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Figure3.1
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i Thermodynamics of an exemplary LCST mixture. (a) P
diagram and illustrations of the LCST mixture at varic
temperatures. (b) Free energy of mixing () of the LCST
mixture at a temperature below the LCST)(and a temperatur
above the LCST4(). (c) Solvent chemical potentiaj (). (d)
Solute chemical potentiaf ().

i Change in chemical potential required to induce phase sepa
in LCST mixtures. (a) Chemical potential at ambient tempere
(4 ) and two possible scenarios that would give rise to p
separation at a temperature above the LCISY (b) The chemica
potenti al of theg 4 bhsoldbloe lim)arc
4 t 4 , dashed | ight bl ue 1| i
mixture, which has a lower chemical potential than the |
mixture at4 (t 24 , solid yellow line) but the same chemic
potential a¥ .

I LCST behavior in a modeled binary mixture with a nega
entropy of mixing. (a) Entropy of mixing and partial mo
entropies of both species. (b) Enthalpy of mixing and partial
entropies of both species. (c) Chemical potential at a tempel
below the LCST (300 K) and above the LCST (350 K). (d) F
energy of mixing at a temperature below the LCST (300 K)
above the LCST (350 K).

I LCST behavior in a modeled binary mixture with a posil
entropy of mixing. (a) Entropy of mixing and partial mo
entropies of both species. (b) Enthalpy of mixing and partial
entropies of both species. (c) Chemical potential at a tempel
belov the LCST (300 K) and above the LCST (350 K). (d) F
energy of mixing at a temperature below the LCST (300 K)
above the LCST (350 K).

i An LCST heat engine cycle represented on (a) a phase dic
and (b) a TS diagram. The mixture is first sensibly heated )
to bring it to the LCST. It is then further heated to induce separ.
(2 7 3); this heat has both a sensible portion and ragpothat
contributes to the phase separation. The two phases are
physically separated (the system remains at state 3 sinc
physically separated phases are thermodynamically equivale
the two immiscible phases in physical contact). Next, tthe
phases are cooled back dowmto(3 1 4). At this point, the twc
phases have different chemical potentials, so they can be u:
produce work, perhaps in an electrochemical celli(4L).
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Figure4d.l

Figure4.2

Figure4.3

Figure4.4

Eventually the two phases reach equilibrium, at which point
have the same concentration, and the cycle can begin again.

i Applications of LCST mixtures. (a) Brine desalination, wh
requires the watescarce (WS) phase to have a water activity
than 0.75 to draw any water. (b) Dehumidification, which reqt
indoor relative humidities of ~40%, meaning the WS water iagt
must be no greater than 0.40. (c) Refrigeration, which induc
temperature drop as water evaporates from the wiate(WR)
phase and is absorbed by the WS. A lower WS water ac
produces a lower WR temperature; 0.40 is roughly the ideal
wate activity for the temperatures desired in air conditioning.
Atmospheric water harvesting, where the WS water activity r
need to be as low as 0.10 to absorb moisture from dry (10% re
humidity) desert air.

I Chemical potential of water in an LCST mixture, consisting
1:1 ratio by mass of oleic acid (OA) and lidocaine (LD), w
different concentrations of a nduCST salt additive. (a) Thre
mixtures were prepared with 25 wt% OA, 25 wt% LD, and 50 v
aqueas solution. The plot shows the chemical potential of the
phases after separation at 70 °C. (b) Chemical potential
function of OA/LD mass fraction. Chemical potential w
calculated from water activity measurements taken at 25 °C 1
an AQUALAB 4TE water activity meter.

i llustration of the continuous, mulstage, procebf-concept
experimental setup.

i lllustration of the continuous, mulstage, procebf-concept
experimental setuplhe interior mass exchangers would reqt
lengths prohibitively large for this benchtspale, proobf-

concept experiment, so this thystage operation was n
demonstrated in this dissertation and is reserved for a future
Furthermore, the fachat the interior mass exchangers require <
large mass exchange surface areas is a potential drawback
multi-stage LCST cycle.

i lllustration of the continuoussinglestage, proebf-concept
experimental setufor LCST refrigeration Airflow was induced
between the two mass exchangers to dry the air using the
phase, after which the dry air induced evaporation in the WR ¢
and produced a temperature drop.

i Picture of the continuous cycle three stage heating tank.
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i Vial of OA/LD/H2O/LIiCl with # = 11.25 wt%at 70 °C

i Picture of the heat sink in the continuous experiment.
I Modeled performance of the heat sink.
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setup.
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experiment.
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separation of LCST mixtures. (b) Adding of WR phase to
evaporator. (c) Adding of WS phase to the condenser. (d) Flo
air through theassembled setup to induce evaporation (and
refrigeration) in the evaporator.

XVi

127
128
129
131

133

136

137

138

140

141

143

144

146

148



Figure4.19

Figure4.20

Figure4.21

Figure4.22

Figure5.1

Figure5.2

Figure Al

Figure A2

i (a) Picture of the condenser in the stepwise experiment
Picture of the evaporator in the stepwas@eriment.
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Figure J2 1 Actual LCST separation heatipgocess. 242

Figure J3 i Chemical potential of water difference between the WR and 246
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LIST OF SYMBOLS AND ABBREVIATIONS

Abbreviations
and Symbols

a

hi
hmix

0P Bep
LCST

MRE

Activity
Area (nf)

Salt mass fractionn aqueous solution, before it is mixed Wit6ST species

Coefficient of performance

Exergy (J)

Gibbs free energ{d)

Enthalpy (J)

Enthalpy of vaporization (kJ/kg)
Partial molar enthalpy of specie€)/mol)
Enthalpy of mixing (J/mol)

Enthalpy of separation (J/mol)

Lower critical solution temperature
Mass (kg)

Molar mass (kg/kmol)

Mass flowratgkg/s)

Moisture removal efficiencyk@/kWhe, kg/kWhp)
Number of moles (mol)

Molar flowrate (mol/s)

Pressure (kPa)

Rate of heat transfer (W)

Universal gas constant (J/rAd)
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RH Relative humidity (%)
S Entropy (J/K)
s Partial molar entropgf species (J/motK)
Smix Entropy of mixing (J/maeK)
Psep Entropy of separation (J/m&l)
“Y  Entropy generation rate (W/K)
t Time (s)
T Temperature°C, K)
V  Volume ()
Vm Molar volumeof water(m*mol)
& Volumetric flowrate (s, mL/min)
w Mass fraction
w Mechanical or electrical power (W)
WR Waterrich
WS Waterscarce
X Mole fractionconsidering complete ion dissociation
X' Mole fraction considering no ion dissociation
Greek Symbol:
d Dynamic viscosityPa 3, cycle efficiency
1 Chemical potentiald/mol)
Mp Chemical potential of solvent in solvemth phase
Mg Chemical potential of solvent in soluteh phase
Mu Chemical potential of solute

My Chemical potential of solvent
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@& Chemical potential of water difference betw&éR and WS concentratior
of LCST mixture at room temperature

} Density (kg/nd)
Subscripts

amb Ambient conditions
e Electric energy

mix Mixing

rev Reversible
S Heat source

sep Phase separation
th Thermal energy
v Water vapor

w Liquid water
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SUMMARY

As global temperatures continue to rise and urbanization intensifies, so grows the
need for efficient, costffective, low global warming potential (GWRpace cooling
technologies. Accordingly, there is an ongoing focus surrounding research into new space
cooling cycles that are more efficient and use zero GWP refrigerants. This dissertation: (i)
investigats a new thermodynamic cycle, (ii) evaluathe extent to which it can provide
both dehumidification and refrigeration, (iii) demonstsate proofof-concept system
driven by relatively low temperatureD(50 °C) heat, and (iv) evaluatghe cost

effectiveness of the system.

The thermodynamic cycldevelopedn this dissertatiomtilizes aqueous mixtures
that possess a lower critical solution temperature (LCST). These mixtures are homogenous
(singlephase) and will mix with water at room temperature, but when they are heated
above the LCST they separate into two pha®egphase is waterich (WR), while the
other phase is watescarce (WS); this difference in composition leads to a chemical
potential difference when the phases are physically separated and cooled downmi® ambie
temperatureThis chemical potential difference forms the basis of the LCST eyalecan
be used to produce refrigeratiore(, a reduction in temperature below that of the ambient)

and/or dehumidificationamong other effects.

A thermodynamic analysis of defivihngsthenew 0L
relationship betweernthe performance metrics (temperature lifndoor humidity,
coefficient of performance, and moisture removal effici¢r@sa function of thematerial

figure-of-merit: the chemical potential of water difference betweeitReand WS phases
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at room temperaturd-urthermore, a mukstage operation is described, which utilizes
different LCST mixtures in each stage and can therefore achieve an overall chemical
potential difference that is severalfold greater tivlat can be achieved with singdeage
operationAnalysisreveals thapractical LCST refrigeration and dehumidification systems
would be about 60% less efficient than conventional systens mostly to the large

sensible heating requirement of LCST mixtures with poor water uptake.

The governing thermodynamic relations that are relevahiC®T mixtures are
derived, which provide insight into the properties that would necessarily exist in
hypothetical LCST mixtures with greater chemical potential differences than existing
LCST mixtures. Furthermore, the common misconception that LCST behavior necessarily
emerges from a negative entropy of mixing is dispelled. This could pave the wenfor
agueous LCST mixtures that do not possess negative entropies of riiixingnalytical
expressn for the enthalpy of separation of LCST mixtures is derived, which serves as a
useful alternative to direct enthalpy measurements using differential scanning calorimetry.
The properties of new LCST mixtures containing hygroscopic additives are also measured.
It is revealed thagven when multstage operation is usetie temperaturbft andindoor
humidity thatcurrent LCST mixtures can provide are insufficient for thermal comirars
motivates the need to find new LCST mixtures & thiCSTair conditoning cycle is to

become practical.

Several experimental demonstrations of this new cycle are performed, and the
temperature drop, humidity drop, and coefficient of performance (COP) of the cycle are

reported. A maximum temperature lift of 0.96 °C was measured for continuous, single
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stage refrigeration, while a temperature lift of 2.32 °C was measureithrémstage,

stepwise refrigeration.

Finally, a technoeconomic analysis is performed to understand the potential
benefits and limitations of an LCST cycle air conditionieris revealed that LCST
refrigeration is significantly hindered by the exgegsociated with phase separation when
agueous LCST mixtures are used; 1aqueous LCST mixtures with higher separation
temperatures could potentially mitigate this limitation. Meanwhile, LCST
dehumidificationwould be less efficient thanaditional desiccantsinless the recuperator
effectivenessverevery high (> 0.9)Furthermorethe cost of separatias likely to be a

major barrier that must be addresgddCST-based systems are to become cost effective
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CHAPTER 1. INTRODUCTION

AiHuman knowledge and human power meeni@; for where the cause is not known
the effect cannot be produced. Nature to be commanded must be obeyed; and that which

in contemplation is as the cause is in operation as thedil8ir Francis Baco(i1620)

Controlling theconditions ofthermal environments an ageold endeavarFom
ancient methods of evaporative coofing modern vapor compression air conditiogers
humanshave utilized methods of temperature and humidity control for millenAs.
human knowledge of thecience of coolindias improved, so too have the methadd
technologies Passivesystems that relied osufficient outdoor conditionso provide
adequate coolingvere replaced with active systems that barprecisely controlled to
provide desired humidities and temperatwiader a wide range of outdoor conditions.
These advancements were enabled byethergence of the field of thermodynamics and
the secrets oheat and temperature that it revealBdt regardless ofi u ma s rather 6
nascent understanding of them, the laws of thermodynamics have been athatwkg,
governing the limits of performance that any andcalbling systems can achievEhis
paradigm is reflected i8ir Francis Bacod guote regarding the relatiship between the
knowledge command, andhecessary obedienaa nature (coincidentally, Sir Bacon
passed awafrom pneumonia shortly after conductiag experimentn theeffectiveness
of coldas a means qireserving meqt Thus, thestudy of thermodynaruos is theunifying
keyto understanding how the current statglobal cooling came to bty unlocking new
more costeffective and environmentally sustainable cooling methodsd to

understanding the limitsnd laws that apply to these technologmesy and old alike.



1.1 Motivation

1.1.1 Keepinglt Cool: A History of Air Conditioning

Air conditioning can take many form&ut most broadly it is the group of
technologies used to control the temperature and/or humidity of an indoor space. This is
used to achieve thermal comfort within the built environment and is sometimes necessary
to maintain safe temperatures for occupargsnml conditions for computer hardware, or
to prevent the deterioration of food products. The concept of space cooling dates far back
into human history, with ancient Egyptians developing various passive ventikatih
evaporative cooling techniques that then spread throughout Europe, Asia, and Bjrica.
the dawn of the Z0century, the U.S. had developed an ice trade, where ice was cut from
frozen water sources in the winter months, transported to customers and stored in ice
houses, and then used for space cooling or food preser¢diespite these passive,
Anatural 6 methods of space cooling dominat
been researching methods of achieving-anibient temperatures through active control.

Early experiments included the mixing of ice and sall568 (a technique that is presently
making a comebaék and the evaporation of various volatile organic compounds in the

18" and 19 centuries (a process that attracted the attention of founding fathers and
electrochemists alik® By 1842 devices that compressed and then evaporated flaids (
refrigerants) were being used to artificially produce wkich was then used for space
cooling? 1 nt er est in these Avapor compressiono
latter half of the 19 century, but it wasiot until Willis Carrier built his own version in

1901 that the modern air conditioner was born.



Carrierods air conditioner used the same
predecessors, wherehy érefrigerant is compressedi,)(heat is rejected from the fluid at
a condenser, causing the refrigerant vapor to become ligujidhé liquid is then allowed
to expand, lowering its temperature, aij the cold refrigerant absorbs heat from indoor
air, both cooling the air and evaporating
particular design achieved evaporator temperatures dbald not only lower the
temperature afhe indoor spackut also cause moisture to condense out of the air, thereby
providing dehumidification’ Soon other companies were selling their own versions, with
the vapor compressiomrycle eventually being adopted as the primary method of air
conditioning and refrigeration in the U.S., replacing the previous methodlo@smsl space

cooling.

1.1.2 The Current State d@blobal Cooling

Today, vapor compression has enabled greater thermal comfort and has been
widely adopted in certain countries (including the U.S. and Chiaiy other countries
have not yet established this same reliance on air conditidmingeverglobal warming,
population growth, and urbanization will likely change tis.shown inFigurel.1a, the
global air conditioner stock is projected to increase threefold by the year 2050, with the
largest growth expected to occur in Inifsa country with many climate zones and the
need for bothtemperature and humidity contrafhe vapor compressiomycle while
incredibly effective and conveniens not withoutits drawbacks. The global warming
potential (GWP) of the refrigerants usedtivesesystems are often thousands of times
greater than Cg two of the most popular refrigerants;1R4a and RI10A, have GWPs

of 1300 and 1924, respectivefyAdditionally, vapor compression air conditioners are



inefficient at providing dehumidificatioh, and in many locations the need for
dehumidification is on par with or outweighs the need for temperature control. In a recent
study, Woodset al found that globally, more energy is used for dehumidification than
sensiblecoolingand is therefore a greater contributor to greenhouse gas (GHG) emissions
than temperature contrgf this finding isillustrated inFigure 1.1b. This then begs the
guestion: is there a more environmentally friendly, efficient, andeftesttive method of

air conditioning than vapor compression?
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Figure 1.1 Global cooling data. (a) Global air conditioner stock by year (otand 2016

is projected). (b) Contributions to the global greenhouse gases emitted due to air
conditioning. Data from (a) i s®whietherdatal uc e d
from (b) is reproduced from Wooes al'* The full list of countries in (a) can be found in

the original source.

1.1.3 Alternative Cooling Technologies: Potential and Limitations

While some scientists in the "9century were experimenting with vapor
compression, others were experimenting with the absorption of refrigerants into miktures.

In these systems, leeat sourc®oils off one species of a mixture (the refrigerant, such as



NHsz in NH3/H20), separating the refrigerant from the absorbent. The refrigaraht
absorbent are then cooled back down to ambient temperefwsng the refrigerant to
condense The mixturein the absorber chambdnow with a low concentration of
refrigerant)has a low partial pressure of refrigerach that absorption of the refrigerant
into the mixture is thermodynamically favorabldis causes theefrigerantto evaporate

so that it can be absorbed by te&igerantscarce mixturgproducing cooling. Absorption
refrigeration served as a hahiven alternative to the mechanically/electrically driven
vapor compressionycle. This technology was commercialized around the same time as
vapor compression, wittome of the first absorption refrigeration companies emerging in
the 1920834 The technology was adopted in-gffid locations with readily available fuel
sources (this authorodés grandmother recalls
growing up in rural India). However, as the U.S. electric grid expanded, vapor compressio
saw much greater market penetration in America, and other countriemotdatopt
absorption refrigeration to the same extent. Today, absorption refrigeration remains
relatively niche, limited to situations where electricity is unavailable or is signific

more expensive than heat.

As mentioned above, cooling is only half of the air conditioning battle, with
dehumidification being equally important. While vapor compression and absorption
refrigerators can dehumidify air by lowering its temperab@lew the dew point, su¢hat
water vapor condensdglustrated inFigure 1.2a), this method has been shown to be
inefficient!! Desiccants are materials that absorb moisture from air (dehumidification) and
can come in the form of solid desiccants (silica gel, zeolites, etc.) and liquid desiccants

(aqueous solutions of hygroscopic materidlg)regenerate these desiccdntseuseice.,



continuous dehumidification), they are heatdd exposed to outdoor aas illustrated in
Figurel.2b. Theincreasedemperaturegyields a vapor pressure of water in the desiccant
that is higher than that of the adriving moisture to desorfsom the desiccannto the
outdoor air.The dawn of desiccant technologies occurred in the U.S. around the same time
as vapor compression, appearing as early as It Pennington cycle, which remains

the basis fothe solid desiccant cycles today, was patented in &t commercialized

in 1960%° Liquid desiccant cycles have evolved more than their solid counterparts

t hroughout the years, with th-€omdietsii@rciamd
(DEVap) system as a recent innovation developed at the National Renewable Energy
Laboratory (NREL)” Most desiccant dehumidifiers are heat driven, though some-work
driven regeneration methods have been explBr&lipermarkets were the first to adopt
desiccant dehumidifiers on a meaningful scale, seeing reductions in energy costs when

using these separate heaiven systems to handle humidity conttol.
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Figure 1.2 Methods of cooling andlehumidifying indoor air. (a) Vapor compression
refrigeration, which cools air below the dew point, causing water to condense and
dehumidifying the air. (b) A desiccant system with evaporative cooling, where the
desiccant first dehumidifies the air, aftethich water is evaporated in an indirect
evaporative cooler to reduce the indoor air temperature. For regeneration, the desiccant is
heated to a temperature at which the water vapor pressure in the desiccant is higher than
the outdoor vapor pressure, caugswater to desorb to the outdoor air. For the indirect
evaporative cooler to operate, a water source is needed. Blue squiggly arrows represent
water, while red squiggly arrows represent heat.

However, desiccant dehumidifiers cannot provide cooling and are therefore rarely
deployed as standalone systems, often being coupled with vapor compressiaonay his
solve the efficiency problem mentioned above, but not the GWP (since vapor compression
refrigerants are still needed). To tackle the GWP issue, some desiccant systems (including
DEVap) use evaporative coolirgf water into outdoor aiinstead of vapor compression,
but these systems require a water sourbe.frustrating irony here is that tleedesiccants
absorb moisture from the indoor air, and yet they cannot use that water as the source for
their evaporative coolindgecause their regeneratisees the moisture exhausted as vapor

to the outdoor airA more promising system would then use a special desiccant that can



separate from the water it absorpsyviding both cooling and dehumidification with no

water source and zero GWP.

1.2 Lower Critical Solution Temperature Mixtures

A certain class of mixtures known asr efltplo@aistimexrfedoe/r at ur e
respormgi Vvidd,er monxaegpnaichstheabevedescriptionof desiccants
that can separate from thater they absorlWwhen a homogenous mixture phase separates
above a certain temperature, that temperaisifenown as the lower critical solution
temperaturgor LCST. Meanwhile, when a homogeneous mixture separates aettain
temperature, that temperature is known as the upper critical solution temperature, or UCST.
The phase diagram of an exempltrgrmallyresponsive mixture with both an LCST and
UCST is illustrated inFigure 1.3. In the context of desiccants, LCST behavior is
particularly notable, since the hedtiven separation is similar to the hehiven
regeneration of traditional desiccan#ss such, this dissertation focuses entirely on
mixtures that possess LCST phase behaviomnd t hey are henceforth
mi xXturebhe term fither moresponsi ambiguousanda b and

is not descriptivéeverything responds to temperature and heat in one way or another).
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mixture forms a homogenous, single phase.

1.2.1 Background on LCST Mixtures

Certain mixtures containing two (or more) components will form a homogenous,
singlephase mixture at room temperature, but will then phase separate into two immiscible
phases upon heating above the lower critical solution temperature (LCST). Aqueous liquid
mixtures¥34 and polymer hydrogeil® 373745 that possess LCSTs have been discovered.
The quantity that determines thermodynamic favorability of different states at the same
temperature and pressure is the Gibbs free end&gy™© “Y')Y such that the state with

the lowest free energy is most favorall€€ST behavior arisesvhen an increase in

h



temperature causes tf@bbs free energgt some mixed state to become greater than the
free energy ofa twophase statethis is illustrated inFigure 1.4. Prior works have
mistakenly concluded that this can only occur due to a negative entropy of mixing;
however, in Chapter 3 of this dissertation, it is established that a mixture with an entirely
positive entropy of mixing can possésSST behaviorThus, while a negative entropy of
mixing can certainly lead to LCST behavior, it is not a strict requirentestalso shown

in Chapter 3hat for all LCST mixtures (witkithernegative or positive entropy of mixing)

phase separation is an endothermic proéassit requires heainput

T, <LCST T,>LCST T,>LCST T, <LCST
Sensible Separation SensibleHeat
Heat Input Heat Input Rejectlon
- Gmln GlP i Gmil‘l GZP = C':‘min GZP i Gmin

Figure 1.4 Cycle of phase separation anehnéing for an LCST mixture. At a temperature
below the LCSTﬂ| , the singlephase mixture (subscrifgP) has the lowest possible free
energy and is therefore the thermodynamically favorable state. When the temperature is
increased tg| , which is above the LCST, the singlbase mixture is now longer the state

with the lowest free energy; instead the mixture spontaneously absorbs heat to phase
separate into a biphasic mixture (subscgp} with a lower free energy. When the two
phases are physically separated and cooled back doﬂvn idhe singlephase state once
again becomes more favorable than the plvase state. The chemical potentials across the
two phases are diﬂ‘erentﬁit, giving the mixture exergy. The-maixing of the two phases

can then be used to produce some useful effect, including dehumidification and
refrigeration.

Therefore, when above the LCST, the mixture will spontane@lslgrb heat as it
separatginto the two phases that minimize the free enatgyat particular temperature

These two phases can be physically separated and cooled down to ambient temperature;

1C



the result is a wateich (WR) phase and watscarce (WS) phase. A chemical potential
difference exists between the two phases at ambient temperatlicating that the two

phases are no longer in equilibrium, and exergy has been supplied to the two phases during
separatonThi s i s the fimoti ve ,psotheeagestablishinentpofi a s e
equilibrium between the two phases could be used to produce some thermodynamic effect,

such as work outpur, as has been explored recentlgsalinatiort®46:47

1.2.2 Reflections on the Motive PowerRiiase Separatigror, Why Separating Salt and

Water is Cool

While the WR and WS phases of an LCST mixture could in theory be used to
producework or desalinatioras the thermodynamic effect, it égually intuitiveto use
them for refrigeration and dehumidification, given their similarity to the sorbent/sorbate
pairs in absorption refrigeration and desiccant dehumidification. The WR phase has a
chemical potential of water very close to that of pure liquid wateicatidg that the vapor
pressure of water in the WR phase is very close to saturation. Water wilraeapot of
the WR phase and into outdoor air, so long as the vapor pressure in the WR phase is higher
than the vapor pressure outside (determined by the outdoor relative humidity). Conversely,
the WS phase has a low concentration of water and therdfmseachemical potential of
water than the WR phase. If the vapor pressure of water in the WS phase is lower than the
vapor pressure of the indoor space, it will absorb moisture from the indoor air.nisre
therefore be a way to leverage this behadgrovide dehumidification, transporting water
first from the indoor air to the WS phase, then from the WS phase to the WR phase
(achieved by heating the phases above the LCST), and finally from the WR phase to the

outdoor air. In addition, because the @apressure of water is higher in the WR phase than

11



in the outdoor air, the evaporation procassist be able to achieve st#dmbient
temperaturesi.e., refrigeration), akin to the vapor pressure driven refrigeration in
absorptiorrefrigerationand evaporative cooling systems. But how would this cycle look
and what performance could it achievEffere must be some relationship between the
chemical potential differencaf the two phaseand thecycle performangegorcing LCST
mixturesto obeythe natural lawof thermodynamicswhich dictatehat any system mus

Apay tbeamd@pbere is no free |l unch. o

1.3 Dissertation Outline

This dissertation aims tprovide a holistic assessment of LCST mixtures as the
working material in a new air conditioning cycénd toexperimentallydemonstrate, for
the first time, that the thermalinduced phase separation of LCST mixtures can be used
for bothrefrigeration and dehumidificatioihis study begins with a theoretical description
and analysis of the thermodynamic cycle that would utilize these mixtures. Then, the LCST
mixtures that have previously been reported in the literature are explasedre
combinations of existing LCST mixtures with hygroscopic additi$edsequdty, proof
of-concept demonstrations serve to reveal the performance of LCST air conditioning
systems. Finally, a technoeconomic analysis builds off the results of the previous steps to
evaluate whether the new thermodynamic cycle investigated in thiscoolt serve as a
costeffective alternative to vapor compression for a meaningful portion of the global
population. Specificallythe following questionareansweregdafter each questiofwhich
is writtenin italics), contextis provided inblue textregarding the dissertation chapter in

which each question is answered
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How can lower critical solution temperature mixtures and their unique
thermodynamic behavior be utilized in a thermodynamic cycle to produce

refrigeration and/or dehumidification?

Upon heatingibove its LCST, a homogenous mixture spontaneously separates into
a biphasic mixtureand when these two resulting phases are physically separated
and cooled down to ambient temperattineir chemical potentia are differentin
Chapter 2, these of thihemical potential difference to produce refrigeration and
dehumidification is exploredFirst, the phase diagram arnidS diagram are
provided foran exemplary LCST mixtunender goi ng t he ALCST
in this dissertation. Thethe schematic cimore complexgontinuous, twestream

LCST cycle is provided, along with the corresponding phasé@-&ualagramsThe

use of the cycle forefrigeration is first described, followed by dehumidification,
and finally the other applications dfig cycle are briefly mentionedor each
application, the most importanperformance and efficiency metrice.d,
temperature lift an€€OP, respectively, for refrigeration) are related to the biphasic
chemical potential of water differencehe chaptethen presents @escription of a
multi-stage version of the LCST cycle thses different mixtures in each stage and
can achieve greater performance than the sisigige versior-inally, the chapter
concludes withthermodynami@analy®s of threetheoreticalsystems: (i) a liquid
LCST refrigerator, (ii) a liquid LCST dehumidifier, and (iii) a solid LCST

dehumidifier.

13
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ii)

Which thermophysical property of LCST mixtures is most relevant to cycle
performance, and what is the upper limit of performance that current LCST

mixtures can achieve?

Following the analysis in Chapter @hapter 3 begins with the establishment of a
mixture figureof-merit that determinethe thermodynamic limits of performance
for a given LCST mixture. The thermodynamic relations that govern LCST
mixtures are then explored, with a particular emphasis on the rslafidnetween
the figureof-merit and other important thermodynamic properfid= figure-of-
merit valuesof existing LCST mixturesire tabulatedo determine which mixture
would perform best in an experimehtiemonstration of the cyclét is revealed
that oleic acid/lidocain¢OA/LD) is the optimal mixtureamongthose that were
reviewed. Then, measurements of the chemical potential @A&/LD/LIiCl are
provided to determine the upper limit of performance for a rstdige LCST cycle
that use©A/LD/LICl with a different concentration of LiCl in each stag@ally,
Chapter 3 significantly furthers thenderstanding of LCST mixtures by providing

important thermodynamic relationships.

What temperature lift, humidity drop, cooling power, and COP can be achieved by

a proofof-concept system operating on the LCST cycle?

Chapter 4 describespaioof-of-conceptexperimental setup that wasnstructed to
demonstrate continuous refrigeration and dehumidification using a-dtage
LCST cycle with OA/LD/LICI as the working fluidClhe maximum temperature lift

and minimum humidity that the cycle provides are reported, along with the COP
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and cooling power of the cyclEinally, to unambiguously confirm the refrigeration
potential of the LCST cyclethe chapter describes stepwise, closedystem
demonstration of LCST refrigeratidhat took place in a temperaterentrolled
environment(such that fluctuationsf the ambient temperature could not have

caused the measured refrigeration effect).

For a hypothetical LCST mixture that can provide sufficient thermal comfort, how
costeffective would an LCST cycle air conditioner be, and how would it compare

to existing technologies?

Il n Chapter 5, a technoeconomic framewor
cost o f coolingo, or L C Q @Which quantifesaithea i r ¢
lifetime costs of a systenpdrticularly focusing orcapital andenergyrelated

operating expenditures)Jsing thethermodynamic relations from Chapter 3,
hypothetical LCST mixture that could provide sufficient refrigeration and
dehumidification aranodeledin Chapter 5. Then, using the properties of these
modeled mixtures, realistic refrigeration and dehumidification cyclesadeled

allowing the energy costs to be determined. The energy obstse LCST
refrigeration and dehumidification systen@ae compared against those of
traditional alternativesThe economidimitations of LCST refrigeration are shown

to be thermodynamic in natur®eanwhile, LCST dehumidification does have

some opportunity to improve the efficiency over thataditional desiccant cycles;

however, the cost of separation is identified as a limiting factor.
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CHAPTER 2. THERMODYNAMICS OF THE L OWER

CRITICAL SOLUTION TEMPERATURE CYCLE

Chapter 2 establishes the thermodynamic theorgerlying the LCST cycle.
Sections 2.1 throug®.4 pertain to th& CST cycle wheriquid mixtures are used as the
LCST working material. Section 2.5 pertaiesthe LCST cycle when laydrogel is used

instead of a liquid mixture
2.1 The LCST Cycle

The LCST cycle works by adding exergy tan LCST mixture during phase
separation, with the amount of exergy added to the ciwoieg phase separati@gual to
0 O p Y TY .If the two phases of the LCST mixture are physically
separated and cooled down to ambient temperathieee texists a chemical potential
difference between the two phases, storing chemical exergy within the spstehese
two phases are brought back into equilibrium, a number of useful thermodynamic effects
can beproduced, including refrigeration, dehumidification, desalination, and power
generation. To understand the governing thermodynamics of this new cygeythsses

must be plotted on both &gse diagram and temperatargropy T-S) diagram.
2.1.1 Phase Diagram and-% Diagramof theSimpleLCST Cycle

In the simplesversionof the LCST cyclea single mixturas phase separated into
two phases, which are physically separated, cooled down to ambient temperature, and then

brought to exactly the same chemical composition (which is the same as the initial
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composition) and are then recombined into a single mixture. The phase diagramSand

diagram of this simplest version of the cycle are providddgare2.1.
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Figure 2.1 The simplest version of the LCST cycle. (a) Phase diagram of an exemplary
LCST mixture, with different states illustrated. (b) Simple LCST cyekdiagram for an
exemplary LCST mixture.

2.1.2 SchematicPhase Diagram, and-$ Diagramof the Continuous LCST Cycle

Figure 2.1 depicts a stepwise implementation of the LCST cycle, with the LCST
mixtures illustrated in vial$However, a practical system would need to provide continuous
operation Furthermore, the continuowgrsion of the cycle would consist of two mixture
streams, as depictedkigure2.2. At state 1, boththe WR and WS streami s pent 0 ( t h
WR streams somewhat depleted of water, and the WS stream has absorbed maistlire)
they need to be regenerated. To achieve this, both streams aréd Heatesgnsibly heated
to state 2, and then separation occurs as the streams are heated tolsiateeparated
WR and WS streams are then cooled down to ambient temperature at stattaBe 4,

after separatiomas occurredhe two phases of the LCST mixture éwetherfrom being
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in equilibrium with one anotheghanat anyother point in the cycle. As the desired effect
of the cycle €.g, refrigeration) is producefgbrocess 41), the two phases will draw closer

to being in equilibrium with onanother. However, in general, the two phasey not
reach the same compositiand thus will not reach equilibriurby the end of th@rocess

that produces the desired effdct.other words, the mixture at stategrland lvs are not
necessarily in equilibriunin this caserecombining thm to form a single mixturgvould
generate entropy and would reduce cycle efficiemdyich does not occur in the simple
version of the cycle ifigure2.1 sincethe two phases had the same composition at the end
of process 4. This is whythe ideal version of the continuous cycle would always have
two separate streams of LCST mixtiirene which is more wateich and one which is

more watesscarce than the other.

() ) ) (b)
Ambient Outdoor Ambient Outdoor
Ty Ty
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Ta 2R A Ts
Heat Absorption R:gaetn Heat Rejection (©)

X% i‘H*H*H*H*
Moisture Rejection Moisture Absorption
Pv,H Pv,L

Temperature

Entropy

Figure 2.2 The general, continuous LCST cycle. (a) Cycle schematic. (b) Phase diagram.
(c) T-S diagram.

In Figure2.2, once both streams reach the regeneration tempe(state 3) each

stream will consist of two immiscible phagethe WR phase in both streams will have the
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same composition, as will the WS phase in both strealsifig a device designedo
separate immiscible liquid®.g, an oil/water separator), the WR and WS phaddsoth
streams can be separated, producing four total streams (two WR streams with identical
concentration and two WS streams with identical concentratBegause they have the
same concentration (and thus, the same chemical potertialsyd WR streams can be
combined into a single stream without generating entropy, as can the two WSsstream
After cooling both streams back down to ambient temperdgiate 4) there exists a
chemical potential difference between the two streams, which can be leveragmibios
different thermodynamieffects.During mass transfer in the continuous cydie WR and

WS streams may interact with the sathermal reservoirg.g, both streams are kept
isothermal by exchanging heat with the ambient tempedatorehey may interact with

two different thermal reservoirs. In the example depicteBigure 2.2, the WRphase
absorbs heat from a temperature lower than ambient, while the WS phase rejects heat to

the ambient environment; this the refrigeratiorapplication of the LCST cycle

TheT-Sdiagram inFigure2.2c depictdwo separate curvésone forthe WR stream
and one for the WS stream. During separation, thestiéam entropy is taken to be the
sum of the entropy of the WR phase in both stredikswise, the WS entropy during

separation is taken to be the sum of the entropy of the WS jpphlasth streams.

Though not pictured iRigure2.2, the ideal ((e., internally and externally reversible
and steady statd. CST cycle would use a recuperator to source all of the sensible heat

input (procesd-2) from the sensible heat rejection (proces$)3
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In thephase diagram iRigure2.2b, it is evident that phase separation occurs over
a range of temperatures (frotv to “Y). However, throughout this dissertation, a single
Afeffectived separ at i onyields thenpxactrestlts foecycies us e
performancaevhen usedh a thermodynamic analysis. Tagective separation temperature
is the ratio of the enthalpy of separattorthe entropy of separation, as given in dL),

and will always take on a value betwedand”Y.

C

Yo 2.1)

The enthalpy and entropy of separation camkeasuredor a real LCST mixturge.g, by

using differential scanning calorimetry (DSEpwever, it could prove difficult to measure

the rather small enthalpies of separation of existing LCST mix{ufed/d’); instead, an
analytical expression for the enthalpy of separation based on a measurement of chemical
potential is provided in Chapter 3 and AppendliAppendix C presenthe equatiosfor

the enthalpy and entropy of separatidm modeled LCST mixture
2.2 LCST Cycle Performance Metrics

The LCST cyclecreates a chemical potential difference between the two phases at
state 4 which can be used to produce a number of desired thermodypamcesses,
depending on the engse of the cycle. This dissertation focuses ornréffiegeration and
dehumidification endises of the cycle; two other applicationsassbriefly describedn

this section: desalination apdwer generation.

2.2.1 Refrigeration
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Therefrigeration application of the LCST cycle is depictedrigure 2.3. Water
desorbs from the WR phase and is absorbed byMBehase in a closed loops water
desorbs, the WR phase absorbs heat from a low temperature@pademperaturéy),
while the absorption of water vapor causes the WS phase to reject heat to the ambient

environmen{at a temperaturey).

Ambient Outdoor Ambient Outdoor
Heat Rejection (Sensible) Heat Rejection (Sensible)
~ [ | | r 1 \
3WS 4WS

Indoor Space Ambient Outdoor

T, 5 Ty J
Heat Absorption WS
(Cooling) \ peoel j Heat Rejection

SASAN

Absorption

Evaporation

<@ DryAirr (P, Humid Air (P, )

Figure 2.3 Refrigeration application of the continuous LCST cycle.

The vapor pressure of the WR phase decreases as the temperature of the WR phase
decreases Furthermore, because the WS phase provides the low vapor pressure
environment for water to evaporate from the WR phase, the lowest vapor pressure that the
WR phase can achieve is that of the WS phase. Theumaximum theoretical temperature

lift that the refrigeration LCST cycle can providecurs when the vapor pressure of water
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in the WR and WS phases are edqual, reversible mass transfet ambient temperature,

the vapor pressure of the WS phase B Oi 0 f
0 A @B~ | whered r IS the saturation pressure of pure water at ambient

temperatureFrom the Clausiu€lapeyron relation, the temperature dependence of the

vapor pressure of water in the WR phase is revealad;

~

Or 5 A@B— — — ,wheré€Q is the enthalpy of desorption of water vapor

from the WR phaseThen, athe lower (refrigeration) temperature, the WR phzsggor

pressure can be found:y, 0 ;5 A@BL- — — — . Defining the

temperature lift a¥"Y Y “Y, and recognizing that the WR phase of most aqueous
LCST mixtures is nearly pure watésuch that'Q "Q ), Eq. (2.2) results for the

maximum temperature lifty settingd 0 5 and rearranging

- . y (22)

The maximumi(e., reversible) COP of the refrigeration LCST cycém be derived
as a function o¥* , using the expression ftreenthalpy of separatiosf LCST mixtures,
whichwas derivedy Kocheret al* (this derivation is provided again in Chapter 3 of this
dissertation)For ¥"Yto remainconstant, the chemical potential differee must also
remain constant. In other wordee concentration of the WR and WS phases must remain
approximately constant during the mass transfer portion of the LCST cycle, in which case
an infinitesimal amount of watdr ¢ ) is transferred between th@o phasesWhen this

is the casethe heat of separationfish 7 & Y ¥p Y TY .Thecooling
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provided by the cycle is equal to the enthalpgesorption of water from thé&/R phase;

since the WR phase is nearly pure water in most LCST mixtures, this enthalpy of desorption
is approximately the enthalpy wéporization of waterQ . Then, the reversible COP takes

the form in Eq(2.3). As expected, plugging the expression for the reversible temperature
lift (Eq. (2.2)) into the expression for reversible COP (E23)) yields Eq.(2.4), which is
theuniversal expression for the reversible COP of any-tieaén refrigeration cycléhat

has a heat input temperature 6f (see Appendik).

o Q "y (2.3)
6 W LY,
. Y 0% (2.4)
ow P v, Ry, v,

2.2.2 Dehumidification

When the LCST cycle is used for dehumidification, W& phase of the LCST
mixture acts as a desiccant, absorbing moisftom the indoor air and rejecting heat to
the outdoor ambient environmehRtr the cycle to operate at stgadate thesame amount
of moisture that enters the cycle during moisture absorption must be rejected from the cycle
elsewhere. To achieve this, water desorbs from the WR phase into the outdocoraier
for the water vapor pressure in the WR phase to remain as high adgyaksibVR phase

absorbs heat from the outdoor environmemnetoain at ambient temperature.
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Figure 2.4 Dehumidification application of the continuous LCST cycle. In this example,
both the indoor and outdoor space are at the same temperature.

When the indoor space and outdoor space have the same tempdratmignium
indoor relative humidity that the LCST cycle can provide during dehumidification is equal
to thewater activity of the WS phase at ambient temperattirg, . The difference in
chemical potential of water between the two phases can be writtel as
YY 1100y 7Oy ; rearranging this expression yields Eg5) for the minimum
indoorrelative humidity that the dehumidification LCST cycle can provide.

y (2.5)
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A common efficiency metric for dehumi

di

efficiencyo, or MR BEeatinppercuhit mass watehremoved voenr s e

the indoor spaceThus, the reversible MREgiven in EQ.(2.6) in the typical units of
kg/kWh, is simply the inverse of the heat of separatiwwhered is the molar mass of

water

. 0 Y (2.6)
0 YO o T"yf[— p N

2.2.3 Other Applications

Aside from refrigeration and dehumidificatidtCST phase separati@an be used
for other eneuses. Because the phase separati@yueous LCST mixtures yieldphase
that is mostly water, desalination is an intuitive -e1seé of the LCST cycleas depicted in
Figure2.5. The LCST mixture is heated to induce phase separatmwater is removed
from the WR phasee(g, through nanofiltration) using a small amount of engbgcause
the chemical potential of th&R phase is close to that of pure waMeanwhile, the WS
phases usedas a draw solutiordrawing water from a saline feed. The removal of water
from the WR phase brings it backits initial concentratiorbefore separatio(state wr,
which is under the binodal curyayhile thedilution of the WS phase with drawn water
brings it back to its initial concentratigstate ls, which isalso under the binad curve)
closing the cyclelor the cycle to operate at steady state, the amount of water being drawn
by the WS phase must be exactly equal to the amount of permeatérdsh water)

producedrom the WR phase.
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Figure 2.5 Desalination in the continuous LCST cycle.

The maximum salinity of feedwater that the desalination LCST cycléreahis
that which has a water activity equal to the water activity of the WS phase of the LCST
mixture,® ; . The water activity of the feedwater can be writtemoas | @ , where
[ andw aretheactivity coefficient andnolar concentration of water in the feedwater

stream.It should be noted that in this case, the molar concentration of véateis

calculated after ion dissociationg(, @ = ————, where the salt dissociatiedo N

n ions). If w is the concentration of ions in the feedwater, then p ——in the

reversible limit of mass transfeBecause the WR phase is nearly pure water, the water
activity of the WR phase is nearly unity and the chemical potential of water in the WR
phase is nearly zero, such thaty Y* . Then, theexpression for the maximum

possible molar concentration of ions in the feedwater takes the foEq. {2.7). If the
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feedwatercontains a salt that fornis 1] ions when dissolvedhen thenaximum salinity
that the LCST cycle can treatgiven in Eq(2.8) (wherel is the molar mass of water

and0 is the molar mass of the salt in the feedwatehich has units of/kg (.e., ppt).

w P —r
o (2.8)
11 0 h’ h r,] ﬁl’l
Y op it =2 v— 0 A7
. Agb ~y o
p ——— g
u & r oV

It should be noted thélhe water activity coefficient, , is a function of salinity, such that
Eq. (2.7) and(2.8) cannot be solved explicitly, except in the cadeere the feedwater is

an ideal solution, in which case p.

One common efficiency metric féhermaldesalination cyclesistiegai n out pu
rati oo, whihis tkeQ@dfio of the latent heat of vaporization of water to the heat
input per unit mass of permeatéq. (2.9) gives the reversible GOR for the desalination
LCST cycle, which notably takes the same form as the COP in the refrigeration LCST

cycle.

0 "y (2.9)
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While this idealized version of the cycle kigure 2.2 uses two separate streams
throughout the entire cycldto avoid entropy generation due to mixing)rior
demonstrations of this concept have used singgerational schemes. For examjethe
system devised bydaddadet al, after water was removed from the WRtreamvia
nanofiltration,the WR and WSstreamsvere recombined to be used as a draw soldtion.

If enough water was removed from the WR stream during nanofiltration to bring the WR
stream concentration that of the WS stream, then thecombination of the two would
not generate entropyand the system would only needrégeneratively heat one stream,

instead of two (reducing system complexity and potentially cost).

The LCST cycle can also be used as a heat eragniustrated ifrigure2.6, which
has yet to be explorad the existing literatureThe phase separation increases the exergy
of the LCST mixtureby creating two phases with different chemical potentials. The re
establishment of equilibrium between the two phases can then be used to produce work.
This can be achieved by electrochemical md&igure 2.6a), or by using the chemical
potential difference to createpressure difference across a turbiiguyre2.6b). Because
most existing LCST mixtures phase separate at relatively low temperatures (< 1ib@ °C),
amount of exergy added during phase separation will be ,syretling a relatively low
heat engine efficiency (for referentee Carnot efficiency for a 100 °C heat source and 25
°C heat sink i20%). Furthermore Geffroy et al found that converting waste heat to
electricity is not economically viable when the heat source temperature is below 450 °C,
so unless the capital expenditure of an LCST cycle heat engine were far lower than
conventional alternative@.g, anorganic Rankie cycle heat engine, which is around

$0.375/W9), then power generation is unlikely to be a practicaheselof the LCST cycle.
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Figure 2.6 Continuous LCST cycle used as a heat engine. (a) Electrochemical variant. (b)
Mechanical variant.

For a given mass flowrate of water between the WR and WS phasemtimeum
power produced by the LCST cycle heat engine is given ifi2Ed), while the reversible

efficiency is given in Eq(2.11).

% (2.10)

Y (2.12)

If an electrochemical LCST cycle heat engine is being used, the maximum open circuit
voltage depends on the activities of the ions inL@ET mixture as derived by Komazaki

et al>! From the GibbDuhem equation, thien activities can be found by integrating over

the water activity such that Eq(2.12) results for the open circuit voltage of th€ST

cycle electrochemical heat engimith an LCST mixture that is a 1:1 electrolytehere
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0 s the cation transportumberof the cation exchange membraamed™Oi s Far aday 6

constant In Eq. (2.12), the molar concentration of watar the LCST mixturew , is

calculatecbefore ion dissociation.¢., ® ——).
oYY W (2.12
O P ®w ©

Meanwhile, thereversible {e. zero mass transfer resistance) pressure difference across
the turbine in the mechanical variant of the LCST chielat enginés simplythe difference
between the WS and WR osmotic pressumdsch can be rewritten in terms ¥f  and

the molar volume of wateg , as in Eq(2.13).

.. ¥
v 7 (2.13)
w

2.3 The Multi -Stage LCST Cycle

In the LCST cycle depicted iRigure2.2, the magnitude of the chemical potential
difference between the WR and WS streams at state 4 determigsléhperformance
a greatey yields agreater temperature lifthen used forefrigeration/heat pumping,
as well as a lower indoor humidity when used for dehumidification. BmSCST mixture
with a greatel*  is generally desirable (a largér than is necessary will yield a lower
efficiency, since it would require more heat to separhtg,this problem has yet to be
encountered with existing LCST mixtures, as described in Chapter 3 of this dissgrtation

However,if no existing LCST mixture possesses a sufficiently 18fge for the desired
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temperature lift ommdoor humidity, therdifferent LCST mixtures can be used in a multi
stagesystem to yield a cycle with an overHll that is greater than tB¢  of ary single
stage. This is depicted Figure2.7; for this to work, thehemical potential of water in the
WS phase of any givestage must be lower than the chemical potential of water in the WR
phase of the subsequent stages( ; ‘ 5 7 ). TheY of the cycle is therhe
difference betweethe‘ of the WRphase of the first stage and the of the WS phase

of the final stagesuch that the overalt is greater than th& of any one stag&igure

2.7 depicts atwo-stage LCS cycle, but any number of stages can be implemented in
practice, so long as theeexists enough unique LCST mixtures with intermediate chemical
potential valuesin Chapter 3 of thiglissertationit is demonstrated thdlhe addition of
hygroscopic additivege.g, LiCl) to an existing LCST mixture lowers the chemical
potential of both the WR and WS phasenabling a multstage LCST cycle with &'

that is severalfold greater than e of any known LCST mixture by itself
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Figure 2.7 Principles of the mulistage LCST cycle. (a) Two different LCST mixtures
with the same volatile species.q, water)separate into phases with different chemical
potentials, such that the WS phase of Mixture A has a chemical potential that is in between
the chemical potentials of the two phases of Mixture B. (b) The 1stalgje continuous
LCST cycle.

2.4 Quantitative Analysis of Cycle Performance

The precedingections of Chapter 2 established the theory of the L&SIE for
use in various applicationSection 2.4providesanalysgs of LCST refrigeration and
dehumidification when considering different material properbpserating conditions, and
componentransport properties (yielding varying degrees of irreversibil@uantitative
valuesfor cycle performance are provided for a hypothetical LCST mixtureptisstesses

ay' value far greater than any LCST mixtthat has currently been discovered

2.4.1 LCST Refrigeration Cycle
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The system schematic for BRST refrigerator is given ifkigure2.8. To compare
against the technoeconomic analy®fa vapor compression refrigerator and absorption
refrigerator) performed b&lrwashdeh and Ammap? theevaporator temperature-5 °C,
and the absorber temperature is 25D&ails of thehermodynami@nalysis are provided
in Appendix F.The simple model presented in Appendix C is usesvduate the molar
heat of separation, as well as the chemical potential (and thus, the vapor pressure) of water
at each concentration. Because the vapor pressure of water in LCST mixtures changes
rapidly at concentrations near that of the WS phase, a large flosvcitesen for the LCST
mixture, relative to the ta of water that evaporates in tnaporator. This means that the
concentration of the LCST mixture does not change significantly across the absorber (the

mole fraction ofsolutedecreases fror.96to 0.959.
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Figure 2.8 The LCST refrigeration cycle. (a) Cycle schematicTd®diagram of the water
as it provides cooling.

For the cycle to operate, there must be sdriveng force for mass transfer between
the water vapor and the LCST mixturedleg absorber outletn the case of maximum mass

transfer (e, a mass exchanger effectiveness of unity), the vapor pressures at this point
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would be equal. In more realistic situations, ttagor pressure of water in the LCST
mixture would be lower than thevaporator pressur&hus, for this analysis, tHeeat of
separation was calculated for a rangeL&ST mixture water vapor pressures the
absorber outlet concentrationhe minimum water vapor pressure considered wasRal

(which corresponds to‘a j; value of-2.46 10* J/mol), while the maximum value

considered was 438a(corresponthgto a'  value of-4.97 10° J/mol). For each
‘% ®r ,the heat of separation was calculated, using the folloaddgtionalinputs to
the thermodynamic modeto  0.94 w 0.96 and”Y 45 °C. The COP was
calculated using Eq2.14), where the expression f¥i{Q is given in Appendix C and has
units of Jpermol total mixture O is the molar mass of the LCST mixtysssumed in

this analysis to be 18.02 g/mol for simplicitgnd the specific heat of the total mixture

(water + solute) is assumed to be the same as the specific heat of water (4-48.kJ/kg

(2.14)

W . o
S PECp o~ Qo
600 3 -

Y
ya 0 p - w0 Y

In Figure2.9, the COP is plotted against the vapor pressure of water in the LCST
mixture & it leaves the absorbeWhen the vapor pressure of waied36 Paand the
recuperator effectiveness is unithe COP approaches the reversible liffftis is to be
expected, because very little entropy is generated wheappioe pressure difference across
the absorber is minimizedlowever, even if this reversible limit were approached, the COP
of 0.56is still very small (roughly the same as the COB.B8 forthepractical/irreversible
absorption refrigerator analyzed byAlrwashdeh and Amma¥), which reveals the

significant limitations of LCST refrigeratiomfhen, when the recuperator effectiveness
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drops to a more realistic value of 0.9, P drops drastically, to a value between 0.1
and 0.2 (depending on the mixture water vapor pressih)is because thefrigeration

effect is produced by the WR phase, but the sensible heating nqusivied to the total
mixture, which has a far greater mass than the WR phd€® in this analysis This
reveals a key limitation of the LCST refrigeration cycle: the steep change in water activity
of LCST mixturesnear the WS concentratiorquires a highatio of WS phase mass to

WR phase mass, but thesuses sensible heating requirements teelg high.
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Figure 2.9 COP of the LCST refrigeration cycle with a separatemperature of 45 °C,
as a function of the water vapor pressure of the mixture as it leaves the alidwlarshed
line represents the reversible limit.

The COP is recalculatedth the phase separation temperature instead G&RG
(all other properties are kept the same) and is plott&egure2.10. For high recuperator
effectiveness values, the higher separation temperature yields a higher COP. However,
when the recuperator effectiveness drm@smore realistic value @9, theLCST mixture
with the higher separation temperature yields a lower COP, due to the extensive sensible
heating requirementhus, even though the higher separation temperature yields a greater
upper bound for COP, practical constraints on recuperator effectiveness (a higher
effectivenessesults in a higher system cost) mean that the lower separation temperature is

preferable.
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Figure 2.10 COP of the LCST refrigeration cycle with a separation temperature of 70 °C,
as a function of the water vapor pressure of the mixture as it leaves the alidwlarshed
line represents the reversible limit.

Chapter 3 of this dissertation discuseas of the biggest challenges for LCST air
conditioning: the need to discenmixtures with far greatey*  valuesfor the LCST cycle
to produe adequately comfortable conditionklowever, he results above revea
fundamental drawback of LCST mixturemven if an ideal mixture (that could achieve
adequate thermal comfort) were discoveted COP of LCST refrigeration is inherently
low. This is due tdwo main reasons. Firdhie separation temperature of LCST mixtures
is very close to typical ambient outdoor temperatures, meaning that the heat of separation
provides little exergy to the mixture (and thus oalymall amount of cooling can be

achieved per unit of heat inpuffrom Figure 2.9, even in the limit of reversible mass
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transfer (i.e., the highest possible vapor pressure of water in the WS plras#)a
recuperator effectiveness of unitiije COP of the LCST cycléwhen the effective LCST

phase separation temperature is 45WGJId be0.51, which idower than the COP of the
practical (.e. irreversible)absorption refrigeratiortycle studied by Alrwashdeh and
Ammari, which was 0.53? Oncefurther irreversibilities are introduced into the LCST
cycle, €.g, due to heat and mass transféng COP decreasdsrther. For a practical
system design, and for the conditions considered in this analysis, the highest COP that can
be expected for the LCST cycle is 0.2, which is unlikelggoompetitive with other heat

driven refrigeration cycles, like absorption refrigeration.

Even if an LCST refrigerator were designed to be both cost effectivgearedtate
the same amount of entropy as a typical absorption refrigerator, the COP of the LCST cycle
would likely still be lower(as determined by the regeneration, or separation, temperature)
Eq. (2.15) gives the expression for the COP of any kdraten refrigeration cyclewhere

“Y is the effective heat rejection temperattineis the effective heat source temperature,

Y is the effective cooling temperatui¥, is the rate of internal entropy generation, and

0 is the rate of cooling provided by the cycle (a derivation for this expression is provided

in Appendix E)

o p YTY (215
600 -
YO'YTY Y 'YX

From this equation, it is clear that if two cycles generate the same amount of entropy
(perhaps because both systems use simisdzlyd heat and mass exchangers and thus have

the same temperature and vapor pressure gradients), the cycle with the haglseuhee

38



temperature will have the higher COP. Absorption refrigeration uses mixtures that
regenerate at temperatures higher than LCST mixtures (the system studied by Alrwashdeh

and Ammari regenerates at 90°%%.

Based on Eq(2.2), an LCST mixture with a solvent other than wateuld
potentially produce a greater temperatureifin current aqueous LCST mixtufesving
to a smaller latent heat of vaporizatiorthe solvent If the separation temperature oisth
hypothetical LCST mixturéwith an alternate solvenivere higher than 90 °C, this could
also yield a higher COP thahe absorption refrigeration cycldowever, solvents other
than waterwould likely mitigate some of the potential benefits of the agueous LCST
refrigerants discussed thus féor example, these alternative solvents could have high
GWPs, they could bedmmable, and/or they could be toxidus, the (rather limited)
nichefor LCST refrigeration is revealedFirst, if electricity is not available (perhaps in
rural areas) anthe only heat source availabgeat a temperature too low for absorption
refrigeration (perhaps neconcentrating solar heat)CST refrigeration couldbe used in
this situation where vapor compression and absorption refrigeration cannot be used
(provided new LCST mixtures that provide thermal comfort are discovered). Second,
LCST refigeration could be thermodynamically favorabilelectricity is not available,
and a new LCST mixture is discovered which separateighartemperaturghanthe
temperatureat whichcommonabsorption refrigerants separate due to distillateord if
the sensible heating issues of the LCST cycle are mitigatedever, while the LCST
cycle could be thermodynamically favorable to absorption refrigeration in this second case,
it may still be unfavorable from a cost perspective, due to the cost of the-llmjuicil

separator (which is discussed in Section 5.thigfdissertation).
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2.4.2 LCSTLIiquid Desiccant Dehumidification Cycle

To understand the potential benetfd CST dehumidificatior{or lackthereof)it
is important to first analyze a traditional desiccant cy€igure2.11 illustrates asimple
traditional desiccant cycle, which absorbs moistwi¢h the desiccant to produce
dehumidification, and then heats up the desiccant to some water vapor pressure that is
sufficiently higher than the outdoor vapor pressure, driving mass transfer of water from the
desiccant into the outdoor air (regeneratidninight be tempting to view thenthalpy of
desorption (which, when the enthalpy of mixing between the water and the desiccant
species is small, is simpl@ ) as the dowside of the traditional desiccant cyctnce
"Q is so largethis means the heat of regeneration is high andhtbisture removal
efficiency (MRE) is lav in a traditional desiccant cycle. However, consideration of the
fundamental thermodynamics reveals that the situation is more nu#ribedecuperator
had an effectiveness unity and all sensible heat were supplied through recuperation, and
if there were no thermal losses in tiegeneratori(e., no sensible heating of the outdoor
air), then the system would be internally reversible. Thus, the enthalpy of desorption is
exactly equal to theninimum theoretical regeneration heat&ory dehumidificaton cycle
that is powered by heat the same temperature as the traditional desiccant regeneration

temperatur€’Y ).
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Figure 2.11 Traditional desiccant dehumidification cycle.

Figure 2.12 illustrates theLCST dehumidification cyclelnstead of heating the
desiccant up to a temperature at which the water vapor pressure is higher than the ambient
outdoor vapor pressure, phase separation is used to produce a WR phase that has a high
vapor pressurat ambient temperature. This eliminates the term, sincedesorption
would occur at ambientemperature, which is the first potential benefit of the LCST
dehumidification cycle. The second potential benefit is, tifathe LCST separation

temperature is greater thayi  for the traditional desiccaritie heat of separation will
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be lower thariQ , even though the mixture would yield that same vapor pressures as the
traditional desiccant in the absorber and desorber. However, this reveals the first potential
downside of LCST dehumidification; if the LCST separation temperature is lower than
Y for the traditional desiccant, the heat of separation will be higher'thanThe
second potential downside of the LCST cycle is that the WR vapor pressure is a material
property, andt cannot bealtered to meet the outdoor conditions (so long as the desorber
is designed to always be at ambient temperature). Thus, in order forCE&
dehumidification to operaton days with high outdoor humidities, the WR vapor pressure
would need to be excessively high on days with lower outdoor humidities. To account for
this, it is assumed in this analysis that the WR phase is pure waaBovidor desorption

evenon days with very high outdoor humidities.
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Figure 2.12 LCST desiccant dehumidification cycle.

The equation for MREN the traditional desiccant cycle is given in Eg.16),
whereQ is the enthalpy of desorption, aad is the mass flowrate of total desiccant
(water + solute) entering the regenerator

a :
0YO — , T . 7 (219

If both heat and mass transfer in the desorber occur entirely duavection, then the

heat and mass transfer analtigan be used to relale  to the rate of desorptiod, |,
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as given in Eq(2.17), where” , @y, and0 ‘Gare the specific heat, and Lewis number,

respectively, otheair-water mixture

Y Y (2.17)
Ty
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The MREcan be rewritteffor the traditional desiccagycle yieldingEg. (2.18), while the

MRE for the LCST desiccant cycle is given in E£219).

. p U . ) (2.18)
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Thegeneral expression for the MRE of any heéaven dehumidification cycle is given in

Eq. (2.20) (and derived in Appendix G); it is clear that tM&E increases with the heat

input temperature (provided that the entropy generation does not commensurately increase
with increasing heat input temperatuwehich could occur, for exampleue to a highly
inefficient recuperatQr Meanwhile, the traditional desiccant regeneration temperature is
given in Eq.(2.21), asdetermined from the Clausi@apeyron relationwhereY is the

specific gas constant of water
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p Y TY (2.20)

Y1105 70q P (2.21)

TheMRE of theLCST desiccant cycle is plotted fiigure2.13 as a function of the
separatiotemperatureA recuperator with an effectiveness of 0.85 is Usethe analysis,
as are an ambient temperatur@5fC and an absorber vapor pressur@@fPa,to enable
a direct comparison witha realtraditional desiccant cycle constructed by Woetlsl>*
The WR phase is pure water, which would have a vapor pressa2@Pa at the ambient
temperature of35 °C, while the ambient vapor pressure is 2644 Maanwhile, the
traditional desiccant cycle MRE is plotted as a single poirat,ragjeneration temperature
of 73.3°C (as determined by E€R.21)). The traditional desiccasystemwould have the
same regperator effectiveness and absorber vapor pressure as the LCST desiccant system.
However, the traditional desiccant system would have a desorber vapor pre€s266 of
Pa, as tis wasthe value considered by Woodst al®>* Furthermore, the inlet and outlet
desiccant concentrations at®&and46.5wt% (the inlet valueapproximatelycorresponds
to the LiCl wt% in LiCI/H20, a common desiccarthat producea vapor pressure @05
Pa at35 °C, and Woodset al mention that the outlet concentration is about 1.5 wt%
greate??). Finally, thereversible MRE is plotted as a function of the heat input temperature
At lower separation temperatures, tteéST cycleMRE approaches the reversible MRE,

since thetemperature difference across tleeuperator is smalkHowever, at these low
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separation temperaturdsoth the practical and reversibl®IRE values are very smalk

0.1 kg/kWhn). Meanwhile, the practical MRE for the traditional desiccant cyc®as.

Not only is this value greater than the peak MRE for the LCST c@c4)( but it is also
greater than the reversible MRE at the regeneration temperature that maximizes the LCST
cycle MRE (46.8 °Q. This reveals the major shortcoming of the LCST dehumidification
cycle. Whilethe phase separation of LCST mixtures might seffitzient, it would bevery

energy intensive for mixturesith low separation temperatures, and it would be dwarfed

by the sensible heating required for mixtures with high separation temperatures (due to the

high mixture flowrate required for the LCST cycle).
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Figure 2.13 Moisture removal efficiency as a function of the regeneration (or separation)
temperature for the LCST cycle, the traditional desiccant cycle, and a reversible, heat
driven dehumidifier.

2.5 The Hydrogel Variant of the LCST Cycle

Hydrogels that possess an LCST differ from liquid mixtures that possess an LCST
in that the hydrogelexpel pure water as theyndergo a isothermal(first-order) phase
separationwhereas liquid LCST mixturggoduce a WR phase that is not quite pure water
and separate over a range of temperaturesi§odhermal).This allows for a rach simpler
(and in some ways more ideal) cy@lben hydrogels are usea that theexpelled liquid
water can be rejectidiscardedrom the system entirely, while the WR #ein the liquid

LCST cycle requires a mass exchanger (increasing system ceggptorate moisture and
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then recycle the more concentrated WR phase back into the sykt@raver, thewater

activity in the dry hydrogea f t er phase separation (ter med
LCST hydrogels)of the most commor.CST hydrogel poly-N(isopopylacrylamide)
(PNIPAm), isvery high (>0.99 based dhe following analysis)Because of this, PNIPAmM
cannotdehumidify indoor air to a value any lower than 99%, RRless some method of
drying the polymer other than thermoresponsive shrinksuigh as drying the hydrogel

with hot air) is used. If hot air were used to dryghlmer, however, then the cycle would

not follow the LCST cycle as described in this dissertation and would instead follow a
traditional desiccant cycle. While others have shown that the use of LCST hydrogels in a
traditional desiccant cycle could provideme benefits® this dissertation focuses solely

on the LCST cycleThe remainder of thisection is an analysis of LCST hydrogels when
used in the LCST cycle for dehumidificatianuch of which isreprinted(with minimal
changes to wordingyom a pape¥ authored by the author of this dissertation t A e d i
first andsecondlaw analysis of athermoresponsivpolymer desiccantdehumidification

andcoolingcycled t hat wais Engrgy ICbnvessiore@dManagementol. 253

115158 Copyright Elsevier (2022)
2.5.1 TheHydrogelLCST Cycle

In general, the LCST cycle receives humid aarabient temperature and separates
it into dry air and liquid water (also at ambient temperature). As with anydhgah
cooling or dehumidification cycle, some heat is rejected to the amitieft énd some
heat must be delivered to the cydle ) from a heat source with a temperature greater than
ambient. To achieve this overall cycle, the gel must undergo four main processes,

illustrated inFigure2.14(a): (A1 B) swelling of the gel in humid air, (B C) sensible
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heating of the gel, (C D) shrinking of the gel to expel liquid water, andi([3) sensible
cooling back to the original temperature. The swelling process serves to dehumidify the
air, while the other three processes (sensible heating, shrinking, amdgiearve to

regenerate the gel by removing the water.

a)
(A) (B) Sensibl (C) (D)
ensible Latent
Heating Heating -‘
ohrunk Swelled Swelled Shrunk
Ve Polymer Polymer OVIICIN
T . A, Licuid Water
amb Sink to T T Expels Water
Tamb amb 1
Heat Separate
Sink to Liquid Water
Tamb from Polymer
b) Dry Air Tamb_ Humid Air
(State 2) @y 1 (State 1) T
t l t

Tamb Tint 1
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Dehumidifie

Tim,z Recuperator Tt

Sensible Latent
Cooling Heating

Figure 2.14 Diagram of the LCST cycle for (a) sequential (cyclic) operation and (b)
continuous operation.

In many cases it is desirable to both dehumidify and cool the air inside a building.
The ability to do both of these tasks separately is one of the main benefits of the LCST
cycle. The polymer first dehumidifies the air by absorbing water vapor. Themolsheer
goes through a phase transition that expels water during regeneration. The liquid water
harvested during regeneration could then be used withdaect evaporator that lowers

the building air temperature without affecting building air humiditiisTis one of the
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major benefits of the LCST cycle that traditional desiccant cycles cannot accomplish.

Traditional desiccant cycles remove water vapor from a conditioned space and exhaust it
as vapor to outside air. When these cycles are coupled with evaporative cbelyngeed

an external water source. The LCST cycle conveniently condenses the water vapor to
liquid, which can be used in the evaporative cooler, eliminating the need for an external

water source.

Occasionally, either dehumidification or sensible cooling is not needed. If it is
desirable to use the cycle only for dehumidificatioe.(the ambient temperature is
comfortable, but the ambient humidity is too high for comfort), then the liquid water
expelled by the gel during regeneration can be discarded. If it is desirable to use the cycle
only for cooling {.e., the ambient humidity is comfortable, but the ambient temperature is
too high for comfort), then the water harvested during regeneratiobecavaporated
directly back into the building air. This will rehumidify the air but lower its temperature.
For simplicity, the analysesare limitedto these two cases: solely dehumidification and

solely direct evaporative cooling.

While Figure 2.14(a) represents the cyclic or sequential operation of the LCST
cycle, Figure 2.14(b) illustrates the continuous mode of operation. During continuous
operation, the gel physically moves through different control volumes. Here, a recuperator
can be added to decrease the required sensible heat input, which allows the thermodynamic
limits of the cycle to be analyzed. While this recuperation process may be difficult to
implement in practice, the cycle can be analyzed without recuperation by setting the

recuperator effectivenes$s, to zero.
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Atthe materiald evel , this cycle uses the LCST |
to condense water out of humid air, thereby dehumidifying the air. The free energy change
during isothermal swelling i¥°Q yQ "Wi . The opposite process of
swelling is deswelling, or shrinking, in which the gel expels liquid water. The free energy
of shrinking is equal in magnitude and opposite in sign of the free energy of swelling:
yQ yQ VWi Y'Q . Below the transition temperature of an
LCST gel, ¥YQ IS negative and the gel swells. Above the transition temperature,
yQ is negative (meaniny’'Q  is positive) which causes the polymer to shrink,
thereby expelling the water. The enthalpies and entropies of swelling and shrinking are
what allow the LCST cycle to exist, and they serve as variabtbgfmst and second law

analysis of this cycle.

Generally, the enthalpy and entropy of swelling can vary with temperature.
Grinberget al observed a roughly 20% decrease in specific i¥eaj &cross the shrinking
phase transition of PNIPAm. This caused the enthalpy and entropy of swelling and
shrinking to vary with temperatupé Other works, however did not report any change in
specific heat across volume phase transittéA%and some authors assume the swelling
enthalpy and entropy to be invariant with temperatliF®r completeness, the tetfm is
includedin the derivations to allow for this potential temperature dependence of the
enthal py and entropy of swellingisaeedd shrin
denote the swelling and shrinking enthalpy
denote the enthalpy and entropy at the transition temperatursinfolicity, all of the
results in the main text dhis sectioncorrespond t&/c T, thereby assuming that the

enthalpy and entropy of swelling are invariant with temperatdelitional resultsare
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providedin Sec. Ill of the Supplementary Materidlthe pape¥ by Kocheret al.for Yo

TL

The T-s diagram of a polymer undergoing the LCST cyd@gqre 2.15) is
analogous to the Ericsson cycle. The entropy of the polymer first decreases with a
magnitude ofYi r  as it absorbs water vapor ‘a (A i B). Then, when the
polymer is sensibly heated, the entropy and temperature both incréa€g. (Bext, as the
polymer undergoes latent heating tthe entropy increases by i as liquid water
is expelled (O D). Finally, the polymer is sensibly cooled, and entropy and temperature
decrease (D A). The shape of the LCST cycles diagram inFigure2.15is the same as
the Ericsson cycle, and similarities between the two cycles exist. Just as the Ericsson cycle
approaches the Carnot efficiency when recuperatiaisesl, the LCST cycle approaches
the COP of a heatriven Carnot humidity pump when recuperation is used, asrsimow
theresults. To evaluate the upper limits of the LCST cycle, a continuous configuration of

the cycle that contains a recuperasoanalyzed
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Figure 2.15 T-s diagram of the LCST polymer gel in the LCST cycle. The lettered states

in this figure match the lettered stategigure2.14a). TheT-sdiagram of the LCST cycle

has the same shape as the Ericsson cycle. Much like the Ericsson cycle, the LCST cycle
approaches the Carnot limit when a recuperator is used to transfer heat from the polymer
being sensibly cooled (PA) to the polymer being ssibly heated (B C).

The work by Matsumotet al3® and Zhacet al® can be seen as early, srsthle
demonstrations of the LCST cycle: the experiments consisted of isothermal polymer
swelling in humid air, followed by regeneration heating to expel the sorbed water. Both
Matsumoto et al and Zhaoet al found that PNIPAm by itselfi.e, PNIPAmM
homopolymer) did not swell significantly in humid air. As such, Matsurabtd. created
an interpenetrating polymer network with PNIPAmM and hygroscopic sodium alginate to
improve the sorption capacity. They found that the gels rabdowater from the
atmosphere when below the transition temperature and expelled liquid water when the
temperature was raisédiSimilarly, Zhaoet al created a gel with a PNIPAm network and
a polypyrrole chloride network. In their experiments, they placed the gels outside to absorb

water vapor in the shade, and then they moved them to a sunny area to heat and expel the
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water. They found that their gels swelled with a significant amount of water per unit mass

of dry polymer®

While the work in thiglissertatiorfocuses on the usefulness of the LCST cycle for
air conditioning, Zhaet al explored its use for atmospheric water harvestiignis work
showsthat the LCST cycle requires polymers with higher enthalpies of shrinking, and thus
more heat input, when the polymer sorbs water from low humidity air. Consequently, the
LCST cycle will be less efficient when used in dry areas, like those where watarée
and atmospheric water harvesting might be attractive. Conversely, the LCST cycle will be

more efficient inhighly humid regions, where air conditioning use is highly desirable.

2.5.2 Mass Balance

A mass balances first presented fothis new cycle irFigure2.14(b). The LCST
cyclebdbs mass balance is achdéaéliogidwateymasse |l at i |

flow rate @ ), polymer mass flow ratax( ), inlet and outlet humidity ratio®)( and

0 , respectively), and the polymer water uptad@, (the ratio of increase in water content

to dry polymer mass). The resulting mass balance equation is

2.5.3 First andSecondLaw Analysis of the LCSTycle

Applying the first and second laws of thermodynamics to various control volumes
in Figure2.14(b) allows the LCST cycle performance to be analyzed. This can be used to
predict the performance of existing thermoresponsive polymers when used in the LCST
cycle. This analysis can also be used to find the enthalpies and entropies of swelling of a

theoretical thermoresponsive polymer that would dehumidify air from a specified inlet
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humidity to a specified outlet humidity. While little literature data exists on these properties
for thermoresponsive polymers other than PNIPAmM homopolymers, this analysis allows
statementso be madeabout the thermophysical properties that future LCST gels must

possess to dehumidify air to desired humidities.

The LCST cycle begins with the dehumidification process, in which the LCST gel
swells while absorbing water from humid air. The dehumidifier control volume is depicted
in Figure2.16. The dry gel enters with some enthalpy and entropy per unit dry polymer
massQ andi , respectively. Upon swelling, the gel enthalpy and entropy change by
values o¥'Q  andVi , respectively. Additionally, the gel incorporates liquid water
upon swelling, which has an enthalpy@fand an entropy df . Then, at the outlet, the
gel has an enthalpy per unit dry polymer mas®@of YQ Y8 z "Q and an entropy
per unit dry polymer mass of M Y6z i . Meanwhile, the air enters with an
enthalpy ofQ and leaves with an enthalpy©f. These are moist air enthalpies, which are
given per unit mass of dry air but contain the enthalpy of both the dry air and water vapor
and are functions of temperature and humidity. Similarly, the air enters with an entropy of
i and leaves with an entropy bf. The dehumidification process is isothermal, so the

entire dehumidifier control volume is ‘af
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Figure 2.16 Dehumidifier control volume. Humid air enters with a humidity ratia: of

and leaves as dryrawith a humidity ratio of> . The enthalpies and entropids, | , v,

and v are evaluated for moist air (i.e.: air/water vapor mixture). Shrunken gel enters the
dehumidifier and leaves with an enthalpy and entropy changéeflef L apdY % . _ua
respectively. The swelled gel also carries liquid water with an enthalpy and entriy of
and Yy respectively. The dehumidifier is isothermal, so at all points the temperature is

P40 4

Since no shaft work is done in this control volume, application of the first law yields
an equation for the heat released during dehumidificatiory, a Yo
a Q Q 0 0 "Q.Assuming the ideal gas model can be applied to the moist
air, the inlet air enthalpy i Q0 "Q and the outlet air enthalpyl® Q 0 Q,
whereQ is the dry air enthalpy &¥ and™Q is the enthalpy of saturated water vapor at
"Y . Once the ideal gas model is applied, the heat released bedbrpes

a yQ 4 0 0 "Q.Becaus®Q is negative, the swelling of the gel in

humid air is more exothermic than condensation.

Applying the second law to the dehumidifier control volume yields(E§2) for

the entropy generation during dehumidification.
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Certain thermoresponsive polymer gels undergo-dirder shrinking upon a single
transition temperaturéy (explained byMoerkerkeet al,?° demonstrated brinberget
al.,>” and described in greater detail in Sec. | of the Supplementary Matetied paper
by Kocheret al®). When swelling and shrinking are limited to this fiostier behavior,
the entropy of swelling can be written¥s ;  YQ ;TY. This behavior is ideal
for the LCST cycle, as explained in Sec. | of the Supplementary Mabtétiad paper by
Kocheret al®®. As suchtheanalysisin this section is limitedo thisfirst-orderbehavior
andit is assumd the gel in the cycle is regenerated with a foxder phase transition at a
temperatur€. This allows the entropy generation equation to be rewritten in terms of

YQ  and", as shown irEq. (2.23).

Yo Q o , , Q (2.23)
& v, l | U U T |
U v o, p p
Y6 Qi YOy
0 0 Ve Y Y I T"Y
6 P Ty Y

Eq. (2.23) corresponds to a drop in relative humidity between the inlet and outlet

of the dehumidifier control volume. However, if the amount of water removed from the air
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is small relative to the air mass flow rate, then the relative humidity can be treated as
approximately constant across the dehumidifier. The entropy generation given for the
constant relative humidity case is given in Eg24), found using the ideal gas law

(detailed in Sec. IV of the Supplementary Mateuicthe paper by Kochest al>®).

Yoi o YyQ - 2.24
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If the value ofY'Q  is known for a particular LCST gel, it can be plugged into
Eq. (2.23) or (2.24) to evaluate the performance of said gel. Intuitively, however, there
should be some limit t¥Q  j that any LCST gel must obey. The enthalpy of swelling
is the impetus that causes the gel to absorb water from humid air. It also ends up being the
amount of latent heat that must be supplied to the cycle during regeneration. Since the
LCST cycle must obethereversible (Carnofjmit of a heatdriven cooling cycle, there is
a minimum amount of heat that must be supplied to drive the dyddirst and second
law analysisof the LCST cycle is usetb find this limit. Not only does this allow the
maximumCOP of the LCST cyclé be calculatedt also allowsoneto find the enthalpy

of swelling that any gel must possess to absorb moisture from air of a given humidity.

Setting the entropy generation in the dehumidifier to Z&fo § m) yields

the reversible limit for the enthalpy of swelling. Recognizing that the enthalpy of swelling
and enthalpy of shrinking are equal in magnitude and opposite integmeversible

enthalpy of shrinkingy"Q AR, IS given inEq. (2.25). This is the minimum enthalpy
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of shrinking that an LCST gel would need to bring air from the inlet humidity @b the

outlet humidity ofv , when sorption occurs &¥ and the polymer has a transition
temperature ofY. This reversible enthalpy of shrinking is a function of the inlet air (state

1) and outlet air (state 2) humidity ratios, enthalpies, and entropies, the enthalpy and
entropy of liquid water'Q andi , respectively), the ambient temperature, the polymer
transition temperature, the change in polymer specific heat that accompanies the shrinking
transition Y& ), and the polymer water uptake. The enthalffieand’Q and entropie$

andi are evaluated for humid aitd., a mixture of dry air and water vapor) and are fixed

by the temperature and humidities at states 1 and 2.

9 0 (2.25)
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The enthalpy of shrinking is expressed in R5) in units of energy per unit mass
of dry polymer. Alternatively, the enthalpy of shrinking can be expressed per unit mass of
water absorbed by the polymer, given in [E326). When expressed in this way, the

enthalpy of shrinkings referred tasYQ AR R
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The expressions for the reversible enthalpy of shrinking iiZ22p) and(2.26) are
given in terms of the moist air enthalpy and entropy at states 1 and 2. Since the moist air
properties are functions of relative humidity, E125) and(2.26) are implicitly functions
of relative humidity. However, if the ideal gas law is employed, these equations can be
rewritten explicitly in terms of relative humidity. This simplification is detailed in Sec. IV
of the Supplementary Materiaf the paper by Kocheet al>6, and Eq.(2.27) results for
the reversible enthalpy of shrinking (per unit mass of dry polymer) as an explicit function

of relative humidity.

YOO (2.27)

The enthalpy of shrinking in ER.27) is expressed per unit mass of dry polymer.

It is instead expressed per unit mass of water absorbed during swelling2:28g.
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(2.29)

Eq.(2.27) and(2.28) were derived for a drop in relative humidity between the inlet
and outlet. Eq(2.29) and(2.30) give the reversible enthalpy of shrinking for no drop in
relative humidity (the gel swells in constant humidity air). R9) is given per unit mass

dry polymer, and Eq2.30) is given per unit mass water absorbed during swelling.

. .Y 11TY0 (2.29)
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The cooling power of the cyclé, , depends on its intended use. When used as a
dehumidifier, the LCST cyclebs useful effe
0 a Q & 0 0 Q, whereQ is the enthalpy of water vapor (the
reference point fof2 is discussed in Sec. Il of the Supplementary Matefidie paper by
Kocheret al®®). In this use case, the outlet liquid water stream is discarded. When the
system is used for cooling, the liquid water is adiabatically recombined with the air to lower

its temperature (through evaporative cooling). In this case, the useful coolingi®ffect

0 f a Q a 0 0 Q,since the liquid water enthalpy is being added

back to the air.

Following the analysis of the dehumidifier control volume, the first and second
laws of thermodynamics are used to find the heat inputs required to drive the regeneration
of the LCST cycle. Fronfrigure 2.14(b), there are sensible and latent heat inputs. The
sensible heat is required to bring the swelled polymer and absorbed liquid water from the
temperature they possess as they leave the recupéYatprfo the transition temperature,

Y. For all the cases analyzed in the main text of this paper, the specific heat increment of
polymer swelling is assumed to be zeso( ), but some resulare providedor a gel

with a nonzero3® in Sec. lll of the Supplementary Materiafl the paper by Kochest
al.®®Whenz® T"Y j is related to the recuperator effectiveness through the expression

given in Eq.(2.31). When the recuperator effectiveness is unity, no sensible heating is

required.

Yi oY FY Y (2.31)
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The second heat input to the LCST cycle is the latent heat, or the enthalpy of
shrinking of the thermoresponsive polym#g) i. The reversible limit to this value is
given per unit mass polymer iaq. (2.25) as a function of ambient temperature, gel
transition temperature, and inlet and outlet humidities. Sec. | of the Supplementary Material
of the paper by Kochest al®® gives literature values for the enthalpies, entropies, and
transition temperatures of existing LCST polymer gels, as well as thermal conductivity and

permeability data.

The heat supplied to the system is the sum of the sensible heat to raise the swelled

polymer temperature and the latent heat (enthalpy of shrinking): & WF

Y8z 0, Y 'Yy YQ B

The COP of the cyclé(( Dis defineda$ G 0 0 70 , whered is different for
the dehumidification and cooling use cases as described earlier. The COP takes the form
of EqQ. (2.32) and Eq.(2.33) when the cycle is being used as a dehumidifier and direct

evaporative cooler, respectively.

Y62z'Q (2.32)
Wp Y82z 0, Y 'Y r YO

- Y6zQ (2.33)
Y6z 0, Y YR YO

e
¢

The COP can also be calculated using effective temperatures of heat transfer and

t he Asecond (234ywhiciCi©derivedrironEag energy and entropy balance

63



on a general, hedlriven cooling cycle in Sec. Il of the Supplementary Matesfathe

paper by Kocheet al®® The first term on the rigktand side of Eg(2.34) is the Carnot

COP of a heatlriven cooling cycle, while the second term accounts for internal
irreversibility. The temperatures in E.34) are effective temperatures, derived from a
second law analysis of the cycle, and must be expressed in absolute units of temperature.
“Y is the effective temperature of heat additiéM, is the effective temperature of
dehumidification/cooling, antl is the effective temperature of heat and mass rejection to
the ambient. These effective temperatures can be used to identify entropy generation
external to the cycle, whil&y is the internal entropy generation. E&.34) can be used

to find eitherd or 6 O , where the equations f6l¥ and"Y are different

depending on whether dehumidification or cooling is being considered.

Y Y YUY (2.34)

The effective temperatures are derived by applying the first and second laws to the
cycle (detailed further in Sec. Il of the Supplementary Matefithe paper by Kocheat

al.>®). The expression for the effective temperature of heat additioris given in Eq.

(2.35).

O Yozor, Y Y YQ (2.35)
Y

O Yoz 1 leg— Vi
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The effective temperature of dehumidification/cooliriy, and the effective
temperature of heat and mass rejection to the amb¥ndepend slightly on the intended
use of the cycle. When the cycle is used for dehumidification, the expressidhtéies

the form in Eq(2.36). When the cycle is used for cooliny, is described by Eq2.37).

0 0 (2.36)

M 0 0 00 (2.37)

EQq.(2.38) gives the expression fo¥ when the cycle is used for dehumidification,

and Eq.(2.39) describesY when the cycle is used for cooling.

) (2.39)
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(2.39)

Y Q 0 0 Q Q
b U yQ
Y6 h
OF Y82z 0 Y Y i
z i 0 0 | i
0 0 i
= i X
Yo h
; V615 11
W 0Zwg —_—
A A Y -

When the system is internally reversible, Efj34) reduces to the Carnot COP of

a heatdrivencoolingcycle:6 6 0 p — ——. Ifthe recuperator has an effectiveness

less than unity, the need to sensibly heat the gel makes the cycle both externally and
internally irreversible. External irreversibility increases the valuévoand reduces the

value of"Y. When the system is externally reversib¥é,and™Y reach their ideal values.

For example, when the LCST cycle is externally reversible and used for coMing,

Y and”Y Y. Even though E(2.34) yields the same value as H8.32) or (2.33)
(depending on the equations usedfband"Y), it provides important insight. Specifically,

the rate of entropy generation and the effective temperatures are useful for identifying

points of internal and external irreversibility and their effect on the cycle COP.
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2.5.4 MassBalance,First Law, andSecondLaw Analysis of thelraditional Desiccant

Cycle

A simple configuration of the traditional desiccant cycle is givefigure2.17(a).
Humid, ambient air enters a rotating wheel filled with solid desiccant. The air enters with
ambient conditions at state 1 and leaves hot and dry at state 1a. The hot and dry air at state
la is sent through a heat exchanger, which has humid regenexiatai state 3 entering
on the other side. The hot and dry supply air is cooled to the ambient temperature by the
heat exchanger, which results in dry air at ambient temperature leaving the system (just as
in the LCST cycle) at state 2. On the other sidethe heat exchanger, the humid
regeneration air is preheated to statk ghould be noted that thedoice of state numbers
is deliberately chosen such that states 1 and 2 in the traditional desiccant cycle are
equivalent to states 1 and 2 in the LCS§Ele, and henctheinclusion of the curiously

named state la ihigure2.17.

A desiccant is able to dehumidify air because the chemical potential of the water
vapor in the air is equal to (reversible) or greater than (realistic/irreversible) the chemical
potential of the water in the desiccant. For a desiccant to dehumidify statteola, the
desiccant must first be dried to an equal or lower chemical potential than state 1a. The
temperature at state 6 that dries the desiccant to a chemical potential equal to that of the air
at state 1a is the minimum possible regeneration teroper@Y; ). For desiccants that
possess isotherms that do not change with temperature, the minimum regeneration
temperature is the one that results in state 6 having the same relative humidity as state 1a;

this is pictured irFigure2.17(b). Realistic regeneration temperatures would be higher and
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would result in state 6 having a lower relative humidity than state 1a, as pictigdra

2.17(c,d).
v, [ T - , |
a) b) / 18, v |2
(1]
Heat exchanger Desiccant wheel W3 I/ | ‘:'
S~ 45 Zls I |5
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Figure 2.17 Traditional desiccant cycle (a) schematic anddpsychrometric charts. The
psychrometric chart in (b) shows the scenario where the regeneration temp@Hra)ttise (

at its minimum possible valué| (i = )- This occurs when the relative humidity at state 6

is equal to the relative humidity at state la. In this cqiseis lower thand| , so the
recuperator is not needed and is bypassed. The chart in (c) shows the scenadb vghere
equal toj| g »; which occurs whed| is equal tg]| , and the recuperator provides no use.
The psychrometric chart in (d) shows the scenario wileiis greater thag| g , agd|

is greater thar| . In this case, the recuperator is useful, and uses the air leaving the
desiccant at state 7 to preheat the regeneration air to state 5.

For the case pictured Figure2.17(b), 'Y is lower than'yY, so the regeneration air
leaving the wheel cannot be used to preheat the regeneration air at state 4. In this case, the
recuperator would be bypassed.Aigure2.17(c),”Y “Yy; , which occurs whefyY
"Y, so no heat transfer would occur in the recuperator. WMen™Y;; , as pictured in
Figure2.17(d),"Y "Y, so the recuperator is used to further preheat the regeneration air
from state 4 to state 5. Thus, the traditional desiccant is analyzed without the recuperator

for Yy Y Yy, and with the recuperator foly “Y; . For the traditional
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desiccant cycle ikrigure2.17, a value of 1 is used for the heat exchanger effectiveness and

recuperator effectiveness (when the recuperator is used).

The humidity ratios at the inlet) () and outlet § ) of the traditional desiccant
cycle are inputs tahe thermodynami@nalysis. Thus, the only humidity ratio that is
unknown ist . A mass balance reveals that the mass flow rate of water adsorbed to the
desiccant during dehumidificatiod ( 0 0 ) must be equal to the mass flow rate of
water desorbed from the desiccant during regeneraion o 0 ). From this

relationship, the humidity ratid can be foundd ¢ 0.

For known inlet and outlet humidities, and0 , the temperatures at all of the
traditional desiccant states can be found. For example, the temperature at state la is
determined by the amount of heat released per unit mass of water adsorbed (usually taken
to be equal to or slightly greater than thehaigy of vaporization). Then, states 2, 4, 5, and
7 are determined from an analysis of the heat exchangers, while state 6 is the known
regeneration temperature. More details on the determination of these temperatures are
provided in Sec. Il of the Supplemtary Materialof the paper by Kochest al>® Once
these temperatures are known, the states in the cycle are fixed. This allows the COP (Eq.
(2.40)) and the entropy generation (H@-41)) of the traditional desiccant cycle to be
computed. The COP of the traditional desiccant cycle can also be found fr¢2i3&pif

the effective temperatures are known

Q0 (2.40)
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The effective temperatures of heat transfer can be derived for the traditional
desiccant cycle in the standard approach. Heat addition occurs from states 5 to 6, where
the effective temperaturéy;, is given in Eq.(2.42). The useful effect of the cycle,
dehumidification, occurs between states 1 and 2, resulting in(Z&&B) for “Yj
Regeneration air enters the cycle at state 3 and is exhausted to ambient at sté2e44) Eq.
gives the expression fo¥ . These effective temperatures are for dehumidification, not

cooling, as the traditional desiccant cycle does not harvest liquid water for evaporative

cooling.

Q Q .

Y , , (242
i i

Y : ' (2.43
| |

Ve , ' (2.449)

Special care is taketo delineate the difference betwettre use of the phrases
Airegeneration temperatureo, fAtransition te
regeneration temperature of both the LCST and traditional desiccant cycles is the highest
temperature that is achieved within the cycle. Thisaighest temperature that the LCST

gel is brought to during regeneration of the LCST cycle, and it is the highest temperature
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that the regeneration air is brought to in the traditional desiccant cycle. For the traditional
desiccant cyclethis is labelledas state 6, and the traditional desiccant regeneration
temperature i8Y. The transition temperature pertains only to the LCST cycle, as this is a
material property of the LCST gel. The transition temperatifels the temperature at

which the gel goes through a first order volume phase transition, expelling its water content
upon isothermal heat addition. Becauss assumd that all of the water is expelled from

the gel at the transition temperature, this ends up being the highest temperature within the
LCST cycle. As such, the transition temperature is equal to the regeneration temperature
for the LCST cycle. The effectiyegeat source temperatui®, is an effectivetemperature

derived from a second law analysis of the ‘draten cycles in this paper. This can be seen

as the Athermodynamic averageo (though not
which heat is supplied to the cycle. For the traditional desiayeacle, the regeneration air
increases in temperature as it is heated, so the effective heat source temperature is lower
than the regeneration temperature. When the LCST cycle has a perfect recuperator, only
latent heat is supplied attamperature ofY. In this case, the effective heat source
temperature is equal to the transition temperature, which is equal to the regeneration

temperature. This is the ideal (reversible) scenario.

2.5.5 Enthalpy of Shrinking

Figure 2.18 shows that absorbing water vapor requires higher enthalpies of
shrinking in dry air than in humid air. This figure was made usingZ2p) and all curves
correspond to the same decrease in relative humidity (2% between the inlet and outlet), but

the relative humidity at the inlet is different for each curve. As the inlet relative humidity
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decreases for a given transition temperature, higher enthalpies of shrinking are required to

achieve the same decrease in relative humidity from inlet to outlet.

Figure2.18 also shows that the minimum possible enthalpy of shrinking increases
rapidly as the transition temperatui®)(approaches the temperature at which swelling
occurs (Y ); as the difference betweéMandy decr eases, so does
affinity for swelling. ThusYQ must be very large in magnitude to compensate and

drive the swelling process whé¥iis near’Y

Figure2.18 highlights how the thermodynamic analysis in this paper can guide the
materials science needed to allow the LCST cycle to perform desirably. For the LCST cycle
to dehumidify to low humidities, it must have a gel with a high transition temperature
and/or ahigh enthalpy of shrinking. Condensation of water out of unsaturated humid air is
nortspontaneous and can only occur when accompanied by a thermodynamically favorable
(negative free energy) process. The enthalpy of swelling/shrinking can be seeniasthe dr
of the process thallows the water vapor to condense and swell the polymer. The enthalpy
of shrinking is also the penalty that must be paid during regeneration (in the form of heat
input). The drier the air, the more difficult it is to condense wiaben the air; as such, the
enthalpy of shrinking (or gel transition temperature) must increase to compensate. In other

words, ithere is no free |l unch. 0
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Figure 2.18 Reversible (or minimum possible) enthalpy of shrinking for varying relative
humidities (RH) at an ambient temperature of 30 °C and a polymer water uptake of 1 kg/kg.
To give a sense of scalié should benoted that the enthalpy of vaporization of water is
roughly 2340 kJ/kg at 30 °C.

Figure2.18 also gives a sense of the energy scales needed to drive the shrinking
(regeneration) process of the LCST polymer dedhould benotedt hat wat er d6s er
of vaporization is ~2340 kJ/kg at 30 °C and this serves as a relevant value for context. Fig.

5 shows that the enthal py of shrinking can
high transition temperatures and/or high eathumidities. However, this enthalpy of
shrinking can al so exceed water 6s ent hal

temperatures near ambient and/or if low relative humidities are needed.

The enthalpy requirements shownHigure 2.18 apply to any thermoresponsive
polymer (regardless if it is a homopolymer, copolymer, or interpenetrating polymer
network), aghisanalysis makes no assumptions regarding the polymer material, other than
that it is thermoresponsivéhe polymeis treatedas a black box that exhibits three traits:

(i) a negative enthalpy of swelling, (ii) a negative entropy of swelling, and (iii) a first order

swelling/shrinking phase transition at a temperatdrd hese traits are common to LCST
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behaviorin hydrogelsand are what drive the vapor absorption/liquid expulsion of any
LCST polymer (homopolymer or otherwise). As such, any LCST polymer that converts
humidity to liquid water via heat input must obey Ef25) and the corresponding results

in Figure2.18. Moreover,it is noted that the enthalpy values Figure2.18 were derived

for reversible operation. As such, these values are not unique to the LCST cycle. This is
the same heat input that would be requiredfgrreversible heatlriven dehumidification

cycle with the same boundary conditions.
2.5.6 LCST Cycle COP

Figure2.19was calculated using ER.25), (2.31), and(2.33), and it shows that in
the reversible limit, the LCST cycle COP increases monotonically as a function of
transition temperaturd.o calculate the COP, the reversible enthalpy of shrinking from Eq.
(2.25) is used,and Yo is set to zeroWhenYo T andf p, the recuperator is
reversible, and no entropy is generated; thug, thep curve inFigure2.19 represents the
Carnot COP. At low transition temperatures, the COP is low, because the enthalpy of

shrinking must be large in magnitude to drive dehumidification.
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Figure 2.19 LCST cycle f Hfx. .as a function of transition temperature, with different
curves for various recuperator effectiveness values and water uptakes. For all curves,
ambient temperature is 30 °C, inlet relative humidity is 66%, and outlet relative humidity
is 40%.

The COP peaks at a finite transition temperature for recuperator effectiveness
values less than unityrigure2.19). Below the peak temperature, the COP is limited by a
large Y'Q i value, while above the peak temperature the COP is limited by sensible

heating.

The COP increases with increasing water uptake when the recuperator effectiveness
is less than unity (dotted lineskigure2.19). A polymer with a higher water uptake would
require less polymer mass to remove the same amount of water from the air. Less polymer
mass reduces the sensible heating, which increases the system COP. The solid lines in
Figure2.19illustrate that an increased recuperator effectiveness leads to an increased COP.
Figure2.19 also shows that a polymer with a water uptake of 10 kg/kg and no recuperator
would have a COP nearly equal to the COP of a polymer with a water uptake of 0.1 kg/kg
and a recuperator effectiveness of 0.9. When the water uptake is high, the recuperator can

be eliminated without significantly affecting the COP.
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2.5.7 Comparing the LCST and Traditional Desiccant Cycle

The COPs of the LCST cycle (calculated using(B®2)) and traditional desiccant
cycle (calculated using E¢R.40)) are plotted as functions of regeneration temperature in
Figure2.20. The COPs of the two cycles are close when both cycles have a regeneration

temperature equal toY; (the minimum possible regeneration temperature for the

traditional desiccant cycle).
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Figure 2.20LCST cycle black) and traditional desiccant (regl) H}-. Jo @s a function of
regeneration temperature. For all curves, ambient temperature is 30 °C, inlet relative
humidity is 66%, and outlet relative humidity is 40%. For both cycles, the recuperator
effectiveness values are 1. The regeneration temperature p@xigisq Jfor the LCST

cycle andj| for the traditional desiccant cycle.

Figure2.20 highlights two advantages of the LCST cycle. Firstly, the LCST cycle
can operate with lower regeneration temperatures than the traditional desiccant cycle. The
LCST of PNIPAmM, a common thermoresponsive polymer, is 3%-2¢%1 and Figure
2.20 shows that the LCST cycle could operate with such a polymer. The COP would be
low for such a polymer, but the regeneration temperature is low enough that almost any

common heat source could be used to regenerate the polymer, incladixgehsivé heat
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sources like solamand wastéheat. On the other hand, the traditional desiccant cycle could
not operate with a regeneration temperature of 32 °C, as the minimum regeneration
temperature’ly;; ) is greater than 32 °C. In other words, if the traditional desiccant were
regenerated with a 32 °C heat source, it would not be able to dehumidify the air at state 2

to 40% relative humidity, but the LCST cycle could.

The second major advantage of the LCST cycle is that the LCST cycle COP
increases with regeneration temperature, while the traditional desiccant cycle COP
decreases. To improve the cycle COP, an LCST gel with a higher transition temperature
could be synthgized and utilized in the LCST cycle. At these higher regeneration
temperatures, it is clear that the LCST cycle could achieve COPs several times higher than
traditional desiccant cycles. For example, the LCST cycle has a maximum COP of 5.1
when the polymetransition temperature is 95 °C, compared to the traditional desiccant
cycle maximum COP of 1 at the same regeneration temperature. When the recuperator
effectiveness is unity, the LCST cycle COP monotonically increases with the regeneration
temperatur€’Y), approaching an CO&symptote far greater than 1. The existence of this
asymptote can be seen in the functional form of(E®4), and it occurs at temperatures
far greater than what would be used in the LCST cycle. As suehesults irfFigure2.18,

Figure 2.19, andFigure 2.20 are limitedto typical desiccant regeneration temperatures
(<125 °C)®” Though PNIPAm, the most common thermoresponsive polymer, has an LCST
of 32 °C, other polymers have been demonstrated with LCSTs as high ad*13C&T
polymer gels with higher transition temperatures than historically-nes#larched gels
(like PNIPAmM) can be createdin practice it would not make sense to use gels with

transition temperatures greater than 100 °C in the LCST cycle, as the water would boil
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during regeneration and could not be recollected as liquid. Still, resaltgovidedor "Y

up to 125 °C to show the behavior¥6€ and6 U @t these higher temperatures.

In contrast to the LCST cycle COP, the traditional desiccant cycle COP
monotonically decreases with regeneration temperat¥jyegpproaching an asymptote of
1. WhileFigure2.20 shows that the traditional desiccant cycle would be fairly efficient if
regenerated dl;; , this is unrealistic, as most traditional desiccants must be regenerated
at temperatures closer to 100 °C, depending on the operating contfitimen the

regeneration temperature is abovg

the traditional desiccant cycle COP approximately reaches the limit of 1. This
limitation is illustrated inFigure 2.17(d); the cooling effect (represented by the length
between points 1a and 2) is equal to the heat supplied (represented by the length between

points 5 and 6). Thus, traditional desiccants have been historically limited to COPs near

1.68

It is worth noting that a third major advantage of the LCST cycle, not highlighted
in Figure2.20, is that the LCST cycle harvests liquid water, which can be uszddte an
evaporative cooler with n&ero water consumption. This is an important advantage that
sets the LCST cycle apart from traditional desiccant cycles, even in situations where the
first two advantages of the LCST cycle do not prove to be impofantexample, the
DEVap system created at the National Renewable Energy Laboratory (NREL) is a liquid
desiccant system that can achieve a COP of 1.2 and can be regenerated with sadar
wasteheat!’ While the LCST cycle could reach a COP higher than the DEVap system,

that becomes less important when considering saladl wasteneatto beinexpensive
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(thoughlow-grade heat is not always as inexpensive as it is touted to be in the lijerature
In the caseof an inexpensive heat soureehigher COP (and thus a lower rate of heat input)
becomes less impactful. However, even if the possibility of lower regeneration
temperatures and higher COPs is not important, the liquid water harvesting of the LCST
cycle is important. For example, ti¥E=Vap system uses evaporative cooling and thus
consumes water. Regeneration of traditional desiccants involves thetexdghatis/ater as

vapor to outside air. The LCST cycle expels liquid water during regeneration which can be
harvested and reused with evaporative cooling. This presents the potential for a
dehumidification and cooling cycle with re¢ro water consumptiom(sufficiently humid

environments), which is something that traditional desiccant cycles cannot achieve.

In addition to evaporative cooling, the liquid water given off during regeneration
of the LCST cycle can be used for atmospheric water harvesting. Researchers are already
investigating LCST polymer gels for their ability to harvest potable water from hainifd
When the LCST cycle is used for atmospheric water harve$fi®g, r; 7 (given
in Eq.(2.26)) becomes an important quantity, since this is the enthalpy needed to harvest
a unit mass of water from an LCST polymer that absorbed water from humid air at state 1,
bringing the air to state Zhis equatiortouldbe useful to researchers who are using LCST

gels for water harvesting.

From a second law perspective, it is not immediately evident why the LCST cycle
COP deviates from the traditional desiccant cycle CORFFigure 2.20. Both cycles
dehumidify air to the same outlet conditions, reject heat to the same ambient temperature,
and can be regenerated with the same heat source. To explain the difference between the

two cycles,Table 2.1 is presentedwhich providesthe effective temperatures, entropy
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generation, and COP of four LCST cycle scenarios and four traditional desiccant cycle
scenarios. To make the cycles comparable, all were given recuperator effectiveness values
of unity, and the inlet air (state 1) and outlet air (state 2) conditions wergame. All

cycles inTable 2.1 have the same value fé¥, as they provide the same amount of
dehumidification. The difference arises in the effective temperatures of the heat source and

heat rejection, as well as the entropy generation.

Table 2.1 Effective temperatures of heat transfer, rate of entropy generation, and

F H|-_ Jo ©f two traditional desiccant cycle scenarios and two LCST cycle scenarios. For
all four cases, the ambient temperature is 30 °C, the inlet relative humidity is 66%, the
outlet relative humidity is 40%, the mass flow rate of air is 1 kg/s; and . Effective
temperatures are kept in Kelvin, as they do not represent measurable temperatures; rather,
they are equivalent temperatures derived from the second law that must be in absolute units
when used to find the COP in EQ.34). The minimum regeneration temperature for the
traditional desiccang] ., is 56.8 °C, so thef, J - 3 is blank for the traditional
desiccant, as it is thermodynamlcally impossible. The critical regeneration temperature for
the traditional desmcanﬁ (g »); Which is the temperature above which the recuperator
becomes useful, is 63.6 °C.

Tc (K) Th (K) Ts (K) flgen COPyehum

(W/K)
LCST Cycle 292.2 303.0 305.2 0 0.19
(Tt=32.0°Q
LCST Cycle 292.2 302.6 330.0 0 2.34
(Tt=56.8 °Q
LCST Cycle 292.2 302.6 336.8 0 2.87
(Tt=63.6 °Q
LCST Cycle 292.2 302.5 368.2 0 5.08
(Tt=95.0 °Q
Traditional Desiccant - - - - -
(-I-regen= 320 OQ
TraditionalDesiccant 292.2 301.9 324.4 0.5 1.67
(-I-regen= 568 OQ
Traditional Desiccant 292.2 304.5 327.9 4.2 1.03
(-I-regen= 636 OQ
Traditional Desiccant 292.2 304.7 364.9 7.2 1.01

(Tregen= 95.0 °Q
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The LCST cycle results imable2.1 were calculated using the reversible enthalpy
of shrinking from Eg.(2.25), which corresponds to zero entropy generation in the
dehumidifier. Since the results were calculated for a recuperator effectiveness of unity, no
entropy is generated in the recuperator. This méans 1t for the LCST cycle,

regardless of the regeneration temperature.

Initially, it may seem unfair to compare the LCST cycle with zero entropy
generation to the traditional desiccant cycle with nonzero entropy generation. However,
this is a consequence of the undesirable behavior of traditional desiccants. Entropy will be
generated in the traditional desiccant cycle when the desiccant is regenerated with a
temperature greater thawf, . Because traditional desiccants have adsorption isotherms
that are nearly independent of tempera®réy; is determined by the relative humidity
of the conditioned air. As suchyy is fixed by the desired humidity and cannot be
increased to fit the desired regeneration temperature. Similar to the traditional desiccant
cycle, the LCST cycle would generate entropy if the regeneration temperature were higher
than the gel transition tgmerature,”Y. However, unlike”Y;  for the traditional
desiccants,Y can be selected to fit the regeneration temperature by choosing an LCST gel
with the right™Y. In fact, the LCSTs of certain thermoresponsive polymers have been
shown to be tunable through various synthesis methods and LCSTs ranging from 18 to 73
°C have been demonstrated in the materials literAfiffe** As such, the polymer gel in
the LCST cycle can be engineered to have properties that approach reversibility in ways

that traditional desiccants cannot.
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The highest temperature in the cycle'Ys so the actual temperature of the heat
source must be at leddt WhenY Y, not all of the exergy from the heat source is being
utilized, and exergy is being destroyeg.( entropy is being produced) external to the
cycle. When the recuperator in the LCST cycle has an effectiveness less than unity, the
heat source (at a temperature”¥f is used to increase the temperature of the swelled
polymer to”Y. This means heat is being transferred between two bodies at different
temperatures, and entropy is being externally generated, which reduces the Yaluiaef
results inTable 2.1 were calculated for a recuperator effectiveness of 1, meaning no
sensible heating is required. The lack of sensible heating maxififizedact,”Y Y for
all of the LCST cycle results imable2.1 This means that the effective and actual heat

source temperatures are equal, and all of the exergy from the heat source is being used.

The ambient temperature for the results present@dlte2.1is 30 °C, or 303.15
K; however, the effective temperattii¢ is lower than 303.15 K for all of the LCST cycle
results. This may seem impossible at first: heat cannot be rejected to ambient at a
temperature lower than the ambient temperature. However, it is important to note that the
effective temperaturéY also includes mass (namely, liquid water) that is exhausted to
ambient, and that reduces the value below the actual ambient temperaliaigle2.1
were recreated fay 0 , all of the”Y values would be equal to 303.15 K for the LCST
cycle. This is because the cooling configuration of the cycle considers the liquid water as

part of the useful cooling effect and not as being rejected to ambient.

It should be noted that the liquid water exhausted to ambient actually has some

exergy (as it does not have the same chemical potential as the 66% relative humidity
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ambient air). Thus, when used for dehumidification, the LCST cycle descrilbeguire
2.14(b) is externally irreversible and is not 100% exergy efficient. A 100% efficient version
of the dehumidification configuration of the LCST cycle would have some way of
scavenging the exergy from the exhausted liquid water, but that is beyond the sbigpe of
paper. If the exergy of the liquid water were used instead of lost to ambieii, vhkies

would be lower than those irable2.1

While there is some small difference iY when comparing the LCST and
traditional desiccant cycleSy and™Y are the major factors that explain the deviation in
performance between the LCST and traditional desiccant cycles. For the same regeneration
temperature, théY value is lower for the traditional desiccant than for the LCST cycle.
Thus, the traditional desiccant cycle is not able to use all of the exergy from the heat source

that the LCST cycle is able to use.

While the traditional desiccainY values are lower than those of the LCST cycle,
they still increase with increasing regeneration temperature. Despite the incréasing
values, it is clear fronTable 2.1 that the COP decreases as regeneration temperature
increases. This might seem counterintuitive; a higher temperature heat source tends to
increase the COP of a headriven cooling cycle, as seen in K§.34). However, it is also
clear from EQ.(2.34) that internal entropy generation decreases the COPT anid 2.1
shows that entropy generation in the traditional desiccant cycle increases with increasing
regeneration temperature. This entropy generation is whirabt#ional desiccant cycle

COP decreases & increases, while the lack of entropy generation in the LCST cycle

is why its COP increases witlY . The reason why entropy generation increases with
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regeneration temperature in the traditional desiccant cycle is due to the method of

regeneration.

The conditions of the regeneration air, namely the relative humidity or chemical
potential, determine the amount of entropy generation in the traditional desiccant cycle.
The ideal case is when the desiccant dehumidifies the process air to the sane relativ
humidity (Y ® as the regeneration air entering the desicdamt YO YO). This
condition is described by “Y; . Because the relative humidities are the same, the
entropy generation is approximately zero (a small amount of entropy is generated in the
cycleds heat exchanger). Hence the traditi
Carnot COP at this minimunopsible regeneration temperature. For the inlet and outlet
conditions inTable2.1, the minimum regeneration temperature was found to be 56.8 °C.
At this minimum, the effective source temperature of the cydf® i low, which is

undesirable, but the entropy generation is nearly zero, which is desirable.

In practical operation, traditional desiccants must be regenerated with temperatures
greater than the theoretical minimum. As the regeneration temperature increases, the
relative humidity of the regeneration air decreases. A regeneration temperaturdigaeate
the minimum creates a mismatch in relative humidity (and, correspondingly, a mismatch
in chemical potential) between the process outlet air and regeneration inlet air. This
increases the rate of desorption required to operate a practicatsipeitiesystem. It also
results in mass transfer of water vapor across azeom chemical potential difference,
which results in entropy generation. Thus, for high temperature regeneration sources, the
traditional desiccant cycle COP becomes limited by entggmeration and cannot reach

the Carnot COP for that source temperature. Because the LCST cycle is regenerated with
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a phase transition, as opposed to dry air, it does not suffer from the entropy generation that

hinders the traditional desiccant cycle at higher regeneration temperatures.

To this point, resulthave been presentgrbrtaining to ideal polymer gels that
would reversibly swell in humid air. However, it is also useful to analyze the theoretical
performance of real polymer gels. Specificadlg,analysis is provided ftie performance
of PNIPAm homopolymer, based on measurements made by other researchers on the
enthalpy of shrinking® transition temperatuf® and water uptak® The measured
properties of PNIPAmM homopolymer are presente@iable2.2, along with the values of
ideal gels that would reversibly swell in 99.8% RH, 99% RH, 90% RH, 70% RH, and 50%
RH air, as determined by E@.29). The enthalpy of PNIPAmM homopolymerTable2.2
comes from measurements made by Schild and Tifralid they did not report a change
in specific heat across the shrinking transitionY&o Ttis usedor the calculation othe
ideal gel properties. The 99.8% RH gel has properties very near PNIPAm. As such, this
gelis referred to aé P N1 H A nkTai®is also usetb deduce that PNIPAm would not
swell in humidities lower than 99.8% RH. This can also be seen through an entropy

generation analysis.
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Table 2.2 The thermophysical properties of the shrinking volume phase transition of
PNIPAmM gel and several theoretical gels that would reversibly swell in constant RH air at
an ambient temperature of 20 °C. The PNIPAm enthalpy and transition temperature were
measurd by Schild and Tirrell [28], the entropy was calculated fdbm Y | <and the

water uptake was estimated from Moerkerke et al. [42] The properties of the ideal gels
were calculated from E@2.29 for Y 8  kgnzolkgp (the water uptake of PNIPAm).

The gel that would reversibly swell in 99.8% RH has an enthalpy of swelling very near
PNIPAmM; as suchtislabeleda s A P N IiPkAeno .

o Brrink QP Shrink T (K) pC
(kJ/kgp) (kJ/kg-K) t (kgrz20/Kgp)
PNIPAmM 41.84 0.1356 308.65 8.64
Homopolymer Gel
Ideal 99.8% RH Ge 46.59 0.1509 308.65 8.64
(PNIPAMlike)
Ideal 99% RH Gel 233.9 0.7577 308.65 8.64
(Tt=35.5°Q
Ideal 90% RH Gel 2452 7.943 308.65 8.64
(Tt=35.5°Q
Ideal 70% RH Gel 8300 26.89 308.65 8.64
(Tt=35.5°Q
Ideal 50% RH Gel 16129 52.26 308.65 8.64
(Tt=35.5°Q
Ideal 50% RH Gel 8300 25.55 324.85 8.64
(Tt=51.7°Q
Ideal 50% RH Gel 5559 16.20 343.15 8.64
(Tt=70.0 °Q

The entropy generation of the PNIPAmM gehnalyzedor swelling at 20 °C and
varying humidity using Eq(2.24). First, when swelling in a constant humidity of 99.9%
RH, analysis reveals that tiRNIPAmM gel generates 3.7 x 1@J/K of entropy per kg of
water removed from the air. This reveals that PNIPAm can indeed swell in 99.9% RH air.
However, when analyzed for swelling in 99.8% RH air, the PNIPAm gel genedates
10° kJ/K of entropy per kg of water removed from the air. The entropy generation is
negative, revealing that this process is not possible. The entropy generation becomes more
negative at lower humidities, as the PNIPAm cannot swell at those humidities Agher.

such,it can bededucal that PNIPAmM can only swell in very high humidities (>99.8% RH)
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if the gel is regenerated with the shrinking phase transition. This is qualitatively consistent
with experimental data from other researchers, showing very little water uptake when
PNIPAm is exposed to humid &i*For a thermoresponsive gel to swell in low humidities
after being regenerated by the shrinking phase transition, it would need a far higher
enthalpy of shrinking than PNIPAmM, as seeilable2.2 To absorb moisture in 50% RH,

a gel with the same transition temperature as PNIPAm would need an enthalpy of shrinking

several orders of magnitude greater than PNIPAm.

Alternatively, the gel will also swell in lower humidities if the transition
temperature is increased instead of the enthalpy. Fabite2.2, a gel with an enthalpy of
shrinking of 8300 kJ/kg could absorb moisture in 70% RH if the transition temperature
were 35.5 °C. However, if the transition temperature were increased to 51.7 °C without
changing the enthalpy of shrinking, it could absorbstuwe in 50% RH. Both gels would
require the same latent heat input, but the gel with the higher transition temperature can
dehumidify to | ower humidities. Another <col
50 % RHO Taple2.25All of them can absorb moisture from 50% RH air, but the gel
with the highest transition temperature would require the lowest enthalpy (and the least
amount of heat input). If a higher temperature heat source is available, a gel with a higher
transitiontemperature is desirable, since it would require less heat to absorb the same

humidity or would dehumidify to lower humidities than gels with the same enthalpy.

While the analysis of the swelling of PNIPAM homopolymer in humid air may
seem discouraging, it is important to keep in mind that existing thermoresponsive polymers
have not been optimized for this application. PNIPAm has seen widespread use for

controlleddrug delivery due to its ability to absorb liquids, not vapors. Additionally, the
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transition temperature of PNIPAm is very useful in biomedical applications, since it is near
the body temperature of humans. Howewiltis analysis shows that the transition
temperature of PNIPAm is likely too near ambient temperature to perform well in the
LCST cycle. A thermoresponsive gel with the transition temperature of PNIPAmM would
need a very high enthalpy of shrinking to absorb weaégor at the humidities seen in
building applications. Unless materials can be made with incredibly high enthaipies
shrinking, higher transition temperatures will be desirable for the LCST cycle. As such, the
current state of thermoresponsive gels does not reflect the potential of the LCST cycle, as

these gels have not been optimized for this new application.

The precedingdiscussion regarding PNIPAm refers to a PNIPAm homopolymer,
but other PNIPAmM polymers have been documentdrw: performance of a PNIPAmM
homopolymer gels analyzedsince there is robust literature data on this thermoresponsive
material. Other PNIPAm based polymers, such as interpenetrating polymer né&tiforks
and copolymers? exist, as do thermoresponsive polymers that do not contain PN{PAm
However, there is little information on the thermophysical properties relevi@lt€ST
hydrogelanalysesn this work such as the enthalpy of swelling/shrinking, for these other

polymers.

Other researchers have recently created interpenetrating polymer networks with a
PNIPAmM network and a hygroscopic netwdtie This has been done with the hope that
the hygroscopic network increases moisture absorption, while the PNIPAmM maintains the
thermoresponsive behavior. It may be tempting to assume that the interpenetrating network
will be able to absorb water at lower hidities while expelling liquid water upon heating

and possessing the same enthalpy of shrinking as PNIPAm homopolymer. Hdivever,
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thermodynamic analysis shows this to be impossible. An enthalpy increase is the penalty
that must be paid for operating this cycle (water vapor absorption and liquid water
expulsion) at lower humidities. The interpenetrating network will either initidigoeb

more water vapor than PNIPAm homopolymer but be unable to give it off as liquid, or it
will give the water off as liquid, but will have a greater enthalpy of shrinking than PNIPAm

homopolymer.

It should be noted that Zha al®® and Matsumotet al3® both reported that the
sorption isotherms of their interpenetrating polymer networks showed greater water uptake
than PNIPAm homopolymer. However, the enthalpy of the volume phase transition was
not reported. Based on the analyses in this paper, ansedreathalpy of shrinking and/or
increased transition temperature must accompany the changes that cause an LCST material
to absorb and harvest moisture from lower humiditiescan beanticipatel that a
measurement of the heat required to expel a unis wiwater from the Matsumactoand
Zhao® interpenetrating polymer networks would be greater than that of PNIPAm

homopolymer.

For the LCST cycle, the basic design parameters are the regeneration heat input and
regeneration temperature, which are implicitly related to the LCST polymer properties
(enthalpy of shrinking and transition temperature, respectively). The regeneratiandhea
temperature determine the outlet humidity for a given inlet humidity and ambient
temperature. As such, a polymer with the necessary transition temperature and enthalpy

must be selected for the cycle to provide the desired performance.
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It is important to note that the COP valymssentedn Figure2.20 andTable2.1
are the maximum possible COPs that both the LCST and traditional desiccant cycles could
achieve for the given operating conditions. Thiieseresults should not be used to predict
the COPs that these cycles could reach if practically implemented (as practical operation
will introduce irreversibilities thatverenot considezd in this worl. Rathertheseresults
should be used to draw general conclusions about the cycles. Namely, the LCST cycle has
a far greater ceiling for the COP at higher regeneration temperatures, owing to the favorable
method of regeneration. Another important result ftbimanalysis is that the synthesis of
LCST polmers with transition temperatures greater than PNIPAmM would result in better
performance when attempting to implement the LCST cycle. This result is important to
researchers attempting to use LCST polymer gels for atmospheric water harvesting, as gels
with low transition temperatures will require a significant amount of heat to harvest a unit
mass of liquid water, or they will be unable to absorb moisture unless the air humidity is
very high. Finally, researchers should attempt to make LCST polymers igitierh
enthalpies of swelling. This will enable the LCST cycle to dehumidify air to lower

humidities than could be achieved with existing LCST gels like PNIPAm.

2.6 Summary

When heated, LCST mixtures phase separate, creating a chemical composition
difference between the two phas&8hen cooled down to ambient temperature, this
composition difference results in a chemical potential difference across thghases,
meaning that they possess some amount of chemical exergy that can be leveraged in a
continuousthermodynamic cycleThe cycle schematic, phase diagram, &rfsidiagram

were illustratedn this chapter, and the reversible liguoff the differentcycle performance
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metrics {emperature liftfor refrigeration/heat pumpingndoor relative humidityfor
dehumidification salinity of feedwatethat can be treated for desalination, gomiver

output forthe heat enginewere derived as functions of the chemical potential difference
between the two phases, which is a property oLtB8T mixtures utilized in the cycle.
Themultist age LCST cycle concept was also intr
Acascadingd sever al stages o f d i herhiaalr e n t L
potential values) together to produce an overall chemical potential difference that is greater

than any single stage, thus improving performance.

Finally, the reversiblelimits of cycle performance were plotted f@wCST
refrigeration, LCST hydrogel desiccant dehumidification, and LCST liquid desiccant
dehumidification as were more practicahlues for the efficiency metric of each cycle
Both LCST refrigeration and dehumidification are hindered by lower heat input
temperatures (due to the relatively low separation temperatures of existing LCST
mixtures) Even if LCST mixtures witthigherseparation temperatures were discovered,
the sensible heatingquirement would cause the efficiency to be low. These are some of
the fundamental challenges facih@ST air conditioning, aside from the challenge of

finding new LCST mixtures with great®¥t values.

The analysis oflehumidificationin this dissertation motivatesatements regarding
the performance of different dehumidification cycldshe fCar not®areor ol | &
statement s, based on Carnotodos obser Vvlations
regarding theerformance of reversible and irreversible heat engifeshis end, several

fCar not coroll aries for dehumi di fication ¢
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) The moisture removal effectiveness of an irreversi@@umidification cycle will
always be less than the moisture removal efficiermfy a reversible
dehumidification cyclenteractingwith the saméhermal and humidity reservoirs

(i) Two dehumidification cycles with the same valuéYof 7a  will always have the

same moisture removal efficiendythey bothinteract with the same thermal and

humidity reservoirs

From these corollaries, it becomes clear that the opportunity for the LCST cycle to have a
higher moisture removal efficiency than a traditional desiccant cycle doesmetfrom

the fact that the LCST cycle does not require heat input to vaporize water (since the
vaporization of wateat a fixed temperature and pressdmes notgenerate entropy).
Instead, the LCST cycle has the potential to generate less ehyrgtiyninating heat loss

at the desorber, and it has the potential to utilize a higher tatapeiheat source if new
LCST mixtures withhigher separation temperatures are discovered (though highly
effective recuperators woulalso be required in this case to prevent significant entropy

generation).
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CHAPTER 3. THEORY AND MEASUREMENTS OF THE
PROPERTIES OF LOWER CRITICAL SOLUTION

TEMPERATURE MIXTURES

Chapter Jresents fundamental thermodynamic relationships for LCST materials
Section 3.1 establishes a material figafamerit for the LCST cycleSection 3.2 contas
derivations of the thermodynamic relationships present in LCST mixwhaesh are then
used to provide a perspective on the properties of LCST mixtures that would be necessary
for different applications in Section 3.%ection 3.2 alsadispels the longstanding
misconception that LCST phase behavior is predicated upon a negative entropy of mixing,
and an expression for the theoretical heat of separation is also proSelecn 3.4
contains dataertaining to the addition of hygroscopic salt additivds@G8&T mixturesand

the implications this has on the mudtage LCST cycle
3.1 Figure-of-Merit for LCST Mixtures in Thermodynamic Cycles

In each of thepplicationslescribed in Chapter 2 of this dissertation difierence
in the chemical potentiabf waterbetween the two phases of the LCST mixtofe, ,
determines the reversible limit ofcle performance. Areatery* TQ vyields a greater
temperaturdift in the refrigeration/heat pump LCST cycle, whé&® is the enthalpy of
vaporization otheevaporatingpecies in the LCST mixturédf LCST mixtures with many
different solvents were being consideredridrigeration or heat pumping, then the mixture

with the greates¥* ¥Q is the one that would yield the greatésmperature lift, and

Y* ¥Q would be the reasonable choice the LCST mixture figuref-merit (FOM).
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Because this dissertation deals only watueous LCST mixtures, where water is the
evaporating specieshe mixture with the highest' is also the one with the highest
Y* ¥Q (since they would all have the same value’ddr). As suchY* is chosen as

the working fluid FOMin this dissertation, since the dimensiovallie ofY* has bearing
on all potential endises of the LCST cycle. Meanwhile, dimensionlE€8Vs, such as

Y© TQ or ¥ ¥Y"Ycould have been used, but these are more specific to a given
application ¥* ¥Q to refrigeration/heat pumping aidl TY "Yo dehumidification)In

this chapterthe FOM(Y* ) is usedas the selection criterion for the LCST mixture utilized

in the experimental demonstrations in Chapter 4.
3.2 Thermodynamic Theory of LCST Mixtures
3.2.1 Thermodynamics of Mixtures

For a binary mixture consisting of a solvent (subsafj@nd solute (subscripg,
Eq. (3.1 is the expression for the Gibbs free energy of the mixture, whesr¢he partial
molar Gibbs free energy, also known as chemical potentia asdhe number of moles

of species.®®

o &* & (3.1)

If * “ is the chemical potential of a puiee(, unmixed) substance, the Gibbs free energy of

the mixture can be expressed as Bq), where'Q is the molar free energy of mixing

O T - S A O) (3.2
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Eq. (3.3 gives the expression for the chemical potential of speaiethin the mixture,

10 (3.3)
TE

>5¢
>5¢

The difference between the chemical potential of the mixed and pure substance is defined

in Eq.(3.4), wherew is the activity of specieis

: cro A2 A (3.4

is the portion of chemical potential that arises due to mixing. However, for breviy,
hereafter referred tas i c h e mi ¢ a&ihce theo chemical ipaehtial of the pure

substance,’, does not appear in any thie calculations.

The partial derivative—— can be rewritten as——, wherewis the solute

concentration (mole fraction). The solvent and solute chemical potentials can then be

expressed as E(B.5) and(3.6), respectively.
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Combining Eq.(3.5 and (3.6) yields Eq.(3.7) as the relationship between solute and

solvent chemical potential.

10 (3.7)

J—
8 .

¢

¢

Additionally, the GibbsDuhem relation yields Eq3.8) for the chemical potential of all
species in a mixture when temperature and pressure are held constant. For a binary mixture,

Eq. (3.8 can be rewritten as E¢B.9).

(3.8)

- © (39)

Thus, if the chemical potential of one species (solvent or solute) is known at a particular
temperature and pressure, the chemical potential of the other species can be found by

integrating the expression in H§.9).
3.2.2 LCSTThermodynamics

In a binary LCST mixture, the two species are miscible at all concentrations when
the temperature is below the LCST. Above the LCST, the mixture will phase separate into
two different phases when its concentration lies within a certain range (the ntisgan).

This results in a phase diagram like the onf@gure3.1a, where the singlend twephase

regions are separated by the binodal (or coexistence) curve.
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Figure 3.1 Thermodynamics of an exemplary LCST mixture. (a) Phase diagram and

Solute Concentration

(d)

X
Solute Concentration

illustrations of the LCST mixture at various temperatures. (b) Free energy of nli;g,ig;}g(

of the LCST mixture at a temperature below the LC$'I) @nd a temperature above the

LCST @ ). (c) Solvent chemical potentiaty). (d) Solute chemical potentiet).

Consider some temperatuf¥, which is above the LCST. At this temperature, the

two concentrations that lie on the binodal curvecarandw . These two phases emerge

because the sum of the free energies of the two phases is less than that of the corresponding

single phase. This is shownHigure3.1b i the tangent (dashed line) betwagnandw

represents the free energy of two coexisting, immiscible phases at those concentrations,
and it lies below'Q

Therefore, the free energy of the two immiscible phases is lower than the free energy of a

for any concentration that is greater thanand less than .

single phase of concentratiomat “Y, making it thermodynamically favorable. Thus,

andw are the two points on the binodal curvé™¥tand this method of constructing the

phase

di

agram

S

known

a ¢! Additiomal details omtleen

common tangent method are provided\ppendix H,Section H.3
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Because the mixture is miscible in all proportions at temperatures below the LCST,

no two points oNQ can have a common tangent at a temperatitbat is below the

LCST (as depicted iRigure3.1b). In other words;—— must monotonically increase as a

function of concentration at temperatures below the LCSF 1 at "Y). By

differentiating Eq(3.5) and(3.6), it can be seen that must monotonically decrease with

solute concentration, while monotonically increases.

Above the LCST, the two phases with different concentrations are in equilibrium.
For this to be the case, the chemical potential of the solvent must be equal at both of these
concentrations (Ed3.10), Figure3.1c), as must the chemical potential of the solute (Eq.

(3.11), Figure3.1d).

© oRY ¢ @AY (3.10)

© oRY ¢ oRY (3.11)

This equality of chemical potential@t andw at”Y is already satisfied with the common
tangent condition. From E3.5), ‘% is equal t0Q w—, which is simply the

left verticalaxis intercept of the tangent iigure3.1b, while Eq.(3.6) reveals that'
“* is the right vertical axis intercept. If the two points share a tangéYit thien they have
the same intercepts, and therefore those concentrations have the same chemical potentials

at that temperature.
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Once the two phases are physically separated and cooled déwrthey would
remix to form a single phase at this lower temperature. Because of this, the chemical
potentials ato andw are different atY. As such, the chemical potentialcatmust be a
stronger or weaker function of temperature than it @ atthis is depicted ifrigure3.1c
andFigure3.1d, where the chemical potentialsatare not equal to the chemical potentials
atw at”Y, but the chemical potentials at these concentrations change by different amounts

when the temperature is increased¥pat which point they are equal.

This example illustrates that both solvent and solute chemical potentials must
change as a function of temperature for mixtures that possess an LCST, but the magnitude
of these changes could be vastly different. The remainder oflifgsrtatiorfocuses on
the chemical potential of the solvent (water), since this is the more relevant parameter for
determining the performance of many thermodynamic cycles and applicaians (

refrigeration, dehumidification, and desalination cycles) that utilize LCSTuneixt
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Figure 3.2 Change in chemical potential required to induce phase separation in LCST
mixtures. (a)Chemical potential at ambient temperatuHe)(and two possible scenarios
that would give rise to phase separation at a temperature above the4.gS{b) The
chemical potenti ald @f 4 t, sokd bliedieeyan
dashed light blue | ine), as wel |l as an
potential than the base mixturesat (H,agl| , solid yellow line) but the same chemical
potential at| .

3.2.3 Enthalpy, Entropy, and Chemical Potential of Water in LCST Mixtures

As mentioned above, the chemical potential of water monotonically decreases with
increasing solute concentration at temperatures below the LCST. Then, above the LCST,
the chemical potential is no longer monotonic, and there exist multiple points at adich t
chemical potential is equal. This is depictedrigure 3.2, with two scenarios ifrigure
3.2a that would give rise to the equality of chemical potential necessary for LCST behavior

to emerge.

In the first scenario, the chemical potential cat (the higher concentration)
increases to match the chemical potential atvhich remains relatively unchanged. In the
second scenario, the chemical potentiakatdecreases to match that @t. For the

thermodynamic applications discussed in this work, the ideal aqueous LCST mixture
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would be very close to pure wateraat In this case, the water activity @t would be a

weak function of temperature. This resembles Scenarid-igure 3.2a and is consistent
with the experimental data from real LCST mixturpsesented in Appendix H at

concentratiorw , the chemical potential of water is relatively unchanged with increasing

temperature (shown iAppendix H, Section H)1 For this reasorthe remainder of this
chapterof the dissertatiofiocuseson LCST mixtures with properties that correspond to

the first scenario.

The change in chemical potential of water with an incremental change in
temperature (while maintained at constant pressure and concentration) is equal to the
partial molar entropy of watet, , as described by E¢3.12 (derived inAppendix H,

Section H.2.

T , (3.12)

Because* (the change in chemical potential of water at concentratiarpon heating

from "Y to "Y) is positive for Scenario 1 iRigure 3.2a, the inequality in Eq3.13) must

hold.

L. (3.13
i 0w QY 1

If the partial molar entropy of water at,i @ , is constant with temperature,

then the only way for the integral in §8.13) to be negative is if @ is negative. This
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can arise from a negative entropy of mixing.( a material that becomes more ordered in
the presence of water) at concentrationhowever, in certain cases, a negative value of

i @ can arise from an exclusively positive entropy of mixing Seetion 3.2.1 If

i @ is not constant with temperature, it must be negative within at least some portion
of the temperature rang¥ to Y, such that the integral in E(B.13) is net negative, for
Scenario 1 irfFigure3.2a to emerge. Meanwhile, ® is small in magnitude given that

Y (change in chemical potential of water at concentratiompon heating fromyY to"Y)

is nearly zero for Scenario 1 igure3.2a.

Eq. (3.13) would appear to suggest that the partial molar entropy is the only
parameter necessary to give rise to LCST behavior. But the behavior of LCST mixtures at
temperatures below the LCST reveals that the enthalpy is also important. Specifically, the
chemicalpotential of water at concentration and temperaturéy, * @ RY , must be
negative for the two species to be miscible. From(Bd.4), this means that the partial

molar enthalpy’Q w , must also be negative for this to occur.

C RY M oRY Yi oRY m (3.14)

If the partial molar entropy varies as a function of temperature, so too will the partial
molar enthalpy, according to E(B.15 (derived inAppendix H, Section H)2 Notably,
Eq.(3.19 is true for any substance held at constant pressure and concentration, not just for

LCST mixtures.
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TQ i (3.15)

Accordingly, a binary mixture with a partial molar entropy that varies with temperature
must alschave a partial molar enthalpy that varies with temperature, and vice versa. At a

given concentratione(g, @ ), the enthalpy and entropy are inextricably linked via Eq.

(3.19.

Thus, Eq(3.13) and(3.14) reveal the necessary properties of LCST mixtures that
follow Scenario 1 inFigure 3.2a: (i) the partial molar entropy must be negative for the
chemical potential to increase as a function of temperature, which is the case for existing
LCST mixtures (experimental dataie shown inAppendix H, Section H)1 and(ii) the
partial molar entropy must also be negative. A more negative enthalpy than what has been
observed in existing LCST mixtures would result in a lower chemical potential at ambient
temperature (therefore improving performanes is discusgd in the next section).
However, since the chemical potential at ambient temperatusap K'Y , would then be
more negative, the new change in chemical potential upon he¥tinggmust be greater
(than¥y* ) for the mixture to still phase separate at the same tempefatuféus, the

partial molar entropy in this new and improved LCST mixture must also be more negative.

These changes are illustrated-igure3.2b.

While LCST separation could theoretically arise from Scenario 2, this behavior has
not been observed in the aqueous LCST mixtures in literature. Furthermore, it is worth
noting that both Scenario 1 and Scenario 2 require endothermic separation; tratiss, he

absorbed (not released) by the mixture as it phase separates at temperatures above the
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LCST. This isfurther discussed in Section 3.2.5, andppendix H, Section H,6 proof
is providedto show that thisndothermic separatidmehavior is universal to all LCST

mixtures.

In Section 3.3.1 of this chaptaarget propertieare estimatefbr LCST mixtures
in different energy and sustainability applications. Gitles intricate nature of these
mixtures, some simplifications must be made to estimate these propertiesit Frst,
assumd that the chemical potential of the mixture at the watdr concentratior, |,
does not vary strongly with temperature (Scenario Figure 3.2a). Then, because
“ @RY * wHRY asshown irFigure3.2a, it holds that wHY * wARY.
In this casey* , which is the change in chemical potentiakafrom Y to Y, is equal to
the chemical potential difference betweerandw at”Y, whichis referredto in this work
asY* . This is illustrated ifFigure3.2b. Next,it is assumd that the partial molar entropy
at any concentration is constant with temperature, in which case the integration of Eq.
(3.12 yields Eqg. (3.16. When the partial molar entropy does change as a function of

temperature, Eq3.16) simply represents the average value fifofio Y.

v (3.16)

The final assumption is that the mixture at the wateln concentrationo , has

properties approximate to those of pure water. This has been observed for many existing
LCST mixturesi®**and it is a desired trait of an ideal LCST mixture for the applications

described in this work. As sudie chemical potential, partial molar enthalpy, and partial
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molar entropy ato are treatedas being negligiblei.e, * QR T, and
) 1. From this approximation, E@3.17) results for the partial molar entropy of

water in the watescarce phase of an LCST mixture. Meanwhile, combining(E44)
and (3.17) yields Eq.(3.18, which provides an approximation for the partial molar

enthalpy of the watescarce phase of the LCST mixture.

‘ “ whRY (3.17)
l W —"Y v
O ¢ ,,Y‘ 1% (3.18)
@ N Y

In summary, the partial molar propertiesatare approximated as zero, while the partial

molar enthalpy and entropy @t can be expressed entirely in tefisY, and® @ HRY .

3.2.4 LCST Mixtures with Positive Entropy of Mixing

LCST phase behavior is often associated with a negative entropy of mixing;
however, in this sectiofit, is shown that this is not a strict requirement and that a positive
entropy of mixing enyield LCST behavior. To do this, E(B.19) is utilizedto model a
binary mixture with a noiideal entropy of mixing, as well as E(.20) to model the

enthalpy of mixing.

i Yollo ollo oo.. (3.19
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0 Yom.. (3.20)

Using... 16 and... -4800, entropy of mixing, enthalpy of mixing, chemical
potential, and free energy of mixirge plottedin Figure 3.3. This negative entropy of
mixing yields LCST behavior when the mixture temperature is increased from 300 to 350
K; the exisenceof a miscibility gap at 350 K is evidenced by the existence of a common
tangent on the 350 K curve Fgure3.3d. This is representative of the general behavior

that is commonly attributed to LCST mixtures.
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Figure 3.3LCST behavior in a modeled binary mixture with a negative entropy of mixing.
(a) Entropy of mixing and partial molar entropies of both species. (b) Enthalpy of mixing
and partial molar entropies of batpecies. (¢c) Chemical potential at a temperature below
the LCST (300 K) and above the LCST (350 K). (d) Free energy of mixing at a temperature
below the LCST (300 K) and above the LCST (350 K).

Next,values of... 2.7 and... -212are usedo investigate a positive entropy
of mixing. The entropy, enthalpy, chemical potential, and free energy associated with these
mixing parameterare plottedn Figure3.4. In this scenario, the entropy of mixing remains
positive at all concentrations. Despite this, the partial molar entropies are negative for a

portion of the plot inFigure 3.4a. Because of the negative partial molar entropy, the



chemical potentials in boffigure3.3c andFigure3.4c increase with temperature at higher
concentrations (though the magnitudes are very different). Furthermore, the existence of a
common tangent ikRigure3.4d signifies that a miscibility gap exists at 350 K. Thus, LCST

behavior is not predicated upon a negative entropy of mixing.
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Figure 3.4 LCST behavior in a modeled binamjixture with a positive entropy of mixing.

(a) Entropy of mixing and partial molar entropies of both species. (b) Enthalpy of mixing
and partial molar entropies of both species. (c) Chemical potential at a temperature below
the LCST (300 K) and above th€BT (350 K). (d) Free energy of mixing at a temperature
below the LCST (300 K) and above the LCST (350 K).

3.2.5 Heat of Separation

Another critical parameter for LCST mixtures is the heat required for phase
separation. Some studies in the literature have proposed using LCST hydrogels as materials

for dehumidification and atmospheric water harvesting with little energy fptit?’4



Some of these works have erroneously neglected the heat of separation/demixing and only
considered sensible heating in their energy analyséThis is because existing LCST
hydrogels and liquid mixtures require a small amount of heai (40 J ¢ for LCST

liquids*” and hydrogef) to induce phase separation. However, as showhefollowing

section, an LCST mixture with a more negative wat&arce chemical potential (lower
activity) is necessary for applications, but this will be accompanied by a more negative
partial molar enthalpy and entropy (E&.13) and (3.14)). This suggests that such an

improved LCST mixture would require more heat for separation.

To evaluate whet her FgireS2birequiresrmore leedtdo mi X t
separate thanthib a s e 0 mFigute312b, ene camconsider the cycle iRkigure3.5,
in which an LCST mixture, initially at ambient temperatd ,(is heated toY (above the
LCST) to induce phase separatian. is the heat required to raise the initial mixture
temperaturey, to the LCST, which is an entirely sensible heat, (ho heat of separation).

Meanwhile,0 is the combination of the heat required to induce phase separ@tioh (

and the sensible heat requried to raise the temperature of the mixture from the LE€ST to

In Figure3.5, the two phases have the same chemical potential of watérlait
when they are physically separated and cooled back down to ambient temperature, they
have different chemical potentials. Because they have different chemical potentials, they
can produce work in the process of bringing them back into equilibriuanmé&mbrane
permeable only to water were used to produce this work, then the maxinaum (
reversible) increment of work that could be produced for a differential amount of water

transferred between the two phad@s, , is given in Eq(3.21). w is the concentration
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of the watesrich phase (initially ato ), andw is the concentration of the watstarce
phase (initially atv ); integrating Eq(3.21) from state 4 to 1 would yield the total amount

of work produced.

(@ (b)

TZ
LCsT

T
LCcsT

Temperature
Temperature

T

Il Il
X Solute Concentration Xq Entropy

Figure 3.5 An LCST heat engine cycle represented on (a) a phase diagram andf) a T
diagram. The mixture is first sensibly heated (2) to bring it to the LCST. It is then

further heated to induce separationi (3); this heat has both a sensible portion and a
portion that contributes to the phase separation. The two phases are then physically
separated (the system remains at state 3 since the physically separated phases are
thermodynamically equivalent to the two immiscible phases in physical contact). Next, the
two phases are cooled back dOWF" ta371 4). At this point, the two phases have different
chemical potentials, so they can be used to produce work, perhaps in an electrochemical
cell (41 1). Eventually the two phases reach equilibrium, at which point they have the same
concentration, andhe cycle can begin again.

(3.21)

Assuming that the specific heat is constant across the separation process, a second

law analysis of the entire cycle reveals thatB6th 0 F'YandYY  —— Ifan

effective temperature of separatisndefined asY 0 ¥, ——, thenthe following
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relation is true:Y'Y O TVY .Y s essentially the thermodynamic average
temperature of separation, and it will always fall somewhere between the LCSY.and
Meanwhile, a first law analysis of the cycle reveals that 0 0 , which can be

rewritten in the form expressed in £§.22).

% (3.22)

Clearly, a more negative value‘of & HY would result in greater work output.
But, as is the case in any reversible heat engine operating between thermal reservoirs at
fixed temperatures, more work output requires more heat (lest the laws of thermodynamics
be violated). In other words, thereismo f ree |l uncho. Generally,
being compared (and both phase separate at the same temperature), the one with a greater
average chemical potential difference between the two phases will produce more work (per
Eq.(3.22) but will necessarily require more heat to separate (pdBE2)). This increase
in separation heat that accompanies greater chemical potential differences can be somewhat
circumvented by finding an LCST mixture that phase separates at higher temperatures.
Most aqueous LCST mixtures that have been reported in litersg¢parate at temperatures
~ 10 K higher than ambient, with a few exceptions that have LCST values around 60 °C
(N244ACFCOO and ka4T0S'Y). Mixtures that separate in the range ofi 780 °C would
avoid boiling while still taking advantage of lower heats of separation, making these
suitable from an application standpoiktowever, whensensible heating is taken into
account, the optimal separation temperature may be somewhat lower, depending on the

recuperator effectiveness (as shown in Section 2.4 of this dissertation).
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The heat of separation of existing mixtures is significantly lower than the latent
heats typically measured oconventional differential scanning calorimetry (DSC) devices.
For example, Haddaet al. measured thkeat of separation ofa2R4TFA andPs4DMBS
to be approximately 2 5 J/g*’ As such, the measurement of the heat of separation of the
oleic acid/lidocaine/water mixture studied in this dissertation proved difficult, and the DSC
measurements were not repeatatainsistentinstead, the heat of separation of areal LCST
mixture can be theoretically calculated from the fundamental thermodynamic relations
derived above Kg. (3.21) and (3.22)). General theoretical relations for the heat of

separation are provided in Appendjxalong with calculations for existing LCST mixtures.
3.3 Properties of Existing LCST Mixtures
3.3.1 Target Properties of LCST Mixtures in Various Hoses

The thermodynamic framework established thus far can be asestimate the
required properties that an ideal LCST mixture must possess. Four applications of LCST
materials are depicted Figure3.6. By defining the necessary watsrarce phase water
activity, its chemical potential; @wHY , can then be foundusing Eq. (3.4).
Desalinatiofi®47:787° requires a water activity as low as 0.75 in the watarce phase, as
this value corresponds to the activity of saturated brine. On the other hand, atmospheric
water harvestin’88%8in arid regions requires an activity as low as 0.10, as this
corresponds to the relative humidity of ambient air there. Air conditidhtfgp56-82:83
requires a water activity around 0.20which is within the comfortable indoor relative
humidity rangé® and it is also the value needed to producevarsibletemperature drop

of ~ 15 °C when the LCST refrigeration cycle is ugetermined fronkq. (2.2)).
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Figure 3.6 Applications of LCST mixtures. (a) Bringesalination, which requires the
waterscarce (WS) phase to have a water activity less than 0.75 to draw any water. (b)
Dehumidification, which requires indoor relative humidities of ~40%, meaning the WS
water activity must be no greater than 0.40. (cyiBefation, which induces a temperature
drop as water evaporates from the watel (WR) phase and is absorbed by the WS. A
lower WS water activity produces a lower WR temperature; 0.40 is roughly the ideal WS
water activity for the temperatures desiredair conditioning. (d) Atmospheric water
harvesting, where the WS water activity might need to be as low as 0.10 to absorb moisture

from dry (10% relative humidity) desert air.

An example calculation of the chemical potential in the wstarce phase for the
refrigeration application is as follows: if the ambient temperatuf® s 300 K, a water
activity of 0.40 equates to a chemical potential ofw i'Y =-2285.5 J/mol (from Eq.

(3.4)). 1f'Y=343 K, thei & &-53.2/molK (from Eq.(3.17)) andQ & &-18231

J/mol (from Eq.(3.18)). Table 3.1 summarizes these values (water activity, chemical
potential, and partial molar properties) required for LCST refrigeration, along with the

values needed for the desalination and atmospheric water harvesting applications.

Having establ i shed t hetlegcantnewbeganpasetd or A i
existing LCST mixtures. For this, activity measurememse performedn two LCST
mixtures(adeep eutectic solvemtater mixtureandanionic liquid/water mixturg. Oleic
acid/lidocaine, an LCST mixture that was recently reported in the literituafter
separation atY = 343 K, has a watescarce phase with a chemical potentidl ofc FY

a -290.7 J/mol at an ambient temperature ©of = 300 K. Meanwhile,
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tetrabutylphosphonium trifluoroacetate (PTFAJ/ another LCST mixture, has an
ambient chemical potential 6f @HRY & -60.6 J/mol after being separated at 343 K.
Comparing the chemical potentials of these existing LCST mixtures, the ideal aqueous
LCST mixture has a partial molar enthalpy and entropy that are approximatéhaiSof

oleic acid/lidocaine and 38that of PTFA at the watescarce concentratian . It should

be notad that some approximations were made to obtain these values as discussed above,

but these simplifications are valid for an LCST mixture that separates into arighter

phase that is nearly pure water, as is the case with oleic acid/lidocaine.

Notably, Table3.1 reveals that it is more realistic for an LCST mixture to possess
the properties required for desalination than it is for applications such as atmospheric water
harvesting or refrigeration/dehumidification. The water harvesting case would require a
particdarly hygroscopic material (water activity ~0.Hg, LiCl) at ambient temperature,
which then becomes very hydrophobic (water activity ~1) when the temperature is raised
by tens of degredsit is likely unrealistic for a single material to possess these properties.
Even with the more realistic desalination application, the valu&abie 3.1 indicate that
the properties of current LCST mixtures are far smaller than the target properties. This
motivates the need to explore different chemistries and design new materials to achieve the

target behavior.
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Table 3.1 Chemicalpotential of water in the wateicarce phase that would be required for
different applications, along with the corresponding partial molar enthalpy and entropy of
water. Experimental water activity and chemical potential values are also given for two
exising LCST materials, namely oleic acid/lidocaine and PTFA. An ambient temperature
({ ) of 300 K and a phase separation temperagliredf 343 K are assumed. Activity is
applicationspecific, while chemical potential, partial molar enthalpy, and partial molar
entropy are calculated from E@.4), (3.18, and (3.17), respectively, for the target
materials. The partial molar enthalpy and entropwgleic acid/lidocaine and PTFA were

not measured.

Application Water-  Water-Scarce  Water-Scarce = Water-Scarce
Scarce Chemical Partial Molar Partial Molar
Water Potential of Enthalpy of Entropy of
Activity  Water at 300 K Water (J/mol) Water
(J/moal) (J/mol-K)

Brine 0.750 -717.58 -5724 -16.7

Desalination

Refrigeration or 0.400 -2285.5 -18231 -53.2

Dehumidification

Atmospheric 0.100 -5743.5 -45814 -133.6

Water Harvesting

Oleic 0.890 -288.1 - -

Acid/Lidocaine

PTFA 0.976 -60.6 - -

3.3.2 Review of Existing LCST Mixtures

A literature review was conducted tetermine the value of* for existing
agqueoud.CST mixtures that have been previously reported in literatGaenio et al
provide osmolality data fax wide range ofvaterionic liquid (IL) LCST mixtures. While
the activity ofpoly(NIPAmM) (the most widely studied LCST polymer) has not been directly
measured, Kocheet al. estimate the activity of thehrunken hydrogel after phase
separatior?® Theosmolalities and activities were convertedto values whichare given

in Table3.2.
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Table 3.2 Chemical potential difference and WR phase water activity in different LCST
mixtures.

LCST Mixture YH, (J mol?) + &4 Source
Multi-stage OA/LD  684.3 0.999 This work (Section 3.4)
OA/LD 3060 0.999 This work (Section 3.3.3

Appendix A)
P444sTMBS 109.9 0.997 Kamio et al®
NaaadSalicyl 105.9 0.996 Kamioet al®
Na4aasTFA 65.7 0.986 Kamio et al'®
P242DMBS 64.4 0.996 Kamioet al'®
PasasSalicyl 64.1 0.998 Kamio et al®
Pa44dTFA 43.4 0.992 Kamioet al'®
P4444TOS 34.3 0.993 Kamioet al'®
PaaadBr 29.6 0.991 Kamio et al'®
poly(NIPAm) 20.7 1.000 Kocheret al®
PasaBr 19.8 0.996 Kamioet al'®
PaaadBr 5.5 0.997 Kamio et al'®

The measurement®r OA/LD are described in the following section and in
Appendix A of this dissertationSection 3.4 discusses the addition of a hygroscopic
additive to OA/LD, whichincreases the overaft  of a multistage LCST cycle above
that of any single stag@his overall, systerdevel Y* is the value reported ifiable3.2.
Notably, nulti-stage OA/LD isstill 3.3 too low in itsY*  to provide the temperature lift

necessaryor thermal comfort.

3.3.3 Characterization of OA/LD



While thelL and hydrogemixtures in the previous section are insufficient to produce
a temperature lift of even 1 °@here is another aqueous LCST mixture that has been
reported in the literature: oleic acid/lidocaine/waf€A/LD/H20). Longeraset al.
discovered the LCST phase behavior of this mixture, attributing(i} tbe temperature
dependent phase behavior of OAfHand (ii) the temperature dependentapélues of
amines €.g, lidocaine)?® However, Longerast al did not report the chemicpbtential
(or water activity) of the OA/LD/ED mixture.It was theorized that OA/LD/#D could
possess a far greatér than the other IL and polymer LCST mixtures, since (i) OA/LD
is a deep eutectic solvent (DES) and not an ionic ligcaaising it to diverge from the
highly similarwater activity behavior that all currently known LCST ILs possess) and (ii)
Longeraset al found thatwhen OA/LD/HO was heated to 50 °@eWR phasevas ~99
wt% H.O, and theWS phasewas ~95% OA/LD. Due to these promising aspects of
OA/LD/H20, the water activity was measured as part of the work presented in this
dissertation. The full dataset is provided in Appendixh® main findings are that the WR
phase possesses an activityodd99, while theN'S phase possesses an activity) @83,
yielding a¥*  of 306 J/mol.This makesOA/LD/H:0 the best suited LCST mixture for
the refrigeration and dehumidification applications discussed in this aondk was
therefore selected as the working fluid in the experimental demonstrations discussed in
Chapter 4; however, this performance is still too low foactical use in the built

environment.
3.4 Characterization of Hygroscopic Additivesin LCST Mixture s

Previous work has shown that hygroscopic additives impact the sorption behavior

of LCST hydrogels in atmospheric water harvesting and dehumidification
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applicationg>*>°py allowing them to absorb moisture from lower humidities than the
pure LCST hydrogel. However, the chemical potential difference between the dry hydrogel
and expelled liquid water after heating was not quantified. In this section, the chemical
potentialof water in oleic acid/lidocaine with and without a hygroscopicisatteasured

to observe if this improve¥

Certain salts, such as LICIl, are very hygroscopic and are often used as
desiccant§>8 As such, the addition of LiCl to an aqueous mixture of oleic acid/lidocaine
was investigatingproducing thdiinding that the addition of LiCl does not increase the
chemical potential difference between the two phases as shéwgune3.7a. Instead, the
entire chemical potential curve is shifted down, as depict&igire3.7b, such thay*
is roughly the same with or without salt. Therefdhese resultappear to indicate that
adding hygroscopic salts is not a viable method of increasing the chemical potential
difference between the two phases, which is instead determined by the LCST species
within the mixture(see Appendix B for more data that support this thedry)s suggests
that hygroscopic additives will not improve existing LCST mixtures to achieve the
performance necessary for the applications showialle3.1. However, adding chloride
salts to an LCST mixture can be used to tune the chemical potentials of the two phases at
a fixed difference}* ), which is an important finding. This in turn couldlbeeraged to
shift the chemical potentials of a given LCST mixture around the water activities needed
for a particular operatiore(g, the humidities experienced at a given location). It could
also be used in a muktage/cascade configuration to create a system with an o¥erall
that is greater than that of a single stagleich is the basis of the mulitage LCST cycle

described in Section 2.3
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Figure 3.7 Chemical potential of water in an LCST mixture, consisting of a 1:1 ratio by
mass obleic acid (OA) and lidocaine (LD), with different concentrations of albG8T

salt additive. (a) Three mixtures were prepared with 25 wt% OA, 25 wt% LD, and 50 wt%
agueous solution. The plot shows the chemical potential of the two phases after separation
at 70 °C. (b) Chemical potential as a function of OA/LD mass fraction. Chemical potential
was calculated from water activity measurements taken at 25 °C using an AQUALAB 4TE
water activity meter.

Upon the discovery that LICl caused the chemical potential of both phases to
decrease, such thaV" remained approximately constant, a more thorough
characterization was performed, and the resultprangadedin AppendixB. The effects of
LiCl, CaCk, and NaCl on a PTFAAD mixture were studied, as were the effects of LiCl
on OA/LD/H20. Thewater activity was measuredrossa range of IL/DES concentrations
for several different concentrations of chloride satir bothCaCk and LiCl, the entire
chemical potential curvdranslates down upon the addition of salt, while roughly

preserving the original shape of the curve without shdtvever, the addition of NaCl in
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high concentrations dislightly distort the shape of the chemical potential catveigh 1L
concentrationspossibly because the water activity of saturated NaOl/ld far higher

(~0.75) than in LiCI/HO and CaG¥H20 (~0.11and~0.3Q respectivelyf &
3.5 Summary

TheLCST material FOM that determines cycle performancé is (the chemical
potential of water difference between the WR and WS plasasbient temperatuy his
guantity appears in thexpression for the maximum theoretical temperature lift in
refrigeration/heat pumping (E€R.2)), as well as the maximum ratio of indoor and outdoor
relative humidities (Eq(2.5)). A greater value o¥* vyields a higher temperature lift or
lower indoor humidity (both of which are desirable), but it alsdds a lower maximum
COP or MRE. Thusthe desired CST mixtureis onewith a sufficiently largey*  (to
yield the desired temperature or humiglityutit should beno larger thamvhat is necessayy

otherwise the cycle efficiency will suffer.

For LCST refrigeration and dehumidificatiaine water activity in the WR phase
should be as close to unity as possible, while the activity in the WS phase sh@ddibe
(in which case reversible operation would yieldemperature lif© 15 °C or anindoor
rel ati ve h uThis dorrespond©to ¥ 0 6 P286 J/mol which is the target
value used in this dissertatioBecause any real system cannot reach the reversible limit,
the value ot  would actually need to be greater thhe target valugn orderfor LCST
refrigeration or dehumidification to be practical. Traus LCST mixture (or series of LCST

mixtureswhen consideringnulti-stage operatiormust be discovered with¥ greater
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than the target value @286 J/mol before LCST refrigeration or dehumidification can

become practical.

A literature review was performed to determine Yhe values ofLCST mixtures
that have been previously reported in the literatukdditionally, water activity
measurements were taken for OA/llith and withouta hygroscopic additive; from these
activity valuesY* was determined for singlstage and threstage OA/LD.The FOM
valuesof theLCST mixtures previously reported in literature, as well as OA/LD and-three
stage OA/LD/LICI, ardistedin Table3.2. A significant challenge facing the development
of the LCST cycle is thaven though the threstage OA/LD is far greater than any LCST
mixtures previously reported in literature, it still falls far short of the FOM value needed

for refrigeration and dehumidification (by a factor3o8 ).

It should be noted that while this dissertation focuses on thermodynamic analyses
of aqueous LCST mixtures, the findings can also be extended to LCST mixtures with other
solvents. In particular, it was shown that a negative entropy of mixing is not @ stric
requirement for LCST behavior (as illustrated in Section 3.2.4). This finding could explain
empirical observations of LCST behavior in mixtures that do not exhibit
structured/directional hydrogen bonding interactions, including ionic liquid/acetone

mixtures’? and ionic liquid mixtures with small perhalogenated hydrocarfns.
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CHAPTER 4. CONTINUOUS REFRIGERATION AND
DEHUMIDIFICATION USING THE LOWER CRITICAL

SOLUTION TEMPERATURE CYCLE

This chaptediscussedwo different experimental setuplsat were developedo
demonstrate a proaff-conceptof the LCST cyclé a continuous design and a stepwise
design This chapter containgontent from a manuscripf! which is currently in

preparationthat wasauthored by the author of this dissertation.

4.1 Continuous CycleProof-of-Concept System Design

To demonstrate that the LCST cycle caontinuously provide the chemical
potential differenceneededfor refrigeration dehumidification,desalination, or power
generation,a continuous, proebf-concept experimeal setup was builtFigure 4.1
illustrates the experimental setup, which consistssnfiglestage heating chamber heat
sink to cool the separated mixture strediWRk and WS)down to ambient temperature,
andatwo air-mixture mass exchangefisa whichwateris transferred between flowing air
and thdiquid mixture streams). While recuperation was not included in this experimental

design, theeffect of adding a recuperator is discussed in Section 4.1.4.
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Heat Sink

b

Figure 4.1 lllustration of the continuousjnglestage, proebf-concepexperimental setup
for LCST dehumidificationAirflow wasinducedto demonstrate dehumidification (in the
WS mass exchanger) and desorption (in the WR mass exchanger)

The experimental setup wasstned for a single stage of LCST mixtuwath two
mass exchangera threestage experimental setup was designed as(teeihcrease the
temperature lift and humidity drop of the cycla$ pictured irFigure4.2, with four more
mass exchangerdowever, he interior mass exchangéfisst stage WS third stage WR)
would require lengths that were prohibitively large for this pmiofoncept experiment

(due to the driving force between the intemoass exchangers being far smaller than the
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driving force between the exterior mass exchangétrais only singlestage continuous

operation was demonstrated at steady stei@gOA/LD without the LiCl additive

Temperature
Controller

50.00C @\\o

o 00 e®
-
1l

Mass Exchanger

Humidity
&
Temperature
Sensor

Heating Chamber

Heat Sink

{é@@@@@

Figure 4.2 lllustration of the continuous, mulstage, proebf-concept experimental setup.
The interior mass exchangers would require lengtbhibitively large for this benchtep
scale, proobf-concept experiment, ghis threestage operation wasonceptualized but
not demonstrated in this dissertation and is reserved for a future work

While the setup ifrigure4.1 was used to measure the chemical potential of the two
phases and to demonstratehumidification a different setup was used to demonstrate
continuousrefrigeration, which is illustrated ifigure 4.3. This setup was designed to
measure the maximum temperature lift tlaatsinglestage LCST refrigerator using
OA/LD/H20 could produceFurthermore, the system was designed to fit within an
environmental chamber with an internal temperature maintained at 25 °C (to ensure that
the refrigeration effect demonstrated in this dissertation is unambiguous and was not an
artefact of any fluctuatias in the room air). The environmental chamber was also used in

the stepwise experimental demonstration described in Section 4.3; as such, details on the
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environmental chamber are provided in Section 4Bak. experiments presented in this
dissertation are designed to demonstrate that LCST mixtures can be used for refrigeration
and dehumidification, and the preof-concept systems were not designed around

practical performance, which would require addigilb@ngineering considerations.

Temperature
Controller

WR Mass Exchanger
WS Mass Exchanger

Heat Sink

Heating Chamber
-
2z E—

Figure 4.3 lllustration of the continuousjngle stage, progbf-concept experimental setup
for LCST refrigerationAirflow was induced between the two mass exchangers to dry the
air using the WS phasafter which the dry air induced evaporation in the WR phase and
produced a temperature drop

4.1.1 Heating Chamber
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The heatingchamberconsists of al L jar, with holes drilled in the top as
feedthroughs for tubing and wiring (which were sealed with JB Weld). Inside tlieyar,
flexible heaters were used in parallel, for a total resistan8ayofA TC-720 temperature
controller was used, in conjunction wigh24 V power source, such that at 100% output,
the heaters suppllP2W of heatA 15 k q tTE €echmologiésopart ngmbieiP-
3193 was used to measure the temperature of the mixture in the heating chrapibiere

of the heatinghamber filled with the OA/LD/H>0 mixture, is shown ifrigure4.4.

Figure 4.4 Photoof the continuous cycle heating tank.

If multi-stage operation were to be demonstrateel threestage heating chamber
illustrated inFigure4.2 could be used; alternativelg,separate jasould beusedfor each

stage. Each jar would be filled with an LCST mixture consistingpf a different
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concentratiorof LiCl. The firstjar would haveno LiCl (0 ), such that the chemical
potential of the WR and WS phases at ambient temperature should®Bel/mol and
288.10 J/mol, respectively (according to the measurements in Sectian TBig)
corresponds to the mixture that was used in the ssitgbe demonstration in this
dissertationThe second chambemwld befilled with a solution of LiCIH-O with an LiCl
concentration ob 6.99 wt%, after which the OA/LDmixture is added. For this
secondstage mixture, the chemical potential of the WR and WS phases at ambient
temperature should bd99.44 J/mol and-50341 J/mol, respectively (according to the
measurements in Section 3.Binally, the third chamber wuld befilled with a solution of
LiCI/H20 with an LiCl concentration ob 11.25 wt%, after which the OA/LD
mixtureis added. For thithird-stage mixture, the chemical potential of the WR and WS
phases at ambient temperature should382.78J/mol and-686.20J/mol, respectively
(according to the measurements in Section JH¢se LiCl concentrations ftine second

and third stages were selected to fix the water activity of the second stage WR phase at
exactly0.93, ando fix the water activity of the third stage WR phase at exactly 0/86. T
would allow for mass transfer between the first stage WS (water activity of ~0.90) and
second stage WR (water activity of 0.93the appropriate directiofWR to WS) and it
would allow for mass transfer between teeand stage WS (activity of ~83) and third
stage WR (activity of 0.86) in the appropriate direc{dfkR to WS) Furthermore, while
more stages coulikadded to theroposed multstagesystem, it was found thatcreasing

the LiCl concentration caused the OA/LD/LiCHBI mixtures to form a slurry and cause
scaling in the system (séegure4.5). Thus, to avoidisingthese highecconcentratios

(and the unfavorabl@recipitation and scalindgpehavior that accompanidken), the
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proposed multi-stage experimental system was capped at three stages, with the
concentrations given abovAs noted above, the muktagecontinuous experiment was

not demonstrated in this dissertation and is reserved for a future work

— ke .‘ = 7—_ o—— A .7?:-‘ ~|
CLo=12W%  CLg=14W% CLg=16Wt% Cg=18W%  Cpg= 20 Wi%

Figure 4.5 Vial of OA/LD/H2O/LICl with f - rgnging from 12 to 20 wt%at 70 °C

4.1.2 Heat Sink

A heat sinkwas constructed for use in a future thstégge setup, whictonsists of
6 plastictubes (one for each fluid stream, given that tinereld be3 mixtures and 2 phases
per mixture)of 10 ft in length, with fans (Did{ey part numbel5731073ND) blowing
over the exterior of the tubes. While metal tubes would be more thermally conductive (and

thus theoutlet temperature would be lower), the presence of LiCl in the sestagd and
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third-stage mixtures would corrode the metal tubing, so plastic tubing (McMaster part
number9176T]) was used insteadkurthermore, external fins could have been used to
enhance aiside heat transfemd reduce required tubing length (or increase the allowable
liquid flowrate) but for the sake of simplicity, these were not included the singlestage

experiment demonstrated in this dissertation, liquid was only flowing thitweaybf these

six tubes A picture of the heat sink is shownkigure4.6.

Figure 4.6 Picture of the heat sink in the continuous experingeithout the fans present)

To confirm that the outlet temperature of the heat sink would be sufficiently low, a
heat transfer analysis was perform&iven the flowrate from the famnand the tube bank
geometry, the heat transfer coefficient on the external surface of the tubes was estimated
to be55.59W/m?-K. Given the thermal conductivity gfolycarbonat® (0.235W/m-K),
and the thickness of the tubing, ttleermalcondiwctance through the tubing 21.52
W/m?-K (when normalized by the external surface aréaplly, a Nusselt number of 3.66
was used for the liquid flow inside thiebing. This value corresponds to laminar flow,
which is the case for all of the liquid streams in #hperiment, and it also corresponds to
a constanti(e., spatially invariant) tubing surface temperature. While this assumption is
not strictly accurate, it is more represematof theactual experiment than the constant
heat flux assumption, which corresponds to a Nusselt number ofFuBGermore, the
Nusselt number of 3.66 is more conservative than 4.36, so the constant surface temperature
assumption is used. Thus, from Nu = 3.&6,assumed thermal conductivity of 0.6 W/m

K for all of the fluid streams (the thermal conductivity of water), and the inner diameter of
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the tubing the internal heat transfer coefficient was found to346.83W/m?-K. By
converting these thermal conductances to thermal resistances, adding them in series, and
then taking the reciprocal of the overall thermal resistartbe overall hat transfer
coefficient between the external air and the internal liquid streams was fountl. 2dtb&

WI/K, wherel is the tubing length (in mYhe equation for the temperature of the liquid as

a function of tubing length is given in Ed.1).

p (4.0

YUY Y YAGD ———
YZQaw

Using thke calculated thermal resistan@ssuming an inlet temperature of 50 °C for the
liquid streams as they leave the heating tamkexternal air temperature of 25 dhda
fluid density andspecific heat 01000 kg/ni and4.18 kJ/kgK, respectivelyconservative
valuesfor every liquid stream other than the fissthge WR streambhe outlet temperature
is plottedas a function of the tubing lengitn Figure4.7 for various flowratesBased on

this plot, the liquid flowrate should not exceed 12 mL/min.
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Figure 4.7 Modeled performance of the heat sink.

4.1.3 Mass Exchangers

To measurghe chemical potential of the separate phases, and to induce moisture
transfer between air and liquid for the dehumidification experingxtdifferent mass
exchanger tubesereassemblegwhich are pictured ifigure4.8. These were constructed
for use with a future, thregtage experimental setupry the singlestage setup used in this
dissertation, only the first two masschangersietwo leftmost tubes) were usdd.these
mass exchangerthe liquid streams flow downward, while air is pumped ovellithad,
inducing moisture exchange between the air and the liquid mixtisethermal mass
exchange would be ideal (except in the fsttge WR mass exchanger during refrigeration,
in which case adiabatimass exchange is desired), so metal tubes would be preferable.
However, corrosions a concerngiven the presence of LiCl in stages two and thsee,

plastic tubes arased.
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Figure 4.8 Picture of the mass exchangers in the contindetsimidificationexperiment.

A humidity sensor was placed inside of the tubes to measure the relative humidity
above the flowing mixtures, which could be used to determine their chemical potential.
Furthermore, humidity sensors were placed in the airflow tubing to measure the relative
humidity of the air immediately before and after it flowed through each tube during the
dehumidification experiment. These measurements were used to demonstrate that the WS
mixture dehumidified humid air, and that the WR mixture could desorb moistura into

separate air stream.
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A different setup was used for mass exchange in the continefigeration case.
For the refrigeration experiment,i$ beneficialfor the mass exchangers to contain a pool
of each phaseyith one inlet and one outlet to continuously replenish the mixitres.
pool of liquid makes it easier to measure the temperature of the WR phase, and it also
creates a large surface area for mass transfeachieve thisa 250 mL jar was used for
the WR phase, and a 1 L jar was used for the WS phase (a grefdee area for the WS
phase would produce drier air entering YR phase mass exchanger, which would yield
a greater temperature drop in the YWRoles were drilled into the lid, anwibing and
temperature sensors were fed through the holes, which were then sealed with JEh&/eld.
PT100 RTDs (Adafruit part numb8884) wereused to measure the temperature inside of
the mass exchangerBhis configuration igicturedin Figure 4.9, before theheat sink
liquid tubing, and air tubing were added to the chamblee pumps were placed outside
of the temperatureontrolled chamber during the experimeéftile this setup would not
be optimal for a practical refrigeration system, isugficient for fundamentally proving

the concept of an LCST refrigerator (from a scientific perspective).
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Figure 4.9 Picture of theheating chamber andhass exchangers in the continuous
refrigerationexperiment before the tubing and heat sinks were added to the temperature
controlled chamber

4.1.4 Recuperation

In the actual experimental setup, a recuperative heat exchanger was not
implemented, for two main reasons. First, the goal of this experimesibwlemonstrate
the ability of the LCST cycle to producentinuous refrigeration andehumidification
The goal of the experiment was not to optimize the design of the system for maximum
COP.Second, the mixturassed in this proebf-concept demonstration are higlhigcous

and would likely present challenges with pumping the mixtures thropigite heat
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exchangers, while tub@-shell heat exchangers would be difficult to obtain and/or

expensive for this smaficale proofof-concept system.

However, while a recuperator was not implemented, the effects of adding a
recuperator can be easily calculated. If @@P of the system without recuperation is
6 W (i.e,the system without a recuperative heat exchanger is the same as a system with
a recuperative heat exchanger with zero effectivendsm) the expression for the COP
with recuperation, in terms of the COP without recuperation, is given (4R}, where
a W is thesum totaheat capacity rate of all six LCST mixture streaarsd is

the cooling power of the system

- 6 (4.2)

Likewise, the MRE for dehumidification could be calculated as a function of the MRE

without recuperation in E@4.3).

0 YO
0'YO , _ (4.3)

In Sectio4.2, the COP and MRE for the preoffconcept experiment are reported, as are
the rate of coolindfor refrigeration) and moisture removal (for dehumidificatioff)en,
Eq. (4.2) and(4.3) are used t@stimatehe COP and MRE, respectively, as a function of

recuperator effectiveness, wucidate the system performance if a recuperative heat
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exchanger of some known effectiveness had been implemented in theojpcooicept

system design.

4.2 Continuous CycleExperiment

The different components describediaction 4.1 (excluding the recupévatheat
exchanger, which was not included in the experimental setup) were assembled into the
complete proebf-concept system pictured Figure4.10. Different parts were swapped
out or not useddepending on the particular experiment being condu€mdexample,

Figure 4.10 pictures the threstage heating chamber, which was swapped out for the
singlestage chambefor the experiments in this dissertation, and it also pictures mass

exchangers for the second and third stages, which simply went unused.



Figure 4.10 Picture of the continuous cycle experimental setup.

The temperature controller was set to maintain the mixture within the heating
chamber ab0 °C.The WR and WS phases were then pumped at 1 mL/min through the
first stage tubingAt this flowrate, the mixture returning to theeating chamber was
flowing slowly enough to quickly reach 50 °C as it entered theajad,the returning WS
phase settled on the top of the separated mixture in the jar, while the returning WR phase
quickly sunk to the bottom. Howevevhen the WR flowrate was highehe returningVR
mixturetemperaturevastoolow as it flowed back intthe jar, agitating thphase separated
mixture and causing it to partially mix. Thus, for the setup used in this dissertation, it was
found thatWR flowrates of ~ 10 mL/min (or higheprevented thenixture in the heating

chamber from fully separating at steady statieile 1 mL/min maintaed separatian
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Both flowrates weraset tol mL/min and the system was allowed to run at steady
state for~ 48 hours; it was found that the mixture in the heating chamber remained well
separatedhroughout the entire duration of the experim@ttures of the mixturan the
heating chambeait the beginning of the experiment (before the mixture had time to fully
separatg ~ 20 hours into the experiment, an@4 hours into the experiment are shown in
Figure4.11. The cloudinesef the WS phasm Figure4.11a is an indication of incomplete
separatia, while the translucent appearance of the WS phaBgyime4.11b andFigure
4.11c indicates that the WR phase is not dispersed within the WS phase, and complete

separation exists.

()

. b
Immediately after (b) After complete
turning on system separation is reached

Complete separation

j

V (

Figure 4.11 Picture of thesinglestage heating chamber at various times during the
continuous cycle experimenfa) beginning of the experiment, (b) ~ 20 hours into the
experiment, (c) > 24 hours into the experiment

FurthermoreSensirionSHT45humidity sensors were used to measure the relative
humidity within each mass exchangarhich is equal to the water activity of the phase

flowing through the mass exchang&he measured relative humidities and corresponding



chemical potentials of the WR and WS phase are plotted bBlata was collected for a
period of ~ 8 hourgafter the system has been running for ~ 24 hpars) it was found

that during this entire duration, the chemical potential of the WR and WS phases remained
nearly constantas shown irFigure 4.12. Furthermore, the chemical potential of both
phasess in good agreement withevalues that were measured fbese mixturesising a

water activity meter (see the measurements in Appendix A), prior to this continuous cycle
experiment. BetweeRigure4.11 andFigure4.12, it is clear that the experimental setup is
capable otontinuouslyproducinga WR and WS phase that havaearly constanty*

valuebetween them.
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WS Mass Exchanger

Chemical Potential
of Water (J/mol)

Figure 4.12 Measurement afelative humidity and chemical potential of water in the two
phases using theumidity sensors in the mass exchanger tublee humidities (and tis
chemical potentials) remain nearly constant for many houcsmfnuous operatiofhe

WR sensor read a humidigjightly greater than 100%; at such high humidities, the sensors
become less accurateading to the slight inaccuracy in the measurement.

4.2.1 RefrigerationResults
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The proofof-concept refrigeration experiment was conducted 10 tif@seach
run, theair pumpcirculating air between the WR phase and WS phase was turned on for
20 minutes to allow thetemperature dropithin the WR mass exchanger to develapd
then turned off foR2 hours to illustrate that theemperatureeturrs to ambient when the
pump is off and mass transfer ceas€&his unambiguouslydemonstrates that the
refrigeration effect measured in this experiment was due tm#ss transfer between the
WR and WS phasdan even more rigorous demonstration of the LCST cycle refrigeration
effect is provided in Section 4.3)he results for all 10 runs were averaged and are plotted
in Figure4.13, along with an illustration of the experimental proceddiee solid lines
within the plots inFigure4.13 correspond to the averages of the 10 repetitiwhde the
shading around thaverage represesthe 95% confidence intervalBurning the air pump
on/off was used as the method of inducing/stopping the refrigeration &tieajraybands
on the plotcorrespond to the times when the air pump between the WR and WS phases

was turned off.
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Figure 4.13 Temperatures during the LCST refrigeratisingle stageproof-of-concept
experiment.The gray areas represent the time wtienair pump was turned ofind no
mass transfer was occurring.

With Figure 4.13 unambiguously demonstrating the refrigeration effect that the
LCST cycle can producenelong durationexperiment was conducteddemonstrate the
continuous nature of the preof-concept systerti.e,, that it camachieve steady state and
produce refrigeration indefinitelyThe results of this experiment are showRigure4.14.
From the total cooling provided by the systéam determined by sensible heat of the cool
WR mixture leaving the WR mass exchangag well as the total heat supplied to the
system(measured using the temperature contrpifeaddition tothe known resistance of
the immersion heaters in the heateiambe), theaverage cooling power af@OP were
found to be29 mW and0.0023, respectively The total cooling and heatput were
measured between minute 20 (when the systached an approximately steady state) and
minute 120If a perfect recuperator were used, the COP would increas8@81(based
on the sensible heat ttie WR and VB streams returning to the heating chambgnjs
indicates thamost of the heat at the heating chamber is being lost to the apdndrthe

COP could be vastly improved with an optimized heating chamber/separator. design
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Figure 4.14 Results of the long durati®inglestagel CST refrigeration experiment.

4.2.2 DehumidificationResults

To demonstrate dehumidificati, a miniature air pumpas used to circulate air
through theWR and WS mass exchangekowever, to conduct the experiment, the
dehumidification and desorption effects had to be demonstrated separately, since each
experiment required a valve to be manually and cyclically opened and dias#dtermore,
the air inside of the laboratory spagas maintained at ~ 50% RH, which is far too low for
the WS phase of OA/LD to dehumidify. As suc¢he air was first bubbled through a
container ofH20O for the air being dehumidified and K8KO for the desorption aiin a
real system, moisture would be desorbed to a higher humidity environment than that from
which moisture was absorbed (since outdoor humidity would be higher than indoor
humidity). However, for the sake of demonstrating a clearly measurable change in
humidity across the mass exchangers in this experiment, the WS stream dehumidified a
more humid air stream than that to which the WR stream desorbed mdissineuld be

noted that the WS stream brought the outlet air dowrnrétative humidity lower than the
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outlet air humidity that the WR stream produced during desorption (~ 90% RH vs ~96 %

RH).

When t he syst e ror @8asecondsjthe vatvel wasisedhto divert
airflow into a particularmass exchanger; when the system was cydtdtb (for 60
seconds)}he valve vas set to divert the diow and bypass the mass exchangé&er
example, for dehumidification, when the valve was switched so that air could flow through
the WS mass exchangéne humidity at the air outlet began to drop below that of the air
inlet (indicating dehumidification was indeed occurring). Then, when the valve was
switched to bypass the mass exchanger, the air outlet humatlityed back to the inlet
value, since the air was not interacting with the mixture and no mass transfer could occur.
This procedure was used to demonstrate thatMB8gphase wasnambiguously providing
dehumidification to humid aifhis was repeatetD times, and the results for the humidity
ratioswere averaged and are plottedrigure 4.15 for the dehumidification experiment
along with an illustration of the experimental proceddree shading around the curves
corresponds to the 95% confidence intervals, whilgthg bands represent the time when

the airbypasses the mass exchangees ¢(he cycle is off)
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Figure 4.15 Humidity ratios during thesinglestageLCST dehumidification proebf-
concept experiment.

After the dehumidification portion of the experiment was conducted, the desorption
portion was conducted. In a real system, desorption would be requirethtwe the
moisture from that entered the mixture during dehumidification and reject it to the outdoor
air; otherwise, steady state operation could not be achieMeid. was desorption
experiment wasepeated 10 times, and the results for the humidity ratios were averaged
and are plotted ifrigure 4.16, along with an illustration of the experimental procedure.
The shading around the curves corresponds to the 95% confidence intervals, while the gray
bands represent the time when the air bypasses the mass exchiangers ¢ycle is off).
Notably, there is an offset between the two curves in Bagbre 4.15 andFigure 4.16,

which representsensor error.
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Figure 4.16 Humidity ratios during thesinglestageLCST dehumidification proebf-
concept experiment.

For thedehumidification experiment, the airflow rate was ~ Zf ffas determined
by a Dwyer airflow meter), while the airflow rate was ~ ¥hftfor the desorption
experiment. From these values, and from the humidity rdtiagsg the dehumidification
and desorption experiments, the average rate of dehumidification right beforareacts
stopped wag.5 1078 kg/s, while the average rate of desorption right before each run was
stopped was.0 108 kg/s. In a real system, tlaérflow rates could be adjusted to match
these two values and achieve steady skatghermore, the average power supplied & th
heating chamber during this process was ~ 100 W, yielding an average MRE b
kg/kWhy. Based on the liquid flowrates during these experiments (1 mL/min), if a perfect
recuperator were implementetie required heat input would decrease by a mere 3.5 W,
yielding only a marginal improvement to MR a value of 9.310* kg/kWh,). It is
important to note that théeating chamberas not covered in insulation for this
experiment, since thatention of this experiment was to fundamentally demonstrate LCST
dehumidification, not to maximize MRHnsulating the heating chamber, as well as

optimizing the heating chamber design, would improve the MRE substantially.

4.3 Stepwise ClosedCycle Refrigeration Experiment
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Sections 4.1 and 4.2 of this dissertation descriexntinuous cycle proaff-
concept experimenin which a singlestage of LCST mixture was usédbwever, a multi
stage system couttieoreticallyachieve a greatdf (and thus a greater temperature lift)
than a singlestage systemTo experimentally demonstrate thia simple stepwise
demonstration was performed wi t hou't demonstrating the

process necessary to close the cycle.
4.3.1 Environmental Chamber

To simulate constant ambient conditions, an environmental chamber was
constructed. This chamber consistecadérge box, with framing created usifeslotted
framing from McMaster Carr. The sides of the box were made dod@of board insulation,
covered in reflective foilAn SRSPTC10temperature controller was used in conjunction
with athermoelectric device tmaintain the temperature inside of the chamber within 0.1
°C of the setpoindf 25 °C The temperature controller PMalues were automaticalget
using the builin tuning.The experimera setup was then placed within the environmental
chamber, and the lid was closedhile data was collectedrigure 4.17 shows the
environmental chamber with the front lid open and the experimental setup inside of the

chamber.
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Figure 4.17 Environmental chamber for stepwise LCST refrigeration experiments.

4.3.2 Experimental Procedure

Figure 4.18 illustrates the experimental setup and procedure for the stepwise,
closedloop LCST cycle refrigeration demonstration. Fiesjar of OA/LD/HO was heated
in a water bath for 48 hours msure complete phase separa(tixture A in Figure
4.18a). For two of the four experiments, a second jar of OA/LEDHLICI (Mixture B in
Figure4.18a) was also heated for 48 hours, separated, and allowed td ben|.the WR
and WS phases were separated allowed to cool back down to ambient temperature. The
WR phase was placed in a bkbmbeél!| dod Figger @apgth &
4.18b, which hadone inlet and one outleThen, a series of metal tubes connetbedne

another via plastic tFiguad.h8g) werd fiked withelitherdi) A c o n d
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nothing (for t h econtfole axgertiment),c(i) nthd VS pleasedof the
OA/LD/H20 Mixture A( f or the MfAsingle stageo thexperi m
OA/LD/H0O/LICI Mixture B( f or t he-st wg e @ ma kTwe multistaget s ) .
experimentsvere demonstrated: one for two stage refrigeration (wiere= 6.99), and

one for three stage refrigeration (whére = 11.25).In these multistage experiments,

only the refrigeration effect was demonstrated; the intermediate mass transfer steps were
notdemonstratedlo induce refrigeration, a 12 V miniature air pump was used to flow air
through the condenser and evaporaaoid RTDS(OMEGA part numbeRTD-2-F3105

36-G) were placed inside the evaporator (immersed within the WR phase mixture) and on
the exterior of the condensdihe air pump was cycled on for 15 minutes, after which the
pump was turned off fok1l hours and5 minutes (to allow the condenser and evaporator
temperatures to return to the ambient temperaaceto allow moisture to diffuse and
equilibrate within the WS phadeefore starting a subsequent rusQr each mixture, this

cycle was repeated for a total of 10 timesach that all of the temperaturatd for a

particular mixture could be averaged and the 95% confidence intervals could be plotted.
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Figure 4.18 Stepwise LCST refrigeration experimental procedure. (a) Phase separation of
LCST mixtures. (b) Adding of WR phase to the evaporator. (¢) Adding of WS phase to the
condenser. (d) Flowing air through the assembled setup to induce evaporation (and thus
refrigeration) in the evaporator.
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Images of theondenser and evaporator of the stepwise experiment are provided in
Figure4.19a andrigure4.19%b, respectivelyThe RTDs used wel@MEGA RTD-2-F3105

36-G.%3 The mini air pump wapurchased from Amazot.
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Figure 4.19 (a) Picture of the condenser in the stepwes@eriment. (b) Picture of the
evaporator in the stepwise experiment.

4.3.3 Results

The results of thetepwise experimental demonstration of LCST refrigeration are
plotted inFigure 4.20. Figure4.20a shows the averadeolid lines)condensefred) and
evaporator (blue) temperatures across 10 wimsn the condenser was filled with WS
phase of thé = 0mixture {.e., single stage operatiojhe light shaded regions around
the solid curves indicate the 95% confidence intervals. Meanwhile, the temperature lift (the
difference between the condenser and evaporator temperatures) is footédof the
experiments (empty condenser, single stage, two stage, and threarstigaje 4.20b.

The maximum temperature lift wagen with thed = 11.25 wt%WS phase in the
condenser (as expected, since it possessefowest water activity This maximum

temperature lift was found to be 2.32 °C.
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Figure 4.20 Results of the stepwise, closkwp LCST refrigeration experiment. (a)
Condenser and evaporator temperature when the condenser was filled with the WS phase
of OA/LD/H20 (no LiCl). (b) Temperature lift for all four experiments. Solid curves are

the average temperature values over 10 runs, while théylighibred bands are the 95%
confidence intervals. Gray bands indicate when the air pump was turned off.

Notably, thetemperature lift in the empty condenser case is slightly greater than
zero; this is likely due ttwo separate reasons. Fittstere is some dry air in the condenser
at the beginning of the experiment, causing a slight amouevagioration(and thus a
slight temperature drop) the evaporator before the air in tisbing reaches equilibrium
with the WR phase in the evaporator. Second, the air pump generates a small amount of
heat, causing the temperaturetta location of the condenser RTD increase slightly,
whereas the aihas time to cool before reaching the evaporator RTD. However, the
temperature liftn the empty condenser case is very small (less than 0.1 °C) and is an order
of magnitude below the temperature lifts achieved in all three of the other experiments,

unambiguouslyeonfirmingthatLCST refrigeratiorwas successfully demonstrated

The main goal of the experimenthigure4.20was to demonstrate that temperature
lift increases with the number of stages, which was achieMetvever, a secondary

guestion remains as to what COP veabieved during this demonstratiddecause the
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LCST mixtures were heated in the water bfathtwo days and the water bath was not
designed to minimize heat losg@®r was it insulated}the COP would be very lofor

this stepwise experimerdnd a direct measurement of the energy supplied to heat the water
bath during separatiowas not performed. Instea#fjgure 4.21 is provided below, to
understand the COP the stepwise experiment (i) was reversible, di)y required the

heat of separation and provided all sensible heat via recuperation, and (iii) only required
that the mixture be heated to 70 (i@cluding both the sensible and separation heat) and
separated immediately (instead of needing to be maintained at 70 °C overnight). Case (iii)
is alsoequivalent tcheating the container of OA/LDA® up to 70 °C and then perfectly
insulating it while it separatefdr two days so no further heat would need todugpplied.

The stepwise cycle is illustrated Higure 4.21a; notably, during the final process of the
cycle, in whichmoisture is desorbed from the WR phase and absorbed by the WS phase,

the temperature lift is approximately proportional ¥ (from Eg. (2.2), the

proportionality constant would be equalg—,te—, which is a function o¥* , so it is not

a true constant; howevef) | Y* sothis fraction is very nearlgonstantacross the

entire range of values ifrigure 4.21b, so it can be said that temperature lift is

approximately proportional t# ).
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Figure 4.21 Theoretical performance of the stepwisenglestageLCST refrigeration
cycle (a) lllustration of the cycle. (b)nstantaneousewersible temperature lift and
cumulative COP as a function of total amount of cooling produced during the refrigeration
process. The COP is plotted for three different hypothetical scenarios: (i) reversible
operation, (ii)only separation heating must be supplied, and (iii) both separation and
sensible heat are supplied with no losses to the ambient during heating. Tharrébllts
correspond to a mixture initially at 50 wt%®l

As more moisture is drawn into the WS phase from the WR phase, the amount of
cooling provided increases, but the decreases, so the temperature of the WR phase
would increase (thereby decreasing the temperature lift as the process proceeds). This can
be seen irFigure4.21b, in which the theoretical reversible temperature lift is plotted as a
function of total cooling provided (which is a directly proportional to the amount of
moisture transferred between the WR and WS phaSeg)re4.21b was generated fa
singlestage experiment, withn initial mixture of 200 g, at 50 wt%:8, 50 wt% OA/LD
(the initial mass of the mixture would not affect the reversible temperature &fiyoof

the COPvalues it only affects the scale of the horizontal axiehe separation heat was
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determined using the methodology described in Appehdikile it was assumed that the

initial mixture had a specific heat equal to that of water (4.186 #/kegrhich is a
conservative assumptiorfhe reversible anceparatiorheatonly COP values are so high
because the average chemical potential (and thus, the average temperature lift) of the
cooling process would be very loWmeanwhile, if allof the moisture were transferred

during the cooling process €., moisture was transferred until the two separate phases
reached the same concentration, and the driving force for mass transfer vanished), then the
COP of the sensible + separation heat case would be a5pteoé the reversible value.

This is because the sensible heat required to increase the temperature from ambient (25 °C)

to 70 °C far outweighs the heat of separation.

While Figure 4.21b corresponds ta mixture initially at 50 wt%, the stepwise
experiment performed in this dissertation did not involve a 50 wt% mixture. Instead,
approximately 5 g of WR phase ad@5 g of WS phaswere usedthis was done to
maintain a large chemical potential difference, and thus a large temperature lift, throughout
the duration of the experim@nThis corresponds to an initial mixture of 200 g at 93.6 wt%
OA/LD. The reversible temperature lift and hypothetical COP values are plotted for this
scenario irFigure4.22 below.If the initial OA/LD mixture had been heated to 70 °C with
zero heat loss, andtifie stepwiseefrigeration experiment were allowed to proceed until
mass transfer ceaseice( the WR and WS phases reached the same concentrétiem)
the COPwould have been approximately 0.3. This is an incredibly s@@P for a
hypothetical scenario in which no losses occur during regeneration heating. Furthermore,
the actual stepwise experiment was conducted such that only a small amount of moisture

transferrecbetween the WR and WS phases, to maintain as a high of a temperature lift as
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possible While the exact amount of moisture transferred between the two phases was not
measured, if it amounted to 1 mg, for example, then the COP would have been a mere
6 107%; this illustrateshow significantlythe sensible heating hinders the performance of

the LCST cycle when recuperation is not used.

2.5 . . 20
—— Reversible

— = ‘Separation Heat

--------- Separation + Sensible Heat|_—, 7

N
RN
@)}

13
o
Coefficient of Performance

—

o
o
o

Reversible Temperature Lift (°C)

Cooling (kJ)

Figure 4.22 Theoretical performance of the stepwisenglestageLCST refrigeration
cycle when the initial mixture is 88.6 wt%

4.4 Summary
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Two proofof-concept experiments were conducted to unambiguously demonstrate
that LCST separation can be used to produce either refrigeration or dehumidification. The
first experiment involved asinglestage, proofof-concept system that provides
continuougy flowing streams ofhe WR and WS phases of LCST mixtures. These streams
were used to produce refrigeration (by evaporating moisture from the WR phase and
subsequently absorbing it with the WS phas® airflow) and dehumidification (by
exposing the WStream taan air stream with a fixed inlet humidjtgausing the mixture
to absorb moisture from the air). The COP and temperature lift ofotigeduration
refrigeration experiment were found to®0023and0.96°C, respectively, while the MRE
and humidity ratio drop of the dehumidification experiment were found 1®.®bel0*

kg/kWhn and1.3 g/kg respectively.

The second proedf-concept experiment involved stepwise demonstration of
LCST refrigeration, in whictvials of LCST mixtures (with different concentrations of
LiCl) were heated in a water bath and phase sepawsited filling the condenser with the
WS phase and filling the evaporator with the WR phase, air was circulated between the
condenser and evaporator, inducing a maximum temperature dr@@32FC. The
refrigeration effect was induced while the evaporator and condenseringate of an
environnental chamber, which simulated a constant ambient temperature of 25 °C
(eliminating the possibility that ambient fluctuations could have been responsible for the

temperature drop measured in the evaporator).

The experiments discussed in thisapter were a scientific endeavor, intended to
prove the fundamental concept of LCST separation leading to a chemical potential

difference, which can be leveraged for refrigeration or dehumidificalio®.experiments

157



in this chapter were not an engineering endeavor intended to produce an opémized
conditioning system. First of all, all currently known LCST mixtures are insufficient to
produceconditions anywhere near what tigoically seen in practical air conditioning
systems. An optimized system would be pointless without the working fluids required to
perform in a practical environmeiitthe goal had been to optimize the systenpractical

use, recuperation would have beerplemented to reduckeat input. The recuperator
capital costs would need to be balanced against the cost savings associated with reducing

heat input, to find the optimal recuperator size.
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CHAPTER 5. TECHNOECONOMIC ANALYSIS OF LOWER

CRITICAL SOLUTION TEMPERATURE AIR CONDITIONING

This chapter presents a technoeconomic analysis of the LCST cycle as used for air
conditioning (refrigeration and dehumidification). Ttygerating expenditure solely from
the energy consumption is compared to the total expenditure (operating and capital) for
traditional air conditioning systemgvapor compression refrigeration, absorption
refrigeration, and desiccant dehumidification), using the levelized cost of cooling
framework. Furthermore, thennualized cost associated with the sepaiatpresented
Values for both the cost per unit separator volland the separation time are rather
speculative; as such, a wide range of values is analyzed, and the results in this chapter can
be used in conjunction with future data regarding separator cost and separation time of

LCST mixtures.

5.1 Technoeconomic Framework

To compaetwo different energy systems that produce the same output (electricity,
heat, etc.)an economianetric is used to evaluate which system is more cost effective.
When performing such an economic analyisis, important to account for all of tleests
incurred across the lifetime of the system. To this end, levelized cost metrics are often used,
which sum the annual costs of the system in question (including annualized capital
expendituresas well as any operating expenditurasyl divide by tB amount of the
desired system output that is produced over the year.example, the widely used

levelized cost otlectricity (LCOE) quantifies the cost per unit electricity producedof a



electricity generation technologye.f, a solar panel) or an entire power plant, often
expressed in units of $/kWHrhelevelized cost metric hadsobeen extended toeat?>*®

water/8897and energy storagé

Recently, Gabbrielliet al. applied the levelized cost metric smlarpowered
cooling systems, introducing the levelized cost of cooling (LGB &pcher also usethe
LCOC metricto compare two differentooling cycles® This metric serves asveay to
compare the lifetime costs of different cooling systehhsis, the LCOC can be calculated
for both traditional and LCS'based cooling systems and compa@aéssess economic
viability. If the LCOC of LCST cooling exceeds thadt traditional systems, even when
generous assumptions are made that favor the LCST cycle, then LCST cooling has little

chance to compete with traditiomakthods of cooling.
5.1.1 The Levelized Cost of Cooling
The levelized cost of cooling is given in §§.1), where the subscriftdenotes a

particular hour of the year.

. ,0000BYOL B ORpIED 60O (5.1)
VOUO B f)

6060 agtheupf r ont (or Aovernighto) cost of the
incurred at the beginning of the system lifetime, it is already a net present value. The capital
cost can be converted to an equivalent annual cost by multiplying by tite cagovery

factor,0 Y, @hich is given in Eq(5.2), wherei is the discount rate aralis the system

lifetime in years.

16C



ip 1 (5.2

The quantity® 6 0 ‘Osdequivalent to the net present valuedafnnual payments of an
amount equal té& 6 0 ‘O@ 'Y Geen alternatively, if the cooling system is paid with a

loan over the system lifetime, the annual loan payment is eqéiabtd ‘O @ 'Y O

Meanwhile,0 0 © is the annual maintenance cost for the cooling system. In most
cases, system maintenance does not occur every year at a fixed cost; instead, maintenance
costs are incurred at random times throughout the lifetime and vary in amount, based on
which parts ned to be replaced. Thus, these payments must be converted to an equivalent
annual valueagain accounting for the time value of money; this is expressed (®.80.

The quantity inside the sum is the net present value of the maintenance cost incurred in
yearuy the sum of these values is the net present value of the lifetime maintenance costs.
Multiplying by the capital recovery factor then yields equivalent annual maintenance

cost,0 0 © . Note that if6 is constant, then Eq5.3) reduces ta) 0 ® 6 (as

expected).

6 (5.3

To evaluate Eq(5.1), the COP and hourly cooling provideal { must be known
for every hour of the year. The most accurate value for LCOC will result when measured

data are used for these valughiowever, a simple estimate can be obtained for a
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representative COBNnd cooling loadhat corresponds to operating conditiotypically
seen in practical useor exampleAlrwashdeh and Ammaprovide a comparison sblar
driven vapor compression and absorption refrigeratimnconditioning systems with
constant operating conditionghich wouldoperate for 8 hours a day, 300 days a year
providing a constant 15 kW of coolifi§g From their yearly cosvalues,as well as an
assumed discount rate of 4% and system lifetim20gfears,an LCOC of 3.35 ¢/kWhn
results for vapor compression, ad@6 ¢/kWhth results foabsorption refrigeratiorBoth

of these values can be usedhmnchmarks against which LCST refrigeration can be
comparedThe CAPEX of LCST refrigeration is far from a welkfined value, given the
lack of technical maturityhowever, the CAPEX is likely to be greater than vapor
compression (given thaeatdriven refrigeration tends to be more capitatitensive than
work-driven refrigeration) While LCST refrigeration would likely be closer in capital
expenditure to absorption refrigeratiagiien that they are both headtiven systems and
would share many componehtthe cost of the separatiorthe LCST cycle wuld likely
lead to LCST refrigeration being more capital intensive than absorption refrigefation.
this casethe energy consumpti@an be compared between the LCST, vapor compression,
and absorption refrigeration cyclesing the LCSTycle energy consumption values from
Section 2.4.21f the energy consumption is highest for the LCST cycle,itttoan be
assumed that theCOC will be highest for the LCST cycle agel(since the CAPEX is

already greatest for the LCST cygcl#)is is the approach taken in this dissertation

For desiccant dehumidification systems, the CAPEX is agjffioult to quantify,
both for traditional desiccants and for the LCST cy@demponent costs for liquid

desiccant systems are nately reported in the scholarly literature, and some stathe
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art desiccant systemuse custom mass exchangers that are aotreercially available or
manufactured at scatél°:192Because the LCST cycle would share many of the same
components as the traditional desiccant cycle (heater, mass exchangers, recuperators, etc.),
with the addition of theeparator, the CAPEX of the LCST cycle is assumed to be equal

to that of the traditional desiccant cycle, plus the cost of the sepaiabobcO

6 6 06D 6 6 OGO . In Section 5.3, the cost savings siWitching from a
traditional desiccant to an LCST desiccant are quantified (using the energy consumption
values from Section 2.4.2), while in Section 5.4, the levelized cost of separation is
discussedlf the energy cost savings are greater than the levelized cost of separation, then

switching to an LCST desiccant dehumidifier would be economically favorable.
5.2 Technoeconomic Analysis of LCSTRefrigeration

In Section 2.4.1 of this dissertation, a thermodynamic analysis of LCST
refrigeration was performed. The LCST refrigerator being analyzed would provide cooling
with an evaporator temperature-6f°C and an absorber temperature of 25 °C, the same as
the absorption fegerator in the work by Alrwashdeh and AmmztriFor the practical
system design with a recuperator effectiveness of 0.9, the LCST cycle has a COP of 0.2.
The evacuated tube solemllectoranalyzed by Alrwashdeh and Ammari would have an
LCOH of 1.44 ¢/kWh (using theirannual cost and heat delivery vaRfigsUsing this
LCOH, the cost to providine heat to drive the LCST refrigerator would alone contribute
7.19¢/kWhto the LCOC of the LCST cycle. Thus, even without considering the capital
expenditure, or any other operating expenditures, the LCST cycle wol@@%enore

expensive thathe absorption refrigeration cycle studied by Alrwashdeh and Ammari.
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5.3 Technoeconomic Analysis of LCSTiquid Desiccant Dehumidification

In Section 2.4.2f this dissertationthe MRE was determined for theaditional
and LCST desiccant dehumidification cycl€sr aseparation temperature of 45 &
value within the range of CSTs observed in the literatut®, and for the conditions
considered inSection 2.4.2the MRE of theLCST desiccant cycle i9.24 kg/kWh.
Meanwhile, the MRE of the traditional desiccant cycle was found @ogtdg/kWhw. The
operating expenditure resulting from energy consumptiayigl tod 6 UFD'Y Qwith
units of ¢ per kg of moisture removed from the indoor space. UsingGk of the
evacuated tubsolar heater studied BAirwashdeh and Ammari (1.44 ¢/kWhhe cost to
operate the LCST cycle becon&6 ¢/kg, which is2.5 the cost to operate the traditional

desiccant cycl€2.4 ¢/kQ).
5.4 Levelized Cost of LCST Separation

The contribution tyearlysystem cost that is due to tbepital cost of the separator

is given in Eq.(5.4), where® is the volumetric cost of the separateith units of

[$/m3]), @ s the volumetric flowrate of the LCST mixture (with units of[s}), and
0 is thenecessaryesidence timéin seconds)i.e., the duratiorthat the LCST mixture

mustremain in the separattw fully separate

60Y®D o o6 6'YO (5.4)

0 U ,"Which has units of [$/yr], can be divided by the yearly output of the energy system

(e.g, [KWhu/yr] of cooling for LCOC refrigeration, [Afyr] of water for desalination, etc.)
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to quantify the separ at Bg((R5givesdhe tevelizdad gasti o n
of separation (LCOS) faa cooling system, with units of $/k\Whof cooling, while Eq.

(5.6) gives the LCOS for desalination, with units of $/ofi permeate, where is the
density of the LCST mixture when it enters the separatoris theamount of time that

the system operates at the nominal capacity (sometimes referred to as the equivalent full
load hours for HVAC systemsndw is the volumetric flowrate of permeate (pure water)

produced by the desalination system.

o ® o0 6'YID 5.5
00 — (55
U 0 fa
o ® o0 6'YID 5.6
0o0Y — (56)
wo Fa
The fractiond Fa can be rewritten a2 & F& , Whered  Ja is the

fraction of water in the LCSTmixture that is evaporated to produce cooljnghile

w T& can be rewritten a8 T & ” , whered  Ta& is the fraction of
water in the LCST mixture that nverted to permeatBecause these fractions cannot
be greater than unity, T& takes on a maximum value 61 , while w7& takes
on a maximum value @¢f’ . Realistically,&  7a will take on a value far less

than unity.This fraction is equal to the amouwftwater that the WS phase uptakes during
the mass transfer portion of the cycle (water vapor absorption for LCST refrigeration, or

feedwater draw for LCST desalination). This is expressed iff{E£), where0 is the
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mass fraction of IL in the WS phase (before water vapor absonpdionéate draw), and

U is the mass fraction of IL in the mixture after it absorbs/draws water

G 0 (5.7)

Near the WS concentratiothe water activity o CST mixtures changes rapidlyith the
addition of water? as suchthe LCST mixture isot likely to change significantly during
water vapor absorption or feedwater draefore the driving force decreases and mass
transfer ceasedMlany LCST mixturescomprised of ILshave aWS phase that is
approximately 70 wt% [11%47103if this mixture were to absorb water untile IL mass

fraction dropped to 60 wt%, the fraction & would take on a value d.14 As
such, two different values @f  T& areconsidered: 0.14 (representing a realistic

value for current LCST mixture) and 1 (representing the best possible scenario).

Figure 5.1 shows LCOSresults for several different separator cost valaed

separatiommesidence timedn Figure5.1a, the value ofi  T& is 0.14 (.e., 14% of

the mass of liquid entering the separator is useful wakdearwhile, in Figure5.1b, the

value of&  7a is 1 (.e, 100% of the mass of liquid entering the separator is useful

water), such that the plots Figure5.1b represent the lower limit for LCOS for a given

separator cost and separation time
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Figure 5.1 Levelized cost of separation for cooling adésalination as a function of
separation time. (a) 14% of the LCST mixture is useful water. (b) 100% of the LCST
mixture is useful water.

The separation times varied inFigure5.1 becauseéhe necessary residentmes
for separators in practical LCST systeans largely unknownn smallscale experiments
(i.e., separation in a ~ 25 mL vial), Mahfoet al foundthat complete phase separation
was achieved on the order of several hours for several differdrgdéd LCST mixtures.
However the distance over which the dispersed phase must tratemsehievecomplete
separatiohis proportional to the height of tikentainer in whiclsettling/separation occurs.
Thus, for largescale systems, the settling would occur over a greater height than that seen
in laboratory vials, and separation could take significantly lotiggtrwhat was reported

by Mahfouzet al, which is why a large range of values was explordeiguire5.1.

When heated above the phase separation temper@eieabove the binodal
curve), an LCST mixture rapidly separatet® a continuous phase and a dispersed phase.
The dispersed phase consists of microscopic dropfetse phasee(g, the WR phase)
that are immiscible with the continuous phésg, the WS phasepettling isdriven by

gravitational forces othedispersed phas#roplets dueto adifference in density between



the dispersed and continuous phasks expression for thifrce is given in Eq(5.8).
Becausef the high viscosity of many existing LCST mixtures (botkbised andES
based LCST mixturgs t he St o k,evbich isdjivea in Eq(D9), wik resist
settling where' is the dynamic viscosity of the continuous phase,taisdthe velocity of

thedispersed phase droplets

o T

O y” “9“‘[ (5-8)
(0]

O ¢ 10 (5.9)

When thesare the only two forces acting on the dispersed phase drdpletserminal
velocity of the droplets can be found by setting the two forces aggalting in Eq(5.10).

If the height of the container i€ andw 0 is the height of the phase boundary at tone

then the finaheight of theupper phase i©® w 0 , which is given in Eq(5.11). When

the dispersed phase is more dense than the continuous phase, (BellE@presents the
greatest distance that a droplet of the dispersed phase must travel during sgtdnego

is the volume fraction di. or DES in the LCST mixture, and the subscripgpresents the

state before phase separation beding) the droplets are uniform size (with a radius of

1), (i) the droplets reach terminal velocity on a timescaleh shorter than settling, and

(i) the droplets do not coalesce with other droplets until they reach the phase boundary,
thenthedroplets at the top of the container will reach the phase boundary at tlggvieme

in Eq. (5.12); this is the complete separation time. This complete separation process is

illustrated inFigure5.2.
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Figure 5.2 Separation of LCST mixtures. (a) Separation in a mixture that has just been
heated above the phase separation temperadure J to complete separatiqra  ¢). (b)
Separation time as a function of droplet size.

Figure5.2b shows theeparation time, calculated from Ef.12), as a function of
droplet radius. For this ploproperties similar to OA/LD are use#o TI8T P %o
™o Y” v Tkg/m®,and’ ¢ @ cP (the dynamic viscosity of oleic atif). The initial

volume fraction i$e T@® Ttand theheight of the container is 10 cm.

In reality, other forces (such Bsownian forcey bulk advection of the continuous

phase due to the heating scheorantentional stirring could alause the separation time
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to deviate from E(5.12). Furthermore, the dispersed phase will not exist at a siadies;
rather, the dispersed phase droplets will have a distribution of aadiiit is unclear what
implications these factors would have on the separation time in aseatgseparator that
would be used in a practical implementation of the LCST cycle. Thus, fuwtbrdr is
required to accurately assess the cost of separnatipractical system designand the
impact it would have on various LCST cycle applicatioesgy,( LCST cooling and

desalination systems).

5.5 Summary

The LCST cycle, while rather captivating in naturgpossesses significant
drawbacks that would likely prevent it from being cost competitinén traditional
systems.First and foremost, th€OP of the LCST refrigeration cycle is shown to be
significantly lower than that of absorption refrigeration, such that the yearly operating
expenditure of the LCST cycle due only to energy consumption would be more expensive
than all of the yearly costsedpital and operating expendituresjmbined for both the vapor
compression and absorption refrigeration cyclekewise, the MRE of thd.CST
desiccant cycle is less than half of the MRE of the traditional desiccant cycle, such that if
both systems had the same capital expenditures, the LCST cycle would be more expensive
to operate, due to tHewer efficiency. Finally, the cost of separation in the LCST cycle
would likely cause the capital expenditure of LCST refrigeration and dehumidification

systems tdoe greater than their traditional alternatives.

It is possible that LCST desalination could prove nowst competitive with its

traditional counterparts than LCST refrigeration and dehumidification would with their
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traditional counterpartsThis is because traditional hediven desalinationsystems
already use multiple stage$ heat exchangers;1°>1%so the capital cost of separation in
the LCST cycle mightot prove burdensome relative to other thermal desalination systems.
However, it is clear thatosteffective LCST separation is one of the most important areas

of research if LCST desalinatianto become economically viable.
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CHAPTER 6. CONCLUSIONS

The unique thermodynamic behavior of LCST mixturas be leveraged in a heat
driven cycle thaproduces a chemical potential difference, which can be used to produce a
variety ofdesired effects. When used to produegigeration and dehumidification, this
ALCST cvycl ezero@MPaiocongisonirg cycle that can be powered bydow
gradeheat(e.g, solar thermal In this dissertation, ththeory behind this new cycle is
presented (Chapter 2), the thermodynamic relationships present in LCST mixtures are
derived (Chapter 3), the cycle is experimentally demonstrated for the first time (Chapter
4), and atechnoeconomic analysis is presented (ChapteH&ever, this dissertation
reveals aslew of obstacles preventing the adoption of LCST air conditioringt and
foremost, existing LCST mixtures do not possess the target properties required to produce
thermal comfort (Chapter 3). Furthermaggen ifnew LCST mixtures are discovered with
vastly improved propertiethe thermodynamic analysis reveals that the COP of the cycle
will be low in practical situation€Chapter 2). Thigact means thdtCST air conditioning
would likely possess more than twice the levelized cost of cooling of traditional air

conditioning systems (Chapter 5).

As statedn Chapter 1this dissertation aims to answer seveuastions regarding
LCST air conditioning. In Chaptersi25, thesequestions were answered based on the
results of the dissertation researtb.concludethe questions are restated herdalics,

with answers provided igreen text
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How can lower critical solution temperature mixtures and their unique
thermodynamic behavior be utilized in a thermodynamic cycle to produce

refrigeration and/or dehumidification?

Upon heating above the LCST, phase separatomverts heat input to chemical
exergy in the form of a concentration difference across two immiscible phases. At
this heightened temperature, tfeemical potentials across both phases are equal,
as they are in equilibrium. However, when the phases are physically separated and
cooled back down to ambient temperattineye exists a difference in the chemical
potential of water across the two phases. This chemical potéiftemence drives

mass transfer, whiotan be used to absorb moisture from indoor air and reject it to
the outdoor air (dehumidification) or éwaporate water from one phase and absorb

it with the other(refrigeration/heat pumping).

Which thermophysical property of LCST mixtures is most relevant to cycle
performance, and what is the upper limit of performance that current LCST

mixtures can achieve?

The chemical potential difference of the volatile species (which is water in all of
the LCST mixtures studied in this dissertatianjoss the two phases of the LCST
mixture is the figureof-merit (FOM). This FOM appears in tiegpressioafor the
theoretical maximungi) temperature lift(ii) ratio of outdoor relative humidity to
indoor relative humidity, (iii) feedwater salinity, and (iv) energy densftyhe
LCST cycle when it is used for refrigeration, dehumidification, desalination, and

power generatin, respectivelyOf the LCST mixtures reported literature,oleic
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ii)

acid/lidocaine (OA/LDhas the greatest water chemical potential differembéech

is 286 J/mol. From the relationships derived in this work, that corresponds to a
maximum temperature lift 2.0 °C and aminimum indoor relative humidity of
8%% in a single stage systerRor a multistage system, OA/LD/LiCtan achieve

an overall chemical potential difference 6B4 J/mol, corresponding to a

temperature lift o£.6 °C and a minimum indoor humidity @6%.

What temperature lift, humidigrop, cooling power, and COP can be achieved by

a proofof-concept system operating on the LCST cycle?

A continuous, progebf-concept, singlestage LCST cycle experiment was
conducted. For refrigeration, tiogcle achieved a temperature lift@®6°C and a

COP 0f0.0023 For dehumidification, the experiment produced a humidity ratio
drop of 1.3 g/kg with an MRE of8.9 10* kg/kWhn. A second, stepwise
experiment was performed to demonstrate the refrigeration effect of the LCST
cycle in atightly controlled environmental chamber, producing a maximum
temperature lift 0f2.32 °C when the WS phase hadlithium chloride in water

concentration 06 = 11.25 wt%

For a hypothetical LCST mixture that can provide sufficient thermal comfort, how
costeffective would an LCST cycle air conditioner be, and how would it compare

to existing technologies?

Both LCST refrigeration and LCST dehumidification would have lower values for
their efficiency metrics (COP and MRE, respectivéhgn traditional alternatives.

This is driven largely by the significant sensible heating requirement (due to high
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mass flowrates) in the LCST cycle. In turn, tiwsuld result in a greater operating
expenditure for the LCST cycles than for traditional air conditioning systems.
Finally, thecost of the separator in th€ST cyclecould be quite large, due to the
long separation times associated with LCST mixturéss couldresult in a greater
capital expenditure for LCShasedhir conditioningsystems than for traditional air
conditioning systems/Nhen coupled with the higher operating expendguitas
presents a bbk outlook for the potential of LCST air conditioning to reach cost

competitiveness with traditional air conditioning systems.

Looking forward, research into LCST mixtures should famu@) discovering new
LCST mixtures with greatery* values (perhaps through molecular dynamics
simulations) (ii) attempting to understand tiseparation time of LCST mixtures through
mechanistic modelingand (iii) discovering new LCST mixtures arew methods of
separation that reduce the separation tikahieving the first of these three aint®uld
lead toan LCSTrefrigeratorthat is entirely powered bipwer-gradeheatthancould be
used witha traditional absorption refrigeratémixture flow could be induced byhe
thermosiphon effecentirely eliminating the need for electrical whrkchieving the last
two aims could make the system more practical, reducing the separator volume and cost.
It should also benoted that improvements in separation time would greatly benefit the
prospect of LCST desalinatipwhich can already be used to produce fresh water from
hypersaline gaturated) brine when both mudtiage operating and the OA/LD/BVLICI

mixtures discussed in this dissertation are used.
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APPENDIX A. LOWER CRITICAL SOLUTION TEMPERATURE
PHASE BEHAVIOR AND WATER ACTIVITY OF A TERNARY

MIXTURE OF OLEIC ACID, LIDOCAINE, AND WATER

This appendix contains derivations of the thermodynamic relationships present in

LCST mixtures

A.1 Measured Data

Mixtures that exhibit lower critical solution temperature (LCST) phase behavior
are of interest for a range of emerging applicati@ifé2426.28,3436,38,46.47.56.61 CST
hydrogels have been used in biomedical applicafibffswhile recent work has explored
their use as desiccants for dehumidification and atmospheric water harve&titig® 2108
Meanwhile, liquid mixtures that possess LCST (ionic liqditf§,>326.28
polyelectrolytes®1%and deep eutectic solvefitd) have been used for desalinatisi!

air conditioning®*"#and dye separatici.

The general operation of a thermodynamic cycle utilizing aqueous LCST mixtures
is illustrated inFigure Al. First, the homogeneous mixture is heated above a critical
temperature to induce phase separation. Then, the two phases are physically separated and
cooled down to ambient temperature. Finally, the two phases produce the desired effect
(desalinating watedehumidifying air, etc.), which brings them back into equilibrium. For
example, in dehumidification, water is evaporated from the watler(WR) phase into
outdoor air (decreasing the concentration of water in the WR phase), while theeaater

(WS) phase absorbs moisture from indoor air (increasing the concentration of water in the
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WS phase). LCST mixtures have also be used in adne@n forward osmosis (FO)
desalination systeth separating into a WS phase that draws water from highly saline feeds

and a WR phase that is nearly pure water.

In these thermodynamic cycles, the activity (or chemical potential) of water in the
WS phase determines the cycle performance. For a dehumidification application, the water
activity determines the minimum indoor air relative humidity that could be reaEbed.
desalination via forward osmosis, it determines the maximum salinity from which an LCST
mixture could draw water. The WS activity should be lower than 0.4fefurmidification,
lower than 0.75 for brine desalination, and lower than 0.97 for seadestalination. This
motivates the need to discover LCST mixtures that yield WS phases with low water
activities. However, many of the reported ionic liquid (IL) LCST mixtures separate into
WS phases with relatively high water activities. For example, Kahial. explored a
variety of aqueous LCST ionic liquids (binary mixtures) with phosphonium and
ammonium cations, and the lowest water activity was ~0.95 in the WS phase of

tetrabutylammonium trimethylbenzenesulfonatesN MBS).*°



Phase Separation

Sensible Separation

VLN

Recombinet

)
0._gp, N

Useful
Effect

Physically
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Sensible
T<LCcST Cooling

Equilibration

Figure A.1 lllustration of a thermodynamic cycle using an LCST mixture. Phase separation
first occurs upon heating above the LCST. Then, the mixture is physically separated at this
higher temperature, followed by sensible cooling down to ambient temperature. Finally,
the two phases are used to produce the useful effect (desalination, dehumidification, etc.),
which brings both phases to equilibrium.

Longeraset al. discovered that a deep eutectic solvent (DES) consisting of oleic
acid (OA), lidocaine (LD) and water exhibits LCST, which they attribute to a significant
change in ionic state with temperaté?@hey used the thermoresponsive behavior of this
OA/LD/H20 mixture for dye separation. Recentkpcheret al used this mixture for
dehumidification and found that the WS phase had a water activity of ¥0s8ich is
significantly lower than tetrabutylphosphoniumnd tetrabutylammoniutbased LCST
mixtures reported in literature. However, the activities over a full range of concentrations
the phase diagram of OA/LD#B have not yet been characterized. Given that this mixture
appears to be more promising than many other LCST mixtures reported in the literature,
the characterization of these properties is vital to enable the development of new energy

and water applicatits that leverage these materials.
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In thisappendixthe phase diagram of OA/LD#B is reportedas well as the water
activity, chemical potential, and osmotic pressure of the ternary mixture at different
concentrations. This data can be used to model the performance of various thermodynamic
cycles based on OA/LDA® as the working fluid. Compared to other LCST mixtures
reported in literaturat wasfoundthat the phase diagram of OA/LD/ is much broader,
which leads to very pure WR and WS phases (0.997 water activity in the WR and 0.894

water activity in the WS).

Information on the materials and preparation of the mixtures is giv&edtion
A.2. To obtain water activityan Aqualab 4TE water activity metevas usedwhich
measures vapor pressure using a chilled mirror. The specific procedure for obtaining water
activity values after the mixtures had fully equilibrated is giveBention A.3 To obtain
the phase diagram, temperatgmntrolled ultraviolewisible spectroscopy (Agilent
Technologies Cary 5000 UVis) was usedo measure the cloud poitti®of OA/LD/H20
mixtures as a function of different concentrations in water. The locus of these points forms
the binodal curve in the phase diagrdinshould be notedhat only mixtures with an
OA/LD mass ratio of 1:1 were characterized because Longeeddound that substantial
deviations from this ratio produced mixtures that either solidified or phase separated below
20 °C?° Details on the cloud point measurement procedure are giBeciion A.4 along
with the UV-Vis transmission data. NMfRas usedo quantify the OA to LD mass ratio in
the WR and WS phases for a 50 wt% OA/LD mixture after phase separation at 70 °C.

Details on the NMR proceduezegiven inSection A.5

The phase diagram of OA/LD#D ternary mixtures is plotted iRigure A2a

showing an LCST of 24.5 °C. The phase diagram is very broad, such that the two phases
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that the mixture separates into upon heating are very ipeiréie WR phase is nearly pure
water and the WS phase is nearly pure OA/LD). Notably, this phase diagram is
considerably wider (I 96 wt% OA/LD) than other LCST mixtures reported in the
literature!®2>47for example, the binodal curve of tetrabutylphosphonium trifluoroacetate
and water (R24TFA/H20) only spans concentrations of iL@0 wt% Ra444T FA.%" The full
binodal temperature dataset is tabulate8eotion A5. Only the samples that had 98 and

99 wt% OA/LD did not cloud at temperatures below 90 °C; as such, the phase diagram

does not span these ultrahigh OA/LD concentrations.
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Figure A.2 (a) Phaseliagram of OA/LD/HO as a function of OA/LD mass fraction (mass
fraction of OA + mass fraction of LD). (b) Water activity of OA/LD® at 25 °C, as a
function of OA/LD mass fraction. In (b), the hollow markers correspond to concentrations
that phase separate at 25 °C and were therefore biphasic in the sample cup when water
activity measurements were taken. Thus, the activities ofdheeatrations denoted by
hollow markers were not actually measured; instead, the activity meter measured the water
activity of the two phases of the biphasic liquid at 25 °C. The mass ratio of OA to LD is
maintained at approximately 1:1 across the entire range of water mass fractions, for both
the phase diagram and the activity measurements. (c) Osmotic pressure of agueous
mixtures of OA/LD, R44aTFA, and NuasSalicyl at 25 °C. OA/LD is a deep eutectic solvent
(DES), while the other two materials are ionic liquids (ILs). The dashed lines indicate the
mass fractions of the WR and WS phases. The osmotic pressure of OA/LD latedlcu

from the activity in (b), while the osmotic pressure of the ILs is taken from Kamid’et al.

The water activity of OA/LD/HO ternary mixtures is plotted iRigure A2b.

Similar to IL/HO binary mixtures that possess LCSTthe water activity of the
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OA/LD/H0 ternary mixture is nearly constant for a large range of concentratior&)(1

wt% OA/LD). The activity decreases slightly from 7®0 wt% OA/LD, and only when

the concentration exceeds 90 wit% OA/LD does the water activity begin to decrease
substantiall. It should be notethat because these activity measurements were at 25 °C,
the samples at 40, 50, 60, and 70 wt% OA/LD were biphasic based on the phase diagram.
In other words, the activity meter was measuring the activity of the two phashs on t
binodal curve at 25 °C at these concentrations. Measurements were also performed at 20
°C, but the data for 25 °@& presentechere to allow for direct comparison with the
activity/osmotic pressure measurements of LCST ILs reported in litefdttivghich were

at 25 °C. The water activity measurements for all concentrations at both 20 and 25 °C, as
well as the corresponding chemical potential and osmotic pressure data, are provided in

Section Ab.

Given the growing interest in utilizing LCST mixtures for forward osmosis
desalinatiorf®*’ the osmotic pressure of OA/LD#B is plottedin Figure A2c as a
function of DES mass fraction. For comparison, the osmotic pressures of ionic liquid LCST
mixtures reported in the literatuege also plotteés a function of IL mass fraction. For
each mixture, the dashed lines denote the mass fraction of the two phases (WR and WS)
after thermal separation at 70 1Cshould be notethat for Nisa4Salicyl, which has critical
temperatures exceeding 70 °C on the phase diagnénpolation was usetb find the
mass fractions associated with the WR and WS phases at this temperature. For OA/LD and
Pa444TFA, the phase diagram data ends at temperatures lower than 70t Wasassumd
that the bmodal curve of each mixture extends vertically from those end points. For

example, in the data from Kamet al, the highest temperature on the left side of the
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binodal curve of RuuTFA/H20 is 65.14 °C, which corresponds to 13.6 Wi9uFFA.1°
As such,t wasassumd that at any temperature greater than 65.14 °C, the WR phase of
P1444TFA/H20 consists of 13.6 wt%sk4TFA, and this value is used for the dashed line in

Figure A2c.

FromFigure AZ2c, it mayinitially appear that OA/LD/ED would be a worse draw
solution than the Itbased LCST mixtures, because of its lower osmotic pressure.
However, upon observation of the dashed lines that indicate the WR and WS
concentrations, it is clear that OA/LD/B separates into much purer WR and WS phases.
This is particularly beneficial for desalination, in which a pure WR phase requires little
posttreatment, and a pure WS phase can draw water from higher salinity feeds. Notably,
the WS phase of OA/LD/H has a higher osmotic pressure than that of any of the IL
based mixtures (2.4higher tharNssasSalicyl). Likewise, the WR phase of OA/LD is > 99
wt% water, whereas the WR phaseNafssSalicyl is only 93 wt% waterHowe\er, the
high concentration in the WS phase of OA/LD will likely lead to other tradeoffs, such as
an increase in viscosity (which is undesirable from a system standpoint). To quantify this,
a RheoSense iMROC viscometewas used toneasure the viscosity of the WS phases of
OA/LD andNas4ssSalicyl. The WS phase viscosity was 171.15 cP for OA/LD and 26.50 cP

for NasasSalicyl.

To confirm the phase diagram and water activity measurements, a mixture
containing 25 wt% OA, 25 wt% LD, and 50 wt%®i (i.e., an OA/LD mass fraction of
0.5)was preparedAt room temperature, the mixture was homogenous as predicted by the
phase diagram. Then, the mixtuvas heateth a water bath at 70 °C for at least 12 hours

(after which the mixture is fully separated and the activity of the two phases does not
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change). After separating the WR and WS phases, water activities of 0.9992 and 0.8903
were measuredrespectively.Both sampleswere then dehydrateith an environmental
chamber at 50 °C and 0% relative humidity for 12 hours. By measuring the mass change
after dehydrationit was calculated that the WR phase was 99 wt%@ Hfter separation,

while the WS phase was 3.5 wt%@ These mass fractions align with the phase diagram
constructed using UWis cloud point measurements, while the activities correspatid w

thewater activity measurements at those concentrations.

As the LCST mixture characterized in this work is ternary, it is important to
determine if the ratio of OA to LD in the WR and WS phases is the same as the ratio of
OA to LD in the initial singlephase mixture. Using a mass conservation analysis for the
WS phase and NMR measurements for the WR phiegsdetermined that the ratio of

OA to LD is roughly the same in both phases as it is in the spiglee mixture.

In summary, oleic acid, lidocaine, and water form a ternary mixture that possess an
LCST of 24.5 °C when prepared with a 1:1 mass ratio of OA to LD. While this mixture
has been previously used for dye separafiohe LCST phase diagram and water activity
were largely unknown, which limited an understanding of how it would perform in other
applications (such as desalination and dehumidification). Inappendix the phase
diagram of this mixturewas characterizedalong with the water activity, chemical
potential, and osmotipressure. Notably, the OA/LDD phase diagram is broader than
other LCST materials reported in literature, which results in very pure WR and WS phases.
Meanwhile, the activity of the WS phase of this ternary mixture is significantly lower than
ionic liquid-based LCST mixtures, suggesfi that OA/LD/HO can yield improved

performance in various thermodynamic cycles.
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A.2 Materials and Mixture Preparation

Lidocaine was purchased from TCI America (LOEE®G). A small volume of
oleic acid was purchased from TCIl America (O0O28MIL), and a larger volume was
purchased from Lab Alley (C58Z800ml). One OA/LD/HO mixture with the oleic acid
from TClwas preparedand anothewas prepareavith the oleic acid from Lab Alleyit
wasfound that both the LCST and water activities of the two mixtures were comparable,
confirming that the significantly less expensive Lab Alley oleic acid yielded the same
performance. Thdata presented herein corresponds to mixtures prepared with oleic acid

from Lab Alley.

When preparing the samples with very high or very low wt% of OA/L®, (1
wt%, 2 wt%, 4 wt%, 96 wt%, 98 wt%, and 99 wt% OA/LD), the higholution MS204S
scale from Mettler Toledwas usedFor the other samples, an A&D F3000i scalavas
used After preparing the samples, the vials were placed in a water bath set to 70 °C for 24
hours to ensure that the lidocaine dissolved fully and the samples were equilibrated. Then,
the samples were removed from the water bath and allowed to cool downnto ro
tempeature (~20 °C). Because all the samples were biphasic at 70 °C (except for samples
that were 1 and 2 wt% water), the vials were shaken after they cooled back down to room
temperature and were then allowed to sit for at least 24 hours so both phases mixed
completely, and all samples reached equilibrium. Only after this, the water activities and

phase separation temperatures of the samples were measured.

A.3 Water Activity Measurement Procedure
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To measure water activity, the Aqualab 4TE water activity mater usedAll
activity measurements in this work were tal
was seto take at least 6 measurements and continue taking measurements until the water
activity changed by less than 0.003 between the two most recent measurements. However,

a subsequent run in this Custom mode will yield another group of readings, with a mean
that may deviate from the mean of the previous run. As such, for a given samigijg@em
runswere performedn Custom mode until the mean of the measurements from the latest
run was within 0.001 of the mean of the measurements from the previodheumean

of the final five activity measurementgas then useds the water activity of the given

sample. This procedure was repeated for all the concentrations investigated in this work.

A.4 Cloud Point Measurement Procedure

To obtain the phase diagram, temperatortrolled ultravioletvisible
spectroscopy (Agilent Technologies Cary 5000-Ui¢) was usedFirst, a qualitative
estimate of the phase separation temperataseobtainedby placing vials of the different
samples in a heated water bath and observing the lowest temperature at which the samples
visually clouded.The transmission of each samphlas then measuredt various
temperatures using UVis to quantitatively assess the cloud point temperature. The
sample beingtested was pipetted into a cuvette, which was then placed within a
temperatureontrolled jacket. The temperature of the jacket was controlled via a Varian
Cary Dual Cell Peltier Accessory. The sample temperature was initially set to 2 °C below
the separi@on temperature as determined from the water bath, and the transmission at that
temperature was set to 100% (thus, the measured transmission is relative to the

transmission at the initial temperature). After holding the temperature constant for 180
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seconds, the UWis temperature was increased by 0.5 °C and then held constant (again
for 180 seconds). This procedure was repeated, increasing the sample temperature in 0.5
°C increments until the sample clouded and the\&/showed a decrease in transsion.

The temperature at which the transmission dropped below 5% was taken as the phase
separation temperature for the given concentration. For certain concentrations, clouding
was visually observed at the bottom of the vial (because of theimform heating
provided by the UWis), but it did not propagate to the top of the vial where the
transmission measurement is made. For these samples, the phase separation temperature
was recorded as the temperature at which clouding was visually observed, not the
temperature at which a drop in transmission was measured. This procedure was then
repeated for the entire range of concentrations that were prepared (except for the samples
that were 1, 2, and 4 wt% water); the transmission vs. temperature plots aresRigure

A.3.
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Figure A.3 Transmission vs temperature plots from-Wé. (a) 1 wt% OA/LD; (b) 2 wt%
OAI/LD; (c) 4 wt% OA/LD; (d) 10 wt% OA/LD; (e) 20 wt% OA/LD; (f) 30 wt% OA/LD;

(g) 40 wit% OA/LD; (h) 50 wt% OA/LD; (i) 60 wt% OA/LD; (j) 70 wt% OA/LD; (k) 80

Wt% OA/LD: () 90 wt% OALD.
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At 4 wt % water, the mixture did not <co
clouding was observed (séeégure A4) when the temperature was increased above a
certain value. After maintaining the 4 wt% water sample at this increased temperature for
12 hours, macroscopic phase separation was observed, in the form of a small bubble of the
waterrich phase at the bottoaf the vial. This confirms that the slight visual clouding was
due to phase separation. It is likely that there was too little water for the entire sample to
cloud, resulting in only a small portion of visible cloudifige 4 wt% water sampleas
then cooleddown to ambient temperature, allowed teni, and placed in a water bath.

The water bath temperatuweas increasedntil the wisp of clouding was observed; the

first temperature at which this wisp was observed was 53.5 °C, whistaken to be the

phase separation temperature for 4 wt% water. The samples containing 1 and 2 wt% water
did not phase separate at all in the range df 20 °C. The locus of the points at which

separation was observed forms the binodal curve in the phase diagram.
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Figure A.4 Phase separation in OA/LD#B with a very low concentration of water (4
wt20).

A.5 Phase Separation Temperature, Water Activity, Chemical Potential, and

Osmotic Pressure Tables

For convenience, the phase separation temperatdyeafd water activity b )
values fromFigure A2 are providedin Table Al. Water activity measurements are
provided for bott20 °C and 5 °C. Furthermore,tlie water activity valuesere converted
into the equivalent chemical potentials of water and osmotic pressures us{Aglkgnd
(A.2), respectively, wher&is the universal gas constaiis the temperature at which the

activity was measured, and is the molar volume of water.



Table A.1 Phase separation temperatuﬂq)( water activity €=) chemical potential of
water ), and osmotic pressure Y of OA/LD/H>0O mixtures atlifferent mass fractions

of water (OA to LD mass is approximately maintained at a 1:1 ratio). The activity,
chemical potential, and osmotic pressure values in parenthesis correspond to
concentrations that phase separated in the activity meter at 25 °@rarttierefore
measurements of the two concentrations on the binodal curve at 25 °C.

20 °C 25°C
0 0 0 Y @ ‘ L @ ‘ L
(°C) (J mol) (bar) (I molY)  (bar)
0.010 0.495 0.495 i 0.53068 -1544 858.0 0.53182 -1565 869.6
0.021 0.490 0.489 i 0.71874 -805.0 447.2 0.72438 -799.3 444.1

0.040 0.480 0.480 53.5 0.88272 -304.1 168.9  0.89420 -277.2  154.0
0.099 0.450 0.450 33.0 0.97464 -62.61 34.78  0.98424 -39.38 21.88
0.201 0.400 0.400 28.0 0.9884 -28.44 1580  0.99272 -18.11  10.06
0.300 0.349 0.350 25.0 0.99356 -15.75 8.749  0.99534 -11.58  6.433
0.401 0.300 0.299 24.5 0.99462 -13.15 7.305  (0.99568) (-10.73) (5.962)
0.500 0.250 0.250 24.5 0.99578 -10.31 5.726  (0.99550) (-11.18) (6.211)
0.601 0.199 0.200 25.0 0.99578 -10.31 5.726  (0.99506) (-12.28) (6.820)
0.700 0.151 0.150 26.5 0.99562 -10.70 5.944  (0.99614) (-9.587) (5.326)
0.800 0.100 0.100 28.5 0.99542 -11.19 6.216  0.99670 -8.194  4.552
0.900 0.050 0.050 32.0 0.99684 -7.714 4.286  0.99788 -5.261 2.923
0.959 0.021 0.020 33.5 0.99670 -8.057 4.476  0.99586 -10.28 5.713
0.980 0.010 0.010 35.0 0.99668 -8.106 4.503  0.99588 -10.23  5.686
0.990 0.005 0.005 36.0 0.99902 -2.390 1.328  0.99742 -6.404  3.558

‘ YUY 1o (A.1)

L{ . (A.2)
0
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APPENDIX B. EFFECT OF CHLORIDE SALT ADDITIVES ON

THERMOPHYSICAL PROPERTIES OF LCST MIXTURES

This appendixcontains thevater activity of mixturesontaining wateran IL or
DES that exhibits an LCST when mixed with water, and a chloride Rait each
PTFA/H2O/saltand OA/LD/HO/saltsamplefive measurements were taken; the averages
of the five measurements are presented. ke TFA/H.O without sal{i.e., PTFA mixed

with pure water), 3 measurements were takdéinmeasurements were taken at 25 °C.

B.1 PTFA

Pa444TFA was mixed withaqueougprecursorsolutiors of H-O/MCI (where M isa

metalic cation) of somemassfraction 6 , of MCl in water(0 — ). This

was performed fothree different metallic cations: 1iC&*, andNa'. For each different
cation, PTFA/HO/MCI mixtures were preparaslith precursor solutions of varyingy

values.

B.1.1 PTFA/ROI/LICI

PTFA was mixed with aqueous solutsoof LiCl. Four different aqueous solutions
were used, with 1 wt% LICR wt% LiCl, 3.5 wt% LiCl, and 7 wt% LiCl in watelfor each
aqueous solution, nine mixtures were prepared, ranging Idmt% PTFA to 90 wt%
PTFA Thechemical potential of water ithe mixtures is plotted ifigure B1. As the
concentration of salt in thequeous solution increasdise chemical potential decreases.

Furthermore, the chemical potential of water in the PTEAMICI mixture is
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approximately equal to thehemical potential of watan PTFA/HO at the sam@TFA
mass fraction, plus the chemical potential of watdriCI/H>0 at the same mass fraction

of the aqueous solution used to prepare the PTEMNHCI mixture * 5 ¢

S N U i ¥ O . In other words, the addition of LiCl to the

mixture serves to shift the entire chemical potential curve downwards by an approximately

constant value.

= Of-$=go-7 -
f— .,. ‘B B=@ : -&
g ?- e -O- © -O- e —0_3;\\\
S | \‘3‘
:’ \
()]
© | Y
= -500 &
ke Ly
— ~ iy
-g =6 Cpig = 0wt iy
o) —o -C._.=1wt% 'S
5 -1000 | Hiel e
o CL' =2 wt% ®
= iCl b
© -6 -CL. = 3.5 wt%
c iCl
—_— (o]

2 Clici =7 Wt%
O 1500 ' <

0 0.5 1

PTFA Mass Fraction

Figure B.1 Chemical potential of water in PTFAZB/LICI.

B.12 PTFA/HO/CaCl2

PTFA was mixed with aqueous solutions of Gadlhree different agueous

solutions were used, with 1 wt%aCb, 7 wt% CaCh, and11 wt% CaCb in water. For
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each aqueous solution, nine mixtures were prepared, ranging from 10 wt% PTFA to 90
wt% PTFA. The chemical potential of water in the mixtures is plottédgare B2. The

results with CaClas the salt additive are similar to what was seen with th@lchemical
potential of water in the PTFAHAD/CaCl, mixture is approximately equal to the chemical
potential of water in PTFA/(D at the same PTFA mass fraction, plus the chemical
potential of water irCaCbk/H-O at the same mass fraction of the aqueous solution used to

prepare the PTFAHD/CaCh mixture: * 5 1 “h ¢ U

oo 0 . As with LiCl, the addition oC&aCl2 to the mixture serves to shift the

entire chemical potential curve downwards by an approximately constant value.
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Figure B.2 Chemical potential of water in PTFA#8/CaCp.

B.1.3 PTFA/HO/NaCl

PTFA was mixed with aqueous solutions of LiCl. Four different agueous solutions
were used, with 1 wtdlaCl, 2 wt%NaCl, 7 wt% NaCl, and10.7 wt% NaCl in water. For
each aqueous solution, nine mixtures were prepared, ranging from?d®TFA to 90
wt% PTFA. The chemical potential of water in the mixtures is plottdeéigare B3. As
with both LiCl and CaGl NaClshifts the chemical potential of water downward; however,
the addition of NaCl does slightly affect the shape of the ¢csihightly bending theurve

to have a more negative slope in the intermediate concentrat@ns Q wt% PTFA.
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Figure B.3 Chemical potential of water in PTFA{B/NacCl.

The measurements in this appendix rewvaalimportant finding: different salt
additives can be used to produce approximately the sheraical potential curve, if the
chemical potential of water in tlagueous solution is the sarfidis is illustrated irFigure
B.4, whereaqueous solutions of 7 wt% LiCl, 11 wt% CaCl2, and 10.7 wt% MNMiGlave
the same chemical potential of watapproximately-200 J/mol) and as a result they all
shift the chemical potential curve by approximately the same amount (with some deviation

at the higher PTFA mass fractions).
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Figure B.4 Chemical potential of water in PTFA#B/salt mixtures.

B.2 OA/LD

OA and LD were mixed with agqueous precursor solutions@fHCI with varying

mass fractions) , of LiCl in water { ).

B.2.1 OA/LD/H20/LICI

OA/LD was mixed with agueous solutions of LiCl. Four different aqueous solutions
were used, with 1 wt% LiCl, 2 wt% LICl, 3.5 wt% LiCl, and 7 wt% LiCl in water. For each
aqueous solutiorten mixtures were prepared, ranging from 0 wt% OA/LD to 90 wt%

OA/LD. The chemical potential of water in the mixtures is plotteHigure B5. As was
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seen when LIiCl was added to PTFA, the chemical potential of water in the
OA/LD/H20/LICl mixture is approximately equal to the chemical potential of water in
OA/LD/H20 at the same OA/LD mass fraction, plus the chemical potential of water in
LiCI/H2O at the same mass fraction of the aqueous solution used to prepare the

OA/LD/H20/LICI mixture: “ R T Fr T “ R T 7 0 T

F ¥ O .Inother wordsthe addition of LiCl to th€©A/LD/H>0 mixture serves

to shift the entire chemical potential curve downwards by an approximately constant value.
The exception comes at the high@gt/LD mass fraction (90 wt% OA/LD), in which the
chemical potential is shifted downward by a greater amount upon the addition ©hisalt.
means that thshift in chemical potential upon the addition of another salt occurs not only

for IL-based LCST mixtures, but also for DIB&sed LCST mixtures.
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Figure B.5 Chemical potential of water in OA/LDAD/LICI.
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APPENDIX C. THERMODYNAMIC MODEL OF AS IMPLE

LCST MIXTURE

This appendipresents a thermodynamic model for a simple LCST mixtinech
has a water activity with the same general ti@nd function of concentration as real LCST
mixtures.A piecewise function fotrtewater activity is presented symbolically, from which
the partial molar enthalpy and entropy are derived. From these, the enthalpy and entropy
of mixing are derived, as are the enthalpy and entropy of separfgtisrmodel can be fit
to real LCST mixtures; however, in this dissertatiorsiised to radel a hypothetical

LCST mixture witha greate* than any currently discovered LCST mixture.
C.1 Water Activity and Chemical Potential

The water activity of many aqueous LCST mixturgstemperatures below the
LCST follows the same general trenthe activity remains very close to unifyom
concentrations of pure water, all the way up to very high solute concentrations, at which
pointthe activity sharply drops. This can be sémnOA/LD/H-0 (with data from Kocher
et al1%) in Figure C1, which alsoillustratesthe activity of a simplified mixture that would

behave very simildy to OA/LD/H20.



0.95; 1

Water Activity
o
(o)

0.857
——Simple LCST Mixture
-6 -OA/LD/HZO
0.8 '
0 0.5 1

Solute Mass Fraction

Figure C.1 Water activity vs solute mass fraction for a real LCST mixture, OA/LLD/H
and a simplified approximation of the general shape of the water activity curve for many
LCST mixtures.

The chemical potential of simple LCST mixture is illustrated ifrigure C2. At
"Y , thechemical potential is zemt concentrations less than , and at concentrations
abovew it decreases linearly. Aty , the chemical potential is zero at concentrations
less thanw , above which it decreases linearlfhus, if this theoretical (simplified)
mixture were at a concentration between andw , and it were heated from ambient
temperature to the separation temperature, it wpbée separate intowo phase$ one
with a concentration ofo  (which in this case is zero, or pure watend one with a

concentration ofo
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The piecewise equation for of this simple mixture is given in EC.1), which is only

valid for"Y

YOUY .

Concentration

1

e

Chemical Potential

Figure C.2 Chemical potential of water in a simple (hypothetical) LCST mixture at three
different temperatures in the range.f; ] v Sl

C.2 Partial Molar Properties

Mmn o ® (C.1)
Y Y - ‘
~ o 0w W W
Y 0w W .
: h o
Y w )

The chemical potential of water in the mixture is simply the partial molar Gibbs

free energy of watemwhich is related to the partial molar enthalpy and entropy of water

through thefollowing equation

"Q Y .Using the Gibbddelmholtz and Gibbs
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Duhem relations, the partial molar enthalpy and entropy of veategiven in Eq(C.2)

and(C.3), respectively, as determined from the chemical potential of watee simple

mixture (Eq.(C.1)).

T o © (C2)
'y W W Y .o L
Q h R W w Y Y ho oo
. Y © o ho o
i h Y Y R
‘ mmT ® (C3)
o _A_f O e o o
. YO oo o
*p h h >
i o Y h o w

C.3 Enthalpy and Entropy of Mixing

Any partial molar property, , can be related to the mokxcess property (due to
mixing), through the following ODBH: | w— (wherewis themole fraction

of all species other than wateg., the solute mole fractionThus,Eq. (C.4) and(C.5) are

the ODEs governing the molar enthalpy and entropy of mixing, respectively.

0 0 a2 (C4)
T W

Ji (C5)
| | W—
T w

After plugging in the expressions for the partial molar enthalpyeatidpy from Eq(C.2)

and (C.3), respectively, solving these ODEs yields EG.6) and (C.7) for the molar
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enthalpy and entropy of mixing, respectivelyhere™Q; is the enthalpic integration

constant for the'i subdomain, and; is the entropic integration constant for th® i

subdomain
0 (C6)
i Crehm o
1y
v R R Y oy s e s o
- w o lw Qroch w 0w
S ® Y Y h
1P 3 o
p . w wl 1w Y O o G .
o i i . _ - 0w
y O R Y Y h
i (C.7)
rch m o
‘ F] Fl \ 3 TN ¥, N g N N \
H . w o o Qiah o o o
w w Y Y
14 ‘
’p F] F] T AN A} \
= Qroh 0
ir Y Y h

Because any excess property must equab® ap (i.e., all excess properties have a value

of zero when there is no mixiighe integration constants in the third subdomain can be

solved, as shown in E¢C.8) and(C.9).

. @ Y (C8)

O iR (C9)
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Furthermore, bcause tbsefunctionrs must be piecewise continuous (there can be no
discontinuity inan excess property at any concentratidghg remaining integration

constants can be found as well.

0y S o 1o (19
N o Y Y ~Y v P
- “hoh Y . - (C1y
Qn = — - - |
h w w Y Y P ©
i NI
Vvl )
N ‘ P p 1 1o (C.12)
Qp h R @ - ‘ o

- P I o To (C.13

This gives the complete expressions for the molar enthalpy and entropy of mixing in Eq.
(C.14) and(C.15), respectivelylt should be noted that for this simple hypothetical LCST

mixture, enthalpy and entropy of mixing do not vary with temperature.
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C.4 Enthalpy and Entropy of Separation

The enthalpyand entropy of separation can tbetermined exclusiveljrom the
enthalpy and entropy of mixinggecause this separation occurs entirely atstparation
temperature for the simple mixturee(, it is an isothermal, firsbrder phase transition),
thechange in enthalpy across separation is equal to the enthalpy of mixing of the WR and
WS phases, minus the enthalpy of mixing corresponding to the initial concenfthgon
same logic applies to the entropy of separatibaythermore, because the WR phase i
pure water for this simple mixturthe enthalpy and entropy of mixing are zero for the WR

phaseThe lever rule must be used to determine how much ofM8ephase is present,
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relative to the total moles of the initial mixtuftéis fraction is always equal te— when

the WR phase is pure waterhen themolarenthalpy and entropy of mixing are given in
Eq. (C.16) and(C.17), respectively wherew is the concentration of the mixture before
separation It should be noted that the molar entledpand entropes of mixing and

separation presented in tiagpendix areyiven per total moles of mixture (moles of water

+ moles of other species).

. o o " 5 o (C.16)
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Becausethe mixture separates entirely & (i.e, phase separation is an
isothermal, or firsbrder, phase transition), E.18) holds true. In real LCST mixtures,
phase separation occurs over a temperature ranQ€, ss an effective temperature; for
this simple LCST mixture modeled in tlaspendix,’Y is the true separation temperature.
Furthermore, separation is always endothermic for LCST mixtures (real or hypothetical),

asshown analytically by Kocheat al*®

yo Y Vi (C.18)

C.5 Utility of the Simple LCST Mixture Model

The model presented in tlagpendix can be used to understand the thermodynamic
performance of the LCST cycle (for any application) if superior LCST mixtures were
discovered. Presentlihe LCST mixture with the highe¥t would not provide sufficient
thermal comfort The model presented in thgppendixallows one tomodel an LCST
mixture that has any chemical potential of water in the WS phaseofie can input a

value for* { 5 into the model) and find the necessary thermodynamic properties



(activity, vapor pressure, chemical potential, enthalpy and entropy of separation, etc.) to
perform a thermodynamic analysis afystem that utilizes the LCST cyalgth a mixture
that could actually achieve the desired performance (which was done in Chapter 2 of this

dissertation).
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APPENDIX D. MEAN ACTIVITY OF IONS IN IONIC
LIQUID/WATER MIXTURES POSSESSING LCST PHASE

BEHAVIOR

This appendiuses the GibbBuhemequation to calculate the mean activity (at 25
°C and atmospheric pressyiraf ions in ionic liquid/water mixtures possessing LCSTs
Thisinformationis useful when calculating thieeoreticabpen circuit voltage cdn LCST
electrochemical heat enginéor chemical species at constant temperature and pressure,
the GibbsDuhem equation reduces to the form in 1), where' is the mean chemical
potential of all speciesther than water (in a binary mixture this would just be the cations
and anionsandw is the mole fractiorof all species other than watgrot accounting for

ion dissociatioh

P W, (D.1)

Integration of Eq(D.1) yieldsvalues for at all concentrations, so long‘a is known
at all concentrations (which can be obtained from water activity measureriéeisg)the
mean activity coefficientan be determined from tlmean chemical potentiadsin Eq.
(D.2). Combining both equations, thmean ion activity coefficientat some arbitrary

concentrationw, can be expressed purely as a function of water activity and ion

concentration in EqD.3).



O O AgbD ug ©3
W W
Strictly speakingactivity of a particular species is unity whigs@ mixture consists
only of that species. As suchreference mean ion activity of unity should be chosen for a
solute mole fraction of unity. However, in this appendiean ion activities are only found
for concentrations ranging from 10 to 70 wt% IL. As subb,reference mean ion activity
is defined as unity at an IL concentration of 70 wt%. While this igroetin the absolute

sensethe opercircuit voltage equatiors a function of a ratiof activities such that the

reference state cancels out and is arbitrary for the purpose of calcujating
D.1 PTFA

To determine the mean ion activity Psa4TFA/H20, water activity datdrom
Mahfouzet all®, which was taken at 25 °® usedo evaluateEq. (D.3); the results are

provided inFigure D1.
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Figure D.1 Mean ion activity for PTFA/ED.

D.2 NSal

To determine the mean ion activity MuassSalicylH20, water activity data from
Mahfouzet al'® which was taken at 25 °C, is usedevaluate Eq(D.3); the results are

provided inFigure D2.
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Figure D.2 Mean ion activity for NSal/kD.

D.3 PSal

To determine the mean ion activity insRSalicyV/H20, water activity data from
Mahfouzet al'®3 which was taken at 25 °C, is used to evaliEigD.3); the results are

provided inFigure D3.
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Figure D.3 Mean ion activity for PTFA/RD.

D.4 Activity of Separated Phasesind Reversibleft .

From the mean activitylots, the mean ion activity in each of the phases after phase
separation (WR and WS) can be determined.cimeentratioaof the WR and WS phases
aredetermined from data in the work by Mahfaetzal.,}%® where the concentrations are
taken agheendpoints of the binodal curgee,, it is assumed that theixture is heated to
a temperaturehigher than the highest temperature on the phase diagfathe
corresponding mixtuje Because theanean ion activity data does not extend to mass
fractions lower than 0.1he mean activity of the WR phases was linearly extrapolated for

NSal and PSallhe mass fractiorsnd mean ion activitiesf the WR and W@hases, along
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with the corresponding reversible opercuit voltage for the LCST thermo

electrochemical heat engi(&s determined using E(.12)) are presented ihable D1.
Table D.1 Properties (concentration and mean ion activity) of the WR and WS phases of

various LCST mixtureswhich are relevant to the therretectrochemical heat engine
application of the LCST cycle. The reversible opacuit voltage is presented as well.

WR Mass WS Mass WRMean WSMean ® (mV)

Fraction Fraction  lon Activity lon Activity
PTFA 0.10 0.70 0.56 1 30.0
NSal 0.06 0.70 0.64 1 23.6
PSal 0.075 0.70 0.72 1 15.9
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APPENDIX E. DERIVATION OF THE COP OF ANY HEAT -

DRIVEN REFRIGERATION CYCLE

Figure E1 illustrates a generic, irreversible, helmiven refrigeration cycle.
Cooling is provided at an effective temperature™f heat is rejected at an effective
temperature ofY, heat input is provided at an effective temperaturéYpkentropy is

generated within the cycle at a ratésf , and the cycle provides cooling at a raté of
Qn

I____ -~ 1

Ty |

<
aQ

S
Q.
W

0%
Figure E.1 General (irreversible) hedrivenrefrigeration cycle.

The first law for this cycle iepresented in EQE.1), while the second law is given

in Eq.(E.2).
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Combining Eq.(E.1) and (E.2) and rearranging yields E@E.3), which relates the heat
required to pwer the system to the amount of coolitige cycle provides, the rate of

entropy generation, and the boundary temperatures at which heat transfer occurs.

(E3)

C
o
<[ <
C
<l <
o
<
_<

The COPof the cycle is defined as 70 . Rearranging EE.3) yields the expression for

COP in Eq(E.4).

. p_YTY (E4)
Y OUYTY Y YO
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APPENDIX F. THERMODYNAMIC ANALYSIS OF THE LCST

REFRIGERATION CYCLE

Th e i iie.gheimodyn@mically reversible) version of the LCST refrigeration
cycle is depicted irrigure F1. While many of these components would be impractical,
they would result in the cycle achieving the reversible C&$the wategoes from state
5 to state 3 (the refrigeration portion of the cycle), riénersible limit of performance
would yield a cooling power ai "Q , with zero work input (the reversible turbinad
heat engine would supply exactly the power needed by the reveeditigeration cycle
used to condense the water between states 6 and §)tAdtemaining procegshemical
potential engineabsorption, pumipg, recuperationseparation heating, argkpansion
work can be seen as a At herexagy inputorequiredets s or 0
power the cycléand also establishes the required pressure differencdfhe t er m At h
compressoro is often used f gsimlamshektGST i on r
refrigeration cycle, with the main differenbeingthat absorption refrigeration produces
separation via distillation, whilthe LCST cycle uses liquiliquid separation that results
from the unique thermophysical properties of LCST mixtutasthis appendix, he

Arefrigerationodo and Athermal compressiono



(@ (b)

Separator 320
4
Recueerator 310+
5 Turbine ‘ Expansion
L ,Jh_, 6 Work _ 300t 5
<
Qecup Refrigerator g 290
©
‘ & 280
£
N ©
Chemical 270
Potential 1 2
Engine 260 |
Heat 3 Absorber
Engine 250 : ‘
g -50 0 50 100 150 200

Molar Entropy (J/mol-K)

Figure F.1 Reversible (ideal) version of the LCST refrigeration cycle. (a) Cycle schematic.
(b) T-S diagram of the water as it produces cooling.

The analysis of the refrigeration portion yields the fractioffofthat isprovided
to the refrigerated space as coolilgthe reversible limit, this portion would provide the
full "Q of cooling to therefrigerated space, without requiring any work indute result
of replacing the turbineith an expansion valvand eliminating the refrigerat@andthe
heat engingis that the refrigeration portion of the cycle still does neguire work input,

butonly a fraction ofQ is provided to the refrigerated space as cooling. If the expansion

valve is adiabatic, the amount of cooling per unit mass flowrate of water is e@al to

w Y Y.

The analysis of the thermal compression portion of the cycle yields the heat input
required to produc@) WR phase that consists of pure water and (ii) the WS phase that has
some chemical potentiaf water, which is required to drive absorptiorhelchemical
potentialof waterin mixture (as it leaves the absorberyst be equal to (reversible) or

lower than (practical) thehemical potentiabf the water vapor entering tiadsorber. The

21¢



chemical potential of water in tmixtureand in the vapois given in Eq(F.1) and(F.2),

respectivelywhereY* is modeled using the framework in Appendix C
‘ CY y 0 0 0 (F.1)
‘ Y B YY 11070 O 0 0 (F.2)

When the chemical potentials the vapor and mixture are equal, the vapor pressures are

also equal. Thus, the heat of separation is calculated for an LCST mixture that would have

a water vapor pressuleaving the absorbeanging from 0.7 Pa qighly irreversible mass

transfej to 435 Pa, which is thevaporator pressuradarlyreversiblemass transfer The

436Pa mi xture vapor pressure is termed Anear
mixture changes concentration slightly as it absorbs veaterss theabsorber, such that

there would be a slight chemical potential differeapauntil the absorber outlet.

The thermal compression portion of the cycle would require zero work in the
reversible limit, and only the heat of separation would need to be provided as an energy
input the expansion work of the LCST mixtuaed the chemical potential engiweuld
exactlyoffset thepump work).In the practical system, the expansion woekice €.g, a
Pelton wheeland chemical potential engine would be eliminated to reduce cost, and work
would need to be provided to the pufaparateof 0 0 0 , where¢ is
the molar flow rate of the LCST mixture as it leaves the absorber). The COP calculated in
Section 2.4.1 of this dissertation is the i

input and only accounts for the heat input. The total rate of heat input would be equal to

¢ Yo p - QY Y





























































































