgproach also enhances the system flexibility, resilience and control,
as each heat pump operates independently, withoutnigeaffected by the needs

or changes in other parts of the plant. Although decentralised heat pump
integration is likely to involve greater initial complexity and investment, the-long
term benefits in performance, adaptability and energy efficiency havedtitential

to outweigh these upfront challenges.

3.2.3 Process requirements, constraints and assumptions for the thesis research
A base case design, as described below, will be used as a basis for comparison for
the heat pump integration options to be considered in the theBigyre20). The

base case design represents a common configuration for steam heating of the dryer
air. As shown ifrigure20, the primary dryer air is heated to 200 °C using two steam
heating sections, high pressure steam (HPS) and low pressure steam (LPS), and a
condensate heating section. In the HPS section, it is common for 40 bar steam to
be used despite the temperature leibeing higher than what is required to heat

the air to 200 °C as this also allows some of the steam generated to be used for
cogeneration of power on site. The HPS section generally heats the air from 160 °C
to 200 °C. The expended HPS is then flashe&ndto a lower pressure,
approximately 10 bar, and combined with supplementary LPS to heat the air up to
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160 °C. The condensate heating section uses the condensed LPS and HPS from the
two steam heating sections combined with wastewater recovered from the
evaporation process to do the lower temperature portion of the air heating. The
temperature that can be rmched in the condensate heating section varies
depending on the amount of heat recovery that is available.

It was assumed that the spray dryer exhaust air ekiesdryerat approximately

60 °C, which could be used to supply the soside of the heat pump. In the cases
where exhaust heat recovery was considered, a water loop was used between the
spray dryer exhaust and the heat pump due to the physical distance between the
exhaust and the air heating secticiY( =40 °C)Similarly, a water loop could

be used on the sink side of the heat pump to heat the spray dryer air from 15 °C to
200 °C for hygiene reasons. This was accounted for by usfiy a of 20 °C
between the refrigerant andhe air which enables the possibility for exchanging
heat from the refrigerant to the water loop with&Y of 5 °C and from the water
loop to the air with &Y  of 15 °C.

The primary heating requirement for the dryer is heating thet@i200 °C which
occupies approximately two thirds of the total air heating by mass. In addition to
this, the fluidised bed air makes up the remaining third of the air heating
requirement. The process requirements for the fluidised bed air were 102 °C inlet
air temperature for the static fluid bed at the bottom of the dryer and 78 °C for the
higher temperature stage of the vibrating fluidised beds. These streams were
heated with LPS, respectively.

3.3 Refrigerant selection

CQ was chosen as the refrigerafdcus for this thesisandthe spray dryingcase

studydue to its high volumetric heating capacity, low toxicity and low flammability.

In New Zealand in particuldr,hi A& O2YY2yfé NBIFNRSR Fa I Y2
for industrial high temperature heat pumpsthan ammonia or hydrocarbon

refrigerants, particularly in food and dairy processing environmedig to the

safety requirements associated with ammonia and hydrocarbdtss typical

transcritical operation is well suited to the losource temperatures such as the

exhaust heat in spray drying or ambient air.

The use of COhowever, does not come without significant challenges. At high
temperatures, C@ operates at extreme pressures (>15 MPa/150 barhich
surpass the operating conditions wfost compressors that are readily available in
the HTHPmarket. Although increasing pressure generally increases the specific
heat capacity and improves C(gure21), this effect diminishes fo€Q at 200 °C.
Consequentlya maximum discharge pressure of 15 MPa/150 bar was chosen for
the initial analysis which is also approximately the maximum pressure at which
market available compressors for £@mpressors can operafé22].
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3.4 Heat pump configuration and cycle

Adecentralised heat pump for heating the spray drying air will be first considered
in the research, theefore theselected heat pump configuration was a closed cycle
heat pump. The closed cycle heat pump was selebtmusahe heat rejection of
supercritical C@has a similar temperature profile to the heating requirements of
the spray dryer aito be heated to 200 °CAlthough the remaining fourypes of
configurations(Section2.1.2) were notfocussed on for this research, they would

be beneficial for the case of a centralised heat pump system that uses steam as the
heat sink medium.

The cycle architecture of the closed cycle heat pump will be a key focus for the
thesis research. The motivation for exploring different cycle configurations lies in
improving the overall system performanag specifically, increasing the COP,
achieving higer temperature lifts and minimising exergy destruction. Various
components can be integrated into the cycle to help meet these goals. From the
literature review, promising cycle advancements féfHPswere internal heat
exchangers (IHX), cascade cyclgs;ters and expanders.

The maximum sink temperature for a heat pump cycle is dependent on the
compressosuction inlet temperature and the discharge pressoféhe refrigerant

In transcritical heat pump cycles, the £6 compressed above its critical point,
therefore, thedischarge temperature out of the compressor is less dependent on
the pressurein comparison to a subcritical cycle, where the condensing
temperature is directly correlated to the discharge pressure. Since the objective of
the research is to increase the achadle temperature lift and glide, i.e. increase
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the sink outlet temperature, while limiting the maximum discharge pressure, the
research will focus on increasing the suction superheat prior to compression.

The amount of superheat that can be supplied to the refrigerant at the compressor
inlet is usually provided from the heat source or through the use of an IHX.
Adamson et al8] proposed a novel cycle structure where the compressor inlet was
superheated for a transcritical heat pump was superheated by another transcritical
heat pump. The cycle looks similar to a conventional cascade heat pump cycle,
however, instead of using theascade heat exchanger as the gas cooler/condenser
for the bottom cycle and the evaporator for the top cycle, the cascade heat
exchanger is used as a superheater after the evaporator which is supplied
separately by an external sourc&iqure 22). Theoretically, this improves the
temperature profile match between the superheating of the toycle refrigerant

and the cooling of the bottoreycle refrigerant and reduces the amount of
compression required to reach the same discharge temperature.

IHXs are the most common modification to the simple transcri@@lheat pump

cycle where heat is exchanged from the refrigerant at the gas cooler outlet to the
suction inlet of the compressor. An IHX can sometimes be referred to as a suction
line heat exchanger. The effect of using an IHX is that the refrigerant ishegped

prior to compression and subcooled prior to expansion. As a result, the
compression energy required is reduced as the discharge pressure required is
decreased and the throttling &3 is reduced. The heat pump cycle architectures
that will be evaluated in this chapter will combine IHX and cascade configurations.

Heat sink

Heat source 1

Figure22. High temperature transcritical heat pump cycle concept proposed by Adamson
et al.[8].
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3.5 Heat pump integrated with boiler systems

Itis recognised that a heat pump solution may not always be the mose€fesitive

or practical optionfor supplying all of the process heating requirement
particularly in retrofit scenarios or where the high temperature lift significantly
reduces the COP. As a restlig potential benefits of hybrid configurations, where
the heat pump supplies the lowg¢emperature portion of the thermal load and a
boileris used to provide the final temperature |iftereinvestigated This approach
allows the heat pmp to operate with a more favourable temperature range,
improving its efficiency and reducing operational costs, while still enabling high
temperature air delivery to the process. The hybrid configuration also offers
flexibility in system design and can lower the capital cost barrier for early adoption
of HTHPsn industry.

Two boiler typeswere consideredfor the integration biomass boilers and
electrode boilers. Biomass boilers can provide renewable high temperature heat,
but they often have slower ramp up times and higher maintenance requirements.
Electrode boilers, on the other hand, offer rapid response and ease ofratieg

but may result in higher operational costs depending edectricity pricing and
carbon intensity As part of the thesis researctiifferent design temperatures for

the heat pumpdesignand how the hybrid systems perform from an operational
cost perspective at varying electricity and biomass priaélé be evaluated
Additionally, this stageof researchconsides how the secondary air heating
requirements for theSFBs and VFBBould be integrated

3.6 Wider application potential for high

temperature transcritical CQ heat pumps

While the focus of this research is on the application of €O HP&r milk powder
spray drying, there is significant potential to apply this technology across a broader
range of industrial processe$he potential decarbonisation impact of deploying
CQ HTTHRIn other sectorswill be explored By identifying typical heat demand
profiles, identifying compatible heat sources, and estimating the global thermal
energy demand of thee applications, an overall emissions reduction potential can
be estimated. fie findings aim to support the case for broader investment and
development of this technology beyond a singke case, contributing to industrial
decarbonisation at scale.

3.7 Summary and esearch approach

Milk powder spray drying presents a unique challenge for the research field of
HTHPss both high temperature lifts and large temperature glides are required.
The research for this thesis witlicus onthe design of deat pumpsystem that is
localised to the spray drying process, i.e., decentralised, as this has the highest
theoretical performance for the heat pumpand therefore the lowesbperational

cost The approach to research will be to first consider$imaplest system that can
achieve the requirerants. The reason for this is #t simpler systers generally
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correlate to a lower retrofit capital expenditurehich isa large motivationfor
many industrial sites looking to decarboni$&e results of this preliminary analysis
will then inform what further modificationshould be maddo the heat pump
designor the integration of the heat pumpto increase the performancef the
overall system

Asthe exhaust heat from the spray dryer is the largest source of waste heat, this
will be consideredirst to supplyheat source forthe heat pump.Exhaust heat
recovery is a preferable waste source for many reasons, such as that the exhaust
air will always exist when the spray dryer is runniHgwever, for some factories,
exhaust heat recovery may not be viable due to the capital investment required
therefore, anbient air source will also be considerasl a potential heat source for
the heat pump As tte waste heat available in the spray drying process is at
relatively low temperatures, CQs a suitable refrigerant due to its low critical
temperature, particularly when operated within a transcritical heat pump cycle
Additionally,CQ has the benefit of having a higlolumetric heating capacity, thus,
smaller systems can be theoretically achieved for the same heating requirements
a major advantage for retrofit of existing systems.

In a closed cycle, there are many cycle architectures that have varying components.
In general, the objective of including more components in the cycle further than
the conventional evaporator, compressor, expansion valve and condenser is to
decrease the mount of work required during compression and/or decrease the
amount of work lost through expansion. This becomes particularly applicable for
CQ HTTHPdue to thelarge pressure differencasithin the cycle The core of the
research focusses on optimigitthe cycle architecture for a transcritical {@at
pump to supply 200 °8inktemperatures.To achieve thiswell-established cycle
components/arrangements, such as IHX and casdadeyvel arrangements will be
explored toidentify innovative ways of improving performance while maintaining
technical simplicityThese configurations will also serve as a foundation for deeper
insights into system behaviour, exergetic efficiency and temperature lift capabilities.

Based on the findings from the analysis of these cycle architectures, the research
will then explore more complex enhancementsejectors and expanderg to
identify ways to further increase performances. While these advanced components
have the potential to offer significant performance gains, they also introduce
complexity, integration chnges andcost. Thus, the performance gain in the
context of high temperature heating needs to be quantified to assess whether their
integration is worthwhile.

An additionalapproachwill be explored that considers the integration of a £O
HTTHRuvith boiler systems, evaluating whether this hybrid configuration can offer
more practical or coseffective pathways tadecarbonisation. This analysis will
consider theoptimum heat pump sink temperature for a range of biomass and
electricity price scenarios.
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Finally, the broader application potential &Q HTTHPwill be assessed by
identifying other industrial sectors where this technology could displace fossil fuel
heating. As part of this, compatible heat sources and temperature demands will be
identified and theheat potential that could be decarbonised globally will be
estimated.

The common process requirements and constraagplied to the research in this
thesis are summarised ifable8.

Table8. Process requirements and constraints

Component/Stream Constraint
Primary heating requirement:
Y ;i ¢ 1o
Heat sink (air) Secondary heating requirements:
Y R p &
Yok X 4io
Exhaust air Y ¢ 190
Heat source (water) Y Ao T O
0 P8P O QI
Ambient conditions Y pud Y
CQto air:
3"Y C 1O
CQto CQ:
Heat exchangers 3'Y 0 Jo
Water to CQ@.
Y L Jo
Steam Y Tl
0 P TWAI
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Chapter 4
Thermodynamic modelling
for the proposed cycle

4.1 Introduction

The design of a heat pump cycle architecture is generally motivatetivby
objectives:1) to minimise the required work inputo the compressqgrand 2) to
minimise the exergy destructiomn the componentsparticularlyduring expansion

An additional challenge is introduced by using @®a refrigerant due to the high
pressures requiredand therefore, a thirkey objective would be tdncrease the
achievable sink temperature whilenitingthe maximum discharge pressure in the
cycle Traditionally, heat pmp design and placement focused on maximising COP
by minimising the temperature lift of the heat pump. Howeveith HTHR, the
objective shiftsg particularly in the context of industrial decarbonisation, where
cost is no longer the sole biggest consideration in retrofit projects. As a result, the
impact of different cycle architectures, and the role of specific componerntsrwi
those cycles, is less well understood for HTHP applications.

The aim of this chapter is tmptimise cycle architectures, specificale effect of
IHXand cascade cycle arrangemeatsthe performance of €Q high temperature
transcritical heat pumpHTTHE to increase the achievable temperature lift and
temperature glide, while simultaneously limiting the maximdischarge pressure
Six heat pump cycle architecturesre analysed, including aovel cascade
transcritical heat pump cyclproposed by Adamson et dB] that wasyet to be
modelled in the literatureThis chapter will also provide an in depth description of
the modelling method for the heat pumps for the entire thesitie analysis will
help toprovide an understanding of where more compt®mponents can bbest
utilised.

4.2 Cycle conceps

Six configurationsvere consideredas shown irFigure23. The symbols foeach of

the components are given ithe Nomenclature Model T*1 is a singlestage
transcritical heat pump cycle. Model -Plis a singlestage cycle with an IHX from
the gas cooler outlet to the compressor inlet. Model-I'fs a transcritical
transcritical cascade cycle based on the concept proposed by Adaetsa. [3]
where the bottom cycle is used to superheat the compressor inlet for the top cycle.
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Figure23. Internal heat exchanger and cascade heat pump cycles evaluated.
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The source for the heat pump is supplied by exhairdteatrecoveryfrom a dryer
The exhaust air is a large heat source due to high moisture content. It is
assumed that a water loop is used t@nsport the heat from the spray dryer
exhaustto the heat pumpdue to the physical distancéhe exhausttends to be on
the roof, and the heat pump woulékelybe on the grounar on a lower floorThe
evaporation temperature for the top cyclef the heat pump(’Y ) is higher
than the evaporation temperature for the bottom cycler( 5 , however, it is
still significantly lower than the inlet temperature for the heat sourté (
when using exhaust heat recoveryherefore, aseparate superheater was also
included in the bottom cycle to use the heat source more efficieftigure24).

70

60

Superheater
s bottom
’, ATin =5°C

50

Dew point
,’

-

~40 -
o
=30 -
20 A e
i Evaporator top :
10 :
Evaporator bottom :
ATmm =2°C : H
0 T T i T - T A
0 20 40 60 80 100
h (kJ/KQexnaust air)
Refrigerant Water loop Exhaust air

Figure24. Exhaust air water loop to supply to the heat pump

Models TR, TF3, and T# are variations on Model T3 with differing IHX
placementswithin the cycle. Model 2 has an IHX which exchanges heat from the
top-cycle gas cooler outlet to the compressor inlet of the bottom cycle or a bettom
cycle only IHX. Model I3has an IHX which exchanges heat from thedgge gas
cooler outlet to the top-cycle compressor inlet or tegycle only IHX. Model T

has IHXs in both the top and bottom cycles, exchanging heat from their respective
gas cooler outlets to thierespective compressor inlets.

4.3 Methods

This section outlines the method for modelling the performancehef six CQ
HTTHP cycles. It describes the model constraints, assumptions and software used
for the analysis. The thermodynamic correlations applied in the cycle simulations
are presented, including the iterative approach used to determine the optimal mass
flow rates of heat exchanger sink streams to maintain the minimum approach
temperature. The evaluation of cycle performance is then described, focusing on
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the COP and the exergy destruction as key metrics. The method described in this
section haslsosincebeen publishedn a journal articlg123].

4.3.1 Modelling software

The models were developed using Microsoft Excel VBA. The thermodynamic
properties for the fluids were obtained using CoolP{&p4]. For cycle selection,

the graphical nature of Excel, being able to view state points and cycle components
simultaneously, made it advantageous in comparison to other modelling
environments, such as Python or Aspen Plus. The number of data points ta collec
was also relatively small, and thus, Excel was suitable for modelling. In the case that
a large number of data points needed to be collected, Python would be more
suitable

4.3.2 Model constraamdg assumptions

The following assumptions were used to simplify the analysis of the heat pump
models:

Steadystate operation

Isobaric heat exchange

Isenthalpic expansion

Nortrisentropic compression

Negligible piping pressw@rop, heat losses or heat gain

= =4 —a A -9

The common parameters and inputs applied to the models are summarigedia

9. For cycles T1 and T12, the parameters for the bottom cycle of -ITwere
applied.At this stage of analysis, the system boundary is drawn around the cycle
only. The spray dryeconditions will be applied in later chaptevgth the exception

of the exhaust airwhich was used to establish the source temperature that
supplied the heat pump'Y i 40 °Qand the ambient conditions whickere

used to establishie sink inlet conditions'Y 15°C¢0  1.01325ba.

The evaporators were modelled initially with saturation temperaturéé () of

10 °C for the bottom cycle and 20 °C for the top cycle, consistent with those of
Sarkar et al[13] (for the top cycle).

It was assumed that theefrigerant could be superheated from the source to a
minimum approach temperaturéa’Y j ) of 5 °C therefore the temperature
exiting the superheater of the bottom cydlecycle TIL was 35 °CThe compressor
isentropic efficiency— ) was assumed to be 70 % and an additional efficiency
- ) of 96% was assundeto account for any mechanical lossés. established

in SectionB.2.3 the maximum discharge pressute ) of the compressor was
limited to 150 bar.The minimum temperature differensen the gas coolers and
internal heat exchangers were set at 5 °C fop ©ACQ heat exchange and 20 °C
for CQ to air heat exchange (see Secti®2.3for justification)
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Table9. Model parameters and inpsf122], [125], [126], [127]

Component/Stream Constraint
Y FT T80
Heatsource (water) Y 0%
Y R pubd

Heat sink (air) 5o 081D 0 &bl
R

Evaporator Y p TdO (saturation)
i Y ¢ T (saturation)

— X o)
Compressor - woe b
0 PULGEODI
CQto air:
3Y C 1O
Gas cooler/internal heat exchanger
CQto CQ:
Y L Jo

4.3.3 Thermodynamic modelling

The model was developed starting with the source conditiamsl defined
evaporaton temperatures It was assumed that the G@ft the evaporator as a
saturated vapour(®w 1) to obtain the evaporation pressurausing CoolProp
(Equatior4.1).

0 QY hw 4.1

Inthe cycles wherghe refrigerant was superheated coming out of the evaporator,
the refrigerant properties at the exit of the evaporator were obtained from the
temperature at the exit and the evaporation pressure, where the temperature at
the exit of the evaporator is defined by Equatiér2. For cycle T-L, this was the
calculation for the temperature of the refrigerant coming out of the superheater.

Y i Y ooh Y 3Y 4.2

¢

The gas cooler outlet temperatui@Y ) for the CQto air heat exchangaas
set as an optimisation variablavith the constraint that the value of the
temperature could not be less than treink inlet temperature plus the minimum
approach temperature (Equatioh3).
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Yi oY g Y 4.3

The refrigerant at the outlet of the gas cooler is used as a heating stream in the
internal heat exchangersThis stream heats theold refrigerant to a minimum
temperature difference of 5 °(Equation4.4). From there, the properties of the
cold refrigerant at the outlet of the IHXwvhich is at thesuction inlet of the
compressorcan be determined from the evaporation press@e ) andthe cold
refrigerant outlet temperature from the IHXY o)

Y Yoy Y Foo3Y 4.4

5

The pressureatios across the compressors | were also set as optimisation
variableswith the constraint that the outlet pressure of the compressars ( )
is less than the maximum discharge pressure () of 150 bar The pressure
ratio is defined ashe ratio between the discharge pressurd (7 ) and the
suctionpressure(0 i ), as shown in Equatiohb.

0 R 4.5

Thespecificenthalpy at the outlet of the compresscot) j ) is determined

using theisentropic compressorrelation (Equation4.6) where Q is
determined fom the entropy of the refrigerant at the compressor inlet
@ R i i )and the compressor outlet pressu@ 7 ).

Q Q

Q i Q i 4.6

Determining the compressor outlet pressure also fully defines the properties of the
refrigerant at the gas cooler outl®t ! & GKS LINBaadz2NB 2F (KS
change in the IHXhe pressure of the refrigerant on the hot side of the IHX is also

same aghe compressor outlet pressur® 0 i 0 ). The

enthalpy at the outlet of the hot stream of the IH}Q r ) can then be

calculated froman energy balanc€Equation4.7). In general, theflowrate of the

hot refrigerant streamd ) is the same as thigowrate of the cold refrigerant

(& ), except forcycle T12 as the hot stream and cold stream arerh

different stages.

Q B Q

>5¢

a 4.7

Thereare three regions inwhich thé A Y A Y dzY I LILINR | OK Bed) ¢ LAY OKé¢ R

rejection fran the refrigerant to the sink can occur: 1) at the lowest temperatures
(cold stream inlet, hot stream outlet), 2) at the highest temperatuedd stream
outlet, hot stream inlet), or 3) in the middle of the heat exchaiigeunterflow)
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For a subcritical cycle, if th@nchis in the middle of the heat exchange, this occurs
at the saturated vapour poinbf the refrigerant, which is a predictabland
numerically calculabldocation. However, with supercritical GOthe sensible
cooling profile is nonlingaand also varies with pressurdn example of this is
shownFigure25, whereCQ with the same inlet conditions was compressed to a)
150 barand b) 1@ bar When compressed to3SD bar, the pinchoccurred when the
refrigerant hadcooled t081.8°C and the sink had heated to 61.§3CY 20°C)
[129]. When compressed to0D bar, the pinchoccurred wherthe refrigerant had
cooled to 50.4 °C and the sink had heate@@4 °CDuring the optimisation of the
pressure ratios, the location of the pinch in the gas coolers neeé tetermined.
One could fix the pinch points at the lowest temperature (1) or the highest
temperature (3; however, this could result in a large amount of exergy destruction.

200 200

180 180 -
160 160 1
140 - 140 +
~120 ~120 -
<100 - <100 +
- 80 F 80 -
60 60 -

40 1 40 /
20 - 20 -

0 - Y y ;

0 50 100 0 20 40 60
Ah (kJ/KGsink) Ah (kJ/kgsink)
a) 0 150 bar b) 0 100 bar

Figure25. Comparison of sensible cooling o£@0a) 150 bar and b) 100 bar.

Todetermine the location of the pinch and alpoevent temperature cross in the
gas coolers(infeasible heat transfey)an iterative calculation was ude The
objective of the iterative calculation wat® determine the cold stream mass
flowrate (& ) which achieves the desired minimum temperature diffiece
(3"Y ). The calculation uses the principle that the products of the mass flowrate
(&) and specific heat capacity | of the hot stream (stream A) and cold stream (B)
are equal at the pinch (Equation4.8 to 4.10). Equation4.8 describesthat the
gradiens, i.e., the inverse of the capacity ratf, both the hot and cold stream at
the pinch are equal, as noted hynnhoff et al[128].

1Y 1Y

10 10 4.8
L, 1,170
“ov YTy 4.9
aw aw 4.10

63



The process for the iterative calculation is summarised-igure 26. At the
beginning of the calculation, the hetream outlet and inlet conditions are known.
The cold stream intensive properties (pressure, temperature) at the inlet are also
known. In addition to iterating for the mass flowrate of the cold streaim §, the
quantity of heat that is transferi at the pinch for the hot streans{ ) and the
specific heat capacity of the cadtteam (b, ) are also variables in the iteration.
Initial values are set for the variables for the first variatorA depiction of the
variablesa:0 and3"Yfor the respective streams are shown fiigure27. These
inputs are used to first calculate the change in specific enthalpthe hot stream
(3'Q) from the inlet to the pinch(Equation4.11) which can then be used to
calculate the specific enthalpy of the hot stream at the piri€h ( j ), as shown
in Equatiord.12.

411

Q
Q
%

%)
Q

412

Once the specific enthalpy of the hot stream at the pinch is determined, the
temperature {Y ) and specific heat capacityof, ) of the hot stream at the
pinch can be obtained and the temperature of the cold stred¥h ( ) at the
pinch can be calculated usidd 3. This value can then be used to obtain the specific
enthalpy (Q ;) and pecific heat capacity of the cold stream at the pina, ().

The mass flow rate of the cold stream is calculated usingtéerelation (Equation
4.10).

YoR Y 5 &Y 413

The heat transferred at the pinch for the cold stream can be calculated as shown in
Equationd.14where3Q  j is the value ofQ  ; minus the value of the inlet
enthalpy (Q ).

30 a t3Q 4.14

The calculation will iterate unt#0 anda0 converge to the same value, i®0

in Figure27. Once converged, the mass flowrate of the cold stream is returned.
Finally, the outlet temperature can be obtained through calculating the enthalpy of
the sink outlet from the heat transferred in the gas cooler (Equadids).

Q-| Cn

Q i 415
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Figure26. Process for calculating the mass flowrate for the cold stream (B) to prevent
temperature cross with the hot stream (A) hretgas coolers.
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Figure27. Temperatureneat diagram for the togrycle mass flowrate calculations for a
sink outlet temperature 200 °C

4.3.4 Thermodynamic performance evaluation

Heating COP was the main performance evaluation metric used to compare the
different cycles(Equation 4.16) as the source and sink conditions for each heat
pump were the sameThe models were optimised using Excel Solver (GRG
nonlinear) to maximise the COP at different sink temperaturdse refrigerant
outlet temperature and pressure ratios across the compressors were the
manipulated variables.

0

ow o 416

With HTHPs, the COPs doever than what would be conventionally seen fow
temperature (<80 °Cheat pumps due to thdarge temperature lifts requiredlo
benchmark, the COPs are compared to the theoretical maximum COPs for the
temperaturelift. TheLorenz COfas used to determine the maximum theoretical
COPrather than Carnot due to the large temperature glides that exist within the
system The Lorenz COEquation4.17) is calculated using the logarithmic mean
temperatures for the source and sinkgiations4.18and4.19).

6 M z -
Y i Y ; 417
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The exergglestruction®  (kW)across the cycle componentsasalsocalculated

to determine where thenefficiencies occur within the cycle. In the heat exchangers,
the exergy desuction wasthe difference between the exergy transferred for each
of the streamgEquation4.20).

D f Bd B® 4.20
Where he thermomechanical exergy for the streadh (kW) is defined by the
specific enthalpy and the specific entropy of the stream referenced to a dead state
condition of’ Y p wbandd p nié ¢ WO (Equation4.21).
O a Q1 Yi i 4.21

Finally, the exergetic efficieney was calculated from the change in the exergies
of the sink and source, and the total wartnsumption Equation4.22).

@ EoW R w 4.22

4.3.5 Determining tleimum sink temperature

For data collection,hte cycles were modelled over a range of sink temperatures
that were thermodynamically valid within the specified parameters for source
temperature (Y 40 °C) and also the selected parameters fmgximum
discharge pressuré@( 5 150 bar) and minimum approach temperatures in
the heat exchangerg{Y ).In eachsimulation, a target sink temperature was set,
and themodel wasoptimisedto achieve themaximum COP by varying gasoler
outlet temperature and the pressure ratio¥he target sink temperatures in each
optimisation were varied by 1 °C increments.

4.3.6 Verification

As thecascade cycles have not been developed physiedperimental validation
of the models is currently not possibld@he models for T1 and T2 were
compared to the results dfao et al[129], which includes experimental validation
of transcritical cycle modellingo verify the modelling methodThe models were
tested for two conditionsThe maximum error between the models welr® % for
the COP and 6.9 % for the discharge pressures whighbmattributed to differing
isentropic efficienciegTable10).

67



Tablel0. Model verification for T-1 and T32.

1voadily am JIF 10/70 10/90
600 | 0 (MPa) 6060 | 0 (MPa)
Model T1-1 3.77 10.9 2.73 11.6
Cao et al. 3.76 10.2 2.75 11.9
Error (%) 0.5 6.9 0.6 2.7
Model T1-2 3.78 10.2 2.88 11.7
Cao et al. 3.81 9.9 291 11.3
Error (%) 0.8 3.0 1.0 3.5
4.4 Resuts

4.4.1 Maximum sink temperatures

At the specified conditions outlined in Sectiér8, each model exhibited different
maximum sink temperaturegTable 11). Models Til and T12 exhibited a
maximum sink temperature of 130 °C and 190 r&3pectively.The IHX in Model
T1-2 allowed for the gas cooler outlet temperature to be higher than Model il
addition to increasing the suction inlet temperature to the compressor whiath
resulted in an increase ithe sink outlet temperaturdor the same compressor
outlet pressure

Table11l. Maximum sink temperatures for six high temperature transcritical heat pump
cycles with cycle features.

Model I\J/Ia>}<‘|‘nV1um Cycle fetures
'|| ving 4F
T11 130 Single stage
T1-2 190 Single stage with IHX
TF1 240 Cascade
TTF2 290 Cascade with bottom cycle IHX
TT3 230 Cascade with top cycle IHX
TT4 290 Cascade with both top and bottom cycle IHX
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By utilising a cascade configuration{I, TTF2, TF3, and T94), the maximum sink
temperature could be further increased in comparison to a single stage cyele (T1
and T12). Models Tl and T3 had maximum sink temperatures of approximately
240 °C wheeas Models T2 and T# had maximum sink temperatures of
approximately 290 °C for the given conditions. Unlike Model$ &id T13, there

was a commonality between Models-2Tand T# in that they both had an IHX in
the bottom cycles of the cascade.rRdodel TT2, the IHX used heat from the top
cycle gas cooler to heat the suction inlet of the bottom cycle compressor. Model
TT4 hadlH>Xsin both the top cycle and the bottom cycle that transferred heat from
the gas cooler to the suction inlet of the respective stages.

The results suggest th#tte IHX in the bottom cycle has a largefluence on the
maximum sink temperature of the cycle. This is further supported by the
observation that Model T-B has a similar maximum sink temperature teIl'dnd
Model TF4 has a similar maximum sink temperature as2TWhere T13 and T#
have IHXin the top cycle, as without the top cycle IHX;3I'and T4 become
thermodynamically equivalent to T'and T4, respectively.

4.4.2 Cycle ORs

With HTTHPs, there is a tradff between COP and the sink outlet temperature. In
general, the COP of the systemhigher when the gas cooler outlet temperature
for the refrigerantis lower because more heat is transferred from the supercritical
CQto the heat sinkHowever, higher gas cooler outlet temperatures allow the sink
temperature to increaseAn example of this is shown kigure28. In T:1 (Figure
28aand b, where there is no IHX)e compressor discharge temperatuséays the
samebut the pinch point shifts upwardshich causeshe CORo decrease as the
amount of heat transferred for the same amount of work decreases. T4
(Figure28c and d) where there is an IHX, an additional effect is observed as the
compressor outlet temperature also increastise to the increased temperature
provided to the compressor suction inlet.

The COPs of the six HTTHP cydlsmltemperatures between 50 and 300 °C are
shown inFigure29. At the lowest temperatures, Models -BTand T#4 had the
highest COPs, followed by ModelsTrand T32, then TTL and T12. For the single
stage cycles, F1 and T12, sink temperatures between 50 °C and 110 °C were
achievable at the lowest gas coolantlet temperature (35 °C) and therefore the

IHX in T2 is not effective as the evaporator outlet is also at 35 °C (15 °C superheat).
In the case that there was no superheat provided to the evaporator from the source,
the IHX would increase the COP. Similarly, the single stage cycles (Motlelad 1
T1-2) performed better than the generic cascade model-IJ &t temperatures
below 100 °C as the additional superheat provided from cascading is unnecessary
to achieve thes lower sink temperatures. However, -BTand T34, which both

have an IHX in the top cycle, were able to achieve higher COPs (up to 4.88) at sink
temperatures below 80 °C.
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Figure28. Comparison of gas cooler heat transferred at different refrigerant outlet
temperatures for T-8.
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Figure29. COBat different sink temperatures for six high temperature transcritical heat
pump cycles.
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The positive effect of the IHX on the COP in the top cycle resulted from the ability
to relax thez”’Y constraint in the gas cooler, hich prevents the single stage
cycles from achieving higher COPs at these temperatures. This effect can be seen
in Figure29, where there is an abrupt change in the slope of the curve fet and

T1-2, which is where the gas cooler outlet temperature for the refrigerant cannot
decrease any further without breaking tlB€Y  constraint of 20 °C. Contrastingly,

the IHXs in the top cycles of -BTand T4 achieve higher COPs by providing
subcooling to the refrigerant and recovering the heat within the cycle& &id TT

4 were the only models able to achieve the hegt sink temperatures™Y

290 °C). T2 had the highest COP of the two models at 1.70 whereas the COP of
TT4 was only 1.52. However, up to 220 °G4Tekhibited higher COPs.

4.4.3 Spray drying case study

The results of the analysédiowedthat the optimal performance othe heat pump
cycleswas dependanon the operating temperature range. The thermodynamically
optimal cycls for a range of sink temperaturesre given in Table12. For each
thermodynamically opthal cycle, the corresponding COP, exergetic efficiency and
efficiency limits have been providedihe efficiency limits given are expressed in
terms of Lorenz COB ) and the calculated COP for ideal operation of the
components 6 @ ). Ideal operation of the compresso(100% isentropic
efficiency) at a maximum discharge pressure ofOlBar cannot achieve sink
temperatures of 250 °@nd 290 °C for Model T Because of this, thé

values for these two sink temperatures were calculated for a maximum discharge
pressure 0200 bar The results of this chapter have alsimcebeen publishedn
Kong et al[123]where the breakevenelectricityto reference price ratio§ )were

also calculated (not by theandidatg, andhave also been providdd Tablel2. The
breakeven price raticcan give insight into where the heat pump is still competitive
in cost. For examplat a sink temperature of 100 °C, electricity can3b#9 times
more expensive thamatural gasfor the heat pump stilto be competitive.The
pressureenthalpy and temperatur@ntropy plots for TL, TF2, TF3 and T# are
shown inFigure30.

Tablel2. Thermodynamically optimal cycles at different sink temperatures.

Optimal Break
:”" dlz Cycle even >_ I= |= "- I= H|_=I e »- I= I:H_--: +—-. p
[123]
100 T1-1/T1-2 3.19 3.28 11.00 3.99/3.84 41
150 TF3/TT-4 | 2.44/2.42| 2.60 6.70 3.26/3.28 43
200 TT-4 2.06 2.22 5.03 2.52 50
250 TT2 1.81 1.93 4.14 2.38* 50
290 TT2 1.59 1.70 3.68 2.17* 49
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For spray drying, a sink (air) temperature of 200 °C is required. The maximum sink
temperatures for the single stage models {'and T12) were both below 200 °C

due to the maximum pressure constraint of 150 bar. The transcritical cascade cycle
(TF1) wasable to achieve a COP of 2.13. By including an additional IHX in the
bottom cycle (TR), the COP increased slightly to 2.19. However, including an
additional IHX in the top cycle only (3)Yresulted in a slight decrease in COP to
2.11 due to an increade the outlet temperature from the cascade gas cooler for
the refrigerant in the bottom cycle. The increased temperature caused more exergy
destruction in the bottom cycle during expansion. Not only this, but the amount of
superheating that can be achiedeprior to compression in the top cycle is
decreased, therefore a higher discharge pressure, and subsequently more work, is
required to reach the required discharge temperature. By including IHX in both the
top and bottom cycles of the cascade, the COfP@kystem increased to 2.22.

The optimum discharge pressures for both the top and bottom cycles for all models
was 150 bar (at the maximum limit). It is possible to achieve a 200 °C sink
temperature at lower pressures for the bottom cycle (which would increase the
COP of the bottom @fe only). However, the COP of the overall heat pump system
would be penalised because less superheat would be provided to the top cycle,
increasing the amount of compression require in the top cycle disproportionately.
As the top cycle has a significarilyger mass flow, penalties in the top cycle COP
affect the overall cycle COP more than penalties in the bottom cycle COP.

4.4.4 Exergy destruction

The exergy destruction across the cycle components for the cascade models were
calculated, as shown ifiable 13. For all cycles, the highest exergy destruction
occurred in the top cycle compressor. Significant exergy destruction also occurred
in the top cycle gas coolers as the nonlinearity of the cooling profile of the
supercritical C@resulted in areas where the heat exchange experienced large
temperature differences.

TTF1 was the initial cycle concept proposed Bgamson et al[8] The results
showed that by adding an IHX in the bottom cycle only2)T The total exergy
destruction in the cycle decreased by 2.6 kd/kgvhereas adding an additional IHX

in the top cycle (T-B) increased the exergy destruction of the cycle by 0.3 kdlkg
consistent with the COPs achieved by the respective cycles. By having IHX in both
the top and bottom cycles (1), the exergy destruction decreased further, by 5.7
kJ/kginccompared to TL.

Significant exergy destruction also occurred during expansion for Modél TT
particularly in the top cycle. By having an IHX in one of the cycles, the exergy
destruction in the expansion valve decreased slightly, however, for Modg| thé
exergy destration during expansion increased significantly as the gas cooler outlet
temperature was increased. #Tl had the lowest exergy destruction during
expansion, which was the most significant difference in exergy across the different
components between the foumodels. Although Model T4 had the highest COP
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at 200 °C sink outlet temperatures, the COPs of Moddl &id T13 were similar

while having significantly more exergy destruction during expansion. This suggests
that Models TT1 and T13 could be good candidates to integrate expansion work
recovery.

Table13. Exergy destructiokJ/kginy in all components for Models 1T TF2, TF3, and
TT4 for a sink temperature of 200 °C.

Model
Component TF1 TF2 TF3 TF4
COMPressor| 15 o/6.6 11.2/6.4 13.7/5.3 12.4/5.2
(top/bottom)
Gas cooler |y g5 4 12.3/2.4 10.7/1.2 11.2/1.6
(top/bottom)
IHX
(top/bottom) - /1.1 2.3- 1.6/0.9
Expansion
valve 9.0/3.8 6.1/3.5 7.6/6.3 2.6/3.2
(top/bottom)
Evaporator
(top/bottom) 1.3/1.7 2.3/1.4 1.6/0.2 2.0/2.9
Superheater
(top/bottom) /0.7 -/~ -/0.6 /-
Total 49.3 46.7 49.6 43.6

4.5 Sensitivity analysis

In a study byQin et al.[130], it was shown that the evaporation temperatures,
isentropic efficiency and gas cooler outlet temperature have significant effects on
the system COPThe evaporation temperatures and compressor isentropic
efficiencies were varied to determine the effects on the COP, exergetic efficiency
and the optimal gas cooler outlet temperatur addition to these parameters,

the sink inlet temperaturgpressure drop in the gas coolemd heat exchanger
minimum approach temperatures were also varied for thessévity analysisFor

the analysis, the sink outlet temperature was kept constarz@ °C.

The effect of the bottom cyclevaporator temperature is shown Figure31. There

was little effect of varying evaporation temperature on the COP for Modél For
Models TR2 and TH4, the COP increased by up to BY¥dncreasing the evaporation
temperature to 15 °C which resulted from a reduction in tequired compressor
work. For Model T93, the COPRand exergetic efficiency botkhecreased with
increasing bottom cycle evaporation temperatureModel TTF4 consistently
showed the highest COP for all bottom cycle erafion temperatures.For all
cycles, increasing the bottom cycle evaporation caused the gas cooler outlet
temperature to increase.
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Figure31. Sensitivity analysisbottom cycle evaporation temperature

The effect of varying the top cycle evaporator temperature from 15 °C to 2asC
also investigated(Figure 32). The COP and exergetic efficiency of3Talso
decreased with increasirtgp cycle evaporation temperature due to greater exergy
destruction in the bottom cycle compressor and expansion valvd. donsistently
exhibited the highest COP for all top cycle evaporation temperatures, although little
effect was observed on TII, TTF2 and T34 with varying evaporation temperatures.
The gas cooler outlet for all models also increased with increasing top cycle
evaporation temperature.
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Figure32. Sensitivity analysistop cycle evaporation temperature

The sink inlet temperature was varied between 10 and 2QFigure33). For all
models increasing the sink temperature resulted in a decrease in COP and exergetic
efficiencydue to an increase inxergy destruction in the gas coolef&his was an
unexpected result agicreasing the temperature lift generally decreases the COP
for subcritical cycles. However, for this transcritical cycle, increasing the sink inlet
temperature resulted in a degradation of the temperature profile match in the gas
cooler, decreasing the@P.
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Figure33. Sensitivity analysissink inlet temperature

At present, the isentropic efficienasalue fora suitable compressor is not readily
available. The initial study is performed with an assumption for isentropic efficiency
of 70% as used bySarkar et al[122]. For both the top Figure34) and bottom
cycles Figure35), the compressor isentropic efficiencies were varied between 50%
and 80%.Model TTF3 showed the least sensitity to changes in isentropic
efficiencies with Model TTF4 consistently achieving the highest COP for all
isentropic efficiencies. Changes in the top cycle compressor isentropic efficiency
had a greater effect on the cycle COP in comparison to the bottom cycle compressor
isentropic efficiency.
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Figure34. Sensitivity analysistop cycle compressor isentropic efficiency

Increasing the minimum approach temperature in the IHXs and gas coolers caused

the COP to decrease for all moddtigure36), which was an expected result as less

KSFEG A& GNFYYyaFSNNBR RdNAYy3I (GKS KSIdG SEOKI Y
beneficial to minimise the approach temperature in the heat exchangers, but this

requires a greater heat exchange area and therefore the lesahanger would

need to be larger in size.
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Figure35. Sensitivity analysisbottom cycle compressor isentropic efficiency.
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Figure36. Sensitivity analysisminimum approach temperature in the IHXs and gas

coolers.

The IHX approach temperatures had very little effect on the overall COP, and
therefore, having larger minimum approach temperatures in the IHXs could be
beneficial to reduce the footprint of the heat pump system. The greatest effect on
COP occurred whené&minimum approach temperature of the top cycle gas cooler
was increased. The COPs of all models at varying minimum approach temperatures
in the top cycle gas cooler are shownhkigure37. At lower minimum approach
temperatures (10 °C), the COPs of all models converge to approximately 2.5, with
particular similarity between Model T2 and T74. At the selected minimum
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approach temperature of 20 °C, Model-ZTTlearly had the highest COP at 2.2. At
a minimum approach temperature 40 °C, ModelZl'hiad the lowest COP of
approximately 1.6, whereas Model -BT showed a similar COP to -FTat
approximately 1.9.

2.7

2.5

2.3:\

0 20 40
dTm‘T!
— T — TT2
TT-3 T3

Figure37. Sensitivity analysiscascade gas cooler minimum approach temperature fer TT
1, TF2, TF3 and T14.

Pressure drop in théigh temperature gas coolés likely to be significant in the
design of a prototypePressure drop was varied as a percentage of the inlet
pressure(150 bar)to determine the effect orthe cycleCOP Tablel4). There was

a COP reduction of up to 11.04 % for a pressure dr@®&b. Without the detailed
design of the heat exchanger, it difficult to determine the magnitude of the
expected pressure drop. However, Sarkar et [aB1] reported that for a
supercritical C@systemoperating at 100 bar, the pressure drop was up 4 Qar
(1.4%)which wouldcorrelate to less than 2 % COP reduciioiiablel4.

Tablel4. Sensitivity analysis COP with varying pressure drop fordl T

Gas cooler outlet Pressure drop (% COP COPeduction
pressure bar) (%)
150.0 0 2.22 0.00
1425 5 2.16 2.63
135.0 10 2.10 5.35
127.5 15 2.04 8.16
120.0 20 1.97 11.04
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4.6 Practical implications for implementation

COP is not the only metric for determining whether a HTTHP should be
implemented. A multdimensional approach that considers the process integration,
capital and complexity must also be considered. Although Modd! ddnsistently
showed the highest COBrfthe spray drying application, there may be cases where
it is favourable to minimise the capital cost and complexity and implement one of
the cycles with fewer components. For example, at a sink temperature of 200 °C,
the COP of Model T was only margilly higher than the COP of Model-Z,T
therefore, to reduce the amount of space and cost, it may be more favourable to
implement TT2 to reduce the capital cost.

A spray drying application is also constrained by food hygiene standards, safety and
footprint limitations. The sink air is used to directly heat the product in a spray dryer,
which means that an intermediary watéwop, heated by the heat pump, would
likely need to be used to reduce the risk of contamination. In this study, the water
loop was accounted for by using a larger minimum approach temperaaiiye (

20 °C) for the top cycle gas cooler that couldelygated to a minimum approach

of 5 °C from refrigerant to water and 15 °C from water to air.

Although Model T did not have the best performance of the models considered,
the CORor Model TT3 at a minimum approach temperature of 40 W@s similar

to the COP of Model . It is likely thata realised heat pump system would be
retrofitted into existing planttherefore the available space for the heat pump to
occupy would be limiteevhich may necessitate using smaller componefiayger

3°Y ). In this caseimplementingTT-3 may be advantageousver T4, as the
COPs are fairly similar at larger minimum approach temperatures in the top cycle
gas coolein addition to T13 having one less heat exchanger thardTT

A significantchallengestill existsin the construction of the proposed modetisie

to the high pressures and temperaturesjuired when using G@s the refrigerant.
Thedischarge pressure and temperature required out of the compressor stretches
the boundaries of existing compressor technologies currently used in heat pumps.
As a result, the uncertainty around the isentropic efficiencemsld callinto
question the validity of the resultsin this chapter One way in which these
challenges could be overcome is to loakdther industries that currently have
technologyto compress supercritical G@uch as the oil and gagctor, and adapt
them for use in HTHPAnothermethod that couldalsobe employed is t@xplore

the useof expansion work recoveryn the form of ejectors, to lower the required
temperature and pressure lift of the compressor

4.7 Conclusions

The performance of six modelwas evaluated under a range of operating
conditions that resulted in sink outlet temperatures ranging between 50 °C and
290 °C. The six models represented multiple configurations that highlighted the
effect of the transcriticatranscritical cascade cycle amgement, and the effect of
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internal heat exchangewith three of the models being novel cycle architecturks
key constraint in the analysis was to limit the maximum discharge pressugOto 1
bar. Sirgle stage cycles were modelled for performance comparikomas found

that the singlestage cycles were unable to reach a temperature of 200 °C with the
maximum pressure constrainfl50 bar) and the defined minimum approach
temperatures (Y ) as not enough superheatasavailable at the suction inlet

to the compressor.

In addition to outlining the method for modelling HTTHPs for this thelsés key
findings that resulted frm the analysién this chaptemwere:

1 The use ofan internal heat exchanger increas¢he maximum sink
temperaturefor a single stage heat pump cycle.

1 The transcriticatranscritical cascade cycle arrangement increases the
maximum sink temperature in comparison to a single stage heat pump
cycleand a single stage heat pump cycle with an internal heat exchanger.

1 The inclusion of an internal heat exchanger in the bottom cycla of
transcriticaitranscritical cascadkeat pump cycléncreases the maximum
sink temperature.

1 The inclusion of internal heat exchangers in the top and bottom cycles of
the transcriticaltranscritical cascade heat pump cycle had the highest COP
of the models evaluatedachieving a COP 2122 for a sink temperature of
200 °C.

1 Models TT1 (transcriticajtranscritical cascadend TF3 (top cycle internal
heat exchanger)had significantly greater exergy destruction during
expansion despite having similar COPs te4Tiop and bottom cycle
internal heat exchangersymaking them good candidates for expansion
work recovery.

These findings demonstrate the potential of transcritical cascade cycle
configurations with internal heat exchangeto achieve high sink temperatures
while maintainingacceptabledischarge pressureer process conditions that are
applicable for milk powder spray dryingowever, the analysialso uncovered an
opportunity to utilise expasion work recovery to potentially increase the COPs of
the lower performing cyclesThe next chapter will explore the integration of
expansion work recoveys a means tamprove the cycle performance and reduce
exergy lossewithin the cycle.

80



Chapter 5
Expansion work recovery

5.1 Introduction

In Chapter 4 the modelling method for evaluating the performance hbigh
temperature transcritical heat pump@TTHPsin this thesiswas demonstrated
From the analysisof six HTTHRsne transcriticaltranscritical cascadkeat pump
cycleconfigurationshowed the highest COP of 2.22 for the specified conditions
The specified conditionwere based on theequirementsfor milk powder spray
drying However, the analysis also showed that tadditionalheat pump cycles,
while exhibiting slightly lower COPsnvolved fewer componentsand delivered
performance comparable to the highest performing cycleat the specifd
conditions Akey findingwas thatthesetwo simplerheat pumpshad approximately
double the exergy destruction during expansion in comparison to the model with
the highest COPThis suggests thathe two heat pump cyclesnay be strong
candidates fothe integration ofexpansion work recovernp increase theoverall
system COPor the given application

In heat pumpsexpansion work recovery generally comes in the form of ejectors or
expandersEjectors are a relatively low cost, simple in structure (compared to an
expander), and low maintenance modification that can be made to recover
expansion work that would normally be lost during throttling in heat pump systems.
Ejectors can enhance the oygberformance by increasing the suction pressure or
decreasing the discharge pressure in and out of the compressor respectively, thus
reducing the compression worf64]. Additionally, the pressure ratio of the
compressor is also reduced, which is favourable due to the mechanical limits of the
compressor.The working principle of an ejector involves two fluids, generally a
high-pressure liquid or gas and a lgwessure vapourywhich mix to produce an
intermediate pressure vapour. It is usually placed after the gas cooler in a
transcritical cycle or condenser in a subcritical cy8léernatively,work can be
recovered through the use of an expand&kpanders producevork through the
expansion of the refrigerant, decreasing thet work required by the system.
Expanders generally recover more work than ejectors, howesgpanders are
expensive and have multiple moving parts, thus requiring more maintenance
which can be a prohibitive disadvantad@]. One large scale heat pump has
demonstrated the use of expanders in high temperature f0Osink heating up to

150 °d46]. The cyclas a single stage dgcwith an expander and expansion valve
(TX2).

The objective of this chapter is to investigate the integration of expansion work
recovery into HTTHP cycles for milk powder spray dr8odding on the six base
cycle configurations fronChapter 4 ejectors and expanders will be incorporated
into seleced configurations to evaluate their impact on the thermodynamic
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performance Althoughexpanders have been demonstrated for high temperature
applications, ejectors are largely used for refrigeragatemsThus,assessinthe
influence of ejectoren the thermodynamic behaviour of HTTHP cycles operating
at sink temperatures up to 200 ¥€the novel contribution of this chapter

5.2 Methods

The analysis will use the HTTHP modelling method as described in Segt®im
addition to this, ejector and expander modelling willibeluded.

5.2.1 Ejectamodelling

An ejector works by utilising high pressure vapouto & O 2 Y LIABpEessure
vapour, resulting in an intermediate pressuneixture (Figure38). In a heat pump
cycle, tle highpressure vapouyreferred to as theprimaryflow (Q) is typically the
refrigerant vapour exiting the gas cooler or further subcooled by ar(tdiside).

The low pressure vapouor secondaryflow (‘Oj@ the low pressure refrigerant
vapour that exits the evaporatoAs the primary flow enterthe ejector, thefluid
undergoes isentropic expansigtonveringthe pressure energy into kinetic energy.
The high velocity, low pressure flalaracteristiof the primary floncause a low
pressure zone that draws the secondary flow into the ejectdre two flows mix
turbulently in the mixing zoneand theresulting mixtureenters thediffusing zone,
wherethe velocity decreases and the pressure increa8aintermediate pressure
flow exits the ejectorwhich has a lower pressure than the primary flow butghkr
pressure than the secondary flowhe intermediate pressure outlet flow is often
two phase, which is then separat@uto vapour and liquid streamdhe vapour is
compressed, either directlgr after further heaing using an IHX (cold sid&)he
increased pressure at the suction inlet (in comparison to at the evaporator outlet)
to the compressor decreases the amount of compression work required. The liquid
portion from the ejector which does not gato the compressaris expanded and
then evaporated

F'.rimary inlet: Nozzle Mixing Diffusing
High pressure Zone Zone Zone
vapour
y ‘HJ Intermediate
mf 1 pressure mixture
—-I“-I# E
| e
" Mo
mix

Secondary inlet:
Low pressure vapour

Figure38. Ejector structure with three different flow regimeadapted from Adamson et
al. [8].
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Pressure

Enthalpy

Figure39. Ph diagram of a simple ejector cycle Tilvith state points: 1) evaporator out,
2) compressor out, 3) gas cooler out, 4) ejector out, liquid portion/expansion valve in, 5)
expansion valve out, 6) ejector outlet and 7) ejectat; vapourportion/compressor in.

The method for modelling the ejector in this thesis follows the constant pressure
mixing modelwhich was validated for transcritical €€ectors by You et al34].

A nozzleisentropic efficiency« ) of 80%was assumetb calculate the enthaligs

(Qr )and the velocitiesl , ) of the primary and secondary flows, respectively
[132], at the outlet of the nozzle zonesingEquations5.1 and 5.2. Between the
inlet and the outlet,a pressure drop will occur as a result of frictional losses. The
maghnitude of the pressure drop varies depending on the operational parameters.
As the cycles proposed have yet to be physically developed, it wamedshat

the pressure drop was 0.03 MPa, based on the work of Li and[G38]I

Qp Qj, - 1Qf Qp 51

0/ ¢t Qp  Qj 592
The entrainment ratio‘() isdefined as the ratio between thmass flows of the

secondary and primary flonEquation5.3), which can be used to calculate the
velocity of thecombinedflow (0 ) in the mixing zon€Equation5.4).

) a
a 5.3
. VS
U ‘
p 54

Using the velocity of the mixture and the conservation of energy principée,
specific enthalpy of the mixturé&l ) can be calculated using Equatiab.
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The enthalpy at the ejector outl€iQ ), i.e. the actuaspecific enthalpy of the
mixed fluid out of the diffusing zones obtained using an energy balance between
the primary and econdary flow inlet§Equation5.6). Where it was not possible to
provide an enthalpy for the primary inleét); ), the quality of the mixed flow at
the exit of the ejectord wascalculatedusing Equatio®.7 with an estimated
initial valuefor entrainment ratio { ). Asolver was used tminimise thedifference
between thequality of the intermediate pressure flowi( ) from Equation5.7

andthe value for qualitydd ) calculatedfrom Equatiorb.8.
Q p—‘t Qh —p . t Qh 5.6
o p
p 57
@ QQ D 5.8

To determine the value of the intermediate pressure flow exiting the ejgdtor )
for Equation5.8, the isentropic enthalpy at the outlet of the ejectof) ) is
calculatedusing an assumed isentropic efficiency vabhfeB0%for the diffuser
section £ ), as shown in Equatidn9. Then theejector outlet pressure is a function
of the ideal outlet enthalpyand the entropy of the mixturei( ), as shown in
Equation5.10.

Q - tQ p — tQ 5.9
0 QQ H 5.10

Finally, the Pressure Lift Ratio (PLR) for the ejector is given by Egbidtion

(]

00'Y

511

C
>5¢

5.2.2 Expandenodelling

Expanders work bgonverting pressure energy into shaft work, either through a
turbine or volumetric egander, such aa piston expanderlin heat pump cycles,
expanders often act in place of or in conjunction with an expansion ‘aaldehe
shaft work generateds used to provide power to the compressor shaft, reducing
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the overall work input for the heat pum@o modelthe expander, thdésentropic
relations,and an assumed isentropic efficiency of 7@8re used as shown in
Equation5.12.

0 0
Q Q 5.12

Someexpanders can handle two phase flow biit@& LINBEFSNI 6t S G2 2 LISNI
from the two phase region due to mechanical limitatiomberefore, to determine

the outlet pressure from the expander, tipgessure ratio is set amn optimisation

variable such that the fluid exited the expander as a liquid or supercritical phase,

to determine the actual enthalpy at the outlet of the expandé ( ) as

consistent with the method oMWolscht et al.[134]. The calculated value of

isentropic efficiencywas constrainedto be equal to theassumed valueln some

cases where the optimum pressure approached the critical paisgnstraint was

set to keep the fluid in the supercritical regidofhe remaining expansion required

to reach the evaporation pressure is completed with an isenthalpic expansion valve.

2]
e . i
7 Wery 14
0 E
g
o i3 )

4

5@ 1

Enthalpy

Figure40. Ph diagram of a simple expander cycleIl'Xith state points: 1) evaporator
out, 2) compressor out, 3) gas cooler out, 4) expander out, and 5) expansion valve out.

Expanders are capital intensive dewcand cost estimations are not readily
available in the open literature at the operating conditidhat are requiredfor
HTHPsHowever, theéoreakevencost of an expandeld ) can be estimated in
comparison to the equivalent original cycle conc@ptQ."@o determine this cost,
the electricity savings per kW of delivered héat ) is firstcalculated from
the cycle CORS.13).

E3o

5.13
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The annual kectricity saungs U R ) can then be calculated using
Equation5.14. The annual operating houfs) was assumed to be 6000 hours per
yearat an electricity pricgry ) of 40 NZD/GJ

0 N 0 fotn 5.14

Over an assumed lifetim@) of 15 years for the heat pump systethe breakeven
cost(@ f ), in which the expander must cost less thaan be calculatedThe
calculation assumes the same maintenance cost.

o 0 R to 5.15

5.2.3 Cycle concepts

The ejectofe)and expander cyclgX)modelled in this chapter are shownkigure

41. All cycles are variations tife modelsanalysed in the previous chapteuat with
expansion work recovery integrate@ihe single stage ejector and expander cycles
(T1lel, Tle2, TXla and T>a) are modelled for comparative purposes, however
the main focus of the modelling will be on the cascade cycles that had high exergy
destruction during expansioto determine whether integrating an ejector or an
expander can increase the performance significantly in comparison to the highest
performant cycle fronChapter 4TTF4).

Model TTF1 had the highest exergy destruction during expansion in the top cycle,
with 9.0 kJ/kgn Models TTel and TTA are variations ofT F1 with expansion
work recovery integrated in place of the expansion valve in the top cytidel

TTF2 had the most comparable COP W4 for the spray dryer air heating
conditions, despite havingorethandouble the exergy destructioin the top cycle
expansion valvg6.1 kJ/kgn). Models TTe& and TT> have expansion work
recovery integratedn the top cycleafter the IHX which exchanges heat from the
top cycle gas cooler outlet to the bottom cycle compressor inlet.

In thesecycles, the exergy destruction during expansion for the bottom cycle was
comparable to the highest performing cycle {)T therefore, expansion work
recovery was only integrated in the top cycleswever, Model T-B exhibited large
amounts of exergy destruction in both the tamd bottom cyclesAs a result, the
variations of TB (TTe3 and TT>8), have expansion work cevery integrated in
both the top and bottom cycles.

5.2.4 Thermodynamic performance evaluation

The cycles were modelled for the spray drying case stidy ( ; = 40 °C,

Y iy =15/200 °C). The main metrics used to evaltlageperformance of the
ejector and expander cycles will be COP and exergy destruction as described in
Sectior4.3.4
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Single-stage Single-stage with Cascade Cascade with top Cascade with top and bottom
with ejector ejector and IHX with top ejector gjector and bottom IHX ejector and top IHX
T1e-1 T1e-2 TTe-1 TTe-2 TTe-3

)
1
Single-stage Single-stage with Cascade Cascade with top Cascade with top and bottom
with expander expander and IHX with top expander expander and bottom IHX expander and top IHX
TX-1a TX-2a TTXA1 TTX-2 TTX-3

B

Figure4l. Ejector and expander cycle concepts
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5.3 Results

The objective of the analysis was to investigate ways to increase the COP in
comparison to the original cycle concepts. As ejectors and expanders recover
expansion work, the compression work required for the heat pump is theoretically
decreased. However,agh expansion device has its own challenges. Ejectors are
relatively low cost; however, patbad operation can be challenging. Thitess of

an issue for the case study of milk powder spray drying, as the set point conditions
tend to be steady,but it would have significant impact for othexpplications.
Expanders generally recover more work; however, expanders are much more costly,
both in capital and maintenance cost, and increase the system complexity.
Therefore, a significant increase in COP compared to the original cycle concepts
would be required tqproceed with the integration of an expansion work recovery
device.

5.3.1 Maximum sink temperatures

In the initial modelling stages, it was found that the specified evaporation
temperatures for the transcritical cascade cycles were not suittdvl¢he target
conditions. For cycle T3 the selected top cycle evaporation temperature of 20 °C,
resulted in anejector outletpressure irthe supercritical region. While it is possible
to use a supercritical GGBCQ) ejector, additionatomplexityis introduced as sGO
ejectorsare far less established in comparison to two phase ejeandsanalytical
frameworks for modelling sCCejectors are limited in open literaturfl35]. To
avoid this, a simpler approach was adopted by lowering the evaporation
temperature to increase the maximum sink temperaturewéver, this is a trade
off, as lowering the evaporation temperature can result in a greater pressure ratio
across the compresspincreasing the worlnput and also thethermodynamic
strain on the systemFurthermore many cyclesvere unable to reaclthe target
sink temperature of 200 °@hderthe maximum pressure constraiat the specified
evaporation temperaturesCongquently, the evaporation temperature was varied
to determine the maximum sink temperaturfor the ejector Figure42) and
expander cycledgure43).

The equivalent ejector and expander cycles to the siatdge cycle T1 were Tle

1 and TXlLa, respectively. The inclusion of ejector (T}evas found to reduce the
maximum sink temperature for the same evaporation temperature of 10 °C
whereas the inclusn of expander (T-Xa) had little effect on the maximum sink
temperature in comparison to F1. A similar trend was followed for T-Reand TX

2a which are the equivalent cycles to the singiage cycle with an IHX-P1T1e2

was able to achieve the taggysink temperature at an evaporation temperature of
-5 °C and T=2a was able to achieve the target sink temperature at evaporation
temperatures below 10 °C. For all of the cascade cycles, the top cycle evaporation
temperature had a greater influence ondhlmaximum sink temperature than the
bottom cycle evaporation temperature. The equivalent cycles fe2 &thieved the
highest maximum sink temperatures for both the ejector (BJend expander
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(TTX2) equivalent cycles. The maximum sink temperature was sevieretgd by
the addition of an ejector (TT8&) in comparison to F¥ and TT>8. The maximum
sink temperatures for TFK and TTel were similar for the range of evaporation
temperatures.

400
3350
300 T1e-1
o —+—TTe-1 - top
=200
|_.g ——TTe-1 - bot
150 —+—TTe-2 - top
100 : ——TTe-2 - bot
50 —+—TTe-3 - top
0 I ——TTe-3 - bot
-3 S 15
Tevap (°C)

Figure42. Maximum sink temperature at varying evaporation temperaturegctor

cycles
400
350
300 TX-1a
250 —*-TX-2a
8 ——TTX-1-top
~ 200
|_'§ ——TTX-1 - bot
150 —+—TTX-2 - top
100 ——TTX-2 - bot
50 ——TTX-3 - top
0 ——— ——— — —*—TTX-3 - bot
-5 S 15
Tevap (°C)

Figure43. Maximum sink temperature at varying evaporation temperaturespander
cycles

An example of the effect of thejectoron the maximum sink temperaturean be
seen in a comparison between cyclesIlan TTel, shown inFigure44. In the
diagrams, the evaporation temperatures are held constant at 10 °C for the bottom
cycle and 20 °C for the top cydiar the specified conditions, 1LTis able to achieve
the target sink temperature of 200 °C, howeVET,el can only achieve a maximum
sink temperature of 171.52 °@s result of the lower pressure ratio across the
compressor.L (ip@skible to increase the sink temperatyrdeowever, this would
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require increadg the pressure ratio orreducing the minimum approach
temperature in the gas cooler.
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a) TFlatY =200°C b) TTelaty  =1715°C

Figure44. Ph and Ts diagrams for a) FTand b) TTafor'Y  =10°Candy

=20°C
5.3.2 Cycle COPs amchg drying case study
At the same sink temperaturél71.52 °Q; TF1 still performed better than TT4.
One of the reasons for this wassignificant decrease performance éthe bottom
cycle (without the ejector), espite the ejector increasing performance of the top
cycle In the top cycle, the compressor work requirements decreased significantly
from 45.88 t038.92kJ/kginWhich increasd the COP of the top cycle from 3.45 to
4.06 Tablel5). However, the COP of the bottom cycle decreased from 3.21 to 2.90
as less heat was transferred in the cascade gas cobtiglitionally the CQ exited
the gas coolers of both th®p and bottom cyclest higher temperatureswhich
reduces the ability to leverage the higheedi capacities of CGat temperatures
closer to the criticapoint (~31 °C)This compounds withigherexergy destruction
during expansion from the higher temperatures in the bottom cy&lsimilar effect
on the COPbetween the original cycle concepts and the ejector cyalasalso
observed in the TP and T3 variants.
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Tablel5. COPs of FT and TTel at a sink temperature of 171.5 °C.

TF1 TTel
6 3.45 4.06
6 3.21 2.90
6 2.32 2.21

Theevaporation temperatures were set as additional optimisation variatdethe
spray drying case stugywnd the discharge pressure was fixed at 150 Bae
optimisation maimised the cycle CORr atargetairtemperature of 200 °C. In the
ejector cycles, thentrainment ratio(s) was also an optimisation variable, with the
constraint that the estimated vapour fraction at the exit of the ejector was equal to
the calculated vapour fractiorhe estimated vapour fraction was initialised using
the entrainment ratio () as shown in Equatiorns7 and 5.8 (Section5.2.1). The
resultant entrainment ratiosand also the pressure lift ratider the ejectorsare
given inTablel6. Cycle T1d was excluded abe cycle was unable to achieve the
target sink temperature at the specified conditions despite lowering the
evaporation temperaturefor all of the remaining ejector cycles, the entrainment
ratios varied betwee®.38 and 0.71Palacz et aJ136] noted that the entrainment
ratio of two phaseCQ ejectorsfor refrigeration cyclesended not to exceed 0.5.
However, data from You et d84] showed that a highemotive pressureof up to
120 barincreased the entrainment ratito approximately 0.7The pressure lift
ratios © 0 )Yvaried between 1.18 and.51, which resulted in pressure lifts of
approximately 10 to 15 baiThiswas within the typical 216 bar lift that was noted

by Palacz et aJ136].

Tablel6. Entrainment and pressure lift ratios for the ejector cycles

Tle2 TTel TTe2 TTe3
‘ - 0.43 0.63 0.71
: 0.60 - - 0.38
0 O - 1.36 1.20 1.18
0 O 1.27 - - 1.51

A comparison of the COPs that could be achievedhbyejector and expander
cycleswith the equivalent original cycle concepts fr@@hapter 4are given irFigure

45. It should be noted that the COP of the original cycle concepts may vary slightly
compared to the resulted presented in Sectird as the evaporation temperatures
were no longer fixedas they were in the previoushapter The COP othighest
performant cycle fronChapter 4 TF4, was also given for comparisdsut the cycle

did not have an ejector or expander equivalent cycle that was analgsetthe
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gjector and expander cycles aimed to achieve higher COPs while maintaining,
ideally, fewer or the same number ofclecomponents

25
2 -
m Original cycle
" 1.5 1 concepts
(]
S = Expander
1 -
m Ejector
0.5
0 4

T™M-2 TT1 TT-2 TT-3 TT-4

Figure45. Comparison of the COPs achieved by the expansion work recovery cycles.

With the optimised evaporation temperature§ F4 achieved a COP of 2.28n
interesting resulialsooccurred where the COP of-PTwas the same as #lonce

the evaporation temperatures had been optimised. This presents a case touse TT
2 over TH as the performance at the target temperature is the same despite
having one less heat exchangelowever the results of Sectiod.5should also be
consideredvhere TF4 consistently outperformed T2 at varying conditiondz=rom

the analysis presented in Kong et[aR3], the capital cost estimations betwedii-

2 and TH# wererelatively similar at 124,295 EUR and 125,489 EUR, respectively.

In all of the expander cycles, the COP was increased through the use of an expander.
The most notable effect was between-BBnd TT>8, however, this is likely due to
TTX3 having two expanders whereas the rest of the cycles only have one. For
expander cgles with one expander, the most notable increase was inZliKich

also had the highest COP of all the cycles at 2.35. Capital cost estimations for CO
expanders in a similar operating range were not readily available in the open
literature; therefore, t is difficult to determine whether the increased COP fax-TT

2 at 2.35 is significant enough to warrantegrating into the system over 34 TT-

4with a COP of 2.2Blowever, a brealeven cost for the expander can be estimated
(Tablel?).

At this stage, T-& still remains the preferable cycle over-Z;Tbut the breakeven

cost is most accurately calculated between PTahd T12 as the main difference
between the two cycles is the addition of an expander. This then can be used as a
relative cost comparison for 7 because, as mentioned previously, it had been
shown in Kong et aJ123]that TF2 and T4 have similar capital cost estimations.
The amount of electricity used per kW of delivered heat can be taken as the inverse
of the COP, resulting in 0.43 kMWkW for TTX2 and 0.45 k\WWedkWin for TF2 ¢
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an electricity savings of 0.02 k/kWw. For an annual operating time of 6000
hours per year and a lifetime for the heat pump of 15 years, the bexak capital

cost for the expander is 297 NZD per kW of delivered heat (for the heat pump).
Although, it is likely that the breakeven cost needs lie even less as the
maintenance cost over the lifetime of the heat pumpikgly to be greater for TFX

2 than TT2.

Tablel7. Expander breakven cost calculation breakdown.

TT2 TTX2
600 2.23 2.35
0 0.02 KWiedkKWin
0 B 19.78 NZD/(kW/ year)
o 298.6 NZD/KW

Another challengethat needs to be considerefr the expander cycleis that, in
many cases, the optimal expander outlet pressusere very close to the critical
point (Tablel8). Near the critical pait, small changes in temperature/pressure can
cause very large changes in densitympressibilityand heat capacityThismakes
the mechanical design of the expander very difficadt theflow conditions are
varying rapidly.lt is unclearexactly how this would affect the mechanical and
operational limitationsAlternatively,expanding to a smaller pressure ratio, to stay
away from the critical point could be an option, however, this would decrease the
breakeven cost othe expander (the expander wouldead to be much cheaper)
for it to be economically viablas the COP increadetween TT2/TT-4 and TTX
would be less

Tablel8. Expander outlet pressures for cycle2@XTTXL, TTX2 and TT>8.

Cycle g o =t m(par)
TX2a 73.8
TTX1 72.0
TTX2 77.6
TTX3 (top | bottom) 61.5]74.3

The C®@expander in this study was modelled using an assumed isentropic efficiency
of 70 %to represent a more realistic, nadeal expansionNeverthelessthe
approach still simplifies the analysis dndpsall of the irreversibilities present in
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actual devicedike mechanical losses, leakadection, and turbulence. These
limitations are particularly prevalent in supercritical.C@®here the properties vary
sharply nar the critical point. Additional factors, including heat trandfetween

the working fluid and the expander walls, potential condensation, and mechanical
constraints due to the high fluid density are also not considered. As a result, the
model may overestimate system performance gaiuture work should
incorporate CFD modellinghd experimental validation to improve confidence in
the predicted expander performance.

5.3.3 Exergy destruction

The ejector cycles were unable to achieve higher COPs than the original cycle
concepts.T1-2 was unable to achieve the target sink temperatofe200 °Cand

was therefore excluded. Ti2achieved a COP of 1.@hich was lower than could

be achievd by TX2a at 2.01DespiteT1e2 having lower exergy destruction during
expansion(10.2 kJ/kgny in comparison to T-2a (L3.7 kJ/kgny, the lower COP
resulted froma greaterpressure ratiorequiredacross the compressao achieve

the target sink temperaturelhe pressure ratio required to achietree 200 °Gsink
outlet temperature wagt.7 in T1e2 whereas TRa only required a pressure ratio

of 3.7.The COPs of Tg2.13 and TTe2 (2.23 were identical to those of their
respective original cycle configurations but remained below those achieved by the
expander cycle§2.18 and 2.35, respectivelyfonversely, TT& demonstrated a
lower COR2.03)compared with both T-B (2.14)and TTX3 (2.31)

The exergy destruction in the components for theITTF2 and T13 cycle variants

are shown irFigure46, Figure47 andFigure48® ¢ KS a9 -t ! b{ ¢ OF 1S32NR
figures includes the total exergy destruction related to expansion of the refrigerant

from a valve, ejectoexpanderor a combination of expansion devicésthe case

of TTe3, the bottom cycle pressure rat{@.6) was decreased in comparison to-TT

3 (3.6) Howeverthe top cycle pressure ratio, which has most of the refrigerant

mass flow, was increased from 2.9 to 3.7, resulting in greater exergy destruction in

the compressorKigure48).

The changes in exergy destruction in Tand TT& compared to T-L and T2

were more moderate, which was to be expected from the resulting COPs. The
exergy destruction during expansion for TI'evas decreased for both the top (8.6

to 7.0 kJd/kgny) and bottom cycles (4.2 to 3.8 kJikg but was increased in the both
the top and bottom cycle evaporators from 1b2.2 kJ/kgnkin the top cycle and

2.0 to 4.3 kJ/kgh in the bottom cycle Figure46). The exergy destruction during
compression was reduced slightly from 2.7 to 2.6 k}kg the bottom cycle for
TTel but this was negated by the slight increase in exergy destruction from 11.2 to
12.5 kJ/kgnk in the top cycle compressor. Likewise, the exergy destruction was
reduced slightly between Ti2 (5.6 kJ/kgw) and TT2 (6.2 kJ/kg.w) but the
compressor exergy destruction in the top cycle compressor (11.6 to 12.3;d)/kg
and bottom cycle evaporator was increased (1.5 to 1.8 kddk@gs shown ifrigure

47.
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Figure46. Exergy destruction in the cycle components fet Variants

X des ( kJ/kgsink)

e N b~ o
©O o o o o

14.0
12.0
10.0

mTT-2 top
uTTX-2 top
ETTe-2 top
ETT-2 bot
TTX-2 bot
ETTe-2 bot

Figure47. Exergy destruction in the cycle components fe? Variants.

18.0
16.0

x14.0
£

& 12.0
5 10.0

X des ( k

8.0
6.0
4.0
2.0
0.0

<

W

mTT-3 top
uTTX-3 top
mTTe-3 top
mTT-3 bot
TTX-3 bot
mTTe-3 bot

Figure48. Exergy destruction in the cycle components feB Variants.



Compared to T-L, the inclusion of an expander caused small increases in exergy
destruction across most of the componentBiqure 46). However, TT-X had
significantly lower exergy destruction during expansion (7.0 kd/ktptal)
compared to T1L (12.8 kJ/kgktotal). Decreases in exergy destruction were also
observed in the bottom cycle compressor by 0.6 kiikgnd gas cooler by 0.5
kJ/kgink.. In TTX2 (Figured?), increases in exergy destruction (compared te2] T
were observed in the evaporator (0.4 k3kg and compressor (0.8 kJ&@ of the

top cycle, and the IHX (0.1 kJ{kg and gas cooler (0.1 kJ&« of the bottom cycle.
However, the exergy destruction for the rest of the components was decreased.
Like the T variants, the most notable decrease in exergy destruction was during
expansion from 11.8 kJ/kgktotal for TF2to 7.2 kJ/kgnktotal for TTX2.

The difference between the expander and original cycle concept COPs were the
most notable for the T-B variants Figure48), with TF3 having a COP of 2.14 and
TTX3 having a COP of 2.88igure45). Although the exergy destructioncreased
slightly for some of the bottom cycle componentsetexergy destruction across all

of the top cycle components were decreased. The nsiificant decrease in
exergy destruction during expansion frdi.0 kJ/kgntotal in TF3 to 6.8 kJ/kgnk

total in TTX3.

5.3.4 Compressor discharge pressures

To simplify the optimisation, the top pressures of both cyateSections.3.1to
5.3.3were kept constant at 150 bdor both the top and bottom cycle§ he effect

of varying the discharge pressures the COP was analysémt the ejector cycles
to determine whether the ejector had a greater effect on the cycle at lower
discharge pressurefigure49 shows the effect of varying the discharge pressure
for TF1 and TTel with TF4 also given for comparisoirigure50 presents the
results for T2 and TT&, and Figure51 presents the results for T3 and TTe.
For all three figureshe discharge pressuregere only varied for either the top or
bottom cycle. In the top/bottom cycle when the pressunas not varied the
discharge pressure wdsept constant at 150 bafThe discharge pressures were
varied between 120 and 150 bar.

Cycles T'I and TTel (Figure49) had nearly identical COPs for all discharge
pressures investigated. Varying the pressure of the bottom cycles for had a lesser
effect on the COP than the top cycles. For all pressures, tHieand TTel had

lower COPs than 4, except for an overlap b&een the TF1 and TTel bottom
cycles and T-& top cycles at 120 ba&imilarly, the top cycle discharge pressures
also had the largest effect on COP forZTdnd TT& (Figure47) compared to the
bottom cycles but the negative effect on COP with decreasing discharge pressure
was much more prominent for ¥4 than TT&. Additionally, TT2 was able to
achieve slightly higher COPs than4Tdt the varying pressures, with the COPs of
the three cycles converging at 150 bar-J&nd TT& (Figure51) was the cycle
group that was the most sensitive to changes in discharge pressure but consistently
had lower performance than 4.
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Figure49. COPs of TI, TTel and T4 at varying maximum pressurés one cycle/150

bar for the other cycle
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Figure50. COPs of T2, TTe2 and T4 at varying maximum pressurés one cycle/150
bar for the other cycle
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Figure51. COPs of 13, TTe3 and T# at varying maximum pressures for one ciidé@
bar for the other cycle
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Thesame maximum discharge pressure for both the top and bottom cyasslso
investigated TF1 and TTel (Figure52) hadsimilar COPs butere bothlower than
TT4. Interestingly, TR had higher COPs at lower pressuiegomparison to T4
but the cyclesconverged to the same COP at 150 ffeigure53). The maximum
pressure range was extended up 260 bar which showed that theCOP of T-#
was higher than TZ at pressures between 150 and 200 bBrepending on
compressor limitationsthis supports the selection of cycle -2T However, as
compressor technology improves, -&Tis likely to be the better cycld T3 had
better performance than T&3 but not TF4 for the discharge pressures
investigated Eigure54).
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Figure52. COPs of TI, TTel and T# at varying maximum pressures for both cycles

25

2.4 -
2.3 -
o 2.2 1

o —+—TT-2
© 21 -

——TTe-2
2 4 ——TT4
1.9 +

1.8

120 140 160 180 200
Pgis (bar)

Figure53. COPs of T4, TTe2 and T# at varying maximum pressures for both cycles
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Figureb54. COPs of 13, TTe3 and TH at varying maximum pressures for both cycles

5.4 Conclusions

The objective of this chapter was to evaluate the integration of expanders and
ejectors to reduce the exergy destruction in the .GX THRcycles proposed in
Chapter 4 Five ejector cycles and five expander cycles were analgsed
compared to the equivalent original cycle concepts. The placement of the ejectors
and expanders within the cycle were informed by the exergy destructsnlts

from the previous chapter.

The key findings from this chaptesere:

1 Many of the ejector cycles requirddgher pressure ratioand higher gas
cooler outlet temperatures tachieve the target sinlemperature,but this
causal penalties in the CORs the performance of the cascade heat
exchanger is degraded

1 In general, the expander cycles had the highest C@RbB the highest
expander cycle CABeing 0.12 greater than the highest performant cycle
from the previous chapter, 4.

1 Although the COPs of the expander cycles waightly higher than the
original cycle concepts, thmagnitude ofimprovement did not outrightly
suggest thain expander should biategrated in the heat pump cyclés
capital cost estimations for an appropriate £&Qpander vere not readily
available in the open literature, a bre@ven capital cosfor the expander
of 297 NZD/kW of delivered heat was calculated

1 Cycles TR and T34 exhibited similar COPs once the evaporation
temperatures had been optimisefdischarge pressure of 150 ba#t
discharge pressures below 150 b&F;2 was able to achieve slightly higher
COPs than H, despite having one less heat exchandgd¢owever, at
discharge pressures above 150 bar4Tiad better performance.

Limitations in this study exist related to the modelling assumptions, including fixed
isentropic efficiencies, steaeltate operation, and neglect of mechanical
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implications. Future work should incorporate CFD modelling and experimental
validation to improve confidence in the predicted expander performance.

Overall, the results did not find a clear improvement from the integration of
expansion work recovery deviceslthough the COPs of the expander cycles were
slightly higher, it was not enough to proceedith integrating an expander cygle
unless theexpander can achieve the breaken costTo concludeCycle TH is still
regarded as the highest performant cycle due to thensistently higher
performance of cycle T4 over TT2in Sectiord.5, but one couldnake the decision

to use TT2to save spatial footprint and capital cost for the spray drying case study
particularly in the case where the maximum discharge pressure needs to be lower
than 150 bar Theinsightfrom this chapteprovidesthe basis for selection of a heat
pump tointegrate into the spray drying process to be discussed in the next chapter
where TT2 and T34 will both be investigated
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Chapter 6
Integration case studyfor
milk powder spray drying

6.1 Introduction

In New Zealandjir heating for spragrying isypicallysupplied usingteam heaters
which in turn are supplied by fossil fuel boilets. shown irFigure55, spraydrying
facilities are widespread across botthe North and South Islandand allwill
eventuallyneed to transition away from fossil fuese In the North Islandnatural
gas is the predominantly used fuekhereas in the South Island, coal is more
prevalent due to a lack of natural gas infrastructu@urrent legislatiorin New
Zealandlictates the phas®ut of coal boilers by 203 with other fossil fuels, such
as natural gas, likely to folloyl37]. Despite thisthe decarbonisation of spray
drying remains challenging, &sere is notone clear solution for decarbonisation
and a lack of economically viable alternatigésws the transition away from fossil
fuel boilers

>

Figure55. Milk powderdrying facilities in New Zealanshon-exhaustive coloured by
company (ndisclosefl[138], [139]

The options which dairy factories in New Zealand hawnsiderinclude biomass,
electrode boilers, geothermal steam, and a future potential for hydrogen and heat
pumps. Biomass boiler transitions are popular due to the relative simplicity of
retrofitting a coal boiler to burn biomass, however, the supply of biomass i
constrained by the rate at which short rotation forestry can be planted and
harvested In any @se, it would be advantageous to reduce the biomass demand.
The use of geothermal steam has successfully been implemented by the dairy
company Mirak&140], and while attractive in terms of cost and renewability, is not
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suitable for many dairy companies due to geographic location. The price of
electricity has historically been the largest barrier for the implementation of
electrode boilers. Additionally, high capital investment is requinearticularly
when the need to upgrade electrical grid exit points exists. This is a similar problem
faced by using heat pumps for largeale utility supply, however, the relatively high
efficiencies resulting from heat pumps makes it an attractive optimen
considering electrificatio.

Conventional heat pump integration methods have primarily bdewelopedfor
low to medium temperature applicationsh common heat pump integration
method is to use Pinch Analysighich is useful for identifying where there are
opportunities to recover heat within a procesblowever, Pinch Analysis has
limitations when it comes to integrating HTH#&sit is generally recommended to
fully utilise the availableheat recovery through heat exchangessd then the

f STG2OSN)I KSI G &aKz2dz Rpun® HaverbdditN HTRIBstRé dza Ay 3 |
temperature lift and the temperature glidbave a major impact on the overall
system performanceBy fully utilising the heatecovery through heat exchangers
before heat pumping, the temperature lift and temperature glide can be
unnecessarily degraded, either by increasing thedif changing the temperature
glide in a way thapenaligsthe temperature profile match between the refrigerant
and the sink stream.Therefore, economically optimal HTHP integration
opportunitiesmay be missed using conventional heat pump integration methods.

While conversion to biomass or electrode boilers is simpler in terms of retrofit, the
relative price of electricity and biomassompared to the fossil fuel systems they
replace, has the potential to beost prohibitive in the long term. Heat pumps,
either as a standalone technology or integrated with a biomalsstrode boiler

have the potential to reduce the cost of supplying utility due to the highsGiaa®

can be achieved. Previous chapters in this the@srestigated the technological
potential for asimulative high temperature transcritical €feat pump to supply

all of the primary air heating requirement for milk powder spray drying. In those
chapters, theheat pumpwas heating fronil5 °C to 200 °C, and a COP of 2.22 was
achieved. Despite this promising result, a prototyypEHRhat is suitable for large
temperature glides and lifts is still a while away from being realised. Additionally,
the heating of air from 15 °C to 200 °C is a simplified representation of the air
heating requirements in spragryingk Y R R2Say Qi | 002dzyd F2NJ GKS
heating.

This chaptermnalyses the possible integrati@pportunities for theHTHRnNto the

milk powder spray drying processid how this compares to othezurrent fuel-
switching options Cost and emissions reduction potential are considered as
important metricsin this comparisonThe hypotheses which this chapter will
investigate are:
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1 An optimal sink temperature exists where integrating a heat pump with a
electrode or biomasboiler can lower the operating cost compared to using
each technology individually.

1 The nonlinearity o$ensible cooling of supercritical &8an be leveraged at
different temperature levels.

6.2 Methods

6.2.1 Overview of the proposed integration options
Three design groups were investigated to supply the spray dryer air heating
requirements:

1. Boilerheating only(B)
2. Full electrification using a heaump only(HP)
3. Electrificationusing a leat pump integrated witta boiler (HP+B)

The boiler heating grouponsiders switching to other fuel sources excluding heat
pumps, for example, biomass and electrode boilfiem fossil fuels which
encompasses the base design for a spray dryer air heating system supplied by coal
or natural gasThe full electrification groupresents a case whewdl ofthe heating
required forthe spray dryer air heating sectida suppliedby heat pump(s)A

partial electrification grougonsiderghe integration of a heat pumfo supplythe

lower temperature reuirements of the air heditganda biomass boileto supply

the high temperatureheat required

6.2.2 Model assumptions
The followingcommonassumptionsin addition to those described 8ectiord.3.2
are applied to the models.

Ambient airconditions Y p WORY x B P8I P 0 QI
Compressor efficiency:s  x 1 ,— w ¢

Target air temperatureg 1T 30

Source temperaturet 130

= =4 —a A

The moisture content of aiwas assumed t@emain constant during indirect heat
exchanggthrough the heat exchangers)he steam requirements for the biomass
boiler were calculated from modelling of the air heater system. Boiler efficiencies
of 80 % and 99 % were assumed for biomass and electrode boilers, respectively [78]
A steam distribution efficiency of 90 % was also assumed [79]. The amount of air
and steam required was calculated for drying milk concentrate at 70 °C for an inlet
concentration of 52 wt% milk solids to an outlet concentration of 97 wt% milk solids
[74].

6.2.3 Air heater modeflinghe boiler calculations

The base case desi@irigure20) for the spray dryer air heating system consists of
a hot water (COW water) recovery sectitoilowed by10 barlow-pressure steam
(LPS) andiO barhighpressure steanfHPSheating sectionsThe HPS andPS are
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considered as utility streamsupplied by a boiler systeras shown irfrigure20. In
the drying process, the milk powder concentrate is dried to 94 wt% milk solids in
the dryerwith anin-built static fluidised beénd then further dried t®7 wt% solids
in a high temperaturevibrating fluidised bed at 8 °C and dow temperature
vibratingfluidised bed with cool aif141]. The primary air stream is used to heat
the dryer at 200 °C and the secondary air streamsed for the statidluidised bed
at the bottom of the dryer at 102 °@oolProp {.e., HAPropsSunction) [142] was
used to determine the humid air properties andater properties.The mas
flowrate of concentrated milka g entering the spray dryer was calculated
from the desired mass of milk powder produg ) and themass
fraction solids concentrations of the respective streard$, @sshown inEquation
6.1.

.0
a g « t— 6.1
0 8
The amount of water in the mili ) was calculated using Equatiér®.
, . ; . 6.2
a a st p O 8

Within the COW water heat recovesgction, the aiisfirst heatedto a set point of
21 °Cby an HVAC systenthe air isthen heated ly the COW water recovery
exchangerswith the residual heat in the COW water used to supplygberce to
the HVAC systeml.hetemperature at which the air can be heatéal by the COW
water is dictated bythe amount of mass and thiemperature of the COW water
therefore a range of temperaturedetween 35 and 65 °C waisvestigated.To
calculate the work consumption of the HVAC sysiem ), a COP of 3 was
assumedEquationt.3).

0
) S 6.3

600

Theheating supplied by utility is divided into three sections: condensate (1S
bar)and HP$40 bar) HPSloes the highest temperature section of the heating and
is used to heat the air to 200 °The HPS is condensed and then throttledhe
pressure of the LPS. Supplementary LPS is also used edrighined supplies the
LPS section that heats the air to 160 AiCwas assumed that the steam fully
condensedrom a saturated vapouo a saturated liquidn the HPS andPS heating
sections.The combined condensate heats the air from the air temperature after
heat recovery to an intermedia temperature The intermediate temperatures
dependent on the amount of heat recovery that can be achieved from waste heat
for heatingthe air from ambient conditions. Additionally, lepressure steam is
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used to heat the secondary air for the dryer to 102 °C and the air for the vibrating
fluidised beds (VFBs) to 78 °C separately [74].

The mass flowrate dfoilersteam requireda ) can be determined by the sum

of the steam inputs required for each air heating section based on the mass
flowrate of air requiredd ), as shown in Equatiofi4. The mass flow of the air

for the dryer vas determined from the amount of water evaporatadthe dryer

(& R and the change in moisture content of the air streams from the
inlet to the outlet ¢ ), shown inEquation6.5.

& )] a 30 6.4
3Q 3Q
, a F a Fooa i 6.5
a
3 T h T &

6.2.4 Heat pump modelling

Significant exergy destruction occurs from the heat exchange in the gas coolers.
Zuhlsdorf et al.[143] showed that optimising the temperature profile match
between the refrigerant and the sink can contribute to increased performance for
the heat pump cycle. In spray drying, there are two temperature levels which
require heating: 1) fluidised bed air at apgimately 100 °C and 2) dryer air at
approximately 200 °C. For transcritical .CBeat pumps, this is possibly
advantageous as the sensible cooling profile fof &ve the critical point has two
distinct regions with differing gradient&igures6).

0 e
S S
= |
g g
E £
Single gas cooler Gas cooler 1
Specific enthalpy Specific enthalpy

Figure56. Temperature profile matching comparison in a single gas cooler cycle (left) and
a double gas cooler cycle (right)

As a result, the HTHP cycles recommende@hapter 4and Chapter 5 TF2 and

TT4, have been modified to include two gas coolers in the top cycle. The high
temperature gas cooler (HTGC) following compression is used to heat the dryer air
from 102 °C to 200 °C and the nt@mperature gas cooler (MTGC) is used to heat
all of the air, including the fluidised bed air, from ambient conditions to 102 °C.
Between the two topcycle gas coolers, approximately one third of the total mass
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of the air is diverted for use in the fluidised beds. The modifie@ &md T cycles
are shown irFigure57 and Figure58.

FB air
102 °C
—>  Dryer air
Ambient air 200°C
15 °C >

Figure57. CyclelT 2 with additional gas cooler

FB air
102 °C
—> Dryer air
Ambient air 200°C

15°C

Vﬂ \

Figure58. Cycle T-# with additional gas cooler

The modelling method for the heat pump follows the methadéscribedn Section
4.3. The heating COP for the system was calculated from the total heat supplied

from the heat pump{) divided by the work consumption of both compressaobs (
as shown in Equatio®.6.
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600 - 6.6

The specific work consumptiord § per kg of air heated using the heat pump
(@ i )was calculated for determining the annual operating cost, as per Equation
6.7.

6.7

6.2.5 Operatirand breakevest calculations

The operational cost per year excluding maintenafic® ‘OQdvas calculated for an
operational period @ of 6000 hous per year and a production capacity of #0

of milk powder. The steam cost for the boiler system was calculated from the total
mass flowrate of steam requiredd( ) multiplied by the respective inlet
enthalpies for each steam heating sectioi®( ) to determine the heatig
requirements for the process air stream. This value was then divided by the
efficiencies of the boiler< ) and the steam distribution system ( )

to determine the heat demand from the boiler. The heat demanthefboilerwas
multiplied by the operational hours and price per uoitfuel f| ) to obtain the
steam cost (Equatio6.8)

"o B a Q e
UL O - T totp tmimooQ 6.8

The heat pump operating cost was calculated from the process air requirement for
the specified powder production capacitfyd ) and the specific work
consumption per unit of air for the process mditions () multiplied by the
electricity price(p ).

60O a tototn tmdimoo 6.9
The utility pricexonsidered fothe analysis are given ifablel9.

Tablel9. Utility prices for electricity and biomass

Utility type Range Unit Reference
Electricity (delivered) 40-70 NzZD/GJ [144]
Biomass price (delivered heat) 10-25 NZD/GJ [145]
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The price ratidi , Equation6.10) betweenbiomass(y ) and electricity(, )
can beusedto determine what sink temperature is optimal for the heat pump to
run. The breakeven price ratio will occur when thgerational cosbf the biomass
boiler (6 0 © ) is equal to theoperational cosof the heat pump§ 0 © ),
shown in Equatiorb.11. SubstitutingEquations6.8 and 6.9 into Equation6.11
forms Equdion 6.12. Rearranging fothe price ratio { ) and simplifying the
equationresults in Equatio®.13.

i n— 6.10
n .
VOO GO 6.11
B a ey s ey e
- T totn tmimo@a tutotn tm@tmoQ 6.12
i h B & 2 6.13
N a tot- t—

The breakevenice ratiobetween thehybrid scenarios (Scenarios 3.1 to Jadl
biomass alondi ) can be calculated in a similar fashion. However, the utility
cost of the hybrid scenario® 0 © ) will combine the heat pump and boiler
eqguatiors, as shown in Equatidl4. Theamount of steam required in the hybrid
scenarios is denoted liy* and theamount of steam required to heat the air
from 15 °C to 200 °C is denoteddy . Combiningequations.8,6.14and6.15

gives the breakeven price ratio between the hybrid scenarios and biomass only
(Equation6.16).

60O a totn o tn totm8imo @ 6.14
000 000 6.15
. n a a’ tQ
[ - — - 6.16
N a tot- t—
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6.2.6 Emissions calcukation

The C® emissions(Q) of each heating scenario is calculateal compare the

emissions reduction potential in comparison to coal. The emissions faufteech

source outlined imable20. The grid emissiorfer New Zealand and Germany were

used to represenfrespectively)a lower grid emissions and a higher grid emissions

scenario. In 2022, the electricity generation in New Zealand was 87 % renewable

[146] on average compared to Germany with a 39 % avefadeé]. For the boiler

Fyrftearas Ad oFa lFaadzYySR (KFG GKS 0A2Ylaa
STFAOASY(f & dzaSR¢I | yaRis thekcStlRiFedthNB NewNBEy Sg 1 0 S
Zealand148]. The boiler emission€)( ) were calculated from the sum of the

annual steam consumption from the boiler divided by the calorific value of the fuel

(G U ), multiplied by the emissions factor. The calorific values of coal (lignite) and

biomass were takensa3.9 kWh/kd149] and 4.85 kWh/kd150], respectively. The

emissions contributions@ for the boiler scenarios (biomass or coal) and heat

pump were calculated as shown in Equatioh4d7 and 6.18. For the partial

electrification scenarios, the emissions were taken as the sum of thesimssfrom

the biomass boiler and the heat pump.

Table20. Emissions factors for different heating scenarios

Source ol Unit Reference
Low grid emissions scenario | 0.0742 | kgCQ-e/kWh [151]
High grid emissions scenario| 0.450 kgCQ@-e/kWh [152]
Biomass emissions 0.0146 tCQ-eltruel [151]
Coal emissions (lignite) 1.55 kgCQ-e/kQcoal [151]
! Ba Q i
Q - — totQ 6.17
- t— tw
Q a tototQ 6.18
6.3 Results

6.3.1 Simulation results

The simulation results for the heat pump aaid heater modelling e given inlfable
21 and have been verifiethrough an Engineering Equation SolVEE$ model
developed byArpagaus et a[153]. Acrossall scenarios, the sink inlet temperature
to the heat pump was fixed at 15 °C. Thé valuesin Table21 represent the
outlet temperatures of the heat pumig, T2 and T#4. Where the'Y  value was
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less than 200 °C, the remainder of the air heating requirement (up to 200&C)
met using boiér steam,quantified by . Six scenariofor the three design
groupswere investigated

1 Scenario Ibase casg air heaing entirely suppliedby boiler steam(coal,

biomass or electrode)ith heat recovery that can heat the air to 35.°C
Scenario 2 full electrificationof the air heating requirementssing a heat
pump.

Scenarios 3.1 to 3:hybrid configuratioswhere the heat pump preheated
the air and the boiler stearauppliedthe remainingheating requirements
up to 200 °CScenario 3.preheatsthe air to 180 °CNB:lt is also possible
to run the dryer at 180 °C, but it lowers the throughp&cenario 3.2
preheatsthe air to 150 °Cwhichis the sink temperature that (as so far
published) can currently be achieved with the MAN Heat Puy#Agj.
Scenario 3 uses the heat pump to supply air heating up to 120 °C, which
is synonymous to the GEA AddCpil]. Scenario 31 consides using the
heat pump toheatthe airto the temperature level of the static fluidised
bedat 102 °C

Table21. Simulation results for thieeat pumps and steam requirements from the boiler.

[ (kJ / kga| r) I= I: "—

d .. (e - - - - Uv« +0

Ave @) TT2 TF4 TF2 TT4 (K /57
1 Boiler i i i i 6.67

only

2 200 63.0 61.4 2.48 2.55 0.00
3.1 180 54.7 54.1 2.60 2.63 0.78
3.2 150 43.1 42.7 2.83 2.85 1.82
3.3 120 33.1 32.6 3.05 3.10 2.74
3.4 102 275 27.4 3.22 3.26 3.25

For the base case (Scenarjp@.67 kg/s of steam was required to supply the 20 t/h
dryer.In Scenario 2, the steam use was eliminated in favourdaicantralised heat
pump, with COBof 2.48 (T12) and 2.55 (T-#) achievedThis result also shows that
the multi-temperature level heat pump configuration, which aimed to improve the
temperature profile match between the refrigerant and the air, significantly
increased the COP of the heat pumps, in comparisdmetting the air from 15 °C
to 200 °C in one gacooler (COP of ~2.Bartial heat pumping in combination with
boiler heating (Scenarios 3.1 to 3wgre modelledwhich aimed to improve the
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overall system efficiency by leveraging higher COPs (at lower sink temperatures)
and lower steam demand-or example, heating to 180 °C with the heat pump
(Scenario 3.1) achieved COPs of ZB6B2) and 2.63 (T-#) while loweing steam
demand to 0.78 kg/s. At 150 °C (Scenario 3.2), COR83®and 2.85 could be
achieved, but the steam demand was higlaerl.82 kg/s. At 120 °C (Scenario 3.3),
COPof 3.05 and 3.10 could be achieved with a steam deman?. ot kg/s. At

102 °C (Scenario 3.4), COP8.@2 and3.26 could be achieved with 3.25 kg/s of
boiler steam required.

6.3.2 Operatingstalculations
The operatindutility) costsfor Scenarios 1 and 2 are showrHigure59.
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Figure59. Comparison of operational cost at varying heat recovery temperatures for a)
biomass boiler (Scenario 1), b) electrode boiler (Scenario 1)}2qSE€nario 2) and d) -TT
4 (Scenario 2).

The operating costs were calculated for a range of heat recovery scenarigs: 35
65 °C for Scenario Eifure59a and b) and 1§ 65 °C for Scenario Eigure59c and
d). The bottom of the bar represents the minimum operating cost, and the top of
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the bar represents the maximum operating costs for the range of utility prices
considered Tablel9). In Scenario 1, two boiler types are considered: biomass and
electrode.In Scenario 2, the heat pumps modelled wereZland T4 with the
additional gas cooler for the static fluidised bed air.

For the scenarios considered Kigure59, the costliest option was to use an
electrode boiler Figure59b), with the minimum cost (14.4 million NZD/year) being
more than the maximum cost of any other case (13.7 million NZD/year). In the case
that biomass is cheap (10 NZD/GJ), biomass is the lowest cost option of the
scenarios, particularly when greater heatcovery is availableF{gure 59a).
However, in the case that biomass is expensive (25 NZD/GJ), the heat Fimuops (

59c and d) are more cost effective, operationally. Compared to the biomass and
electrode boilers, T2 and T4 have relatively similar minimum and maximum
costs. However, even so,-fcosts approximately $300,000 NZD/year less than TT
2.

A notable result is that the cost of the heat pump scenarios did not vary much with
increased heat recovery (increased sink inlet temperature) due to a degradation in
temperature profile match between the refrigerant and the ag thesink inlet
temperature increases penalising the COP%his suggestthat it would be more
effective, in terms of cost reduction and energy savings, to use the existing heat
recovery (COW water) in other parts of the plant, such as the evaporatd®mall

An example of the temperature profile match for heat pumping to 200 °C is given
in the temperatureentropy diagram of T-& where the red line shows thsink air
streams for the two gas coole(Bigure60). The pressurenthalpy diagram is also
given.

100 300
250 -
200 -
150 A
100 -
50 A

10 4

Pressure (MPa)
Temperature (°C)

-50 -
0.1 -100
0 200 400 600 800 0 1 2 3

Enthalpy (ki/kg) Entropy (kJ/kgK)

Figure60. Pressurenthalpy and temperaturentropy diagrams for 74 for a sink
temperature of 200 °C.

As T14 was consistently the highest perfoimg heat pump from the results of
Table21, further results for Scenarios 3.1 to 3.4 were run witkdT The operational
expenditures for Scenarios 3.1 to 3.4 were calculated for hybrid configurations with
both a biomass boilerFgure 61) and an electrode boilerF{gure 62). The
operational expenditure for Scenario 2 (green) is also giv&ingure61 andFigure
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62 for comparison. As expected from the resultsFigure59, the hybrid biomass
configurations had lower expenditure in comparison to the hybrid electrode boiler
configurations.
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Figure61. Maximum and minimum operational expendituoe 8 TT4 + biomass boiler
combined system
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Figure62. Maximum and minimum operational expenditure fordl ¥ electrode boiler
combined system

For the hybrid biomass configuration&igure 61), all scenarios had similar
maximum utility costs at approximately 12 million NZD/year, with a full heat
pumping option (Scenario 2) also having a comparable maximum utility price.
Scenario 3.1 had the lowest minimum utility cost at approximately 6 millio
NZD/year. The minimum utility cost increased with increasing sink outlet
temperature, ranging between 6 million and 7.1 million NZD/year. Compared to
Scenario 1, using biomass only, the hybrid configurations had lower maximum
utility costs when the heatecovery temperature in Scenario 1 was 45 °C or below.
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However, Scenario 1 had lower minimum utility costs for all heat recovery
temperatures.

Figure 63 and Figure 64 break down Figure 61 and Figure 62 to show the
contribution of the heat pump and boiler costs for different pricing scenaisa

low biomass price scenario, full biomass conversion (Scenario 1) is the lowest cost
option, particularly when there is greater heat recoveigllowed by Scenarid.l.

For a high biomass price/low electricity price scenatie heat pump is théowest

cost option, followed by Scenario 3.th a high electricity/high biomass price
scenario, Scenario 2 is comparable in cost to Scenarios 3.1 to 3.4. These cases are
lower in cost compared to Scenario 1 (biomass) if the heat recovery available can
only preheat the air up to 45 °C. At 50 °C or greater, Scenario 1 has a lower cost. In
all price scenarios for the hybrid electrode configurations, Scenario 3.4 has the
lowest cost.
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Figure63. Operational cost ieakdown of heat pump and biomass bo#é¢arying utility
prices
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Figure64. Operational cost breakdown of heat pump and electrode boiler at low electricity
and high electricity prices.

6.3.3 Breakeven pricesratio

The breakeverelectricity-to-biomassprice ratio for each solution was calculated
for the various sink outlet temperatureshich ranged betweef3.05 and 3.%Figure
65). If the price ratiois lower than the values given kkigure65, thenutility costs
for the heat pump scenario (Scenari@®r 3.1to 3.4) will be more economically
favourable than the biomass boiler (Scendljo

3.6

Breakeven price ratio
N W E- 3 (3]

w
—
1

W

100 120 140 160 180 200
Sink outlet temperature (°C)

Figure65. Breakeven price ratio for varying sink outlet temperatures.

The breakeven price ratio excludes the capital cdsiwever, EEC54] has
reported capital costs between 750,000 NZD per MW to 1.1 million NZD per MW
for new biomass boiler installations, and 80,000 NZD per MW to 290,000 NZD per
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MW for coal boiler conversiong:rom the estimations in Kong et §1.54], and
accounting for the additional gas cooler, tlest of the heat pumponly) is
estimated to be approximately70,000NZD per MWhowever,it is likely that the
estimated capital cost for the heat pump would be higasithere would be greater
changes for the distribution of heat, e.g. piping or exhaust heat recovery, and the
potential that network upgrades would be required to support the installation.
Additionally, the carbon emissions factors for biomass are lower than the emissions
factor forthe electricity grid ilfNew Zealand, therefore additional carbon costs may
be associated with the heat pump in comparison to biomass.

Many scenarios have the potential to meet the breakeven price ratio
simultaneously.To identify which scenario is mostonomicallyfavourable at
differing utility prices i.e. diffeing price ratios the OPEX equations for each
scenario(Equations5.8, 6.9 and 6.14) were minimisedThe OPE¥quations could
not be directly optimised ashe values forspecific work consumption of the heat
pump, and the steam mass flowsere calculated from the heat pump and air
heater modelsFor the optimisation, the specific work consumptififigure66a)
and steam nass flowgFigure66b) were approximatedusing regressigragainst
the sink outlet temperaturdrom the results of the heat pump and air heat models
for the optimisation The scenario corresponding to the lowest OPEX value was
then selected as the recommended option.

70 3.5
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the heat pump

Figure66. a) Specific work consumption of the heat puenl b) boiler steam mass flow
ratesat varying sink outlet temperatures with corresponding trendline equation

The minimised cost optiofor each combinabn of electricity and biomass prices
considered for this chapteare presented inTable22, while the corresponding
electricity-to-biomass price ratiofor the range of prices considereate given in
Table23. The results show thabcenario 1 wathe mosteconomicalin all cases
when the biomasgrice was 10 NZD/GJ, and also for the case when the biomass
price was 15 NZD/Gahd the electricity price was above 55 NZD(Gdble 22),
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which corresponds to price ratios above 3@4able23). In nearly all cases where

the biomass price was 25 NZD/®ill electrification to 200 °C was the lowest cost
option (Table22). Full electrification was also preferable when the biomass price
was 20 NZD/GJ and the electricity prisas 55 NZD/Gar less (Table 22),
corresponding to price ratios below 2.7bable23). Betweenprice ratios of 2.75

and 3.67, using the heat pump to supply the air heating up to 102 °C (Scenario 3.1)
was the lowest cost optio(irable23).

Table 22. Minimised cost option at varying utility prices with a maximum sink outlet
temperature of 200 °C

Electricity price (NZD/GJ)
Bi‘(’ﬁz""slstJr)ice 40 | 45 | 50 | 55 | 60 | 65 | 70
10 B B | B B | B B B
15 200.0 | 102.0| 1020/ B | B B B
20 200.0 | 200.0| 200.0| 200.0| 102.0| 102.0| 102.0
25 200.0 | 200.0| 200.0| 200.0| 200.0| 200.0| 1020

Table23. Electricityto-biomass price ratios at varying utility prices

Electricity price (NZD/GJ)

Bi‘(’,ilnz""slseﬂr)ice 40 | 45 | 50 | 55 | 60 | 65 | 70
10 400 | 450 | 5.00 | 550 | 6.00 | 6.50 | 7.00
15 267 | 3.00 | 3.33 | 3.67 | 400 | 433 | 4.67
20 200 | 225 | 250 | 2.75 | 3.00 | 3.25 | 3.50
25 1.60 | 1.80 | 2.00 | 2.20 | 2.40 | 2.60 | 2.80

The minimised cost options were also calculated for a maximum sink temperature
of 150 °C(Scenario 3.3Table24), as this is the highest sink outlet temperature
currently reported for a CCHTHHRN the Annex 58 [29]The results showed that,
even with the lower sink outlet temperature of 150 °C, the maximum amount of
electrification is still favourable at price ratios below 2.60 and heat pumping up to
102 °C is favourable between price ratios of 2.60 and 3.67.
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Table 24. Minimised cost option at varying utility prices with a maximum sink outlet
temperature of 150 °C

Electricity price (NZD/GJ)
Bi‘(’,ilnz‘g‘slseﬂr)ice 40 | 45 | 50 | 55 | 60 | 65 | 70
10 B B B B B B B
15 102 102 102 B B B B
20 150 150 | 150 | 102 | 102 | 102 | 102
25 150 150 150 150 150 150 102

6.3.4 Emissions calculations

As many dairy plants in New Zealand use coal to supply procesq3jedie
emissions reduction potential of the scenarios was compared to two coal heating
scenarios: minimum heat recovery and maximum heat recovery. The minimum
heat recovery takes the air temperature after heat recovery as 35 °C and the
maximum heat recovertakes the air temperature after heat recovery as 65 °C. A
complete fuel switch to a biomass boiler (Scenario 1) would give an emissions
reduction potential of almost 100 %, with a small quantity (1 %) of emissions
resulting from the diesel machinerysed for harvest and transport. For
electrification with an electrode boiler only (Scenario 1), the highest emissions
reduction potential occurred when replacing a coal boiler and minimum heat
recovery with an electrode boiler and maximum heat recovery in a low grid
emissions location (87.7 %). However, even if only minimum heat recovery can be
achieved, the emissions radtion potential was estimated at 84.9 %aple25).

Table25. Emissions reduction potential of tBe(electrode¥cenard compared to coal

Minimum heat recovery | Maximum heat recovery
Case
(electrode) (electrode)
Minimum heat
recovery- low grid 84.9% 87.7%
emissions
Minimum heat
recovery- high grid 8.5% 25.3%
emissions
Maximum heat
recovery- low grid 81.5% 84.9%
emissions
Maximum heat
recovery- high grid -12.0% 8.5%
emissions
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For the high grid emissions case, electrification with an electrode boiler only
achieved a maximum emissions reduction potential of 25.3 %, when a coal boiler
with minimum heat recovery was replaced with an electrode boiler with maximum
heat recovery. Altbugh it is unlikely that a coal boiler with maximum heat recovery
would be replaced with an electrode boiler with minimum heat recovery, in a high
grid emissions location, this would cause an increase in emissions by 12 %. Of the
remaining scenarios, thewest emissions reduction potential resulted from when

an electrode boiler replaces a coal boiler without increasing the amount of heat
recovery in a high grid emissions location (8.5 %).

The emissions reduction potential bbth the heat pump (Scenario 2) and the
hybrid boiler/heat pump configurationsS¢enarios 3.1 to 3)4re given inTable26
for biomassand Table27 for electrodeboilers.

Table26. Emissions reduction potential of the HP and HRbidBhass)ycenarios compared
to coal

Case HP HP + boile(biomass)

Y n (°C) 200 180 150 120 102

Minimum heat
recovery- low grid 93.9% 94.6% 95.6% 96.5% 97.0%
emissions
Minimum heat
recovery-high grid | 63.1% 67.4% 74.2% 80.2% 83.2%
emissions
Maximum heat
recovery- low grid 92.5% 93.3% 94.6% 95.8% 96.3%
emissions
Maximum heat
recovery-high grid | 54.8% 60.1% 68.4% 75.7% 79.5%
emissions

Using a heat pump only (Scenario 2) resulted in emissions reduction potentials
ranging from 54.8 % to 93.9 %. Additionally, supported by the results from Section
6.3.2 the benefit of Scenario 2 is that existing or opportunities for heat recovery
could be used in other areas of the plant for further emissions reduction (and
efficiency) improvementskor the biomass hybrid configurations, the emissions
reduction potentials ranged from 60.1 % to 97 %, where a higher proportion of
biomass boiler heating resulted in greater emissions reduction potential. The
opposite occurred for the electrode hybrid cagnirations, which ranged from 31.2 %
to 93.1 %, where a higher proportion of heat pumping had greataissions
reduction potential.
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Table27. Emissions reduction potential of the HP and HReteBtrodescenarios compared
to coal

Case HP HP + boilefelectrode)

Y n (°C) 200 180 150 120 102

Minimum heat
recovery- low grid 93.9% 93.1% 92.1% 91.2% 90.7%
emissions
Minimum heat
recovery-high grid | 63.1% 57.9% 52.1% 46.8% 43.8%
emissions
Maximum heat
recovery- low grid 92.5% 91.5% 90.3% 89.3% 88.7%
emissions
Maximum heat
recovery-high grid | 54.8% 48.5% 41.3% 34.9% 31.2%
emissions

6.3.5 Further integration opporfonitgsre research

An opportunity exists to use two heat pumps optimised at different temperatures
to supply the heating for the statfluid bed air and the spray dryer air separately.
Although this option is undoubtedly capHimtensive, the benefits related to
efficiency should be explored in future resear8lternatively, the heat pump could

be run at the present temperature levels (102 °C and 200 °C), with the VFB air
(=70 °Cyupplied by a decentralised heat pungince C&does not generally have
the best performanceat the temperature levebf the VFBs, using a heat pump with

a different refrigerant could provide significant performance gaiwditionally,

the cleanin-place water could also be supplied as it is at a similar temperature level
(-85 °C)Another avenue that could be explored is to run the dryer at a lower
temperature. The primary air temperature for a milk powder dryer is able to be as
low as 180 °Clhe development of an integration method that incorporates these
aspects and is designed specifically HTHPs would béeneficial for future
research.

6.4 Conclusions

Six air heating scenarios were investigated in this chapter as decarbonisation
options:1) boiler only using biomass or electrode boilers, 2) full electrification using
a heat pump only, and.B to 3.9 hybrid configuratios with a heat pump and a
boiler. The heat pump was based on the highest perfoguycles ofChapter 4and
Chapter Sout the cycles were modified to include a second temperature level for
the fluidised bed air heating up to 102 °C. The utility cost and emissions reduction
potential of the three scenarios werealculated and comparedand arange of
utility prices were considered.
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Two hypotheses were tested in this chapterah)optimal sink temperature exists
where integrating a heat pump with a boiler can lower the operating cost compared
to using each technology individually, and 2) the nonlinearity of sensible cooling for
supercritical C@can be leveraged at different temperature levels, i.e., multi
temperature heat pumping.

6.4.1 Optimal sink temperature

A full conversion to an electrode boiler (Scenario 1) had the highest cost range of
all the options of up to 30 million NZD/year far20 t/h (powder) dryer. A full
conversion to biomass (Scenario 1) or heat pumping (Scenario 2) had similar costs,
with biomass having the lower minimum cost at approximately 5 million NZD/year
but the heat pump having a lower maximum cost at approximately 13 million
NZD/ear. For Scenario 2, the results showed that the costs were similar for all hot
water heat recovery case$herefore, additional efficiency and cost savings could
be potentially achieved by utilising existing hot water heat recovery elsewhere in
the process, such as for the evaporation plant. The lowest minimum cost scenario
occurred for Scenario 1 with a bi@ss boiler at 10 NZD/GJ unit biomass price. The
hybrid configurations for a heat pump with a biomass boiler had lower maximum
costs compared to a boiler alone. In all hybrid configurations with a heat pump and
electrode boiler, the minimum and maximum cestere significantly lower (up to

10 million NZD/year) than using solely an electrode boiler.

At present, the lowest cost solution is to convert to biomass boilers if a unit price
of approximately 10 NZD/GJ (hog fuel) can be secured. However, if the price of
biomass is approximately 25 NZD/GJ (pellets), then heat pumping becomes the
lowest cost solution, even if the electricity price is higher (70 NZD/GJ). In any case
that an electrodeboiler is considered, a hybrid configuration with heat pumping
should also be considered to lower the cost. The breakeven electiichjomass

price ratios were callated for Scenarios 2 and 3.1 to 3.4 which ranged from 3.05
to 3.5. Industrial sites with electricityp-biomass price ratios lower than these
values should consider electrification using a heat pump, whereas sites with
electricity-to-biomass price rati® above the breakeven values are more suited
towards full biomass conversion.

As many price ratios exist which can be suitable for Scenarios 2 and 3.1 to 3.4, the
OPEX was minimised for varying utility prices. The lowest cost recommendations
based orthe electricityto-biomass price ratios () are as follows:

T ». 8 O Supplyall heating using a heat pump (Scenario 2).

T 8 »_. 8 O Supply the fluidised bed air heating up to 102 °C
with a heat pump and the rest of the heatingith a biomass boiler
(Scenario 3.1).

T ». 8 ©O Supply all of the heating with a biomass boiler.
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6.4.2 Multtemperature heat pumping

This chapter also introduces a novallti-temperature heat pumpintegration
strategy for milk powder spragirying Theresults demonstratedhat splitting the
dryer air and fluidised bed air heating streams witlite same heat pump
significantlyimproves the CORCOP of 2.55h comparison to heating the air from
15 °C to 200 °C in one gas co®e®P of 2.22)n the multitemperature heat pump
configuration, T# performed slightly better than T2, particularlywhen thefull
air heatingwas suppliedvith a heat pump only.

6.4.3 Emissions reduction potential

The emissions reduction potential for the biomass boiler (Scenario 1) was the
highestat almost 100 %A low grid emissions and a high grid emissions scenario
were both considered.Full heat pumping (Scenario 2) resulted in emissions
reduction potentials ranging between 54.8 and 93.9 %. In the hybrid configurations
of a heat pump integrated with a biomass boiler, the highest emissions reduction
potential (97 %)occurred when thegreater proportion of the heating was done
with the boiler (Scenario 3.4). loetrast, the highest emissions reduction potential
(93.1 %¥or the hybrid configurations of a heat pump integrated with an electrode
boiler occurred when the greater proportion of the heating was done with the heat
pump (Scenario 3.1). In locations with high grid emissions, electrode boiler
conversions will not provide significant emissions redugtiamess the amount of
heat recoveryin the processis increased.Future research should consider
opportunitiesto decentralise the lower temperature fluidid bed air Additionally,

the trade-off between throughput and a lowesetpoint temperature for the dryer,

that would provide benefit in terms of technological readinessHdmMHPsshould

be explored.
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Chapter 7
The wider paential for
uptake globally

7.1 Introduction

This chaptediscusse$urther design considerations related to the development of
aCQ HTTHRo lay a foundation for future work in this are&uch considerations
include the potential impact that such a system could haveimdustrial process
heat consumption and mechanical design consideratidhss thesis discusses the
fact that notall HTHPsire suitable for all applicationés heat pump performance
varies widely depending on the cycle configuration, boundary conditions and
refrigerant used it canbe difficult for process heat users to identify suitable heat
pumps for their systems. For example, although mefyHPsre being developed
up to 200 °C, very few can produce temperature glides exceedingQ(84].
Alternatively, the heat source temperaturegequired may be very high (>50 °C)
which would need to be available as waste heat from the pracess

The previous chapters investigated howCGO HTTHPcan be designedand
optimised for milk powder spray drying, howevdretdevelopment ot CQ HTTHP
systemhas the potential benefit many other industrial processBsart of this
chapter aims tadentify suitable industrial process heat applicati@ms toquantify
the decarbonisation potential that could be realised fréme development of the
CQ HTTHRystem.The other part of this chaptatiscussesome of the challenges
aroundimplementingthe heat punp.

7.2 Methods

7.2.1 Scope for identifying suitable applications
Applications for digh temperaturetranscritical C®heat pump will be identified
for the following process criteria:

1 Sinkg Process heating requirements from ambient to 200 °C or similar,
1 Sourcec Waste heat available at 50 °C or below,
1 Temperature glide; Greater than 100 °C.

For this investigation, temperature glide is defined as the temperature difference
between the sink inlet and the sink outleand temperature lift is defined as the
difference in temperature between the source inlet temperature and the sink
outlet temperature.
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7.2.2 Estimation of heat potential

To estimate the amount of heat that could potentially be supplied usirgCa
HTTHRvith a large temperature glid@ ), potential applications are first
identified. For each applicatiowhere the process results in a product, the heat
potential is estimated by taking théotal mass of productproduced per year
globally(a ) and muliplying it by the specific energy consumption required
to produce the produc{Q.

0 Ba Q
The accuracwith which the heat potentiatan be estimated is limited due to large
variation in the way that individual typesf products are produced, the age of
technology used for the processd, therefore, the efficiency of productiofor
any given application, thisesults in large variations ithe specific energy
consumption required

7.2.3 COPcalculations

TT4, as per the configuration i€hapter 3 will be modelled in the identified
applications.The COP will be estimated for an ambient air source case and, where
possible, using heat recoversuch as exhaust aas the source to supply the heat
pump. The temperature of the source varies depending on the application
identified. Where the waste heat was exhaust #@iwas assumed that a water loop
was used to transport the waste heat from the exhaust to the heat purgating

of the water is modelled in two sections: 1) sensible cooling of the air and 2)
condensing the water out of the air, to damine the final temperature of the heat
source availablérigure57).

The exhaust air temperature Y ) and dew point temperature”yY ) are
identified from theapplication. From these valughe absolute humidity of the air
between the sensibleoolingportion and the condensing portion can be identified
(0 { ) using HARpsSI (CoolPropyith the assumption that theair is fully
saturated at this temperature, i.e. the relative humidty) is 100 %as shown in
Equation7.1.

1 & Q0 RY AY 7.1

Then, theabsolute humidity of the exhaust &jr ) is equal to the absolute
humidity beforethe water condensewhich can be used to determine the specific
enthalpy(Q ), as shown ifEquation7.2 and7.3.
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Figure67. Humid air and water loop temperature profile.
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The air temperature after condensing (Y ) is specifed based on the
application and the relative humidity remains at 100 %ased on the
dehumidification profile of the aifFigure68). From there, thespecific enthalpy of
the air (Q ) can be calculate(Equation?.4).
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Figure68. Dehumidification of exhaust air on a psychromethart -
example.

125



Thetemperature of the water loop to supply the heat pump can then be calculated
from an energy balance, where the minimum approach temperature was assumed
to be5 °C.

7.2.4 COr-abatemepotential

The integration of &ITHRaims to reduce the emissions related to process heating,
however, for a heat pump, the emissions are related to the grid emissions factor in
the location which the heat pump is installethe breakeven grid emissions factor
Qp ), i.e., thevalue that thegrid emissions factor must be less than, occurs
when the heat pump emissions per unit of h€&;, ) is equal to the reference
boiler emissions per unit of hed{Qy )- The heat pump missions can be
calculated from the grid emissions factéry{ ) divided by theCOREquation?.5).
Similarly, the boiler emissions can be calculated from the emissions factor of the
reference fuel divided by the effency of heat delivery, which is represented by
the boiler ¢ ) and distribution€ ) efficienciesCombining Equations
7.5and7.6 gives Equatio.7 to calculate the breakeven grid emissions factor.

: Qp
Qy, — 75
ou\vu
O
QF - .tf‘_ 7.6
Qf Qf - - t6 00 7.7

A range ofyrid emissions factor§Qp ) for different countries were considered.

The reference fuel emissions factofdy( ) and boiler efficiencies-( ) are
given inTable28. It was assumed that the distribution efficieney ( ) for
both reference fuels was 90 %.
Table28. Emissions factors for coal and natural gas.

Source el . Unit ty. . a Reference

Natural gas 0.193 kgCG-e/kWhheating 90 % [151]
Coal emissions
)
(Ilgnlte) 1.55 kgCQ'e/kgcoal 80 % [151]
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7.3 Resultsand discussion

7.3.1 Process applications and temperatures

Sixteen industrial applications have been identifiedTable 29 which have the
potential to benefit from a large temperature glid€THP Posdile source and sink
conditions for a heat pump have also been inclutbleded on the process streams
and their supply Y ) and target (Y ) temperatures As shown, large
temperature glideHTHPsre particularly suited to dryingrocesses, such as spray
drying and fluidised bed drying. Dryers are utilised across a wide range of industries,
including food and beverage, pharmaceuticals, chemical and cosmetic industries.
Thus, the development of darge temperature glide HTHRas significant
decarbonisation potential.

7.3.2 Estimation of heat potential

Spray drying is a prevalent industrial process which is used for many applications.
For example, approximately 60 % of global instant coffee production is produced
by spraydrying,with coffee being one of the most traded commodities in the world
[155]. Spray drying of instant coffee requires process air that is heated from
ambient conditions to a target temperature of up to 210 °C. The exhaust air exists
at approximately 110 °C from the spray dryer and 35 °C from the belt dryer which
are possible sourcstreams for a heat pump. Okada et[ab6] estimated that the
thermal energy requirement of spray drying instant coffee was 21.1 MJ/kg, which
results in an estimated 33 PJ/year that has the potential to be supplied by a large
temperature glideHTHP

Dairy powders are another significant application for spray drying. Although the
focus of the thesis has been centred around milk powder production in New
Zealand, China, the EU and Brazil are also large producers of milk pdwdgr
Globally, it was estimated that 5.4 million tonnes of whole milk powder and 4.6
million tonnes ofskim milk powder was produced in 204157]. With a specific
energy consumption of approximately 3000 MJ&r modern milk powder spray
dryers[158], an estimated 30 PJ/year is used to spray dry milk powder globally. In
the milk powder production process, waste heat can exist in the form of hot water,
from the evaporation process, or as exhaust air, from the dryer. The waste hot
water (COW water) isrpduced at approximately 70 °C and the air is exhausted at
approximately 60 °C. Both of these streams have the potential to be used for the
source stream of a heat pump. Whey powder, also known as cheese whey powder,
is another energy intensive dairgowder product. Whey powder constitutes
approximately 15 % of the 21.6 million tonnes of cheese whey produced globally
per year[159], [160] As whey has a higher water content than milk, which needs
to be evaporated in the drying process, the specific energy of drying whey powder
is generally higher than milk powder. DomingiMdiso et al.[159] estimated this
value to be 2.049 kWh/kg7376 MJ/t), which would result in an estimated 23.8
PJ/year required for drying of whey powder.
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Table29. Processes that require large temperature glides.

Tie {30 Tt D= | Rer
Process Product K) °C) °C) (KWIK)
200 11* 210 57.9
. 73 31 70.1
Milk 31 | 11 | 2372 | 1161
52 75 10.2
181 9* 220 -
81 o* -
Whey powder 75 o . [162]
69 o* -
190 11* 200 54.7
Cheese 80 34.9 71.7 [163]
34.9 11* -
200 11* 210 57.9
Coffee 110 35.7 69 [163]
Spray 35.7 11~ 267.2
drying 150 13* 160 54.4
Sct(‘;"rrrfhp((‘)’:gﬁf)‘t' 52 | 378 | 583 | [163]
’ 37.8 13* 240.3
Cassava starch 190 10* 200 - [164]
135 10* 145 1.38
Brewing yeast 60 35.6 1.82 [165]
35.6 10* 5.57
150 10* 160 0.51 [166]
Dried egg powder 80 35.6 0.64 [167j
35.6 10* 1.39
: 240 30* 280 -
Fish food 9 35 . [168]
Soy protein 175 15* 190 -
powder 70 15* - [169]
: 165 15* 180 -
Brick 50 30 . [170]
Drying 120 20* 140 -
chamber | Automotive serial 140 165 - [171]
coating 165 180 -
30 20* -
Fluidised 200 10* 200 1.01
bed Table salt 110 35 1.15 [172]
drying 35 10* 6.56
240 10* 250 1.12
Belt Colour pigments 55 53 1.1 [173]
drying 53 10* 5.41
Plastic granulate 107 1 1184 5.0
(polycarbonate) 105 12.6 75.4 [163]
12.6 11* 188.5
Cylinder
contact Paper drying 100 11 110 42.7 [174]
drying
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Drying of wheat, corn and potato starch has a thermal energy requirement of
1.7GW in the EU alone, which results in an annual thermal energy requirement of
approximately 50 PJ/yedt62]. While the BJ plays a significant role in the global
production of starch, particularly wheat and potato starch, it is yet to surpass the
total starch production of China and the United States. Globally, between 88.1
million and 97.7 million tonnes of starch was pradd in 2020, with 75 % being
corn, 14 % being cassava, 7weat and 4 % potatgl75]. For starch drying
particularly, the specific energy consumption varies widely as there are many types
of dryers used in the industryThe most common types include flash drying and
rotary drum drying, which generally ranges from 110 °C to 220 °C for the inlet air
temperature. Van Giau et al[176] reported a specific energy requirement for
drying cassava starch as 1.898 MJ/kghereas the average specific energy
consumption of producing starch in the EU is 3.792 MJikgn calculated from

the reported thermal energy requirement of 1.7 Q®62] and the mass of starch
produced in the EU of 9.7 million tonnes per yg&f7]. Even when considering a
significant portion of cassava starch production is sun dried (~50 %), the energy
consumption required to dry starch globaltould still be substantial, at up to 310
PJlyear.

Whilethe heat potential olautomotive coating can be difficult to quantifguresh
and Raq178]stated that approximatel{000 kcaper equivalent passenger vehicle,
which equates to approximate$.18 MJ, is required for air heating to 200 °C in the
drying process, with approximately 16 million vehicles manufactbetdieen the
financial years of 2012 and 2013 in the Indian automobile induStoysidering 94
million motor vehicles are produced globally every ygat9], this is approximately
0.38 PJlyear.

7.3.3 COP calculations

Spray drying generally requires process air to be heated from ambient conditions
to 150 °Cg 220 °C. Many drying processescurafter an evaporation stage, for
increased energy efficiency, and thus, there is an opportunity to utilise waste hot
water from the evaporation process to supply the heat source for a heat pump if
there is sufficient mass flow. Another potential heat sa@uexists through the spray
dryer exhaust in the form of humid air. For applications where this is not an option,
it is possibldéo use air source heat pumping due to the low critical temperature of
CQ, however the performance may be decreased.

Estimated COR, using cyde TT4, were calculated for each of the different
applications identified iMable29. To simplify theCOP estimationdeating (with

the heat pump was only supplietb a singular air stream, similar @hapter 4and
Chapter 5The results of this section hasacebeenpublishedin Kong et al[180]
where it was assumed that the gas cooler heated the air directly wi#fva of

5 °C, therefore resulting in higher COPs in comparison to the previous chapter
which assumed-Y of 20 °C betweelthe refrigerantand the airstream in the

top cycle gas cooler
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Table30 shows the estimated COPs for the applications using ambiertsaine

heat source. Two scenarios are considered: the first is at a maximum compressor
discharge pressur®( ; ) of 150 bar, and the second at a maximum compressor
discharge pressure of 300 barhe resultswere grouped by the sink outlet
temperature from the heat pumpY 1 ), i.e. the process requirementsaome
applications hadhe sameprocess temperature requirement for the air stream.
COPs between 2.0 and 3.@5uld be achievedor temperatures ranging from

110 °C and 280 °The COPs were similar between the 150 bar and 300 bar
constraints, however, as the sink temperature increased (>160 °C), it became more
beneficial to use a higher discharge pressutsen so, at the lower pressure
constraint, the results present a compelling case for the development of a large
temperature glide heat pump as double to triple the performaonéan electrode
boiler can be achieved.

Table30. Estimated COPs for-#Tor a range of large temperature glide applications, using
ambient air sourcefor maximum pressures of 150 bar/300 bar.

CoP
v g €C)

| vt &= 150 bar |l vt = 300 bar
110 3.05 3.05
118.4 2.99 2.99
140 2.81 2.81
145 2.77 2.77
160 2.65 2.66
180 2.52 2.53
190 2.45 2.47
200 2.38 2.41
210 2.33 2.35
220 2.27 2.29
250 2.12 2.21
280 2.00 2.10
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Exhaust heat remvery was also considered as a potential source to supply the heat
pump for select applicationst Was assumed that the heat from the dryer exhaust

air was used to heat a water loop that transported the heat from the exhaust to the
heat pump. The source inlet temperature of the watex (

r ) wascalculated

as per the method in Sectioh2.3from the exhaust air temperatures ifiable29.

The calculated source inlet temperaturasdthe estimated COPfer the exhaust

heat recovery scenaricge shown inrable31.

Table31. Estimated COPs for-#Tfor a range of large temperature glide applications for

maximum pressures of 150 bar/300 bar usaxipaust heat recovery with a water loop

. Tve o i b s o= | [l o=
Application | {lv 5@ €O)| (o 150 bar | 300 bar
Milk powder 210 37.3 2.48 2.60

Cheese 200 41.1 2.56 2.70
Coffee 210 48.8 2.49 2.65
Starchpgvtvarllggalt, corn, 160 36.1 299 3.06
Brewing yeast 145 36.5 3.25 3.31
Dried egg powder 160 41.4 3.03 3.12
Table salt 200 48.6 2.59 2.70
Colour pigments 250 48.3 2.21 2.39
Plastic granulate 118.4 43.2 3.71 3.71
Paper drying 110 55.3 3.94 3.94

Using exhaust heat recovery, in comparison to ambient air source, increased the
COP by up to 30.4 %. It should be noted that it was possible for the IHX in the top
cycle to be bypassed in

thermodynamically) This improves the temperature profile match between the
supercritical C&and the sink, while simultaneously leveraging the exhaust heat to
superheat the C®coming out of the evaporator. The effect was especially
prevalent for higher target sink temperaturefgr example, superheating the
refrigerant out of the evaporator (IHX cold stream inlet temperature) with a source
temperature of 55.3 °C would restrict the gas cooler outlet temperature (IHX hot
G S Y LIS NI { dzNB 0t 66 &Bipassinglthé
IHX in this case would allow for the &®@be cooled down further in the gas cooler
(better temperature profile match), but the superheat of the refrigerant prior to

adNBlIY Ayt S

the optimisatiorfresulting

131

in cycle TZ,

Ad

O2dzf R



O2YLINBaaAzy AayQid LISylFrftAaSR RdzS (2 GKS KAIK!
IHX is much more beneficial to the cycle when the source temperature is lower, e.g.

ambient air sourcing, to provide the additional superheat required to minimise the

compressin requirements.

Ambient air sourcing and exhaust heat recovery have differing benefits and
disadvantages. For ambient air sourcing, the source is readiitable,and the
installation is much simpler, however, the fluctuations in temperature due to
weather and seasonal changes can result in prohibitively low performé&xteaust

heat recovery has higher COPs and thus a lower operating cost, but the capital
expensewould be greater and, depending on the system, the installation could be
excessively complex.

7.3.4 Emissions redupmbantial

The C@abatement potential of a large temperature glide heat pumgitdated by

the emissions factor of theeference fuethat is being displacedyenerally coal or
natural gas, and thelectricalgrid emissions factor of the location in which the heat
pump is to be installedThe emissions factors of different countries are shown in
Figure 69. In countries with low grid emissions, such as Brazil, New Zealand,
Switzerland and France, heat pumiptegration is an evident option for
decarbonisation.When the grid is carbemtensive, such as in India, China,
Thailand and Australia, high COP is required to ensure that the emissions per unit
of useful heat are lower than those from the displaced fossil fuel bditethese
countries, the case for heat pumps is weaker in the short term but strengthens as
the grid decarbonises.
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Figure69. Electricity grid emissions by country, 202s1].

The C@abatement potential for the heat pump in comparison to the reference
fuel wascalculatedfor different countries for milk powder spray dryifigigure70),
starch drying(Figure71) and paper dryingRigure72). Abatement potential was
calculated in comparison to natural gas and coal boilershe low grid emissions
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countries, the C&®abatement potential for the heat pumapproachesl00 % .For

all countries considered, there was significant emissions reduction poténtial%)
when displacing coal. However, when displacing natural gas hedtiegCQ
abatement was much smaller for countries with high grid emissions facidrs
results showed that the emissiongould even increasein India if displacing a
natural gas boilein milk powder spray drying with the current grid emissions factor
(Figure70). However this isanunlikelyscenario in comparison to displacing coal as
FLILINRPEAYLFGSt@ pn 22 2F LYRAIFQ& LINRYI NE
only 6 % is gafl82]. For medium temperature applicatien~160 °C),he CQ
abatement potential increasei® comparisonasa result ofthe higher COR that
can be achieved bthe heat pump systen{Figure71). For lower temperature
applicatiors such as paper dryingvendisplacing natural gas heatinga high grid
emissions countrylike Indig could reduce the CQOemissions byust over 20 %
(Figure72).
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Figure70. CQ-abatement compared to reference fuel by country for milk povaiging

The breakeven grid emissions factors for identified applications have been given
in Table 32 and Table 33 for ambient air source and exhaust heat recovery,
respectively. The breaven emissions factor occurs when the emissions from the
electricity consumed by a potential heat pump solution is equal to the emissions
from the reference fuel that is to be disglad: coal or natural gas. Therefore, a
country with a grid emission factor lower than the breaken grid emissions factor

for the heat pump at the target temperature level will result in reduced emissions
when displacing the reference fuel with a heat gunThe brealeven emissions
factors are calculated from the heat pump COP and therefore, the break
emissions factor is given for the 150 bar maximum pressure constraint and the 300
bar maximum pressure constraint on the heat pump.
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Figure71l. CQ-abatement compared to reference fuel by country for starch drying.
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Figure72. CQ-abatement compared to reference fuel by country for paper drying

In nearly all cases, displacing coal through a heat pump will reduce emissions as the
breakeven grid emissions factor when compared to coal is high (>1.2,kgCO
e/kwh). Although some countries, such as Turkmenistan, can have emissions
factors higher than 1.2 kgG®/kWh, most countries have grid emissions factors
below this value, particularly the countries with the highest total emissions, such
as Chinalndiaand the U$182]d / dzNNBy (if 82 | LILIINPEAYLF St & T1p 22
mix is supplied by fossil fuels, however, India has committed to 40 % of installed
capacity being generated by ndossil fuel based sources by 20383]. Even with
conservative estimates, the projected grid emissions factor in 2030 is 0.55%-kgCO
e/kWh [184], which would increase the temperature that heat could be supplied
using a heat pump while abating emissions from approximately 160 °C to 200 °C
(Table32). Simultaneously, lower temperature heat pumping would have greater
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CQ-abatement potential than what would be achieved currently. Zhang ¢184]
predicted that in 2030, the grid emissions for China would also fall to 0.51,kgCO
e/kWh, which would allow heat up to 250 °C to be supplied with heat pumping
while abating emissiong &ble32).

Table32. Breakeven grid emissions factor for eachpdipation withambient air source.

ol > Tr
(kgCQ-e/kWh)
L [ v e o [ g o vt | w0
Application | '(;;*C)g 150 bar | 150bar 300bar 300 bar
NG Coal NG Coal
Milk powder 210 0.56 1.30 0.56 1.30
Cheese 200 0.57 1.33 0.57 1.33
Coffee 210 0.56 1.30 0.56 1.30
Starch
(wheat, corn, 160 0.63 1.47 0.63 1.47
potato)
Brewing yeasi{ 145 0.66 1.53 0.66 1.53
Driedegg |44 0.63 1.47 0.63 1.47
powder
Table salt 200 0.54 1.26 0.54 1.26
Colour
. 250 0.51 1.22 0.51 1.22
pigments
Plastic 118.4 0.71 1.65 0.71 1.65
granulate
Paper drying 110 0.73 1.68 0.73 1.68

The largest producers of milk powder are New Zealand, China and[B8&%iBoth

New Zealand (0.12 kgC@&wh) and Brazil (0.103 kgC®&XWh) have grid
emissions factors below the bre&ken for both coal (1.30 kgC@ZWh) and
natural gas conversions (0.56 kgG&#@WVh). While the grid emissions factor for
China (0.56 kgC@#kwh) is approximately equal to the breaken for natural gas
conversions, milk powder factories in China that are displacing coal would still
benefit from the development of a large temperature glid&HP China is also the
largest producer of starghfollowed by the US and Thailarfd75]. At the
temperature level of starch drying, all three countries already meet the bevak
emissions factor for both natural gas (0.63 kg&X®Vh) and coal (1.47 kgCO2
/kWh). Brazil is also well placed for electrification having a significant share of
renewable electricity generation while also being the largest exporter of instant
coffee anchaving significant productions of milk powder and starch (cas$a82).
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Table33. Breakeven grid emissions factor for each application with exhaust heat recovery

ol > Pr
(kgCG-e/kWh)
T T T T
Application | '(gfic)ﬁ 150 bar 150bar 300bar 300 bar
NG Coal NG Coal

Milk powder 210 0.59 1.44 0.59 1.44
Cheese 200 0.61 1.49 0.61 1.49
Coffee 210 0.59 1.46 0.59 1.46
Starch

(wheat, corn, 160 0.71 1.69 0.71 1.69
potato)

Brewing yeasi{ 145 0.77 1.83 0.77 1.83
Driedegg | ¢, 0.72 1.72 0.72 1.72
powder
Table salt 200 0.62 1.49 0.62 1.49
Colour
) 250 0.53 1.32 0.53 1.32
pigments
Plastic 118.4 0.88 2.05 0.88 2.05
granulate

Paper drying 110 0.94 2.17 0.94 2.17

7.3.5 Implementation potential

The integration oHTHPsdnto industrial processes is inherently complex due to
varying process requirements. Not onlyriations in process requiremergsist
across differingndustries but many proceeswhich aim toproduce even thsame
product are rarelyidentical Variations in operating conditions, plant design, and
production strategies all influence how and where heat pumps can be applied.
Despite these challenges, opportunities femccessful implementation can be
realised by considering thrdeey factors:

1) 9@ fdzZ A2y YR [R2dzaldYSyld 2F aaz27Fdé¢ LINE
2) Centralisation vs. decentralisation
3) Awareness of potential efficiency losses from soureg®rnal to the

heat pump

G{2F0¢ LINRPOSaa O2yRAIlA thafBaveN@ngr&iyesuldd 2 LISNI A y 3
from design heuristics rather than absolute requirements and can, in some cases,

be modified Modifications to soft process conditions have the potential to improve

energy efficiency or facilitate the integration of new technologies. For example, a
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dryer with a set point of 220 °C may be able to operate at 200 °C without
compromising theproduct quality. Optimising such set points can significantly
reduce the total work consumption of the heat punjp7]. However, these
optimisations generally involve trae#fs. In the case oadryer, lowering the dryer
temperature reduces the throughput.

The level of centralisation is another key integration decision. In the case of a
steamgenerating heat pumm benefit to centralised heat pumping is that existing
steam infrastructure can be reuse@onverselya decentralised configuration can
deliver better performance as the individual heat pumps are optimised for specific
processesand temperature levelsLargetemperature glide heat pumps offer
particular advantages in this context, as they can simultaneously supply multiple
process streamacrossa broad temperature range without efficiency losses. For
instance, in milk powder production, the primary drying air must be heated to
~200c/ 3 SKAfS &aSO2YyRIFENE AN NBljdzZANSa dmnn c/ @
streams to 100 °C, divert part of the flow for secondary air, and continue heating
the remainder to 200 °Cas discussed iBhapter 61t should be statd thatlarge
temperature glide heat pumps are ngenerallysuitable for steam generatiodue

to the high exergy destruction that would occur during heat transéeless used

to produced pressurised hot water that is flashed to produce steam

In the integration of highemperature heat pumps, potential efficiency losses that
may result from external sources must also be considered. For example, a water or
hot oil loop may need to be installed from the heat pump to the heat sink to prevent
contaminationof the product whichwould decrease the efficiency of the heat
exchange. Additionally, a common process integration method used to integrate
heat pumps into a process is Pinch Analy3®. However, in the case of large
temperature glideHTHPsthe conventional Pinch principles may suggest heat
recovery options that degrade the temperature profile match between the
refrigerant and the heat sink which could decrease the COP of the heat [123)p

Sizing iscrucial factorffor the development of a largemperature glideHTHPThe

MAN CQ heat pumpis one of the fewhigh temperature Coheat pumps on the
market currently andcan service very largduties (>10 MW) However,many
processes have smaller heating requirements. For example, milk spray dryers
generally vary in size from 1 to 30 t/h, which would subsequently require heat
pumps that range in size from 500 kW to 15 MW of delivered heabegpite
having an estimated annual thermal energy uegment of 12.8 PJ/year in the EU
[162], milk powder spray dryers tend to be smaller (<2fh), and therefore
comprisea suitable market fothe smaller capacitheat pumps.Largercapacity

heat pump systems would be more suitable for the New Zealand market, where the
production capacities of milk powder spray dry&ad to range from 20; 30 ty/h.
Cassava starch also has a wide variety of production ttagsaitom 1 to 8004day,

with 50 to 800 §day corresponding the size of many factories which operate in
Thailand and Bra4il88]. Based on a minimum specific energy requirement of 1361
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MJ/ts[188], an estimation for heat pump sizing would be in the range of 800 kW to
13 MW.

7.3.6 Barriers to implementation and uptake

One of the biggest challenges in the development of G@les is the extreme
pressures required for transcritical operatidior which suitable compressor
technology is not yet widely available. The cycle modeligdBarkar et al[13]
required pressures up to 2dPa for CQ@ The discharge pressures required in the
CQ system from Steinberg et al189] were up to 27 MPa. Kong et 4123]
performed a numerical evaluation of multiple cascade €@les which aimed to
lower the discharge pressure requirements required for heating air up tc°€00
Below 15 MPa, the singlgage cycles were unable to achieve 200 °C heating due
to the lack of superheating available prior to compression. MAN Enelgyidhs
has developed a G@eat pump with an integrated compressor/expander that can
achieve a temperature glide of 10&for sink heating up to 150C and compressor
discharge pressure of8IMPa[190].

Compressor technology for higémperature heat pumps is still in relative infancy.

A centrifugal compressor has been developed by Cich et[H1] which can
compress Cgat process conditions nearing the conditions required and has been
manufactured and tested, however, due to the fluid properties of,Gae use of
centrifugal compression (such as that used in the MAN heat pump) can be
impractical for smaller heat pump systems (at the kW scale) as the rotational
speeds required would be extremely high. Smalles at pump systems would
likely require piston or (single) screw compression, which introduces the challenge
of selecting a suitablkibricant across a large temperature range.

Gas coolers foHTTHPanust be optimised for highly variable heat transfer
coefficients along the length of the heat exchanger. In addition to this, supercritical
CQ heat exchangers must maintain structural integrity under high stress conditions
that result from the high temperatures and pressures required. The temperature
and pressure requirementlor CQ HTTHP<an be similar to that required for
power cycles. In this application, state of the art heat exchangers include printed
circuit heat exchangerglate fin heat exchangers, micro shell and tube heat
exchangers, additive manufacturing heat exchangers and polymer derived ceramic
composite heaexchanger$192].

Like otherHTHPsthe financial viability of large temperature glide heat pumps is
highly dependent on the electricitp-referencefuel price ratio [193]. An
unfavourable environment for investment in this technology occurs when the
electricity-to-referencefuel price ratios are high, such as is the case in Germany
where the electricity to gas price ratio was 4 in 2(223]. In the study from Kong

et al.[123], electricityto-reference price ratio of 2.06 or below was required for
the heat pump to be economicali§able which has already been achieved in some
Scandinavian countries.
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In terms of emissionghe grid emissions factor of the country which the heat pump

is being installed needs to be considered. For highly emissive electricabgrigty,

high COP is required to achieve any net emissions reduction. Additionally, policies
tied to carbon pricing or emissions reporting may penatisese considering heat
pump integration if the upstream grid emissions are high. This could reduce
investment incentives or create stranded assets if grids decarbonise slowligh

grid emissios areas, direct electrification may be less attractive compared to
hybrid systems, e.g. heat pump + biomass boiler or electrode boiler + biomass
boiler,or measures to first reduce grid emissions, such as investment in renewable
generation.

7.4 Conclusions

The wider application potential of a @EBTTHRvasevaluated to demonstrata
possible market, in terms of size and location, and the emissions redutbtén
could be achieved through the development of this new technologie
integration ofHTHPdor an industrial process heat user complex due tanany
reasons, which includes identification of suitable source and sink temperatures.
This chapter collated promising candidate applicatifmighe heat pump concept
proposed by this thesighe proposed hdgpump is unique in thait provides both

a large temperature glide and large temperature, lifthich was found to be
particularly suitable for drying processelixteen applications, with possible sink
andsource streams, were identified, including drying for starch and instant coffee
production

An estimation of the global heat potential demonstrated that lasgale
deployment of this type of technology could displace a significant amount of fossil
fuel based heating demanaxceeding hundreds of PJ/ye&tarch drying alone

was estimated to have a global heat demand of up to 310 PJ/{gers span a
broad range of capacities, necessitating heat pump systems sized between 500 kW
and 15 MWof delivered heating

The COPs for each of the applications, using cyclk, Were calculated. COPs
between 2.0 and 3.05 were achieved for sink outlet temperatures from 110 °C to
280 °CThese COPS were used to determine the bimadn grid emissions factars
showing that the heat pump will reduce emissions in nearly all countries when
compared to coal for all temperature levels consideré¢hen displacing natural
gas, either a lower grid emissions factor or a higB&P (or both) is redgyed for
emissions reduction to occuroFexample, in India, which had a grid emissions
factor of 0.708 kgC®e, emissions reduction only occurs when the COP is higher
than 3(a temperatures below 160 °C for the-ZEycle)

Ly adzYYlFNBSI GKS NBadHTTAERIR & Mrgeyiempexakuie S G K1 G |
glide is technically feasible across a wide range of industrial processes, with the

potential to supply tens to hundreds of PJ/year of foarbon heat globally. Key

challenges rmain in addressing high operating pressures, ensuring the availability
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of suitable componentry, and optimising process integration. The novel
contribution of this chapter lies in providing a cresctoral assessment of the
decarbonisation potential of a largemperatured f A R BTTHRvhichquantifies
efficiency, sizing, and emissions outcomes across multiple industries,
demonstrating the broad relevance aragmissions abatemenpotential of the
proposedtechnology.
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Chapter 8
Conclusions and future work

8.1 Conclusions

The primary an of this thesis was to develop, evaluate and contextualise a new
high temperature transcritical GCheat pump concept capable of supplying
industrial process heat fospray drying and like applications. The research was
motivated by the need to provide low emissions heating solutions for existing
industrial processes that amggnificant contributors to the economy, such as milk
powder spray dryingThrough a combination of thermodynamic modelling of cycle
architectures the integration of a selected arckecture intoa milk powder spray
drying case studyand a wider lens othe global potentialthis thesis hasollated
insight into how C®heat pump technology can be apgti to large temperature
glide processesind has identified economic and environmental implications for
implementation. This chapter amalgamates the key findings from the preceding
chapters of this thesis, outlines the original contributions of the research, and
presents recommendations for fute work to further the deployment of high
temperature CQheat pumps for industrial decarbonisation.

8.1.1 Thermodynamic modelling of cycle architectures

Six cycles were investigatéd Chapter 4that combined aspects of internal heat
exchange and cascade arrangemems.transcriticattranscritical cascade with
internal heat exchangers in both the top and bottom cycles4)rachieved the
highest COP of 2.22 for sink outlet temperature of 200 °C and maximum
compressor discharge pressure of 150 .bBoth internal heat exchangers and
cascade arrangements increased the maximum sink temperahate could be
produced by the heat pump through superheating the compressor inlet. Having
internal heat exchangers in the bottom cycle of the cascade had a particularly large
effect onthe maximum sink temperature. Exergy analysis revealeddigaificant
exergy destruction occurred during expansion, especially in two models &hd

TT2) that hadfewer components than T-& but similarCOPs. This provided the
basis for exploring expansion work recovery, which was subsequently investigated
in Chapter 5

8.1.2 Expansion work recovery

Expansion work recovery, using ejectors and expanders, was evaluated as a means
of reducing exergy destruction and improving overall system perfoomahhe
expander heat pump cycles achieved moderate performance improvements,
increasing the COPs by approximately @10.12 compared to the equivalent
original cycle concept, while ejectors provided margiriabny,thermodynamic
benefit. A breakeven cost was estimated which required expanders to cost less
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than 297 NZI¥W of delivered heat (from the heat pumfm) be more viable than
the equivalent original cycle concept.

While the inclusion of an ejector tended to improve the performance of the
respective top or bottom cycléhat contained it, it generally caused exergy
destruction in other parts of the cycle to increase. This results in barely any benefit
to the overall heat pump cyclgom the inclusion of an ejector. Additionally, the
ejector decreased the maximum sink temperatdhat could be achieved by the
heat pump for the same evaporation temperatures as the pressure ratio decreased.
While this is beneficial for areasing performance in refrigeration systems, where
ejectors are usually used, it was not beneficial for the high temperature heat pump
cycles that were investigatedds a result of these findingshe analysis irthe
following chaptersproceededwith cycle T#, which was the highest performing
cycle inChapter 4

8.1.3 Integrati@milk powder spray drying case study

Chapter &compared integration options which investigated the chosen heat pump
cycle, T#, and alternative fuebwitching optionshiomassand electrode boilers.
Both standalone and hybrid configurations were assessed to determine the
operating cost and emissions reduction potentithe analysis revealed that the
non-linear sensible cooling of supercritica® could be exploited by using multiple
gas coolers, i.e., mutemperature heat pummg. This increased the COP from
2.22 inChapter 4to 2.55 as a result obetter temperature profile matching
between the refrigerant and the sink streami&he lowest operating cosiolution
depended largely on the electricityo-biomass price ratio, with heat pumps
becoming more favourable below a price ratio of 2\hile price ratios above 3.75
favoured full biomass conversioBetweenthese valuesa hybrid configuration
where the heat pump is used to heat the air to 102ah@d the biomass boiler was
used to provide the remaining heating, had the lowest cost.

The results showed that full heat pump electrification cordduceemissions by
approximately 55 to 94 % compared to a reference coal boiler, and by up to 97 %
in the hybrid configurationsl hese findingsonfirmthat high temperature Céheat
pumps can be technically and economically competitive within the dairy processing
sector under realistic energy pricing conditions, while offering substantial emsssio
reductions.

8.1.4 Wider decarbonisation potential

Chapter 7evaluated the broader potential for industrial deployment of high
temperature CQ@heat pumps beyond the dairy industry. By estimating the process
heat demand and corresponding sink and source temperature levels across
multiple industrial processes, it wakown that high temperature G@eat pumps
could supply tens to hundreds of petajoules per yafdow emissions heat globa]ly
mainly for drying processe€OPs between 2 and 3 were achievable for sink outlet
temperatures between 110 and 280 °C depending on the prooasditions.The
emissions reduction potentialas undeniable whewlisplacing codlired boilers
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however, emissions reduction potential can be limited when displacing natural gas
boilers in regions with high grid emissionstfas. At present, New Zealan8razil,

and parts of Europe are good candidates for electrification using heat puvgsy
countriesaretrending towards lower emissions electrical griddichsupports the
implementation of high temperature heat pump technology

8.2 Contributions

The key contributions of this thesis to the field of industrial process heat
decarbonisation are:

1. Novel high temperature CO heat pump concept: Developed and
evaluated a new transcriticatanscritical cascade Gheat pump cycle
capable of achieving up to 200 °C sink outlet temperatungth a
temperature glide of 185 °C and a temperature lift of approximately 180 °C.

2. Exergy analysis of ejectors and expanders in high temperature @@t
pump cycles Evaluated the effect of ejectors and expanders on the
performance of high temperature transcritical &@at pump cycles.

3. A comparison of integration options folow-emissions technology into
milk powder spray drying: Quantified the operational cost
competitiveness and emissions reduction for various energy price scenarios
and calculatedhe break-even electricityto-biomass price ratie for the
different heating scenarios: full electrification using a heat pump, fuel
switching tobiomass or electrode boilers, or a hybrid configuration

4. Analysis of global potential for a high temperature ¢@eat pump
including process applications and potential source and sink
temperatures: Provided comprehensive estimates of the decarbonisation
potential specific to large temperature glideeat pumps across multiple
process sectors including estimated COPseami$sions reduction

8.3 Recommendations for future work

Building on the outcomegf this thesis, future research should focus on addressing
the remaining technical, economic, and integration challenges that currently limit
large-scale deployment of high temperature g@at pumps.

8.3.1 Component development and testing

While the researctof this thesisaimed to limit therequired pressures of CO
compressors, operation at elevated temperatures remains a challége way to
mitigate this is through the use of dilee centrifugalcompressors;however,
centrifugal compressors struggle to operat#iciently at subMW capacitiesThe
accuracy of the heat pump modellingaksohighly influence by the accuracy of
the efficiency assumptiorend at present, the market for GGompressors for high
temperature heat pumps is werdeveloped.The field of high temperatur€Q
heat pums would benefit greatly from the development of a small scélé0 kW
to 1 MW) CQ@compressor, particularly in the aspects of the mechanical design.
Developments in expander technologies, such that the capital@seventually
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reach the economic brea&ven, would also ba valuable area for future research
as it was shown that expanders increase the £€a&fRhe heat pump systems.

8.3.2 Prototype deaighexperimental validation

Industrial confidence in high temperature £@eat pumps will always waver
without a physical system that has bedamonstrated. Thereforeuture research
should include the anstruction of a pilot-scale heat pump systento
experimentally validate the modelling results and identify practical engineering
constraints This would alsgrovide the basis for investigating the transient
behaviour, startup, and partload characteristics to inform realorld
implementation

8.3.3 Further integration opportunities

Future research should investigate additional opportunities for high temperature
CQ heat pumps within industrial site€hapter Gnvestigatedthe integration of a

high temperature Cg¢heat pump in te milk powder spray drying processher
analysis looked at two temperature levels: one at 102 °C for both the static and
vibrating fluidised beds and the other at 200 °C for the primary dryeAaisther
promising avenue could be to decentralise the vibrating fluidised bed air heating at
approximately 70 °C and consider upstream parts of the plant, such as evaporation
and pasteurisationSupplying this heat with a separate, lower temperature heat
pump could yield significantly higher COfsomparison to using a singular large
scale C®heat pump Not only this, but this lower temperature heat pump could
also simultaneously meet other applications on site such as the hot water
requirements for cleafin-place (CIP) at around 85 °C.

Current process integration methods are not fully optimised for high temperature
heat pump integrationMany process integration methods are focussed on first
recovering heat within the process and then using a heat pump to upgrade what is
left over. However, with high temperature heat pumfissing any refrigerant)
there is a high possibility that conventional process integration methods would
suggest a heat pump solutiomhere the temperature glide and temperature lift
have been unnecessarily increasedl.the case of a Ghigh temperature heat
pump, the temperature glide could also be unnecessarily decreased, degrading the
temperature profile match between the refrigerant and the heat sink stream

Future research could also include a comparison in system efficiency and levelised
cost between a decentraliselgeat pump, such as the one investigated in this
thesis and acentralisecheat pump configuration, such asteamgeneratingheat

pump. It is expected therevould be a tradeoff between the heat pump efficiency

and invested capitainder which each configuration becomes most advantageous
for the retrofit of a specified industrial application
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Appendix

8.4 Literature reviewtables
8.4.1 Cycle summary

Table34. Summary of cycles identified in literature

* - structure not identified in Adamson et 48]

Transcritical, singletage

Code |Cycle schematic and descriptio| Tsink (n)/ Tsink (outy | Tgc (inf Tsource (inf | Tevap/ Tsuction | Pgc(MP@) | COP E, S |Compressor type |Ref. |Year
(OC) Tgc (out)(OC) Tamb (OC) (OC) or
Ml
T11 -/- 12¢ 24/ /- 12¢ 27/- 9¢12 3.4¢3.8 |E SH reciprocating |[194]|2019
20¢ 50
13¢17/55¢70 |-/- -/10¢30 |-/- 10 2.0¢39 |E Two-stage [51] |2010
-/60 ¢ 90 rotary/piston
20¢ 40/- - -1-25¢ 43 |-/- 8¢l4 2.8¢4.3 |M |Rotary scroll [74] |2020
120/30 - - 5/- 55¢12 |1.1¢1.9 |E SH unspecified [195]|2008

'E¢ Experimental, § Simulation or thermodynamic model, §Market available
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T12 10/- - - 30/- -/ - 8.5 41 E - [88] 2022
20¢ 40/73 - - -130 4/- - 29¢5 |S - [60] |2005
17 ¢ 40/- 68¢ -12¢7 -/ - 7.5¢9.5 |2.8 S - [50] |2019
140/40¢

10¢40/70¢90 |68 -12 ¢ 16 /- 9¢125 |2.2¢3.8 |E SH reciprocating |[49] |2020
20/60¢ 120 - - 30/- -/- 15 2.8¢4.3 |M |Rotary screw [72] |2022
-/80 ¢ 110 -/- 8¢ 40/- -/- - 3.9¢4.3 |M SH reciprocating |[71] |2022
Transcritical, singlstage with |30/110¢ 120 - - -5¢0/- -l- 125 2.5¢2.9 |M |Reciprocating [196]| 2022
IHX -/ - -/160 -1-17 -12/-7¢ 8 8¢l2 1.6¢2.4 |S - [57] |2021
30¢ 100/100¢ |-/70¢ 130 |-/- 20¢ 60/- 11¢20 |1.5¢3.3 |S - [13] |2007
200 109¢ 213/- |-/- 5/- 55¢12 |1.2¢2.1 |E SH unspecified [195]|2008
20¢ 40/- 120/30 -120 -/14.5¢19.5 8¢ 13 1.8¢4.2 |E SH reciprocating |[197]| 2013
-/55 ¢ 80 -/12¢36 |-/- 0/15 5¢14 0¢0.8 |S - [198]| 2016

2¢28/25¢ 100 |-/160
T13 -/75 & 135 -1145 - - - - 36&13 |3.5 E SH reciprocating |[199]| 2019
2¢28/100¢ 160 |-/- -/ - 0/70 5¢l14 1.2¢1.8 |S - [198]| 2016

7

X

oy

Transcritical, singtstage with
mid-gas cooler IHX and normg

IHX
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T3 30/- 33/- - - 2.71- 11.0 1.8¢3.0 |E SH reciprocating |[200]|2005
/- - - - - -30¢ 4/- 9 1.8¢2.3 |S - [52] 2009
/- 130¢ 240 |-/- -50¢-30/- |8¢17 20¢35 |S - [53] |2007
13¢17/55¢70 |/- -/10¢30 |-/- 10 1.9¢3.7 |E Two-stage rotary |[51] |2010
-- piston
/- -/ - -30¢ 4/- 8¢l115 |1.8¢3.3 |S - [52] |2009
-/-
Transcritical, two compressior|
stages with IHX and external
intercooling
TH4* :ﬁ: /- -/ - -/10¢40 |-37¢-8/- 8¢l12 55¢1.8 |S - [201]| 2007

Transcritical, two evaporator
stages with open economiser,

IHX, and external intercooling
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Tlel /- -140 -130 -5¢17/- 9 2.1¢4.0 |S - [202]| 2011
25/- -132¢27 |25/- -l- 8.4¢9.1 |2.8¢29 |E SH reciprocating |[66] 2012
30/60¢ 93 -/30¢60 |-/- -45¢ 5/- 7.3¢18 |2.2¢11.2|S - [87] |2008
-/ - -20¢50 |-/- 12¢ 27/- 9¢12 3.7¢4.1 |E SH reciprocating [[194](2019

Transcritical, singlstage with
ejector and separator
Tlela* 30/61¢ 103 -/130¢60 |-/- -45¢ 5/- 7.3-18 |2.2¢11.2|S - [23] |2008
Transcritical, singlstage with
ejector, separator and double
expansion

Tle2 40/60 - - -15¢12/- |-3/- 8.4 15¢29 |E SH unspecified [203]| 2017
45/- 150/- 27/- - - 10.5 1.15 E SH unspecified [93] |2008
-/ - -142 - - 0/- 10.5 1.75 E - [67] |2011
20/50¢ 90 -135¢55 |-/20 - - 8¢12 6¢34 E Rotary swing [65] |2018
10/40¢ 110 -/ - 30/- - - 8.5 46 S - [88] |2022
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Transcritical, singlstage with
IHX, ejector and separator

Tle3* 10/40¢ 110 - - 30/- - 8.5 43 S - [88] |2022
X
Transcritical, singtstage with
IHX, ejector and two evaporato
Tled :ﬁ: 25/35¢ 50 -/ - -5/- -25¢ 5/- 75¢11 |2¢41 |S - [204]| 2015

Ly

Transcritical, two compressior|
stages with closed economise
ejector and separator
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TE2 /- - - - - 4¢ 30/- 8¢11l.5 |2.5¢3.7 [52] 2009
Transcritical, two compressior|
stages with closed economise
IHX and external intercooling
TE3 -/ - 100¢ 160/- | /- -30¢-50/- [8¢15 2.3¢3.8 [53] |2007
-/ - -/30¢60 |-/- -45¢ 5/- 7¢17 - [205]|2010

Transcritical, two compressior|

stages with open economiser|
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TE4 /- - - - - 4¢ 30/- 8¢11l.5 |2.3¢3.7 [52] 2009
Transcritical, two compressior|
stages with closed and flash
economisers, IHX and externe
intercooling
TES* Eﬁ} -/- 70¢ -/-17 -12/-7¢ 8 8¢12 2.3¢2.7 [57] |2021
130/35¢
45

2

Transcritical, two compressior|
stages with closed economise

between stages
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THL* /- 50¢ 130/ |-/- -30¢-50/- [8¢16 2.7¢3.8 - [53] |2007
Transcritical, two compressior|
stages with open economiser/
intercooler
TR1 ﬁ -/ - - - - - 4.¢ 30/- 8¢1l5 |2.3¢3.6 - [52] |2009
Transcritical, singlstage with
closed economiser and parall¢
compression
TR2 25/- -/35¢50 |5/- -25¢ 5/- 8.6 2.5¢3.7 - [204]| 2015
13¢17/55¢70 |-/- -/10¢30 |-/- 10 2.0¢3.6 Two-stage rotary/ |[51] |2010

piston
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Transcritical, two compressior|
stages with closed economise
TR3? 30¢ 100/200 206/105 |80/30 -/ - 6.8 2.7¢3.5 [206]| 2020
(R514a)
Transcritical, singlstage with
flash economiser with
superheating, parallel
compression and IHX
TS1 20/90¢ 100 -130 10/- 10/- 8¢10 4.3¢4.6° [55] |2018
20/92¢ 102 -135 50/- 0/- 75¢11 [2.3¢6.3 [56] |2017
%

2Cycle is not Cbut sink temperatures of 200 °C were investigated.
3CQis used for the transcritical cycle, R1234ze(Z) is used for the subcritical cycle.

4CQis used for the transcritical cycle, R152a is used for the subcritical cycle.
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Cascade with transcritical, sing
stage (left cycle) and subcriticg
singlestage (right cycle) with
subcooler

TS2

Cascade with transcritical, sing

stage with IHX (top) and
subcritical, singlestage with 1HX
(bottom)

70¢
130/35¢
45

417

-22/-12

8¢l12

2.2¢2.6

[57]

2021

TF1

Cascade with transcritical, sing
stage (top) and singlstage
(bottom) with two evaporators

2022

TF2

Cascade with transcritical, sing
stage (top) and singlstage
(bottom) with two evaporators
and two IHXs

2022
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TT3 -130 - - - - -10/-0 - 2.4 Cited| 2009
in [8]
Cascade with transcritical, sing
stage (top) and transcritical,
singlestage (bottom) with gas
cooler and cascade in series
TM-6 -/ - 70¢ -1-17 -12/-7¢ 8 8¢12 2.3¢2.8 [57] |2021
130/35¢
45

Cascade with transcritical, sing
stage with IHX (top) and
transcritical, singlestage

(bottom) with gas cooler and
cascade exchanger in series
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T*1 30¢50/95¢ 150 |-/- 2¢ 20/- /- >15 2.9¢3.3 Hermetic [83] |2022
centrifugal
/- -120 -/ - 0.2/10.2 10 4.4 - [63] |2013
-/15 ¢ 55 - - -/ - -20¢ 0/- 7.3¢15 |1.3¢2.6 - [207]| 2013
Transcritical, singlstage with
expander
TX2 -115 ¢ 55 -/ - -/ - -20¢ 0/- 7.3¢15 |1.5¢2.3 - [207]| 2013
Transcritical, singtstage with
expander and IHX
TX3* -/ - -120 - - 0.2/10.2 10 4.3 - [63] [2013
Transcritical, twestage
compression with expander orf
the low stage
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Tx4* /- -120 - - 0.2/10.2 10 5.0 [63] [2013
Transcritical, twestage
compression with expander or
the low stage and external
intercooling
TX5 /- -120 -/ - 0.2/10.2 10 5.0 [63] |2013

Transcritical, twestage
compression with expander or|
the high stage and external

intercooling
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8.4.2 Review papers

Table35. Review papers including transcritical2®&@at pumps

and refrigeration cycles

polyalkylene glycol (PAG) lubricant properties. Provides a comparis

thermophysical properties among common refrigerants and a

Author Paper title Contribution Year Reference
Adamsoret al. | Hightemperature and Identifies 49 unique HTHP cycle configurations both subcritical and | 2022 [8]
transcritical heat pump transcritical. The paper also identifies six key challenges in the
cycles and advancements:| development of HTHP3 éble2).
review
Austin and Transcritical carbon dioxide Identifies that existing correlations to represent the fluid properties g 2011 [16]
Sumathy heat pump systems: A CQ are inaccurate, affecting the ability to accurately predict the heal
review transfer coefficient and pressure drop and is especially true near thg
critical point.
5 heat pump cycle configurations discusseil-1, T12, Ti3a, TE3,
and TE2.
The highest sink temperature identified in the literature was 200 °C
(simulation), modelled by Sarkar et @I3] and the highest
experimental sink temperature was 90 [ZD8].
Promising modifications to heat exchanger design that can significa
impact the C@heat pump performance were also discussed.
Ma, Liu and A review of transcritical An overview of transcritical carbon dioxide heat pump and refrigerat 2013 [63]
Tian carbon dioxide heat pump | systems. The paper includes an analysis of supercriticadi@O
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comparison of the specific heat of €& varying temperatures and
pressures.

Performs a comparative analysis on expander cycles with discharge
temperatures of approximately 100 °C. The analysis also includes
isentropic efficiency estimations of different types of expanders.

Cycles discussegT1-1, T2, TX1, TX3, TX4, TX5

Arpagaus et al.

Hightemperature heat
pumps: Market overview,
state of the art, research
status, refrigerants, and
applications potentials

Reviews 20 market available HTHPs (between 90 °C and 160 °C) f
manufacturers and state of the air for higggmperature heat pump
development. Heating capacities range from 20 kW to 20 MW.

Identifies barriers for higitemperature heat pumps, including lack of
awareness of technical and economic possibilities related to the
application of HTHPs for users, consultants, investors, plant designg
producers and installers, lack of knowledgeward HTHP integration,
long payback periods (> 3 years), competing technologies, lack of
available refrigerants in HTHP range with low GWP, lack of pilot ang
demonstration systems, and lack of training.

Identifies research projects on HTHPs but there were no HTTHP C(
projects. In depth comparison of refrigerants and refrigerant selectig
criteria for HTHPs.

Cycles discusseglTx2.

2018

[95]
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Wang et al.

A comprehensive review
and analysis on G@eat
pump water heaters

Reviews Cgheat pump water heaters for industrial and residential
applications.

The mass flow ratio of water to G@he sink inlet temperature and
refrigerant pressure have significant impact on the heat exchange
performance. Wang et al. also identified limitations related to pinch
points in the gas cooler and proposed possible solutions: optimising
operational paramters, using zeotropic refrigerant mixture and
optimising the cycle configuration.

Bitzer was identified as a @@mpressor (reciprocating) manufacture
for heat pumps. Oil decomposes at approximately 245 °C, limiting th
discharge temperature. A possible solution offodle compressors
(turbo and scroll) was suggested.

Cycles discussegT1-1, T2, T2 with flash gas bypass, Fle

[209]

2022

Sarkar

Ejector enhanced vapor
compression refrigeration
and heat pump systemsA
review

Reviews twephase ejectors and ejector heat pump/refrigeration
systems.

The study identifies ejectors as an expansion device that significant
improves cycle performance. The gas cooler pressure in a transcriti
cycle can be optimised by adjusting the ejector geometry.

Cycles discussegTlel, Tlela, T1le2

[64]

2012

Arpagaus et al

Multi-temperature heat
pumps: A literature review

Reviews heat pumps with mulimperature applications

[58]

2016
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Simulation revealed that mulstage compression cycles had the high
COP when compared to cascade, ejector and expansion valve cycle
Identified ejectors as a promising modification to improve cycle
performance.

Cao et al. Review on development of| Discussed transcritical @€ycle developments: IHX, mu#iage [210] 2019
air source transcritical GO | compression, economisers, ejectors, parallel compression and
heat pump systems using | combined cycles.
directheated type and
recirculatingheated type Studies with sink temperatures up to 75 °C are discussed in the rev
Lecompte et | Review of experimental Reviews experimental research for heatupgraded heat (heat pumps [54] 2019
al. research on supercritical | and heatto-power systems that operate in the supercritical range.
and transcritical
thermodynamic cycles Identifies the following barriers for supercritical heat pumps:
design for heat recovery | Heat pump components are not optimised for supercritical operatior]
application HFOs and HFCs give much higher temperature lifts than CO
The source temperatures for @€ycles needs to be low and so is
generally only suitable for ambient air source as opposed to industri
heat recovery.
Schlosser et al| Largescale heat pumps: Reviews 155 case studies of laigmle industrial heat pumps to identil [30] 2020
Applications, performance,| promising attributes and avenues for heat pump uptake.
economic feasibility and
industrial integration Introduces the price ratio as a secondary metric from COP.
Song et al. Advanced development an| Transcritical Céxycles used for various applicatiogair conditioning, | [211] 2022

application of transcritical
CQ refrigeration and heat

hot water production, industrial, commercial cold chain.
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pump technology a
review

Recommends the use of IHX, parallel compression optimisation of
discharge pressure, reverse cycle defrosting and subcooler based
modifications. For heat pump dryers, the increasing dehumidificatiof
needs to be considered, COP is no longer an appropriatéane
quantify performance of the GQycle for this application.

Table36. Reviews on ejector technologies found in the literature

vapour compressiof

ejector heat pump systems. The study also discusses the geometric optimi

of ejectors and cascade ejector systems.

Author Paper title Contribution Year | Reference
Elbel and Review of recent developmeni| Review on the use of ejectors to recover expansion work in vapor compre 2016 | [86]
Lawrence | in advanced ejector technology cycles. Fluids with high irreversibility or throttling loss are better suited
ejectors. Cehas high throttling losses compared to other refrigerants.
Sarkar Ejector enhanced vapoy Discusses geometry, operation, and modelling of ejectors in vapour comprg 2012 | [64]
compression refrigeration an( cycles. Conservations of mass, energy, momentum equations, equations of
heat pump systemg A review | phase change principles and isentropic relations need to be considered
modelling ejectors. Gwludes that a lot more research still needs to be done
large scale applications in industry.
Sumeru, A review on twephase ejecton] The review focusses on the ejector as an expansion device and hophaee| 2012 | [89]
Naution and| as an expansion device in vapg flow in the ejector, geometric parameters and working fluid selection affectg
Ani compression refrigeration cyclg cycle performance. The author recommends that future research shoul
directed towards improvinghe design of the ejector to generate pressure rise
the diffuser section to decrease compression work.
Zhang et al. | Progress in ejecteexpansion| Reviews experimental and thermodynamic studies on transcritical and subc| 2020 | [85]
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refrigeration and heat pumy
systems

Ringstad et A detailed review on GQwo- | Reviews twephase C@ejector modelling for use in vapour compression cycleg 2020 | [92]
al. phase ejector flow modelling
Songetal. | Review on the simulatiol Key barrier to the use of transcritical £€)ectors is the lack of understandiif 2020 | [94]
models of the twephase ejecton around the thermodynamic interactions of the ejector. Reviews 1D ang
used in the transcritical carbo models.
dioxide systems
Table37. Review of highemperature ejector C{heat pumps and ejector modelling
Author Paper title Contribution Year Reference
Zhu et al. Experimental investigation on th Experimental. 2018 [65]
performance of transcritical G@jector
expansion heat pump water system Investigated a transcritical GOsystem (T1l€) that
produced water at 90 °C, achieving a COP of 3.3.
The COP of the cycle was improved by 10.3% compar
the equivalent cycle with no ejector.
Investigated the effect of sink outlet temperatur
compressor discharge pressure compressor rotation sp
on the ejector efficiency.
Sarkar Optimization  of  ejectoexpansion| Simulation. 2008 [87]

transcritical C@heat pump cycle

Compared two transcritical G@jector heat pump cycle

with sink temperatures up to 103 °C. The propos
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modifications (double expansion for evaporator qua
control) increased the sink temperature by 10 °C.

The COPs in the modified system were lower than
conventional ejector heat pump system due to a lov
optimum discharge pressure.

Second law efficiency of the heat pump can be improvec
up to 9% compared to the equivalent cycle with no eject

Qin et al. System development and simulatiq Experimental and simulation. 2022 [88]
investigation on a nove
compression/ejection transcritical G( Proposes a novel eject@xpansion Cgheat pump (T1e3)
heat pump system for simultaneoy that can produce sink temperatures up to 110 °C.
heating and cooling
Banasiak, Experimental and numericq One dimensional ejector modelling to optimise geometry 2012 [212]
Hafner and| investigation of the influence of the twq the ejector. The study found that the mixer length, mi
Andresen phase ejector geometry on th| diameter and the diffuser divergence angle have the m
performance of the R744 heat pump | significant effect on the ejector efficiency. The COP incr¢
between T1l and Tlel was up to 8%. Operatin
parameters of the heat pump were not specified.
Elbel and| Experimental validation of a prototyp Proposed measure ejector performance through a sin 2008 [93]
Hrnjak ejector designed to reduce throttlinf metric rather than two (entrainment ratio and suctig

losses encountered in transcritical R7

system operation

pressure ratio), called ejector work recovery efficiency.
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Table38. Review of ejectorsother papers of interest

a two-phase transcritical CC
ejector heat pump system

The integration of ejector expansion work recovery if
singlestage transcritical heat pump (1 Tlel) was
investigated.

Author Paper title Contribution Year Reference
Bergander Refrigeration cycle with two| Simulation and experimental. 2006 [90]
phase condensing ejector
Novel cycle with ejector after compression. Analysis
performed on a subcritical cycl&igurel4c) that used R23
as the refrigerant. Validated experimentally. The propo
cycle was shown to increase the COP by up to 38 %
experimental results proved energy savings of 16 % cou
achieved.
Bergander et al. Refrigeration cycle with Experimental. 2010 [213]
ejector for second stej
compression Analysis was performed on a subcritical cyélgre14c)
that used R507 as the refrigerant.
Chen et al. A theoretical study of an Simulation. 2011 [91]
innovative ejector enhance
vapor compression hedg Novel cycle with ejector after the compressor and clo
pump cycle for water heatin¢ economiser. Improvements in volumetric heating capa
application were estimated to be up to 7 % and COP improvems
between 15 and 37 % compared to a conventional cycle|
Taslimi Taleghani et al| Performance investigation g Experimental. 2019 [194]
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For the ejector model, constant polytropic efficiencies
assumed in each section to account for frictional losses.

The study found that an increase in heat transfer area r
improves the system performance but the ejector efficier
is decreased. The primary nozzle throat diameter
effective area ratio are important design consideratiqg
which affect the system pformance. A COP increa
between 9 and 12 % was observed in the-ILlmmpared to
the TE1.
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Table39. Review of higllemperature heat pump integration

pumps and conventiong
heaters for spray dryers

from ambient to 120°C indirectly. The air is then heated to Z@using
a steam heater supplied by an NG boiler. An economiser is used f
boiler. Chilled water can be produced on the Iddes

Six integration cases were considered:

Steam heater with condensate recovery (85 °C).

Steam heater with condensate recovery (30 °C).

Produce chilled water at 2 °C with no parallel condensate
recovery.

Produce chilled water at 2 °C with parallel condensate heat recov
Produce chilled water at 12 °C, no parallel condensate heat recov
Produce chilled water at 12 °C with parallel condensate heat reco

Process simulation was used as the method to integrate the heat p
into the system.

The results showed that parallel condensate recovery increaseq
overall COP of the system and reduced the load and therefore the
required for the heat pump. The highest heat pump COP did
necessarily correlate to the highest overall heating COfR. highest

overall COP (COP = 1.3) resulted from Case 4.

Author Paper title Contribution Year Reference
Bellemo and Integration of high| Integrates the AddCooMarket available standardised COHTTHPs | 2022 [109]
Bergamini temperature CQ@ heat | Table4l) into the spray drying process. The heat pump heats the
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Schlosser et al.

Largescale heat pumps
Applications, performance
economic feasibility ang
industrial integration

Reviews 155 heat pump implementations in an industrial cont
Combines existing process integration methods with accurate
pump performance models. COPs of 3 to 6 favour HP implementat

2020

[30]

Jensen et al.

Heat pump COP, part
Generalised CO
estimation of heat pumpg
processes

Generalised method for the estimation of COP for industrial heat p
integration. Extended method is provided to eliminate combinati
of working fluids, compressors and heat exchangers that are unvi

2018

[103]

Yang et al.

A simulatiorbased
targeting method for healt
pump placements in heg
exchanger networks

Hybrid Pinch Analysis and process simulation method that sup
accurate heat pump models for the process integration method.

2020

[100]

Lincoln et al.

Process integration an
electrification for efficient
milk evaporation systems

Integrates transcritical GCheat pumps into the milk evaporatio
process. Proposes a method that targets full electrification efficig
over minimised heat demand.

2022

[31]

Stampfli et al.

Practical heat pump an
storage integration into
non-continuous processes
A hybrid approach

Hybrid pinch analysis and mathematical programming method for
pump and storage integration in nesontinuous processes.

2019

[101]

Elias et al.

Integrating pinch analysi
and process simulatio
within  equationoriented
simulators

Proposed a tool to estimate the minimum energy demand and t
annual cost heat exchanger networks that can solve simultaned
with the convergence loop of the process simulator. The new met
provides the capability to support dynamic changes in irfata and
avoids the simulation of heat exchanger units, improving
performance of the solver.

2019

[104]
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Wallerand et al.

Optimal heat
integration in
processes

pump
industrial

Hybrid mathematical programming and Pinch Analysis based me
for design heat pump superstructures that are integrated within
process.

2018

[102]

Zuhlsdorf et al.

High temperature hea
pump integration using
zeotropic working fluids fo
spray drying facilities

Considers the integration of a higémperature subcritical heat pum
with an IHX that uses zeotropic mixtures. No integration met
presented, the study focusses on the optimum concentrations of
components in the mixture.

2017

[120]

Schlosser et al.

Heat pump integration by
Pinch Analysis for Industri
Applications: A Review

Derivation of pinch temperature, temperature lift, COP and sav
potential using the GCC. The results found that 23 to 100% of he
demands could be supplied by a heat pump for six industrial case

2019

[214]

Walmsley et al.

Innovative hybrid hea
pump for dryer process
integration

Integration of an ammoniavater hybrid heat pump into the spra
drying process using Pinch Analysis. Heat pump heats the air
80 °C.

2017

[215]

Schlosser et al.

Heat pump bridge analys
using the modified energ

transfer diagram

Targeting technical and economic heat pump potential by appl
COP curves into the modified energy transfer diagram.

2020

[99]

185




8.4.3 Transcritical €€ycles withbr Tsc>80 °C

Table40. Review of higkemperature transcritical Ceat pump cycle configurationssgkor Tec> 80 °C)

Simulated a singlstage system which
could achieve a discharge temperature 0
290 °C Tevap=-50 °Q with a discharge
pressure > 20 MPa, but components of tl
singlestage system were not specified.
The COP of the singitage system at
these conditions was 1.8.

A two-stage compression system with
compression intercooling from an externs
source was able to achieve a discharge
temperature of 240 °Cl{wF 200¢ 220°Q

with a CORPf approximately 2.

Author Component Paper title Contribution Eor8 | Tsn | Cycle | Year | Ref.
category (°C) | code
Agrawal et | Multi-stage Optimization of twastage | Compares the performance of three S <130 | THL 2007 | [53]
al. compression with | transcritical carbon dioxide | transcritical C@cycles with twestage <160 | TE3
intercooling heat pump cycles compression. <240 | TH3

5 Experimental or simulation.
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Sarkar et | Standard cycle Natural refrigerant based | Compares the performance of Twith S 200 | TI1 2007 | [13]
al. subcritical and transcritical | subcritical cycles using natural refrigeran
cycles for highemperature | identifying the highpressure requirements
heating as a barrier to uptake for transcritical £0
heat pumps.
Cao etal. | Internal heat Theoretical analysis of Investigates the effectiveness of IHX ing S, E <140 | T11, |2019] [50]
exchanger internal heat exchanger in | transcritical C@heat pump. The T12
transcritical C@heat pump | simulation was validated for sink
systems and its temperatures up to 70 °C.
experimental verification
The length of the IHX was also considerg
as part of the study. The results indicateq
that the discharge temperature is the
limiting factor for IHX length.
Cao etal. | Internal heat Experimental investigation | Exergy analysis was carried out onthe | E 70¢ | T11, |2020] [49]
exchanger on the influence of internal | experimental data. 90 T12
heat exchanger in a
transcritical C@heat pump | The highest COP of 3.81 was achieved
water heater when heating water from 10 °C to 70 °C.
The COP decreased when the sink inlet
temperature was increased to 40 °C.
The addition of an IHX increased the CO
by up to 7 %.
Liu et al. Internal heat Theoretical analysis of Analyses the T2 and T13 systems with | S 70¢ | T12, |2016][198]
exchanger energysaving performance | two gas coolers for hot water (742100 °C) 100 | T23

and economics of Gand

and warm water (2%, 71 °C) generation.
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NHs heat pumps with
simultaneous cooling and
heating applications in food
processing

Having two gas coolers allows for better
temperature profile matching for heat
exchange.

Interpretation of the COPs is unclear as
there is cegeneration of hot water and
warm water, and cooling.

Aprea and | Internal heat An experimental evaluation| Experimental comparison between the-T 120 | T11, |2008][195]
Maiorino exchanger of the transcritical CO 1 and T32 system. COP improvement of T12
refrigerator performances | up to 10.5 % was achieved with-Z1The
using an internal heat cycle was used for refrigeration
exchanger applications but the discharge
temperature of 120 °C had been recorde
A semihermetic (unspecified) copressor
had been used for the experiment,
reaching a maximum pressure of 12 MP3
Wang et al.| Internal heat Experimental investigation | Investigates the performance and optima 55¢ | T12 2013 [197]
exchanger on airsource Coheat discharge pressures of the -Rlcycle at 80

pump water system at a
fixed water inlet
temperature

varying ambient temperatures (1535 °C)
and sink temperatures (5680 °C).
Concludes that the optimal discharge
pressure is difficult to characterise as it is
dependent ormultiple factorsq ambient
temperature, sink temperature,
componentry.
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COPs range between 2.8 and 4.1 for sin
temperature of 60 °C k= 25 °C). COPs
for the system were higher when the tubg
length in the heat exchangers was longe
(19 m).

Bellemo, Internal heat High temperature Céheat | Analysis of the GEA AddCool system ( 75& | T13 2019 [199]
Gerritsen | exchanger pump integration into the | Market available standardised CD 135
and spray drying process HTTHPs
Hoffman Table41l). Spray dryers consume typically
1.2 kWh of air heating per kg of powder
for temperatures above 200 °C. Two sen
hermetic 4cylinder GEA Bock HGX 34/1]
4 SH compressors are used in the systel
Sarkar Ejector Optimisation of ejector Energetic and exergetic analysis of the 61¢ | Tlel | 2008| [87]
expansion transcritical GO | Tlel and T1lela. The Tlda cycle 103
heat pump cycle includes a separator at the outlet of the
evaporator that feeds back to the inlet of
the evaporator to regulate the quality. Th
COP improvement between the two cyclé
was negligil®.
Elbel and | Ejector with Experimental validation of § Comparative analysis between-Tland 150 | T11, |2008][93]
Hrnjak internal heat prototype ejector designed | T1e2. The cycle was intended for Tl-e2
exchanger to reduce throttling losses | refrigeration applications but the

encountered in transcritical
R744 system operation

discharge temperature of 150 °C was
recorded. A COP improvement of 7% wa
found for T1e2 when compared to F1.

The COP improvement was greater gjth
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discharge pressures due to the greater
potential for work recovery.

Zhu et al. | Ejector with Experimental investigation | A prototype ejectofexpansion transcritica 50¢ | Tlel, | 2018 [65]
internal heat on the performance of CQheat pump system was investigated 90 Tle2
exchanger transcritical C@ejector- for hot water heating. The Ti2cycle
expansion heat pump wate| performance was compared to the T1e
heater system cycle performance. A COP improvement
10.3% was found for a sink temperature
70 °C. A COP of 3.3 was achieved for a
temperature of 90 € (Tinkin= 20 °C).
A rotary swing compressor was used for
the experimental prototype. The designe
capacity was 5 kW from the gas cooler.
Yao etal. | Internal heat Comparative study of Investigated three cycles as possible 70¢ | T12, |2021|[57]
exchanger, closed | upgraded Céexranscritical | performance improvements compared to 130 | TES5,
economiser, open | air source heat pump T1-2. All of the cycles feature twstage TS2,
economiser, twe | systems with different heat | compression with intercooling, where the TM-6
stage compression| sinks method of intercooling varies between
internal and external heat exchange. The
COP improvement rayed between 10 and
50 % compared to F2. The optimal cycle
was dependent on the operating
conditions of the heat pump.
Wu, Hu Cascade Performance simulation an¢ Analysis of a cascade heat pump system 90¢ | TS1 2018 [55]
and Wang exergy analysis of hybrid | with a subcritical top cycle using 100

R1234ze(Z) and a transcritical bottom cy
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source heat pump system
with low GWP refrigerants

using C®@as the refrigerant. The outlet of
the condenser is used to superheat the
suction inlet of the transcritical cycle,
subcooling the R1234ze(Z) prior to
expansion.

The COP improvement of the system wa|
25% compared to a singtage subcritical
R1234ze(Z) system. COPs were above 4
a condensing temperature of 100 °C.

Yang et al.

Cascade

Theoretical study of a high
temperature heat pump
system composed of a GO
transcritical heat pump
cycle and a R152a
subcritical heat pump cycle

Analysis of a cascade heat pump system
with a subcritical top cycle using R152a
and a transcritical bottom cycle using £G
as the refrigerant. The outlet of the
condenser is used to superheat the sucti
inlet of the transcritical cycle, subcooling
the R152a prior to expansion.

The COPs range between 2.3 and 6.3 fo
sink temperatures between 92 and 102 °

92¢
102

TS1

2017

[56]
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8.4.4 Market available, standardiseld OdPs

Table41. Market available standardised higémperature transcritical C{heat pumps

Manufacturer | Model Tsink (°C) TevapOr Tamb | Heating COoP Compressor type Cycle | Year | Reference
name (°C) capacity code
(kw)
GEA AddCool 90¢ 130 4¢ 20 100¢200 |25¢4.1 Semihermetic reciprocating T3 | 2020 [70]
compressors (BLUE)
MAN Energy | MAN CQ -20¢ 40 5000¢ Centrifugal turbocompressor | TX1 | 2022 | [216],[83]
Solutions Heat Pump <150 80,000 2.9¢33 (hermetic) with integrated
(Everllence) expander
Mitsubishi Q-ton 60¢ 90 -25¢ 43 30 2.8¢4.3 Rotary scroll (hermetic invertery T1-1 | 2020 [74]
compressor)
Mayekawa Eco Sirocco| 120 -10¢ 43 65-90 2.9¢55 Screw T1-2 2022 | Cited in
[95],[72]
Mayekawa Eco Cute 90 7¢25 45¢ 110 1.5¢4.4 Screw - 2013 | Cited in
Unimo [95], [73]
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Durr thermea | thermeco2 | 80¢ 110 8¢ 40 51¢2,200 | 3.9¢4.3 Semihermetic reciprocating T1-2 2022 | Cited in
(source) (80°C sink) [95],
[217],
[218], [71]
Fenagy Fenagy 110¢ 120 -5¢5 300¢ 1800 | 2.5¢ 2.9 Reciprocating T2 | 2022 [196]
Heat Pump
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8.5 Comparison ofnatural refrigerants

Table42. Comparison of natural refrigerants

Refrigerant | Cycle Phase COP | VHC (kdhd) (Z"::)
Air Braytort Supercritical 1.60 12561 180
Air Braytort Gas 1.53 216 3.5
Helium Braytan* Supercritical 1.52 450 5.5
Helium[219] Stirling - ~1.4 - -
Nitrogen Braytort Supercritial 1.58 12473 180
Nitrogen Brayton* Gas 1.53 215 35
Argon Braytorr Supercritical 1.65 13560 180
Argon Brayton* Gas 1.53 14 25
Ca v?/irtiyltlj—:;( Supercritical 1.98 1784 180
ca v%:tiylta; Supercriticalgas| 1.67 | 5499 30

*Modelled as a Brayton witlan IHXbut the IHX provided no thermodynamic
benefit
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