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SUMMARY  

As global temperatures continue to rise and urbanization intensifies, so grows the 

need for efficient, cost-effective, low global warming potential (GWP) space 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) 

investigates a new thermodynamic cycle, (ii) evaluates the extent to which it can provide 

both dehumidification and refrigeration, (iii) demonstrates a proof-of-concept system 

driven by relatively low temperature (Ò 50 °C) heat, and (iv) evaluates the cost 

effectiveness of the system.  

The thermodynamic cycle developed in this dissertation utilizes aqueous mixtures 

that possess a lower critical solution temperature (LCST). These mixtures are homogenous 

(single-phase) and will mix with water at room temperature, but when they are heated 

above the LCST they separate into two phases. One phase is water-rich (WR), while the 

other phase is water-scarce (WS); this difference in composition leads to a chemical 

potential difference when the phases are physically separated and cooled down to ambient 

temperature. This chemical potential difference forms the basis of the LCST cycle and can 

be used to produce refrigeration (i.e., a reduction in temperature below that of the ambient) 

and/or dehumidification, among other effects.  

A thermodynamic analysis of this new ñLCST cycleò is performed, deriving the 

relationship between the performance metrics (temperature lift, indoor humidity, 

coefficient of performance, and moisture removal efficiency) as a function of the material 

figure-of-merit: the chemical potential of water difference between the WR and WS phases 
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at room temperature. Furthermore, a multi-stage operation is described, which utilizes 

different LCST mixtures in each stage and can therefore achieve an overall chemical 

potential difference that is severalfold greater than what can be achieved with single-stage 

operation. Analysis reveals that practical LCST refrigeration and dehumidification systems 

would be about 60% less efficient than conventional systems, due mostly to the large 

sensible heating requirement of LCST mixtures with poor water uptake.  

The governing thermodynamic relations that are relevant to LCST 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 way for non-

aqueous LCST mixtures that do not possess negative entropies of mixing. The analytical 

expression 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 that even when multi-stage operation is used, the temperature lift  and indoor 

humidity that current LCST mixtures can provide are insufficient for thermal comfort. This 

motivates the need to find new LCST mixtures if the LCST air conditioning 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-



 xxvi 

stage refrigeration, while a temperature lift of 2.32 °C was measured for three-stage, 

stepwise refrigeration.  

Finally, a technoeconomic analysis is performed to understand the potential 

benefits and limitations of an LCST cycle air conditioner. It is revealed that LCST 

refrigeration is significantly hindered by the exergy associated with phase separation when 

aqueous LCST mixtures are used; non-aqueous LCST mixtures with higher separation 

temperatures could potentially mitigate this limitation. Meanwhile, LCST 

dehumidification would be less efficient than traditional desiccants, unless the recuperator 

effectiveness were very high (> 0.9). Furthermore, the cost of separation is likely to be a 

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

ñHuman knowledge and human power meet in one; 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 the rule.ò ï Sir Francis Bacon (1620)1 

Controlling the conditions of thermal environments is an age-old endeavor. From 

ancient methods of evaporative cooling2 to modern vapor compression air conditioners,3 

humans have utilized methods of temperature and humidity control for millennia. As 

human knowledge of the science of cooling has improved, so too have the methods and 

technologies. Passive systems that relied on sufficient outdoor conditions to provide 

adequate cooling were replaced with active systems that can be precisely controlled to 

provide desired humidities and temperatures under a wide range of outdoor conditions. 

These advancements were enabled by the emergence of the field of thermodynamics and 

the secrets of heat and temperature that it revealed. But regardless of humanityôs rather 

nascent understanding of them, the laws of thermodynamics have been at work all along, 

governing the limits of performance that any and all cooling systems can achieve. This 

paradigm is reflected in Sir Francis Baconôs quote regarding the relationship between the 

knowledge, command, and necessary obedience of nature (coincidentally, Sir Bacon 

passed away from pneumonia shortly after conducting an experiment on the effectiveness 

of cold as a means of preserving meat). Thus, the study of thermodynamics is the unifying 

key to understanding how the current state of global cooling came to be, to unlocking new, 

more cost-effective and environmentally sustainable cooling methods, and to 

understanding the limits and laws that apply to these technologies, new and old alike. 
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1.1 Motivation  

1.1.1 Keeping It Cool: A History of Air Conditioning 

Air conditioning can take many forms, but 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 occupants, optimal 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 ventilation and 

evaporative cooling techniques that then spread throughout Europe, Asia, and Africa.2 By 

the dawn of the 20th century, 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 preservation.4 Despite these passive, 

ñnaturalò methods of space cooling dominating the world at the time, scientists had long 

been researching methods of achieving sub-ambient temperatures through active control. 

Early experiments included the mixing of ice and salt in 15585 (a technique that is presently 

making a comeback6) and the evaporation of various volatile organic compounds in the 

18th and 19th centuries (a process that attracted the attention of founding fathers and 

electrochemists alike7). By 1842 devices that compressed and then evaporated fluids (i.e., 

refrigerants) were being used to artificially produce ice, which was then used for space 

cooling.4 Interest in these ñvapor compressionò technologies would grow throughout the 

latter half of the 19th century, but it was not until Willis Carrier built his own version in 

1901 that the modern air conditioner was born.7 
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Carrierôs air conditioner used the same general vapor compression concept as his 

predecessors, whereby (i) a refrigerant is compressed, (ii ) heat is rejected from the fluid at 

a condenser, causing the refrigerant vapor to become liquid, (iii ) the liquid is then allowed 

to expand, lowering its temperature, and (iv) the cold refrigerant absorbs heat from indoor 

air, both cooling the air and evaporating the refrigerant back to its initial state. Carrierôs 

particular design achieved evaporator temperatures that could not only lower the 

temperature of the indoor space but also cause moisture to condense out of the air, thereby 

providing dehumidification. 7 Soon other companies were selling their own versions, with 

the vapor compression cycle eventually being adopted as the primary method of air 

conditioning and refrigeration in the U.S., replacing the previous method of ice-based space 

cooling. 

1.1.2 The Current State of Global Cooling 

Today, vapor compression has enabled greater thermal comfort and has been 

widely adopted in certain countries (including the U.S. and China). Many other countries 

have not yet established this same reliance on air conditioning; however, global warming, 

population growth, and urbanization will likely change this. As shown in Figure 1.1a, the 

global air conditioner stock is projected to increase threefold by the year 2050, with the 

largest growth expected to occur in India,8,9 a country with many climate zones and the 

need for both temperature and humidity control. The vapor compression cycle, while 

incredibly effective and convenient, is not without its drawbacks. The global warming 

potential (GWP) of the refrigerants used in these systems are often thousands of times 

greater than CO2; two of the most popular refrigerants, R-134a and R-410A, have GWPs 

of 1300 and 1924, respectively.10 Additionally, vapor compression air conditioners are 
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inefficient at providing dehumidification,11 and in many locations the need for 

dehumidification is on par with or outweighs the need for temperature control. In a recent 

study, Woods et al. found that globally, more energy is used for dehumidification than 

sensible cooling and is therefore a greater contributor to greenhouse gas (GHG) emissions 

than temperature control;11 this finding is illustrated in Figure 1.1b. This then begs the 

question: is there a more environmentally friendly, efficient, and cost-effective method of 

air conditioning than vapor compression? 

 

Figure 1.1 Global cooling data. (a) Global air conditioner stock by year (data beyond 2016 

is projected). (b) Contributions to the global greenhouse gases emitted due to air 

conditioning. Data from (a) is reproduced from ñThe Future of Coolingò,8 while the data 

from (b) is reproduced from Woods et al.11 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 19th century were experimenting with vapor 

compression, others were experimenting with the absorption of refrigerants into mixtures.12 

In these systems, a heat source boils off one species of a mixture (the refrigerant, such as 

(a) (b)

United States

China

India
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NH3 in NH3/H2O), separating the refrigerant from the absorbent. The refrigerant and 

absorbent are then cooled back down to ambient temperature, causing the refrigerant to 

condense. The mixture in the absorber chamber (now with a low concentration of 

refrigerant) has a low partial pressure of refrigerant, such that absorption of the refrigerant 

into the mixture is thermodynamically favorable. This causes the refrigerant to evaporate, 

so that it can be absorbed by the refrigerant-scarce mixture, producing cooling. Absorption 

refrigeration served as a heat-driven alternative to the mechanically/electrically driven 

vapor compression cycle. This technology was commercialized around the same time as 

vapor compression, with some of the first absorption refrigeration companies emerging in 

the 1920s.13,14 The technology was adopted in off-grid locations with readily available fuel 

sources (this authorôs grandmother recalls using an Icyball absorption refrigerator when 

growing up in rural India). However, as the U.S. electric grid expanded, vapor compression 

saw much greater market penetration in America, and other countries did not adopt 

absorption refrigeration to the same extent. Today, absorption refrigeration remains 

relatively niche, limited to situations where electricity is unavailable or is significantly 

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 temperature below the dew point, such that 

water vapor condenses (illustrated in Figure 1.2a), this method has been shown to be 

inefficient.11 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 materials). To regenerate these desiccants for reuse (i.e., 
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continuous dehumidification), they are heated and exposed to outdoor air, as illustrated in 

Figure 1.2b. The increased temperature yields a vapor pressure of water in the desiccant 

that is higher than that of the air, driving moisture to desorb from the desiccant into the 

outdoor air. The dawn of desiccant technologies occurred in the U.S. around the same time 

as vapor compression, appearing as early as 1910.15 The Pennington cycle, which remains 

the basis for the solid desiccant cycles today, was patented in 195516 and commercialized 

in 1960.15 Liquid desiccant cycles have evolved more than their solid counterparts 

throughout the years, with the ñDesiccant Enhanced Evaporative Air-Conditioningò 

(DEVap) system as a recent innovation developed at the National Renewable Energy 

Laboratory (NREL).17 Most desiccant dehumidifiers are heat driven, though some work-

driven regeneration methods have been explored.18 Supermarkets were the first to adopt 

desiccant dehumidifiers on a meaningful scale, seeing reductions in energy costs when 

using these separate heat-driven systems to handle humidity control.15  
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Figure 1.2 Methods of cooling and dehumidifying 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, after which 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, causing water 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 compression. This may 

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 cooling of water into outdoor air instead of vapor compression, 

but these systems require a water source. The frustrating irony here is that these desiccants 

absorb moisture from the indoor air, and yet they cannot use that water as the source for 

their evaporative cooling, because their regeneration sees the moisture exhausted as vapor 

to the outdoor air. A more promising system would then use a special desiccant that can 
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separate from the water it absorbs, providing both cooling and dehumidification with no 

water source and zero GWP. 

1.2 Lower Critical Solution Temperature Mixtures  

A certain class of mixtures, known as ñthermally-responsiveò, ñtemperature-

responsiveò, or ñthermoresponsiveò mixtures, match the above description of desiccants 

that can separate from the water they absorb. When a homogenous mixture phase separates 

above a certain temperature, that temperature is known as the lower critical solution 

temperature, or LCST. Meanwhile, when a homogeneous mixture separates below a certain 

temperature, that temperature is known as the upper critical solution temperature, or UCST. 

The phase diagram of an exemplary thermally-responsive mixture with both an LCST and 

UCST is illustrated in Figure 1.3. In the context of desiccants, LCST behavior is 

particularly notable, since the heat-driven separation is similar to the heat-driven 

regeneration of traditional desiccants. As such, this dissertation focuses entirely on 

mixtures that possess LCST phase behavior, and they are henceforth referred to as ñLCST 

mixturesò; the term ñthermoresponsiveò is abandoned because it is rather ambiguous and 

is not descriptive (everything responds to temperature and heat in one way or another). 
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Figure 1.3 Phase diagram of a ñthermally-responsiveò mixture that has both a lower critical 

solution temperature (LCST) and upper critical solution temperature (UCST). In the green 

region above the LCST or below the UCST, the mixture is biphasic. In the blue region, the 

mixture forms a homogenous, single phase. 

1.2.1 Background on LCST Mixtures 

Certain mixtures containing two (or more) components will form a homogenous, 

single-phase mixture at room temperature, but will then phase separate into two immiscible 

phases upon heating above the lower critical solution temperature (LCST). Aqueous liquid 

mixtures19ï34 and polymer hydrogels35ï37,37ï45 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 energy (Ὃ Ὄ ὝὛ), such that the state with 

the lowest free energy is most favorable. LCST behavior arises when an increase in 
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temperature causes the Gibbs free energy at some mixed state to become greater than the 

free energy of a two-phase state; this is illustrated in Figure 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 possess LCST behavior. Thus, while a negative entropy of 

mixing can certainly lead to LCST behavior, it is not a strict requirement. It is also shown 

in Chapter 3 that for all LCST mixtures (with either negative or positive entropy of mixing), 

phase separation is an endothermic process; i.e., it requires heat input.  

 

Figure 1.4 Cycle of phase separation and re-mixing for an LCST mixture. At a temperature 

below the LCST, ╣ , the single-phase mixture (subscript 1P) has the lowest possible free 

energy and is therefore the thermodynamically favorable state. When the temperature is 

increased to ╣ , which is above the LCST, the single-phase mixture is now longer the state 

with the lowest free energy; instead the mixture spontaneously absorbs heat to phase 

separate into a biphasic mixture (subscript 2P) with a lower free energy. When the two 

phases are physically separated and cooled back down to ╣ , The single-phase state once 

again becomes more favorable than the two-phase state. The chemical potentials across the 

two phases are different at ╣ , giving the mixture exergy. The re-mixing 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 spontaneously absorb heat as it 

separates into the two phases that minimize the free energy at that particular temperature. 

These two phases can be physically separated and cooled down to ambient temperature; 
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the result is a water-rich (WR) phase and water-scarce (WS) phase. A chemical potential 

difference exists between the two phases at ambient temperature, indicating that the two 

phases are no longer in equilibrium, and exergy has been supplied to the two phases during 

separation. This is the ñmotive powerò of phase separation, as the reestablishment of 

equilibrium between the two phases could be used to produce some thermodynamic effect, 

such as work output or, as has been explored recently, desalination.19,46,47  

1.2.2 Reflections on the Motive Power of Phase Separation; or, Why Separating Salt and 

Water is Cool 

While the WR and WS phases of an LCST mixture could in theory be used to 

produce work or desalination as the thermodynamic effect, it is equally intuitive to 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 water, indicating that the vapor 

pressure of water in the WR phase is very close to saturation. Water will evaporate out 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 therefore a lower chemical 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. There must 

therefore be a way to leverage this behavior to provide 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 vapor pressure of water is higher in the WR phase than 
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in the outdoor air, the evaporation process must be able to achieve sub-ambient 

temperatures (i.e., refrigeration), akin to the vapor pressure driven refrigeration in 

absorption refrigeration and evaporative cooling systems. But how would this cycle look 

and what performance could it achieve? There must be some relationship between the 

chemical potential difference of the two phases and the cycle performance, forcing LCST 

mixtures to obey the natural laws of thermodynamics, which dictate that any system must 

ñpay the piper,ò and that ñthere is no free lunch.ò 

1.3 Dissertation Outline 

This dissertation aims to provide a holistic assessment of LCST mixtures as the 

working material in a new air conditioning cycle and to experimentally demonstrate, for 

the first time, that the thermally-induced phase separation of LCST mixtures can be used 

for both refrigeration and dehumidification. This 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 explored, as are 

combinations of existing LCST mixtures with hygroscopic additives. Subsequently, 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 this work could serve as a 

cost-effective alternative to vapor compression for a meaningful portion of the global 

population. Specifically, the following questions are answered; after each question (which 

is written in italics), context is provided in blue text regarding the dissertation chapter in 

which each question is answered. 
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i) 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 its LCST, a homogenous mixture spontaneously separates into 

a biphasic mixture, and when these two resulting phases are physically separated 

and cooled down to ambient temperature, their chemical potentials are different. In 

Chapter 2, the use of this chemical potential difference to produce refrigeration and 

dehumidification is explored. First, the phase diagram and T-S diagram are 

provided for an exemplary LCST mixture undergoing the ñLCST cycleò described 

in this dissertation. Then, the schematic of a more complex, continuous, two-stream 

LCST cycle is provided, along with the corresponding phase and T-S diagrams. The 

use of the cycle for refrigeration is first described, followed by dehumidification, 

and finally the other applications of the cycle are briefly mentioned. For each 

application, the most important performance and efficiency metrics (e.g., 

temperature lift and COP, respectively, for refrigeration) are related to the biphasic 

chemical potential of water difference. The chapter then presents a description of a 

multi-stage version of the LCST cycle that uses different mixtures in each stage and 

can achieve greater performance than the single-stage version. Finally, the chapter 

concludes with thermodynamic analyses of three theoretical systems: (i) a liquid 

LCST refrigerator, (ii) a liquid LCST dehumidifier, and (iii) a solid LCST 

dehumidifier. 
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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 2, Chapter 3 begins with the establishment of a 

mixture figure-of-merit that determines the 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 relationship between 

the figure-of-merit and other important thermodynamic properties. The figure-of-

merit values of existing LCST mixtures are tabulated to determine which mixture 

would perform best in an experimental demonstration of the cycle. It is revealed 

that oleic acid/lidocaine (OA/LD) is the optimal mixture among those that were 

reviewed. Then, measurements of the chemical potential of OA/LD/LiCl  are 

provided to determine the upper limit of performance for a multi-stage LCST cycle 

that uses OA/LD/LiCl with a different concentration of LiCl in each stage. Finally, 

Chapter 3 significantly furthers the understanding of LCST mixtures by providing 

important thermodynamic relationships. 

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

a proof-of-concept system operating on the LCST cycle? 

Chapter 4 describes a proof-of-concept experimental setup that was constructed to 

demonstrate continuous refrigeration and dehumidification using a three-stage 

LCST cycle with OA/LD/LiCl as the working fluid. The 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 cycle. Finally, to unambiguously confirm the refrigeration 

potential of the LCST cycle, the chapter describes a stepwise, closed-system 

demonstration of LCST refrigeration that took place in a temperature-controlled 

environment (such that fluctuations of the ambient temperature could not have 

caused the measured refrigeration effect). 

iv) For a hypothetical LCST mixture that can provide sufficient thermal comfort, how 

cost-effective would an LCST cycle air conditioner be, and how would it compare 

to existing technologies? 

In Chapter 5, a technoeconomic framework is established to analyze the ñlevelized 

cost of coolingò, or LCOC, of an air conditioning system, which quantifies the 

lifetime costs of a system (particularly focusing on capital and energy-related 

operating expenditures). Using the thermodynamic relations from Chapter 3, 

hypothetical LCST mixtures that could provide sufficient refrigeration and 

dehumidification are modeled in Chapter 5. Then, using the properties of these 

modeled mixtures, realistic refrigeration and dehumidification cycles are modeled, 

allowing the energy costs to be determined. The energy costs of the LCST 

refrigeration and dehumidification systems are compared against those of 

traditional alternatives. The economic limitations of LCST refrigeration are shown 

to be thermodynamic in nature. Meanwhile, LCST dehumidification does have 

some opportunity to improve the efficiency over that of traditional desiccant cycles; 

however, the cost of separation is identified as a limiting factor.  

  



 16 

CHAPTER 2. THERMODYNAMICS  OF THE L OWER 

CRITICAL SOLUTION TEMPERATURE  CYCLE  

 Chapter 2 establishes the thermodynamic theory underlying the LCST cycle. 

Sections 2.1 through 2.4 pertain to the LCST cycle when liquid mixtures are used as the 

LCST working material. Section 2.5 pertains to the LCST cycle when a hydrogel is used 

instead of a liquid mixture. 

2.1 The LCST Cycle 

 The LCST cycle works by adding exergy to an LCST mixture during phase 

separation, with the amount of exergy added to the cycle during phase separation equal to 

Ὁὼ ὗ ρ Ὕ ȾὝ . If the two phases of the LCST mixture are physically 

separated and cooled down to ambient temperature, there exists a chemical potential 

difference between the two phases, storing chemical exergy within the system. As these 

two phases are brought back into equilibrium, a number of useful thermodynamic effects 

can be produced, including refrigeration, dehumidification, desalination, and power 

generation. To understand the governing thermodynamics of this new cycle, the processes 

must be plotted on both a phase diagram and temperature-entropy (T-S) diagram. 

2.1.1 Phase Diagram and T-S Diagram of the Simple LCST Cycle 

 In the simplest version of the LCST cycle, a single mixture is 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 diagram and T-S 

diagram of this simplest version of the cycle are provided in Figure 2.1. 

 

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 cycle T-S diagram for an 

exemplary LCST mixture. 

2.1.2 Schematic, Phase Diagram, and T-S Diagram of the Continuous LCST Cycle 

 Figure 2.1 depicts a stepwise implementation of the LCST cycle, with the LCST 

mixtures illustrated in vials. However, a practical system would need to provide continuous 

operation. Furthermore, the continuous version of the cycle would consist of two mixture 

streams, as depicted in Figure 2.2. At state 1, both the WR and WS stream are ñspentò (the 

WR stream is somewhat depleted of water, and the WS stream has absorbed moisture), and 

they need to be regenerated. To achieve this, both streams are heated ï first sensibly heated 

to state 2, and then separation occurs as the streams are heated to state 3. The separated 

WR and WS streams are then cooled down to ambient temperature at state 3. At state 4, 

after separation has occurred, the two phases of the LCST mixture are further from being 
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in equilibrium with one another than at any other point in the cycle. As the desired effect 

of the cycle (e.g., refrigeration) is produced (process 4-1), the two phases will draw closer 

to being in equilibrium with one another. However, in general, the two phases may not 

reach the same composition (and thus will not reach equilibrium) by the end of the process 

that produces the desired effect. In other words, the mixture at states 1WR and 1WS are not 

necessarily in equilibrium. In this case, recombining them to form a single mixture would 

generate entropy and would reduce cycle efficiency, which does not occur in the simple 

version of the cycle in Figure 2.1 since the two phases had the same composition at the end 

of process 4-1. This is why the ideal version of the continuous cycle would always have 

two separate streams of LCST mixture ï one which is more water-rich and one which is 

more water-scarce than the other.  

 

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

(c) T-S diagram. 

 In Figure 2.2, once both streams reach the regeneration temperature (state 3), each 

stream will consist of two immiscible phases ï the WR phase in both streams will have the 
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same composition, as will the WS phase in both streams. Using a device designed to 

separate immiscible liquids (e.g., an oil/water separator), the WR and WS phases of both 

streams can be separated, producing four total streams (two WR streams with identical 

concentration and two WS streams with identical concentration). Because they have the 

same concentration (and thus, the same chemical potentials) the two WR streams can be 

combined into a single stream without generating entropy, as can the two WS streams. 

After cooling both streams back down to ambient temperature (state 4), there exists a 

chemical potential difference between the two streams, which can be leveraged for various 

different thermodynamic effects. During mass transfer in the continuous cycle, the WR and 

WS streams may interact with the same thermal reservoir (e.g., both streams are kept 

isothermal by exchanging heat with the ambient temperature), or they may interact with 

two different thermal reservoirs. In the example depicted in Figure 2.2, the WR phase 

absorbs heat from a temperature lower than ambient, while the WS phase rejects heat to 

the ambient environment; this is the refrigeration application of the LCST cycle. 

 The T-S diagram in Figure 2.2c depicts two separate curves ï one for the WR stream 

and one for the WS stream. During separation, the WR stream entropy is taken to be the 

sum of the entropy of the WR phase in both streams; likewise, the WS entropy during 

separation is taken to be the sum of the entropy of the WS phase in both streams. 

 Though not pictured in Figure 2.2, the ideal (i.e., internally and externally reversible 

and steady state) LCST cycle would use a recuperator to source all of the sensible heat 

input (process 1-2) from the sensible heat rejection (process 3-4). 
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 In the phase diagram in Figure 2.2b, it is evident that phase separation occurs over 

a range of temperatures (from Ὕ to Ὕ). However, throughout this dissertation, a single 

ñeffectiveò separation temperature is used, which yields the exact results for cycle 

performance when used in a thermodynamic analysis. The effective separation temperature 

is the ratio of the enthalpy of separation to the entropy of separation, as given in Eq. (2.1), 

and will always take on a value between Ὕ and Ὕ. 

 
Ὕ

ЎὌ

ЎὛ
 

(2.1) 

The enthalpy and entropy of separation can be measured for a real LCST mixture, e.g., by 

using differential scanning calorimetry (DSC). However, it could prove difficult to measure 

the rather small enthalpies of separation of existing LCST mixtures (~5 J/g47); instead, an 

analytical expression for the enthalpy of separation based on a measurement of chemical 

potential is provided in Chapter 3 and Appendix J. Appendix C presents the equations for 

the enthalpy and entropy of separation of a modeled LCST mixture. 

2.2 LCST Cycle Performance Metrics 

 The LCST cycle creates a chemical potential difference between the two phases at 

state 4, which can be used to produce a number of desired thermodynamic processes, 

depending on the end-use of the cycle. This dissertation focuses on the refrigeration and 

dehumidification end-uses of the cycle; two other applications are also briefly described in 

this section: desalination and power generation.  

2.2.1 Refrigeration 



 21 

The refrigeration application of the LCST cycle is depicted in Figure 2.3. Water 

desorbs from the WR phase and is absorbed by the WS phase in a closed loop. As water 

desorbs, the WR phase absorbs heat from a low temperature space (at a temperature Ὕ), 

while the absorption of water vapor causes the WS phase to reject heat to the ambient 

environment (at a temperature Ὕ). 

 

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. Thus, the maximum theoretical temperature 

lift that the refrigeration LCST cycle can provide occurs when the vapor pressure of water 
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in the WR and WS phases are equal (i.e., reversible mass transfer). At ambient temperature, 

the vapor pressure of the WS phase is ὖȟ ȟ  ὥȟ ὖ ȟ

ὖ ȟ ÅØÐ ȟ
, where ὖ ȟ  is the saturation pressure of pure water at ambient 

temperature. From the Clausius-Clapeyron relation, the temperature dependence of the 

vapor pressure of water in the WR phase is revealed: ὖȟ ȟ

ὖȟ ȟ ÅØÐ , where Ὤ  is the enthalpy of desorption of water vapor 

from the WR phase. Then, at the lower (refrigeration) temperature, the WR phase vapor 

pressure can be found: ὖȟ ȟ ὖ ȟ ÅØÐȟ
. Defining the 

temperature lift as ЎὝ Ὕ Ὕ, and recognizing that the WR phase of most aqueous 

LCST mixtures is nearly pure water (such that Ὤ Ὤ ), Eq. (2.2) results for the 

maximum temperature lift by setting ὖȟ ȟ ὖȟ ȟ and rearranging. 

 
ЎὝ Ὕ ρ

Ў‘

Ὤ
ρ  

(2.2) 

 The maximum (i.e., reversible) COP of the refrigeration LCST cycle can be derived 

as a function of Ў‘ , using the expression for the enthalpy of separation of LCST mixtures, 

which was derived by Kocher et al.48 (this derivation is provided again in Chapter 3 of this 

dissertation). For ЎὝ to remain constant, the chemical potential difference Ў‘  must also 

remain constant. In other words, the 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 water (‏ὲ ) is transferred between the two phases. When this 

is the case, the heat of separation is ‏ὗ Ⱦ‏ὲ Ў‘Ⱦρ Ὕ ȾὝ . The cooling 
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provided by the cycle is equal to the enthalpy of desorption of water from the WR phase; 

since the WR phase is nearly pure water in most LCST mixtures, this enthalpy of desorption 

is approximately the enthalpy of vaporization of water, Ὤ . 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 (Eq. (2.3)) yields Eq. (2.4), which is 

the universal expression for the reversible COP of any heat-driven refrigeration cycle that 

has a heat input temperature of Ὕ  (see Appendix E). 

 
ὅὕὖ

Ὤ

Ў‘
ρ
Ὕ

Ὕ
 

(2.3) 
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(2.4) 

2.2.2 Dehumidification 

When the LCST cycle is used for dehumidification, the WS phase of the LCST 

mixture acts as a desiccant, absorbing moisture from the indoor air and rejecting heat to 

the outdoor ambient environment. For the cycle to operate at steady state, the same 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 outdoor air. In order 

for the water vapor pressure in the WR phase to remain as high as possible, the WR phase 

absorbs heat from the outdoor environment to remain 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 temperature, the minimum 

indoor relative humidity that the LCST cycle can provide during dehumidification is equal 

to the water activity of the WS phase at ambient temperature, ὥȟ . The difference in 

chemical potential of water between the two phases can be written as Ў‘

ὙὝ ÌÎὥȟ Ⱦὥȟ ; rearranging this expression yields Eq. (2.5) for the minimum 

indoor relative humidity that the dehumidification LCST cycle can provide. 
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(2.5) 
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 A common efficiency metric for dehumidification cycles is the ñmoisture removal 

efficiencyò, or MRE, which is the inverse of heat input per unit mass water removed from 

the indoor space. Thus, the reversible MRE, given in Eq. (2.6) in the typical units of 

kg/kWhth, is simply the inverse of the heat of separation, where ὓ  is the molar mass of 

water. 

 
ὓὙὉ σφππ

ὓ

Ў‘
ρ
Ὕ

Ὕ
 

(2.6) 

2.2.3 Other Applications 

Aside from refrigeration and dehumidification, LCST phase separation can be used 

for other end-uses. Because the phase separation of aqueous LCST mixtures yields a phase 

that is mostly water, desalination is an intuitive end-use of the LCST cycle, as depicted in 

Figure 2.5. The LCST mixture is heated to induce phase separation, and water is removed 

from the WR phase (e.g., through nanofiltration) using a small amount of energy, because 

the chemical potential of the WR phase is close to that of pure water. Meanwhile, the WS 

phase is used as a draw solution, drawing water from a saline feed. The removal of water 

from the WR phase brings it back to its initial concentration before separation (state 1WR, 

which is under the binodal curve), while the dilution of the WS phase with drawn water 

brings it back to its initial concentration (state 1WS, which is also under the binodal curve), 

closing the cycle. For 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 permeate (i.e., fresh water) 

produced from 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 cycle can treat is 

that which has a water activity equal to the water activity of the WS phase of the LCST 

mixture, ὥȟ . The water activity of the feedwater can be written as ὥ ‎ὼ , where 

‎ and ὼ  are the activity coefficient and molar concentration of water in the feedwater 

stream. It should be noted that in this case, the molar concentration of water, ὼ , is 

calculated after ion dissociation (i.e., ὼ , where the salt dissociates into ὴ

ή ions). If ὼ is the concentration of ions in the feedwater, then ὼ ρ
ȟ

 in the 

reversible limit of mass transfer. Because 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 that ‘ȟ Ў‘ . Then, the expression for the maximum 

possible molar concentration of ions in the feedwater takes the form in Eq. (2.7). If the 
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feedwater contains a salt that forms ὴ ή ions when dissolved, then the maximum salinity 

that the LCST cycle can treat is given in Eq. (2.8) (where ὓ  is the molar mass of water 

and ὓ  is the molar mass of the salt in the feedwater), which has units of g/kg (i.e., ppt). 
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It should be noted that the water activity coefficient, ‎, is a function of salinity, such that 

Eq. (2.7) and (2.8) cannot be solved explicitly, except in the case where the feedwater is 

an ideal solution, in which case ‎ ρ. 

One common efficiency metric for thermal desalination cycles is the ñgain output 

ratioò, or GOR, which is the ratio of the latent heat of vaporization of water to the heat 

input per unit mass of permeate. Eq. (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. 
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While this idealized version of the cycle in Figure 2.2 uses two separate streams 

throughout the entire cycle (to avoid entropy generation due to mixing), prior 

demonstrations of this concept have used simpler operational schemes. For example, in the 

system devised by Haddad et al., after water was removed from the WR stream via 

nanofiltration, the WR and WS streams were recombined to be used as a draw solution.47 

If enough water was removed from the WR stream during nanofiltration to bring the WR 

stream concentration to that of the WS stream, then the recombination of the two would 

not generate entropy, and the system would only need to regeneratively heat one stream, 

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

The LCST cycle can also be used as a heat engine, as illustrated in Figure 2.6, which 

has yet to be explored in the existing literature. The phase separation increases the exergy 

of the LCST mixture by 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 means (Figure 2.6a), or by using the chemical 

potential difference to create a pressure difference across a turbine (Figure 2.6b). Because 

most existing LCST mixtures phase separate at relatively low temperatures (< 100 °C), the 

amount of exergy added during phase separation will be small, yielding a relatively low 

heat engine efficiency (for reference, the Carnot efficiency for a 100 °C heat source and 25 

°C heat sink is 20%). Furthermore, Geffroy et al. found that converting waste heat to 

electricity is not economically viable when the heat source temperature is below 150 °C,49 

so unless the capital expenditure of an LCST cycle heat engine were far lower than 

conventional alternatives (e.g., an organic Rankine cycle heat engine, which is around 

$0.375/W50), then power generation is unlikely to be a practical end-use of 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 phases, the maximum 

power produced by the LCST cycle heat engine is given in Eq. (2.10), while the reversible 

efficiency is given in Eq. (2.11).  

 ὡ

ά

Ў‘

ὓ
 

(2.10) 

 
– ρ

Ὕ

Ὕ
 

(2.11) 

If an electrochemical LCST cycle heat engine is being used, the maximum open circuit 

voltage depends on the activities of the ions in the LCST mixture, as derived by Komazaki 

et al.51 From the Gibbs-Duhem equation, the ion activities can be found by integrating over 

the water activity, such that Eq. (2.12) results for the open circuit voltage of the LCST 

cycle electrochemical heat engine with an LCST mixture that is a 1:1 electrolyte, where 
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ὸ  is the cation transport number of the cation exchange membrane and Ὂ is Faradayôs 

constant. In Eq. (2.12), the molar concentration of water in the LCST mixture, ὼ , is 

calculated before ion dissociation (i.e., ὼ ). 
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(2.12) 

Meanwhile, the reversible (i.e., zero mass transfer resistance) pressure difference across 

the turbine in the mechanical variant of the LCST cycle heat engine is simply the difference 

between the WS and WR osmotic pressures, which can be rewritten in terms of Ў‘  and 

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

2.3 The Multi -Stage LCST Cycle 

In the LCST cycle depicted in Figure 2.2, the magnitude of the chemical potential 

difference between the WR and WS streams at state 4 determines the cycle performance ï 

a greater Ў‘  yields a greater temperature lift when used for refrigeration/heat pumping, 

as well as a lower indoor humidity when used for dehumidification. Thus, an LCST mixture 

with a greater Ў‘  is generally desirable (a larger Ў‘  than is necessary will yield a lower 

efficiency, since it would require more heat to separate, but this problem has yet to be 

encountered with existing LCST mixtures, as described in Chapter 3 of this dissertation). 

However, if no existing LCST mixture possesses a sufficiently large Ў‘  for the desired 
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temperature lift or indoor humidity, then different LCST mixtures can be used in a multi-

stage system to yield a cycle with an overall Ў‘  that is greater than the Ў‘  of any single 

stage. This is depicted in Figure 2.7; for this to work, the chemical potential of water in the 

WS phase of any given stage must be lower than the chemical potential of water in the WR 

phase of the subsequent stage (‘ȟ ȟ ‘ȟ ȟ ). The Ў‘  of the cycle is then the 

difference between the ‘  of the WR phase of the first stage and the ‘  of the WS phase 

of the final stage, such that the overall Ў‘  is greater than the Ў‘  of any one stage. Figure 

2.7 depicts a two-stage LCST cycle, but any number of stages can be implemented in 

practice, so long as there exists enough unique LCST mixtures with intermediate chemical 

potential values. In Chapter 3 of this dissertation, it is demonstrated that the addition of 

hygroscopic additives (e.g., LiCl) to an existing LCST mixture lowers the chemical 

potential of both the WR and WS phases, enabling a multi-stage LCST cycle with a Ў‘  

that is severalfold greater than the Ў‘  of any known LCST mixture by itself.  
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Figure 2.7 Principles of the multi-stage LCST cycle. (a) Two different LCST mixtures 

with the same volatile species (e.g., 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 multi-stage continuous 

LCST cycle. 

2.4 Quantitative Analysis of Cycle Performance 

The preceding sections of Chapter 2 established the theory of the LCST cycle for 

use in various applications. Section 2.4 provides analyses of LCST refrigeration and 

dehumidification when considering different material properties, operating conditions, and 

component transport properties (yielding varying degrees of irreversibility). Quantitative 

values for cycle performance are provided for a hypothetical LCST mixture that possesses 

a Ў‘  value far greater than any LCST mixture that has currently been discovered. 

2.4.1 LCST Refrigeration Cycle 
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The system schematic for an LCST refrigerator is given in Figure 2.8. To compare 

against the technoeconomic analysis (of a vapor compression refrigerator and absorption 

refrigerator) performed by Alrwashdeh and Ammari,52 the evaporator temperature is -5 °C, 

and the absorber temperature is 25 °C. Details of the thermodynamic analysis are provided 

in Appendix F. The simple model presented in Appendix C is used to evaluate 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 flowrate is chosen for the LCST 

mixture, relative to the rate of water that evaporates in the evaporator. This means that the 

concentration of the LCST mixture does not change significantly across the absorber (the 

mole fraction of solute decreases from 0.96 to 0.959).  

 

Figure 2.8 The LCST refrigeration cycle. (a) Cycle schematic. (b) T-S diagram of the water 

as it provides cooling. 

For the cycle to operate, there must be some driving force for mass transfer between 

the water vapor and the LCST mixture at the absorber outlet. In the case of maximum mass 

transfer (i.e., a mass exchanger effectiveness of unity), the vapor pressures at this point 

1

Expansion 

Valve
Ůrecup

Recuperator

Separator

P
u

m
p

2

3

(a) (b)

3

1 2

Absorber

Pressure 

Reducing 

Valve



 34 

would be equal. In more realistic situations, the vapor pressure of water in the LCST 

mixture would be lower than the evaporator pressure. Thus, for this analysis, the heat of 

separation was calculated for a range of LCST mixture water vapor pressures at the 

absorber outlet concentration. The minimum water vapor pressure considered was 0.17 Pa 

(which corresponds to a ‘ȟ ȟ  value of -2.46 104 J/mol), while the maximum value 

considered was 436 Pa (corresponding to a ‘ȟ ȟ  value of -4.97 103 J/mol). For each 

‘ȟ ȟ , the heat of separation was calculated, using the following additional inputs to 

the thermodynamic model: ὼ  0.94, ὼ  0.96, and Ὕ  45 °C. The COP was 

calculated using Eq. (2.14), where the expression for ЎὬ  is given in Appendix C and has 

units of J per mol total mixture, ὓ  is the molar mass of the LCST mixture (assumed in 

this analysis to be 18.02 g/mol for simplicity), and the specific heat of the total mixture 

(water + solute) is assumed to be the same as the specific heat of water (4.18 kJ/kg-K). 

 

ὅὕὖ
ρψȢπςρ

ὼ
ὼ Ὤ ὧ Ὕ Ὕ

ЎὬ ὓ ρ ‐ ὧ Ὕ Ὕ
 

(2.14) 

In Figure 2.9, the COP is plotted against the vapor pressure of water in the LCST 

mixture as it leaves the absorber. When the vapor pressure of water is 436 Pa and the 

recuperator effectiveness is unity, the COP approaches the reversible limit. This is to be 

expected, because very little entropy is generated when the vapor pressure difference across 

the absorber is minimized. However, even if this reversible limit were approached, the COP 

of 0.56 is still very small (roughly the same as the COP of 0.53 for the practical/irreversible 

absorption refrigerator analyzed by Alrwashdeh and Ammari52), which reveals the 

significant limitations of LCST refrigeration. Then, when the recuperator effectiveness 
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drops to a more realistic value of 0.9, the COP drops drastically, to a value between 0.1 

and 0.2 (depending on the mixture water vapor pressure). This is because the refrigeration 

effect is produced by the WR phase, but the sensible heating must be provided to the total 

mixture, which has a far greater mass than the WR phase (~104  in this analysis). This 

reveals a key limitation of the LCST refrigeration cycle: the steep change in water activity 

of LCST mixtures near the WS concentration requires a high ratio of WS phase mass to 

WR phase mass, but that causes sensible heating requirements to be very high. 
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Figure 2.9 COP of the LCST refrigeration cycle with a separation temperature of 45 °C, 

as a function of the water vapor pressure of the mixture as it leaves the absorber. The dashed 

line represents the reversible limit. 

The COP is recalculated with the phase separation temperature instead being 70 °C 

(all other properties are kept the same) and is plotted in Figure 2.10. For high recuperator 

effectiveness values, the higher separation temperature yields a higher COP. However, 

when the recuperator effectiveness drops to a more realistic value of 0.9, the LCST mixture 

with the higher separation temperature yields a lower COP, due to the extensive sensible 

heating requirement. Thus, even though the higher separation temperature yields a greater 

upper bound for COP, practical constraints on recuperator effectiveness (a higher 

effectiveness results in a higher system cost) mean that the lower separation temperature is 

preferable.  

Ůrecup = 0.5
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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 absorber. The dashed 

line represents the reversible limit. 

Chapter 3 of this dissertation discusses one of the biggest challenges for LCST air 

conditioning: the need to discover mixtures with far greater Ў‘  values for the LCST cycle 

to produce adequately comfortable conditions. However, the results above reveal a 

fundamental drawback of LCST mixtures: even if an ideal mixture (that could achieve 

adequate thermal comfort) were discovered, the COP of LCST refrigeration is inherently 

low. This is due to two main reasons. First, the 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 only a small amount of cooling can be 

achieved per unit of heat input). From Figure 2.9, even in the limit of reversible mass 

Ůrecup = 0.5
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transfer (i.e., the highest possible vapor pressure of water in the WS phase), and a 

recuperator effectiveness of unity, the COP of the LCST cycle (when the effective LCST 

phase separation temperature is 45 °C) would be 0.51, which is lower than the COP of the 

practical (i.e., irreversible) absorption refrigeration cycle studied by Alrwashdeh and 

Ammari, which was 0.53.52 Once further irreversibilities are introduced into the LCST 

cycle, (e.g., due to heat and mass transfer), the COP decreases further. 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 unlikely to be competitive with other heat-

driven refrigeration cycles, like absorption refrigeration.  

Even if an LCST refrigerator were designed to be both cost effective and generate 

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 heat-driven refrigeration cycle, where 

Ὕ is the effective heat rejection temperature, Ὕ is the effective heat source temperature, 

Ὕ is the effective cooling temperature, Ὓ  is the rate of internal entropy generation, and 

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

in Appendix E).  

 
ὅὕὖ

ρ ὝȾὝ

Ὕ Ὕ ȾὝ Ὓ ὝȾὗ
 

(2.15) 

From this equation, it is clear that if two cycles generate the same amount of entropy 

(perhaps because both systems use similarly-sized heat and mass exchangers and thus have 

the same temperature and vapor pressure gradients), the cycle with the higher heat source 
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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°C 52). 

Based on Eq. (2.2), an LCST mixture with a solvent other than water could 

potentially produce a greater temperature lift than current aqueous LCST mixtures (owing 

to a smaller latent heat of vaporization in the solvent). If the separation temperature of this 

hypothetical LCST mixture (with an alternate solvent) were higher than 90 °C, this could 

also yield a higher COP than the absorption refrigeration cycle. However, solvents other 

than water would likely mitigate some of the potential benefits of the aqueous LCST 

refrigerants discussed thus far; for example, these alternative solvents could have high 

GWPs, they could be flammable, and/or they could be toxic. Thus, the (rather limited) 

niche for LCST refrigeration is revealed. First, if electricity is not available (perhaps in 

rural areas) and the only heat source available is at a temperature too low for absorption 

refrigeration (perhaps non-concentrating solar heat), LCST refrigeration could be 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 refrigeration could be thermodynamically favorable if electricity is not available, 

and a new LCST mixture is discovered which separates at a higher temperature than the 

temperature at which common absorption refrigerants separate due to distillation, and if 

the sensible heating issues of the LCST cycle are mitigated. However, 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 liquid-liquid 

separator (which is discussed in Section 5.4 of this dissertation).  
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2.4.2 LCST Liquid Desiccant Dehumidification Cycle 

To understand the potential benefits of LCST dehumidification (or lackthereof), it 

is important to first analyze a traditional desiccant cycle. Figure 2.11 illustrates a simple 

traditional desiccant cycle, which absorbs moisture with 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 (regeneration). It might be tempting to view the enthalpy of 

desorption (which, when the enthalpy of mixing between the water and the desiccant 

species is small, is simply Ὤ ) as the downside of the traditional desiccant cycle. Since 

Ὤ  is so large, this means the heat of regeneration is high and the moisture removal 

efficiency (MRE) is low in a traditional desiccant cycle. However, consideration of the 

fundamental thermodynamics reveals that the situation is more nuanced. If the recuperator 

had an effectiveness of unity and all sensible heat were supplied through recuperation, and 

if there were no thermal losses in the regenerator (i.e., no sensible heating of the outdoor 

air), then the system would be internally reversible. Thus, the enthalpy of desorption is 

exactly equal to the minimum theoretical regeneration heat for any dehumidification cycle 

that is powered by heat at the same temperature as the traditional desiccant regeneration 

temperature (Ὕ ).  
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Figure 2.11 Traditional desiccant dehumidification cycle. 

Figure 2.12 illustrates the LCST dehumidification cycle. Instead 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 pressure at ambient temperature. This eliminates the ὗ  term, since desorption 

would occur at ambient temperature, which is the first potential benefit of the LCST 

dehumidification cycle. The second potential benefit is that, if the LCST separation 

temperature is greater than Ὕ  for the traditional desiccant, the heat of separation will 
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be lower than Ὤ , 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 

Ὕ  for the traditional desiccant, the heat of separation will be higher than Ὤ . The 

second potential downside of the LCST cycle is that the WR vapor pressure is a material 

property, and it cannot be altered to meet the outdoor conditions (so long as the desorber 

is designed to always be at ambient temperature). Thus, in order for the LCST 

dehumidification to operate on 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 water, to allow for desorption 

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

The equation for MRE in the traditional desiccant cycle is given in Eq. (2.16), 

where Ὤ  is the enthalpy of desorption, and ά  is the mass flowrate of total desiccant 

(water + solute) entering the regenerator. 
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(2.16) 

If both heat and mass transfer in the desorber occur entirely due to convection, then the 

heat and mass transfer analogy53 can be used to relate ὗ  to the rate of desorption, ά , 
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as given in Eq. (2.17), where ”, ὧȟ, and ὒὩ are the specific heat, and Lewis number, 

respectively, of the air-water mixture. 

 ὗ

ά
Ὑ”ὧȟὒὩ

Ⱦ
Ὕ Ὕ

ὖȟ ȾὝ ὖȟ ȾὝ
 

(2.17) 

The MRE can be rewritten for the traditional desiccant cycle, yielding Eq. (2.18), while the 

MRE for the LCST desiccant cycle is given in Eq. (2.19).  
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(2.18) 
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(2.19) 

The general expression for the MRE of any heat-driven dehumidification cycle is given in 

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

input temperature (provided that the entropy generation does not commensurately increase 

with increasing heat input temperature, which could occur, for example, due to a highly 

inefficient recuperator). Meanwhile, the traditional desiccant regeneration temperature is 

given in Eq. (2.21), as determined from the Clausius-Clapeyron relation, where Ὑ  is the 

specific gas constant of water.  
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(2.20) 
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The MRE of the LCST desiccant cycle is plotted in Figure 2.13 as a function of the 

separation temperature. A recuperator with an effectiveness of 0.85 is used for the analysis, 

as are an ambient temperature of 35 °C and an absorber vapor pressure of 805 Pa, to enable 

a direct comparison with a real traditional desiccant cycle constructed by Woods et al.54 

The WR phase is pure water, which would have a vapor pressure of 5629 Pa at the ambient 

temperature of 35 °C, while the ambient vapor pressure is 2644 Pa. Meanwhile, the 

traditional desiccant cycle MRE is plotted as a single point, at a regeneration temperature 

of 73.3 °C (as determined by Eq. (2.21)). The traditional desiccant system would have the 

same recuperator effectiveness and absorber vapor pressure as the LCST desiccant system. 

However, the traditional desiccant system would have a desorber vapor pressure of 5369 

Pa, as this was the value considered by Woods et al.54 Furthermore, the inlet and outlet 

desiccant concentrations are 45 and 46.5 wt% (the inlet value approximately corresponds 

to the LiCl wt% in LiCl/H2O, a common desiccant, that produces a vapor pressure of 805 

Pa at 35 °C, and Woods et al. mention that the outlet concentration is about 1.5 wt% 

greater54). Finally, the reversible MRE is plotted as a function of the heat input temperature. 

At lower separation temperatures, the LCST cycle MRE approaches the reversible MRE, 

since the temperature difference across the recuperator is small. However, at these low 
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separation temperatures, both the practical and reversible MRE values are very small (< 

0.1 kg/kWhth). Meanwhile, the practical MRE for the traditional desiccant cycle is 0.60. 

Not only is this value greater than the peak MRE for the LCST cycle (0.24), but it is also 

greater than the reversible MRE at the regeneration temperature that maximizes the LCST 

cycle MRE (46.8 °C). This reveals the major shortcoming of the LCST dehumidification 

cycle. While the phase separation of LCST mixtures might seem efficient, it would be very 

energy intensive for mixtures with 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 hydrogels expel pure water as they undergo an isothermal (first-order) phase 

separation, whereas liquid LCST mixtures produce a WR phase that is not quite pure water 

and separate over a range of temperatures (non-isothermal). This allows for a much simpler 

(and in some ways more ideal) cycle when hydrogels are used, in that the expelled liquid 

water can be rejected/discarded from the system entirely, while the WR phase in the liquid 

LCST cycle requires a mass exchanger (increasing system cost) to evaporate moisture and 
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then recycle the more concentrated WR phase back into the system. However, the water 

activity in the dry hydrogel after phase separation (termed ñshrinkingò when discussing 

LCST hydrogels) of the most common LCST hydrogel, poly-N(isopopylacrylamide) 

(PNIPAm), is very high (>0.99 based on the following analysis). Because of this, PNIPAm 

cannot dehumidify indoor air to a value any lower than 99% RH, unless some method of 

drying the polymer other than thermoresponsive shrinking (such as drying the hydrogel 

with hot air) is used. If hot air were used to dry the polymer, 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 provide some benefits,55 this dissertation focuses solely 

on the LCST cycle. The remainder of this section is an analysis of LCST hydrogels when 

used in the LCST cycle for dehumidification, much of which is reprinted (with minimal 

changes to wording) from a paper56 authored by the author of this dissertation titled ñA 

first and second law analysis of a thermoresponsive polymer desiccant dehumidification 

and cooling cycleò that was published in Energy Conversion & Management, Vol. 253, 

115158, Copyright Elsevier (2022). 

2.5.1 The Hydrogel LCST Cycle 

In general, the LCST cycle receives humid air at ambient temperature and separates 

it into dry air and liquid water (also at ambient temperature). As with any heat-driven 

cooling or dehumidification cycle, some heat is rejected to the ambient (ὗ ), and some 

heat must be delivered to the cycle (ὗ) from a heat source with a temperature greater than 

ambient. To achieve this overall cycle, the gel must undergo four main processes, 

illustrated in Figure 2.14(a): (A ï B) swelling of the gel in humid air, (B ï C) sensible 
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heating of the gel, (C ï D) shrinking of the gel to expel liquid water, and (D ï A) sensible 

cooling back to the original temperature. The swelling process serves to dehumidify the 

air, while the other three processes (sensible heating, shrinking, and cooling) serve to 

regenerate the gel by removing the water.  

 

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. Then, the polymer 

goes through a phase transition that expels water during regeneration. The liquid water 

harvested during regeneration could then be used with an indirect evaporator that lowers 

the building air temperature without affecting building air humidity. This is 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 cooling, they need 

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 dehumidification (i.e., 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 (i.e., the ambient humidity is comfortable, but the ambient temperature is 

too high for comfort), then the water harvested during regeneration can be evaporated 

directly back into the building air. This will rehumidify the air but lower its temperature. 

For simplicity, the analyses are limited to 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 effectiveness, ‭, to zero. 
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At the materials-level, this cycle uses the LCST polymerôs free energy of swelling 

to condense water out of humid air, thereby dehumidifying the air. The free energy change 

during isothermal swelling is ЎὫ ЎὬ ὝЎί . 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: 

ЎὫ ЎὬ ὝЎί ЎὫ . Below the transition temperature of an 

LCST gel, ЎὫ  is negative and the gel swells. Above the transition temperature, 

ЎὫ  is negative (meaning ЎὫ  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 variables in the first and second law 

analysis of this cycle.   

Generally, the enthalpy and entropy of swelling can vary with temperature. 

Grinberg et al. observed a roughly 20% decrease in specific heat (Ўὧ) across the shrinking 

phase transition of PNIPAm. This caused the enthalpy and entropy of swelling and 

shrinking to vary with temperature.57 Other works, however did not report any change in 

specific heat across volume phase transitions,58,59 and some authors assume the swelling 

enthalpy and entropy to be invariant with temperature.60 For completeness, the term Ўὧ is 

included in the derivations to allow for this potential temperature dependence of the 

enthalpy and entropy of swelling and shrinking. As such, the subscript ñambò is used to 

denote the swelling and shrinking enthalpy and entropy at ambient temperature and ñtò to 

denote the enthalpy and entropy at the transition temperature. For simplicity, all of the 

results in the main text of this section correspond to Ўὧ π, thereby assuming that the 

enthalpy and entropy of swelling are invariant with temperature. Additional results are 
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provided in Sec. III of the Supplementary Material of the paper56 by Kocher et al. for Ўὧ

π. 

The T-s diagram of a polymer undergoing the LCST cycle (Figure 2.15) is 

analogous to the Ericsson cycle. The entropy of the polymer first decreases with a 

magnitude of Ўί ȟ  as it absorbs water vapor at Ὕ  (A ï B). Then, when the 

polymer is sensibly heated, the entropy and temperature both increase (B ï C). Next, as the 

polymer undergoes latent heating at Ὕ, the entropy increases by Ўί ȟ as liquid water 

is expelled (C ï D). Finally, the polymer is sensibly cooled, and entropy and temperature 

decrease (D ï A). The shape of the LCST cycle T-s diagram in Figure 2.15 is the same as 

the Ericsson cycle, and similarities between the two cycles exist. Just as the Ericsson cycle 

approaches the Carnot efficiency when recuperation is used, the LCST cycle approaches 

the COP of a heat-driven Carnot humidity pump when recuperation is used, as shown in 

the results. To evaluate the upper limits of the LCST cycle, a continuous configuration of 

the cycle that contains a recuperator is analyzed. 
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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 states in Figure 2.14(a). The T-s diagram 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 (D - A) to the polymer being sensibly heated (B - C). 

The work by Matsumoto et al.35 and Zhao et al.38 can be seen as early, small-scale 

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 Zhao et al. found that PNIPAm by itself (i.e., PNIPAm 

homopolymer) did not swell significantly in humid air. As such, Matsumoto et al. created 

an interpenetrating polymer network with PNIPAm and hygroscopic sodium alginate to 

improve the sorption capacity. They found that the gels absorbed water from the 

atmosphere when below the transition temperature and expelled liquid water when the 

temperature was raised.35 Similarly, Zhao et 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.38 

While the work in this dissertation focuses on the usefulness of the LCST cycle for 

air conditioning, Zhao et al. explored its use for atmospheric water harvesting.38 This work 

shows that 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 water is scarce 

and atmospheric water harvesting might be attractive. Conversely, the LCST cycle will be 

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

2.5.2 Mass Balance 

A mass balance is first presented for this new cycle in Figure 2.14(b). The LCST 

cycleôs mass balance is achieved by relating the air mass flow rate (ά ), liquid water mass 

flow rate (ά ), polymer mass flow rate (ά ), inlet and outlet humidity ratios (ύ  and 

ύ , respectively), and the polymer water uptake (ɝὅ, the ratio of increase in water content 

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

2.5.3 First and Second Law Analysis of the LCST Cycle 

Applying the first and second laws of thermodynamics to various control volumes 

in Figure 2.14(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 PNIPAm homopolymers, this analysis allows 

statements to be made about 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 Figure 2.16. The dry gel enters with some enthalpy and entropy per unit dry polymer 

mass (Ὤ  and ί , respectively). Upon swelling, the gel enthalpy and entropy change by 

values of ЎὬ  and Ўί , respectively. Additionally, the gel incorporates liquid water 

upon swelling, which has an enthalpy of Ὤ and an entropy of ί. Then, at the outlet, the 

gel has an enthalpy per unit dry polymer mass of Ὤ ЎὬ Ўὅ Ὤz and an entropy 

per unit dry polymer mass of ί Ўί Ўὅ ίz. Meanwhile, the air enters with an 

enthalpy of Ὤ and leaves with an enthalpy of Ὤ. 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 

ί and leaves with an entropy of ί. The dehumidification process is isothermal, so the 

entire dehumidifier control volume is at Ὕ . 



 56 

 

Figure 2.16 Dehumidifier control volume. Humid air enters with a humidity ratio of ◌  

and leaves as dry air with a humidity ratio of ◌ . The enthalpies and entropies ▐ , ▐ , ▼, 

and ▼ are evaluated for moist air (i.e.: air/water vapor mixture). Shrunken gel enters the 

dehumidifier and leaves with an enthalpy and entropy change of Ў▐▼◌▄■■ and Ў▼▼◌▄■■, 

respectively. The swelled gel also carries liquid water with an enthalpy and entropy of ▐█ 

and ▼█, respectively. The dehumidifier is isothermal, so at all points the temperature is 

╣╪□╫. 

Since no shaft work is done in this control volume, application of the first law yields 

an equation for the heat released during dehumidification: ὗȟ ά ЎὬ

ά Ὤ Ὤ ύ ύ Ὤ . Assuming the ideal gas model can be applied to the moist 

air, the inlet air enthalpy is Ὤ Ὤ ύὬ and the outlet air enthalpy is Ὤ Ὤ ύὬ, 

where Ὤ is the dry air enthalpy at Ὕ  and Ὤ is the enthalpy of saturated water vapor at 

Ὕ . Once the ideal gas model is applied, the heat released becomes ὗȟ

ά ЎὬ ά ύ ύ Ὤ . Because ЎὬ  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 Eq. (2.22) for 

the entropy generation during dehumidification. 
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(2.22) 

Certain thermoresponsive polymer gels undergo first-order shrinking upon a single 

transition temperature Ὕ (explained by Moerkerke et al.,60 demonstrated by Grinberg et 

al.,57 and described in greater detail in Sec. I of the Supplementary Material of the paper 

by Kocher et al.56). When swelling and shrinking are limited to this first-order behavior, 

the entropy of swelling can be written as Ўί ȟ ЎὬ ȟȾὝ. This behavior is ideal 

for the LCST cycle, as explained in Sec. I of the Supplementary Material of the paper by 

Kocher et al.56. As such, the analysis in this section is limited to this first-order behavior, 

and it is assumed the gel in the cycle is regenerated with a first-order phase transition at a 

temperature Ὕ. This allows the entropy generation equation to be rewritten in terms of 

ЎὬ ȟ and Ὕ, as shown in Eq. (2.23).  
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(2.23) 

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 Eq. (2.24), found using the ideal gas law 

(detailed in Sec. IV of the Supplementary Material of the paper by Kocher et al.56). 
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(2.24) 

If the value of ЎὬ ȟ 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 to ЎὬ ȟ 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 obey the reversible (Carnot) limit of a heat-driven cooling cycle, there is 

a minimum amount of heat that must be supplied to drive the cycle. The first and second 

law analysis of the LCST cycle is used to find this limit. Not only does this allow the 

maximum COP of the LCST cycle to be calculated, it also allows one to 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 zero (Ὓ ȟ π) 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 in sign, the reversible 

enthalpy of shrinking, ЎὬ ȟȟ , is given in Eq. (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 of ύ  to the 

outlet humidity of ύ , when sorption occurs at Ὕ  and the polymer has a transition 

temperature of Ὕ. 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 (Ὤ and ί, respectively), the ambient temperature, the polymer 

transition temperature, the change in polymer specific heat that accompanies the shrinking 

transition (Ўὧ), and the polymer water uptake. The enthalpies Ὤ and Ὤ and entropies ί 

and ί are evaluated for humid air (i.e., a mixture of dry air and water vapor) and are fixed 

by the temperature and humidities at states 1 and 2. 
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(2.25) 

The enthalpy of shrinking is expressed in Eq. (2.25) 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 Eq. (2.26). When expressed in this way, the 

enthalpy of shrinking is referred to as ЎὬ ȟȟ ȟ . 
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(2.26) 

The expressions for the reversible enthalpy of shrinking in Eq. (2.25) 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, Eq. (2.25) 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 Material of the paper by Kocher et al.56, and Eq. (2.27) results for 

the reversible enthalpy of shrinking (per unit mass of dry polymer) as an explicit function 

of relative humidity. 
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(2.27) 

The enthalpy of shrinking in Eq. (2.27) is expressed per unit mass of dry polymer. 

It is instead expressed per unit mass of water absorbed during swelling in Eq. (2.28). 
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(2.28) 

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). Eq. (2.29) is given per unit mass 

dry polymer, and Eq. (2.30) is given per unit mass water absorbed during swelling. 
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The cooling power of the cycle, ὗ , depends on its intended use. When used as a 

dehumidifier, the LCST cycleôs useful effect is the removal of water vapor from the air: 

ὗȟ ά Ὤ ά ύ ύ Ὤ, where Ὤ is the enthalpy of water vapor (the 

reference point for Ὤ is discussed in Sec. II of the Supplementary Material of the paper by 

Kocher et al.56). 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 cooling effect is  

ὗȟ ά Ὤ ά ύ ύ Ὤ , 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. From Figure 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 recuperator, Ὕ ȟ, to the transition temperature, 

Ὕ. For all the cases analyzed in the main text of this paper, the specific heat increment of 

polymer swelling is assumed to be zero (ɝὧ π), but some results are provided for a gel 

with a non-zero ɝὧ in Sec. III of the Supplementary Material of the paper by Kocher et 

al.56 When ɝὧ π, Ὕ ȟ 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. 

 Ὕ ȟ Ὕ ‭Ὕ Ὕ  (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 polymer, ЎὬ ȟ. The reversible limit to this value is 

given per unit mass polymer in Eq. (2.25) as a function of ambient temperature, gel 

transition temperature, and inlet and outlet humidities. Sec. I of the Supplementary Material 

of the paper by Kocher et al.56 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): ὗ ά ὧȟ

Ўὅ ὧzȟ Ὕ Ὕ ȟ ЎὬ ȟ . 

The COP of the cycle (ὅὕὖ) is defined as ὅὕὖὗȾὗ , where ὗ  is different for 

the dehumidification and cooling use cases as described earlier. The COP takes the form 

of Eq. (2.32) and Eq. (2.33) when the cycle is being used as a dehumidifier and direct 

evaporative cooler, respectively. 
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(2.33) 

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

the ñsecond lawò COP in Eq. (2.34), which is derived from an energy and entropy balance 
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on a general, heat-driven cooling cycle in Sec. II of the Supplementary Material of the 

paper by Kocher et al.56 The first term on the right-hand side of Eq. (2.34) is the Carnot 

COP of a heat-driven cooling cycle, while the second term accounts for internal 

irreversibility. The temperatures in Eq. (2.34) are effective temperatures, derived from a 

second law analysis of the cycle, and must be expressed in absolute units of temperature. 

Ὕ is the effective temperature of heat addition, Ὕ is the effective temperature of 

dehumidification/cooling, and Ὕ 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, while Ὓ  is the internal entropy generation. Eq. (2.34) can be used 

to find either ὅὕὖ  or ὅὕὖ , where the equations for Ὕ and Ὕ are different 

depending on whether dehumidification or cooling is being considered. 
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The effective temperatures are derived by applying the first and second laws to the 

cycle (detailed further in Sec. II of the Supplementary Material of the paper by Kocher et 

al.56). The expression for the effective temperature of heat addition, Ὕ, is given in Eq. 

(2.35). 
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The effective temperature of dehumidification/cooling, Ὕ, and the effective 

temperature of heat and mass rejection to the ambient, Ὕ, depend slightly on the intended 

use of the cycle. When the cycle is used for dehumidification, the expression for Ὕ takes 

the form in Eq. (2.36). When the cycle is used for cooling, Ὕ is described by Eq. (2.37). 
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(2.37) 

Eq. (2.38) gives the expression for Ὕ when the cycle is used for dehumidification, 

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

When the system is internally reversible, Eq. (2.34) reduces to the Carnot COP of 

a heat-driven cooling cycle: ὅὕὖ ρ . If the 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 value of Ὕ and reduces the 

value of Ὕ. When the system is externally reversible, Ὕ and Ὕ reach their ideal values. 

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

Ὕ  and Ὕ Ὕ. Even though Eq. (2.34) yields the same value as Eq. (2.32) or (2.33) 

(depending on the equations used for Ὕ and Ὕ), 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 Mass Balance, First Law, and Second Law Analysis of the Traditional Desiccant 

Cycle 

A simple configuration of the traditional desiccant cycle is given in Figure 2.17(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 

1a is sent through a heat exchanger, which has humid regeneration air at 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 side of the heat exchanger, the humid 

regeneration air is preheated to state 4. It should be noted that the choice 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 LCST cycle, and hence the inclusion of the curiously-

named state 1a in Figure 2.17. 

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 air to state 1a, 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 temperature (Ὕȟ ). 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 in Figure 2.17(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 pictured in Figure 

2.17(c,d). 

 

Figure 2.17 Traditional desiccant cycle (a) schematic and (b - d) psychrometric charts. The 

psychrometric chart in (b) shows the scenario where the regeneration temperature (╣) is 

at its minimum possible value (╣ȟ□░▪). This occurs when the relative humidity at state 6 

is equal to the relative humidity at state 1a. In this case, ╣  is lower than ╣ , so the 

recuperator is not needed and is bypassed. The chart in (c) shows the scenario where ╣  is 

equal to ╣ȟ╬►░◄, which occurs when ╣  is equal to ╣ , and the recuperator provides no use. 

The psychrometric chart in (d) shows the scenario where ╣  is greater than ╣ȟ╬►░◄ and ╣  

is greater than ╣ . 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 in Figure 2.17(b), Ὕ is lower than Ὕ, 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. In Figure 2.17(c), Ὕ Ὕȟ , which occurs when Ὕ

Ὕ, so no heat transfer would occur in the recuperator. When Ὕ Ὕȟ , as pictured in 

Figure 2.17(d), Ὕ Ὕ, 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 Ὕȟ Ὕ Ὕȟ  and with the recuperator for Ὕ Ὕȟ . For the traditional 
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desiccant cycle in Figure 2.17, 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 (ύ ) and outlet (ύ ) of the traditional desiccant 

cycle are inputs to the thermodynamic analysis. Thus, the only humidity ratio that is 

unknown is ύ . A mass balance reveals that the mass flow rate of water adsorbed to the 

desiccant during dehumidification (ά ύ ύ ) must be equal to the mass flow rate of 

water desorbed from the desiccant during regeneration (ά ύ ύ ). From this 

relationship, the humidity ratio ύ  can be found: ύ ςύ ύ . 

For known inlet and outlet humidities, ύ  and ύ , the temperatures at all of the 

traditional desiccant states can be found. For example, the temperature at state 1a is 

determined by the amount of heat released per unit mass of water adsorbed (usually taken 

to be equal to or slightly greater than the enthalpy 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. II of the Supplementary Material of the paper by Kocher et al.56 Once 

these temperatures are known, the states in the cycle are fixed. This allows the COP (Eq. 

(2.40)) and the entropy generation (Eq. (2.41)) of the traditional desiccant cycle to be 

computed. The COP of the traditional desiccant cycle can also be found from Eq. (2.34) if 

the effective temperatures are known. 
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 Ὓ ȟ ά ί ί ί ί ί ί  (2.41) 

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 temperature Ὕȟ  is given in Eq. (2.42). The useful effect of the cycle, 

dehumidification, occurs between states 1 and 2, resulting in Eq. (2.43) for Ὕȟ . 

Regeneration air enters the cycle at state 3 and is exhausted to ambient at state 8; Eq. (2.44) 

gives the expression for Ὕȟ . These effective temperatures are for dehumidification, not 

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

cooling. 
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Special care is taken to delineate the difference between the use of the phrases 

ñregeneration temperatureò, ñtransition temperatureò, and ñheat source temperatureò. The 

regeneration temperature of both the LCST and traditional desiccant cycles is the highest 

temperature that is achieved within the cycle. This is the highest 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 cycle, this is labelled as state 6, and the traditional desiccant regeneration 

temperature is Ὕ. The transition temperature pertains only to the LCST cycle, as this is a 

material property of the LCST gel. The transition temperature, Ὕ, is the temperature at 

which the gel goes through a first order volume phase transition, expelling its water content 

upon isothermal heat addition. Because it is assumed 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 effective heat source temperature, Ὕ, is an effective temperature 

derived from a second law analysis of the heat-driven cycles in this paper. This can be seen 

as the ñthermodynamic averageò (though not a true arithmetical average) temperature at 

which heat is supplied to the cycle. For the traditional desiccant cycle, 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 at a temperature of Ὕ. 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 using Eq. (2.25) 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. 

Figure 2.18 also shows that the minimum possible enthalpy of shrinking increases 

rapidly as the transition temperature (Ὕ) approaches the temperature at which swelling 

occurs (Ὕ ); as the difference between Ὕ and Ὕ  decreases, so does the polymerôs 

affinity for swelling. Thus, ЎὬ  must be very large in magnitude to compensate and 

drive the swelling process when Ὕ is near Ὕ . 

Figure 2.18 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 a high enthalpy of shrinking. Condensation of water out of unsaturated humid air is 

non-spontaneous and can only occur when accompanied by a thermodynamically favorable 

(negative free energy) process. The enthalpy of swelling/shrinking can be seen as the driver 

of the process that allows 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 water from the air; as such, the 

enthalpy of shrinking (or gel transition temperature) must increase to compensate. In other 

words, ñthere is no free lunch.ò 
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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 scale, it should be noted that the enthalpy of vaporization of water is 

roughly 2340 kJ/kg at 30 °C. 

Figure 2.18 also gives a sense of the energy scales needed to drive the shrinking 

(regeneration) process of the LCST polymer gel. It should be noted that waterôs enthalpy 

of vaporization is ~2340 kJ/kg at 30 °C and this serves as a relevant value for context. Fig. 

5 shows that the enthalpy of shrinking can be less than waterôs enthalpy of vaporization for 

high transition temperatures and/or high relative humidities. However, this enthalpy of 

shrinking can also exceed waterôs enthalpy of vaporization at polymer transition 

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

The enthalpy requirements shown in Figure 2.18 apply to any thermoresponsive 

polymer (regardless if it is a homopolymer, copolymer, or interpenetrating polymer 

network), as this analysis makes no assumptions regarding the polymer material, other than 

that it is thermoresponsive. The polymer is treated as 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 temperature Ὕ. These traits are common to LCST 
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behavior in hydrogels and 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 Eq. (2.25) and the corresponding results 

in Figure 2.18. Moreover, it is noted that the enthalpy values in Figure 2.18 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 required for any reversible heat-driven dehumidification 

cycle with the same boundary conditions. 

2.5.6 LCST Cycle COP 

Figure 2.19 was calculated using Eq. (2.25), (2.31), and (2.33), and it shows that in 

the reversible limit, the LCST cycle COP increases monotonically as a function of 

transition temperature. To calculate the COP, the reversible enthalpy of shrinking from Eq. 

(2.25) is used, and Ўὧ is set to zero. When Ўὧ π and ‭ ρ, the recuperator is 

reversible, and no entropy is generated; thus, the ‭ ρ curve in Figure 2.19 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 ╒╞╟╬▫▫■ 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 unity (Figure 2.19). Below the peak temperature, the COP is limited by a 

large ЎὬ ȟ 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 lines in Figure 2.19). 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 

Figure 2.19 illustrate that an increased recuperator effectiveness leads to an increased COP. 

Figure 2.19 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 Eq. (2.32)) and traditional desiccant 

cycle (calculated using Eq. (2.40)) are plotted as functions of regeneration temperature in 

Figure 2.20. The COPs of the two cycles are close when both cycles have a regeneration 

temperature equal to Ὕȟ  (the minimum possible regeneration temperature for the 

traditional desiccant cycle). 

 

Figure 2.20 LCST cycle (black) and traditional desiccant (red) ╒╞╟▀▄▐◊□ as 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 on the x-axis is ╣◄ for the LCST 

cycle and ╣  for the traditional desiccant cycle. 

Figure 2.20 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 PNIPAm, a common thermoresponsive polymer, is 32 °C,35,38,61ï66 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, including "inexpensive" heat 
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sources like solar- and waste-heat. On the other hand, the traditional desiccant cycle could 

not operate with a regeneration temperature of 32 °C, as the minimum regeneration 

temperature (Ὕȟ ) 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 synthesized 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 polymer transition 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 

temperature (Ὕ), approaching an COP-asymptote far greater than 1. The existence of this 

asymptote can be seen in the functional form of Eq. (2.34), and it occurs at temperatures 

far greater than what would be used in the LCST cycle. As such, the results in Figure 2.18, 

Figure 2.19, and Figure 2.20 are limited to typical desiccant regeneration temperatures 

(<125 °C).67 Though PNIPAm, the most common thermoresponsive polymer, has an LCST 

of 32 °C, other polymers have been demonstrated with LCSTs as high as 73 °C.41 LCST 

polymer gels with higher transition temperatures than historically well-researched gels 

(like PNIPAm) can be created. In 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, results are provided for Ὕ 

up to 125 °C to show the behavior of ЎὬ  and ὅὕὖ at these higher temperatures. 

In contrast to the LCST cycle COP, the traditional desiccant cycle COP 

monotonically decreases with regeneration temperature (Ὕ), approaching an asymptote of 

1. While Figure 2.20 shows that the traditional desiccant cycle would be fairly efficient if 

regenerated at Ὕȟ , this is unrealistic, as most traditional desiccants must be regenerated 

at temperatures closer to 100 °C, depending on the operating conditions.67 When the 

regeneration temperature is above Ὕȟ ,  

the traditional desiccant cycle COP approximately reaches the limit of 1. This 

limitation is illustrated in Figure 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 Figure 2.20, is that the LCST cycle harvests liquid water, which can be used to create an 

evaporative cooler with net-zero 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 important. For example, the 

DEVap system created at the National Renewable Energy Laboratory (NREL) is a liquid 

desiccant system that can achieve a COP of 1.2 - 1.4 and can be regenerated with solar- or 

waste-heat.17 While the LCST cycle could reach a COP higher than the DEVap system, 

that becomes less important when considering solar- and waste-heat to be inexpensive 
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(though low-grade heat is not always as inexpensive as it is touted to be in the literature). 

In the case of an inexpensive heat source, a higher 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, the DEVap system uses evaporative cooling and thus 

consumes water. Regeneration of traditional desiccants involves the exhausting of water 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 net-zero water consumption (in 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 humid air.38 

When the LCST cycle is used for atmospheric water harvesting, ЎὬ ȟȟ ȟ  (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 2. This equation could be 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 COP in Figure 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 presented, which provides the effective temperatures, entropy 



 80 

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 were the same. All 

cycles in Table 2.1 have the same value for Ὕ, 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 

╒╞╟▀▄▐◊□ of 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 ꜗ . 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. (2.34). The minimum regeneration temperature for the 

traditional desiccant, ╣ȟ□░▪, is 56.8 °C, so the ╣►▄▌▄▪  ᴈ is blank for the traditional 

desiccant, as it is thermodynamically impossible. The critical regeneration temperature for 

the traditional desiccant (╣ȟ╬►░◄), which is the temperature above which the recuperator 

becomes useful, is 63.6 °C. 

 
TC (K) TH (K) TS (K) gen 

(W/K) 

COPdehum 

LCST Cycle  

(Tt = 32.0 °C) 

292.2 303.0 305.2 0 0.19 

LCST Cycle  

(Tt = 56.8 °C) 

292.2 302.6 330.0 0 2.34 

LCST Cycle  

(Tt = 63.6 °C) 

292.2 302.6 336.8 0 2.87 

LCST Cycle  

(Tt = 95.0 °C) 

292.2 302.5 368.2 0 5.08 

Traditional Desiccant 

(Tregen = 32.0 °C) 

- - - - - 

Traditional Desiccant 

(Tregen = 56.8 °C) 

292.2 301.9 324.4 0.5 1.67 

Traditional Desiccant 

(Tregen = 63.6 °C) 

292.2 304.5 327.9 4.2 1.03 

Traditional Desiccant 

(Tregen = 95.0 °C) 

292.2 304.7 364.9 7.2 1.01 
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The LCST cycle results in Table 2.1 were calculated using the reversible enthalpy 

of shrinking from Eq. (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 means Ὓ π 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 than Ὕȟ . Because traditional desiccants have adsorption isotherms 

that are nearly independent of temperature,55  Ὕȟ  is determined by the relative humidity 

of the conditioned air. As such, Ὕȟ  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 temperature, Ὕ. However, unlike Ὕȟ  for the traditional 

desiccants, Ὕ can be selected to fit the regeneration temperature by choosing an LCST gel 

with the right Ὕ. 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 literature.40ï42,44 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 is Ὕ, so the actual temperature of the heat 

source must be at least Ὕ. When Ὕ Ὕ, not all of the exergy from the heat source is being 

utilized, and exergy is being destroyed (i.e., 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 of Ὕ) is used to increase the temperature of the swelled 

polymer to Ὕ. This means heat is being transferred between two bodies at different 

temperatures, and entropy is being externally generated, which reduces the value of Ὕ. The 

results in Table 2.1 were calculated for a recuperator effectiveness of 1, meaning no 

sensible heating is required. The lack of sensible heating maximizes Ὕ; in fact, Ὕ Ὕ for 

all of the LCST cycle results in Table 2.1. 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 presented in Table 2.1 is 30 °C, or 303.15 

K; however, the effective temperature Ὕ 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 temperature Ὕ also includes mass (namely, liquid water) that is exhausted to 

ambient, and that reduces the value below the actual ambient temperature. If Table 2.1 

were recreated for ὅὕὖ , all of the Ὕ 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 described in Figure 

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 scope of this 

paper. If the exergy of the liquid water were used instead of lost to ambient, the Ὕ values 

would be lower than those in Table 2.1. 

While there is some small difference in Ὕ when comparing the LCST and 

traditional desiccant cycles, Ὕ and Ὓ  are the major factors that explain the deviation in 

performance between the LCST and traditional desiccant cycles. For the same regeneration 

temperature, the Ὕ 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 desiccant Ὕ values are lower than those of the LCST cycle, 

they still increase with increasing regeneration temperature. Despite the increasing Ὕ 

values, it is clear from Table 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 heat-driven cooling cycle, as seen in Eq. (2.34). However, it is also 

clear from Eq. (2.34) that internal entropy generation decreases the COP, and Table 2.1 

shows that entropy generation in the traditional desiccant cycle increases with increasing 

regeneration temperature. This entropy generation is why the traditional desiccant cycle 

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

is why its COP increases with Ὕ . 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 same relative 

humidity (ὙὌ) as the regeneration air entering the desiccant (i.e., ὙὌ ὙὌ ). This 

condition is described by Ὕ Ὕȟ . Because the relative humidities are the same, the 

entropy generation is approximately zero (a small amount of entropy is generated in the 

cycleôs heat exchanger). Hence the traditional desiccant cycle COP is approximately the 

Carnot COP at this minimum possible regeneration temperature. For the inlet and outlet 

conditions in Table 2.1, the minimum regeneration temperature was found to be 56.8 °C. 

At this minimum, the effective source temperature of the cycle (Ὕ) is 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 temperature greater than 

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 practical, finite-sized system. It also 

results in mass transfer of water vapor across a non-zero chemical potential difference, 

which results in entropy generation. Thus, for high temperature regeneration sources, the 

traditional desiccant cycle COP becomes limited by entropy generation 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, results have been presented pertaining 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. Specifically, an analysis is provided for the performance 

of PNIPAm homopolymer, based on measurements made by other researchers on the 

enthalpy of shrinking,58 transition temperature,58 and water uptake.60 The measured 

properties of PNIPAm homopolymer are presented in Table 2.2, 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 Eq. (2.29). The enthalpy of PNIPAm homopolymer in Table 2.2 

comes from measurements made by Schild and Tirrell,58 and they did not report a change 

in specific heat across the shrinking transition, so Ўὧ π is used for the calculation of the 

ideal gel properties. The 99.8% RH gel has properties very near PNIPAm. As such, this 

gel is referred to as ñPNIPAm-likeò. This is also used to 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 

PNIPAm 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 

measured by Schild and Tirrell [28], the entropy was calculated from Ў▼ Ў▐Ⱦ╣◄, and the 

water uptake was estimated from Moerkerke et al. [42] The properties of the ideal gels 

were calculated from Eq. (2.29) for Ў╒ Ȣ  kgH2O/kgp (the water uptake of PNIPAm). 

The gel that would reversibly swell in 99.8% RH has an enthalpy of swelling very near 

PNIPAm; as such, it is labelled as ñPNIPAm-likeò. 

 ȹhshrink 

(kJ/kgp) 

ȹsshrink 

(kJ/kgp-K) 
Tt (K) 

ȹC 

(kgH2O/kgp) 

PNIPAm 

Homopolymer Gel 

41.84 0.1356 308.65 8.64 

Ideal 99.8% RH Gel 

(PNIPAm-like) 

46.59 0.1509 308.65 8.64 

Ideal 99% RH Gel 

(Tt = 35.5 °C) 

233.9 0.7577 308.65 8.64 

Ideal 90% RH Gel 

(Tt = 35.5 °C) 

2452 7.943 308.65 8.64 

Ideal 70% RH Gel 

(Tt = 35.5 °C) 

8300 26.89 308.65 8.64 

Ideal 50% RH Gel 

(Tt = 35.5 °C) 

16129 52.26 308.65 8.64 

Ideal 50% RH Gel 

(Tt = 51.7 °C) 

8300 25.55 324.85 8.64 

Ideal 50% RH Gel 

(Tt = 70.0 °C) 

5559 16.20 343.15 8.64 

The entropy generation of the PNIPAm gel is analyzed for 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 the PNIPAm gel generates 3.7 x 10-4 kJ/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 generates -9.4 x 

10-5 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 either. As 

such, it can be deduced that PNIPAm 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 air.35,38 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 PNIPAm, as seen in Table 2.2. 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. From Table 2.2, 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 absorb moisture in 50% RH. Both gels would 

require the same latent heat input, but the gel with the higher transition temperature can 

dehumidify to lower humidities. Another comparison can be made between the three ñIdeal 

50% RHò gels in Table 2.2. All 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 

transition temperature 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 

controlled drug delivery due to its ability to absorb liquids, not vapors. Additionally, the 



 88 

transition temperature of PNIPAm is very useful in biomedical applications, since it is near 

the body temperature of humans. However, this 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 PNIPAm would 

need a very high enthalpy of shrinking to absorb water vapor at the humidities seen in 

building applications. Unless materials can be made with incredibly high enthalpies of 

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 preceding discussion regarding PNIPAm refers to a PNIPAm homopolymer, 

but other PNIPAm polymers have been documented. The performance of a PNIPAm 

homopolymer gel is analyzed, since there is robust literature data on this thermoresponsive 

material. Other PNIPAm based polymers, such as interpenetrating polymer networks35,38 

and copolymers, 42 exist, as do thermoresponsive polymers that do not contain PNIPAm.40 

However, there is little information on the thermophysical properties relevant to the LCST 

hydrogel analyses in this work, such as the enthalpy of swelling/shrinking, for these other 

polymers. 

Other researchers have recently created interpenetrating polymer networks with a 

PNIPAm network and a hygroscopic network.35,38 This has been done with the hope that 

the hygroscopic network increases moisture absorption, while the PNIPAm maintains the 

thermoresponsive behavior. It may be tempting to assume that the interpenetrating network 

will be able to absorb water at lower humidities while expelling liquid water upon heating 

and possessing the same enthalpy of shrinking as PNIPAm homopolymer. However, the 
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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 initially absorb 

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 Zhao et al.38 and Matsumoto et al.35 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, an increased enthalpy of shrinking and/or 

increased transition temperature must accompany the changes that cause an LCST material 

to absorb and harvest moisture from lower humidities. It can be anticipated that a 

measurement of the heat required to expel a unit mass of water from the Matsumoto35 and 

Zhao38 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 regeneration heat and 

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 values presented in Figure 2.20 and Table 2.1 

are the maximum possible COPs that both the LCST and traditional desiccant cycles could 

achieve for the given operating conditions. Thus, these results should not be used to predict 

the COPs that these cycles could reach if practically implemented (as practical operation 

will introduce irreversibilities that were not considered in this work). Rather, these results 

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 from this analysis is that the synthesis of 

LCST polymers with transition temperatures greater than PNIPAm 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 with higher 

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 phases. When cooled down to ambient temperature, this 

composition difference results in a chemical potential difference across the two phases, 

meaning that they possess some amount of chemical exergy that can be leveraged in a 

continuous thermodynamic cycle. The cycle schematic, phase diagram, and T-S diagram 

were illustrated in this chapter, and the reversible limits of the different cycle performance 
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metrics (temperature lift for refrigeration/heat pumping, indoor relative humidity for 

dehumidification, salinity of feedwater that can be treated for desalination, and power 

output for the heat engine) were derived as functions of the chemical potential difference 

between the two phases, which is a property of the LCST mixtures utilized in the cycle. 

The multi-stage LCST cycle concept was also introduced, which involves ñchainingò or 

ñcascadingò several stages of different LCST mixtures (with overlapping chemical 

potential values) together to produce an overall chemical potential difference that is greater 

than any single stage, thus improving performance.  

Finally, the reversible limits of cycle performance were plotted for LCST 

refrigeration, LCST hydrogel desiccant dehumidification, and LCST liquid desiccant 

dehumidification, as were more practical values 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 with higher separation temperatures were discovered, 

the sensible heating requirement would cause the efficiency to be low. These are some of 

the fundamental challenges facing LCST air conditioning, aside from the challenge of 

finding new LCST mixtures with greater Ў‘  values. 

The analysis of dehumidification in this dissertation motivates statements regarding 

the performance of different dehumidification cycles. The ñCarnot corollariesò69 are 

statements, based on Carnotôs observations in his groundbreaking scientific publication,70 

regarding the performance of reversible and irreversible heat engines. To this end, several 

ñCarnot corollaries for dehumidification cyclesò are presented here: 
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(i) The moisture removal effectiveness of an irreversible dehumidification cycle will 

always be less than the moisture removal efficiency of a reversible 

dehumidification cycle interacting with the same thermal and humidity reservoirs. 

(ii)  Two dehumidification cycles with the same value of Ὓ Ⱦά  will always have the 

same moisture removal efficiency if  they both interact 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 does not come from 

the fact that the LCST cycle does not require heat input to vaporize water (since the 

vaporization of water at a fixed temperature and pressure does not generate entropy). 

Instead, the LCST cycle has the potential to generate less entropy by eliminating heat loss 

at the desorber, and it has the potential to utilize a higher temperature heat source if new 

LCST mixtures with higher separation temperatures are discovered (though highly 

effective recuperators would also 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 3 presents fundamental thermodynamic relationships for LCST materials. 

Section 3.1 establishes a material figure-of-merit for the LCST cycle.  Section 3.2 contains 

derivations of the thermodynamic relationships present in LCST mixtures, which are then 

used to provide a perspective on the properties of LCST mixtures that would be necessary 

for different applications in Section 3.3. Section 3.2 also dispels 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 provided. Section 3.4 

contains data pertaining to the addition of hygroscopic salt additives to LCST mixtures and 

the implications this has on the multi-stage LCST cycle.  

3.1 Figure-of-Merit for LCST Mixtures in Thermodynamic Cycles  

In each of the applications described in Chapter 2 of this dissertation, the difference 

in the chemical potential of water between the two phases of the LCST mixture, Ў‘ , 

determines the reversible limit of cycle performance. A greater Ў‘ȾὬ  yields a greater 

temperature lift in the refrigeration/heat pump LCST cycle, where Ὤ  is the enthalpy of 

vaporization of the evaporating species in the LCST mixture. If LCST mixtures with many 

different solvents were being considered for refrigeration or heat pumping, then the mixture 

with the greatest Ў‘ȾὬ  is the one that would yield the greatest temperature lift, and 

Ў‘ȾὬ  would be the reasonable choice for the LCST mixture figure-of-merit (FOM). 
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Because this dissertation deals only with aqueous LCST mixtures, where water is the 

evaporating species, the mixture with the highest Ў‘  is also the one with the highest 

Ў‘ȾὬ  (since they would all have the same value for Ὤ ). As such, Ў‘  is chosen as 

the working fluid FOM in this dissertation, since the dimensional value of Ў‘  has bearing 

on all potential end-uses of the LCST cycle. Meanwhile, dimensionless FOMs, such as 

Ў‘ȾὬ  or Ў‘ȾὙὝ, could have been used, but these are more specific to a given 

application (Ў‘ȾὬ  to refrigeration/heat pumping and Ў‘ȾὙὝ to dehumidification). In 

this chapter, the FOM (Ў‘ ) is used as 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 (subscript v) and solute (subscript u), 

Eq. (3.1) is the expression for the Gibbs free energy of the mixture, where ‘ is the partial 

molar Gibbs free energy, also known as chemical potential, and ὲ is the number of moles 

of species i.69 

 Ὃ ὲ‘ ὲ‘ (3.1) 

If ‘ᶻ is the chemical potential of a pure (i.e., unmixed) substance, the Gibbs free energy of 

the mixture can be expressed as Eq. (3.2), where Ὣ  is the molar free energy of mixing. 

 Ὃ ὲ‘ᶻ ὲ‘ᶻ ὲ ὲ Ὣ  (3.2) 
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Eq. (3.3) gives the expression for the chemical potential of species i within the mixture, 

‘ . 

 
‘ ‘ᶻ Ὣ ὲ ὲ

‬Ὣ

‬ὲ
ȟȟ

 
(3.3) 

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

in Eq. (3.4), where ὥ is the activity of species i. 

 ‘ ‘ᶻ ‘ ὙὝÌÎὥ  (3.4) 

‘ is the portion of chemical potential that arises due to mixing. However, for brevity, ‘ is 

hereafter referred to as ñchemical potentialò, since the chemical potential of the pure 

substance, ‘ᶻ, does not appear in any of the calculations.  

The partial derivative  can be rewritten as , where ὼ is the solute 

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

expressed as Eq. (3.5) and (3.6), respectively. 

 
‘ Ὣ ὼ

‬Ὣ

‬ὼ ȟȟ
 

(3.5) 

 
‘ Ὣ ρ ὼ

‬Ὣ

‬ὼ ȟȟ
 

(3.6) 
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Combining Eq. (3.5) and (3.6) yields Eq. (3.7) as the relationship between solute and 

solvent chemical potential. 

 
‘ ‘

‬Ὣ

‬ὼ ȟȟ
 

(3.7) 

Additionally, the Gibbs-Duhem relation yields Eq. (3.8) 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 Eq. (3.9). 

 ὲὨ‘ π (3.8) 

 Ὠ‘
ὼ

ρ ὼ
Ὠ‘ (3.9) 

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 Eq. (3.9). 

3.2.2 LCST Thermodynamics 

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 miscibility gap). 

This results in a phase diagram like the one in Figure 3.1a, where the single- and two-phase 

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 

illustrations of the LCST mixture at various temperatures. (b) Free energy of mixing (▌□░●) 
of the LCST mixture at a temperature below the LCST (╣) and a temperature above the 

LCST (╣). (c) Solvent chemical potential (Ⱨ○). (d) Solute chemical potential (Ⱨ◊). 

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

two concentrations that lie on the binodal curve are ὼ and ὼ. 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 shown in Figure 3.1b ï the tangent (dashed line) between ὼ and ὼ 

represents the free energy of two coexisting, immiscible phases at those concentrations, 

and it lies below Ὣ  for any concentration that is greater than ὼ and less than ὼ. 

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

single phase of concentration ὼ at Ὕ, making it thermodynamically favorable. Thus, ὼ 

and ὼ are the two points on the binodal curve at Ὕ, and this method of constructing the 

phase diagram is known as the ñcommon tangent methodò.71 Additional details on the 

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

no two points on Ὣ  can have a common tangent at a temperature Ὕ that is below the 

LCST (as depicted in Figure 3.1b). In other words,  must monotonically increase as a 

function of concentration at temperatures below the LCST ( π at Ὕ). 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 (Eq. (3.10), Figure 3.1c), as must the chemical potential of the solute (Eq. 

(3.11), Figure 3.1d). 

 ‘ ὼȟὝ ‘ ὼȟὝ  (3.10) 

 ‘ ὼȟὝ ‘ ὼȟὝ  (3.11) 

This equality of chemical potential at ὼ and ὼ at Ὕ is already satisfied with the common 

tangent condition. From Eq. (3.5), ‘ ‘ᶻ is equal to Ὣ ὼ , which is simply the 

left vertical-axis intercept of the tangent in Figure 3.1b, while Eq. (3.6) reveals that  ‘

‘ᶻ is the right vertical axis intercept. If the two points share a tangent at Ὕ, then 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 down to Ὕ, they would 

re-mix to form a single phase at this lower temperature. Because of this, the chemical 

potentials at ὼ and ὼ are different at Ὕ. As such, the chemical potential at ὼ must be a 

stronger or weaker function of temperature than it is at ὼ ï this is depicted in Figure 3.1c 

and Figure 3.1d, where the chemical potentials at ὼ are not equal to the chemical potentials 

at ὼ at Ὕ, but the chemical potentials at these concentrations change by different amounts 

when the temperature is increased to Ὕ, at 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 of this dissertation focuses on 

the chemical potential of the solvent (water), since this is the more relevant parameter for 

determining the performance of many thermodynamic cycles and applications (e.g., 

refrigeration, dehumidification, and desalination cycles) that utilize LCST mixtures. 
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Figure 3.2 Change in chemical potential required to induce phase separation in LCST 

mixtures. (a) Chemical potential at ambient temperature (╣) and two possible scenarios 

that would give rise to phase separation at a temperature above the LCST (╣). (b) The 

chemical potential of the ñbaseò mixture at ╣  (Ⱨ◌ ╣ , solid blue line) and ╣  (Ⱨ◌ ╣ , 

dashed light blue line), as well as an ñimprovedò mixture, which has a lower chemical 

potential than the base mixture at ╣  (Ⱨ◌ᴂ╣ , 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 which the 

chemical potential is equal. This is depicted in Figure 3.2, with two scenarios in Figure 

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 at ὼ (the higher concentration) 

increases to match the chemical potential at ὼ, which remains relatively unchanged. In the 

second scenario, the chemical potential at ὼ decreases to match that at ὼ. For the 

thermodynamic applications discussed in this work, the ideal aqueous LCST mixture 
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would be very close to pure water at ὼ. In this case, the water activity at ὼ would be a 

weak function of temperature. This resembles Scenario 1 in Figure 3.2a and is consistent 

with the experimental data from real LCST mixtures presented in Appendix H ï at 

concentration ὼ, the chemical potential of water is relatively unchanged with increasing 

temperature (shown in Appendix H, Section H.1). For this reason, the remainder of this 

chapter of the dissertation focuses on 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 water, ί, as described by Eq. (3.12) (derived in Appendix H, 

Section H.2). 

 ‬‘

‬Ὕ
ί 

(3.12) 

Because Ў‘ (the change in chemical potential of water at concentration ὼ upon heating 

from Ὕ to Ὕ) is positive for Scenario 1 in Figure 3.2a, the inequality in Eq. (3.13) must 

hold. 

 
ί ὼ ὨὝ π 

(3.13) 

If the partial molar entropy of water at ὼ, ί ὼ , is constant with temperature, 

then the only way for the integral in Eq. (3.13) to be negative is if ί ὼ  is negative. This 
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can arise from a negative entropy of mixing (i.e., a material that becomes more ordered in 

the presence of water) at concentration ὼ; however, in certain cases, a negative value of 

ί ὼ  can arise from an exclusively positive entropy of mixing (see Section 3.2.4). If 

ί ὼ  is not constant with temperature, it must be negative within at least some portion 

of the temperature range Ὕ to Ὕ, such that the integral in Eq. (3.13) is net negative, for 

Scenario 1 in Figure 3.2a to emerge. Meanwhile, ί ὼ  is small in magnitude given that 

Ў‘ (change in chemical potential of water at concentration ὼ upon heating from Ὕ to Ὕ) 

is nearly zero for Scenario 1 in Figure 3.2a. 

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 

chemical potential of water at concentration ὼ and temperature Ὕ, ‘ ὼȟὝ , must be 

negative for the two species to be miscible. From Eq. (3.14), this means that the partial 

molar enthalpy, Ὤ ὼ , must also be negative for this to occur. 

 ‘ ὼȟὝ Ὤ ὼȟὝ Ὕί ὼȟὝ π (3.14) 

If the partial molar entropy varies as a function of temperature, so too will the partial 

molar enthalpy, according to Eq. (3.15) (derived in Appendix H, Section H.2). Notably, 

Eq. (3.15) is true for any substance held at constant pressure and concentration, not just for 

LCST mixtures. 
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 ‬Ὤ

‬Ὕ
Ὕ
‬ί

‬Ὕ
 

(3.15) 

Accordingly, a binary mixture with a partial molar entropy that varies with temperature 

must also have a partial molar enthalpy that varies with temperature, and vice versa. At a 

given concentration (e.g., ὼ), the enthalpy and entropy are inextricably linked via Eq. 

(3.15). 

Thus, Eq. (3.13) and (3.14) reveal the necessary properties of LCST mixtures that 

follow Scenario 1 in Figure 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 data are shown in Appendix 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 performance, as is discussed in the next section). 

However, since the chemical potential at ambient temperature, ‘ᴂὼȟὝ , would then be 

more negative, the new change in chemical potential upon heating, Ў‘ᴂ, must be greater 

(than Ў‘) for the mixture to still phase separate at the same temperature Ὕ. Thus, the 

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

These changes are illustrated in Figure 3.2b. 

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; that is, heat is 

absorbed (not released) by the mixture as it phase separates at temperatures above the 



 104 

LCST. This is further discussed in Section 3.2.5, and in Appendix H, Section H.6, a proof 

is provided to show that this endothermic separation behavior is universal to all LCST 

mixtures. 

In Section 3.3.1 of this chapter, target properties are estimated for LCST mixtures 

in different energy and sustainability applications.  Given the intricate nature of these 

mixtures, some simplifications must be made to estimate these properties. First, it is 

assumed that the chemical potential of the mixture at the water-rich concentration, ‘ ὼ , 

does not vary strongly with temperature (Scenario 1 in Figure 3.2a). Then, because 

‘ ὼȟὝ ‘ ὼȟὝ  as shown in Figure 3.2a, it holds that ‘ ὼȟὝ ‘ ὼȟὝ . 

In this case, Ў‘, which is the change in chemical potential at ὼ from Ὕ to Ὕ, is equal to 

the chemical potential difference between ὼ and ὼ at Ὕ, which is referred to in this work 

as Ў‘ . This is illustrated in Figure 3.2b. Next, it is assumed that the partial molar entropy 

at any concentration is constant with temperature, in which case the integration of Eq. 

(3.12) yields Eq. (3.16). When the partial molar entropy does change as a function of 

temperature, Eq. (3.16) simply represents the average value from Ὕ to Ὕ. 

 
ί ὼ

Ў‘

Ὕ Ὕ
 

(3.16) 

The final assumption is that the mixture at the water-rich concentration, ὼ, has 

properties approximate to those of pure water. This has been observed for many existing 

LCST mixtures,19,34 and it is a desired trait of an ideal LCST mixture for the applications 

described in this work. As such, the chemical potential, partial molar enthalpy, and partial 
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molar entropy at ὼ are treated as being negligible; i.e., ‘ ὼ π, Ὤ ὼ π, and 

ί ὼ π. From this approximation, Eq. (3.17) results for the partial molar entropy of 

water in the water-scarce phase of an LCST mixture. Meanwhile, combining Eq. (3.14) 

and (3.17) yields Eq. (3.18), which provides an approximation for the partial molar 

enthalpy of the water-scarce phase of the LCST mixture. 

 
ί ὼ

‘ ὼȟὝ

Ὕ Ὕ
 

(3.17) 

 
Ὤ ὼ Ὕ

‘ ὼȟὝ

Ὕ Ὕ
 

(3.18) 

In summary, the partial molar properties at ὼ are approximated as zero, while the partial 

molar enthalpy and entropy at ὼ can be expressed entirely in terms Ὕ, Ὕ, and ‘ ὼȟὝ . 

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 section, it is shown that this is not a strict requirement and that a positive 

entropy of mixing can yield LCST behavior. To do this, Eq. (3.19) is utilized to model a 

binary mixture with a non-ideal entropy of mixing, as well as Eq. (3.20) to model the 

enthalpy of mixing. 

 ί ὙὼÌÎὼ ὼÌÎὼ ὼὼ…  (3.19) 
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 Ὤ Ὑὼὼ… (3.20) 

Using …  16 and …  -4800, entropy of mixing, enthalpy of mixing, chemical 

potential, and free energy of mixing are plotted in Figure 3.3. This negative entropy of 

mixing yields LCST behavior when the mixture temperature is increased from 300 to 350 

K; the existence of a miscibility gap at 350 K is evidenced by the existence of a common 

tangent on the 350 K curve in Figure 3.3d. This is representative of the general behavior 

that is commonly attributed to LCST mixtures. 
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Figure 3.3 LCST 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 both species. (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 …  -212 are used to investigate a positive entropy 

of mixing. The entropy, enthalpy, chemical potential, and free energy associated with these 

mixing parameters are plotted in Figure 3.4. 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 in Figure 3.4a. Because of the negative partial molar entropy, the 

(a) (b)

(c) (d)
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chemical potentials in both Figure 3.3c and Figure 3.4c increase with temperature at higher 

concentrations (though the magnitudes are very different). Furthermore, the existence of a 

common tangent in Figure 3.4d 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 binary mixture 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 the LCST (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 input.35,38,72ï74 

(a) (b)

(c) (d)
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Some of these works have erroneously neglected the heat of separation/demixing and only 

considered sensible heating in their energy analyses.72,74 This is because existing LCST 

hydrogels and liquid mixtures require a small amount of heat (10 ï 40 J g-1 for LCST 

liquids47 and hydrogels57) to induce phase separation. However, as shown in the following 

section, an LCST mixture with a more negative water-scarce chemical potential (lower 

activity) is necessary for applications, but this will be accompanied by a more negative 

partial molar enthalpy and entropy (Eq. (3.13) and (3.14)). This suggests that such an 

improved LCST mixture would require more heat for separation. 

To evaluate whether the ñimprovedò mixture in Figure 3.2b requires more heat to 

separate than the ñbaseò mixture in Figure 3.2b, one can consider the cycle in Figure 3.5, 

in which an LCST mixture, initially at ambient temperature (Ὕ), is heated to Ὕ (above the 

LCST) to induce phase separation. ὗ is the heat required to raise the initial mixture 

temperature, Ὕ, to the LCST, which is an entirely sensible heat (i.e., no heat of separation). 

Meanwhile, ὗ  is the combination of the heat required to induce phase separation (ὗ ) 

and the sensible heat requried to raise the temperature of the mixture from the LCST to Ὕ. 

In Figure 3.5, the two phases have the same chemical potential of water at Ὕ, but 

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 equilibrium. If a membrane 

permeable only to water were used to produce this work, then the maximum (i.e., 

reversible) increment of work that could be produced for a differential amount of water 

transferred between the two phases, Ὠὲ , is given in Eq. (3.21).  ὼ  is the concentration 
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of the water-rich phase (initially at ὼ), and ὼ  is the concentration of the water-scarce 

phase (initially at ὼ); integrating Eq. (3.21) from state 4 to 1 would yield the total amount 

of work produced. 

 

Figure 3.5 An LCST heat engine cycle represented on (a) a phase diagram and (b) a T-S 

diagram. The mixture is first sensibly heated (1 ï 2) to bring it to the LCST. It is then 

further heated to induce separation (2 ï 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 down to ╣  (3 ï 4). At this point, the two phases have different 

chemical potentials, so they can be used to produce work, perhaps in an electrochemical 

cell (4 ï 1). Eventually the two phases reach equilibrium, at which point they have the same 

concentration, and the cycle can begin again. 

 

ὡ‏ ‘ ὼ ȟὝ ‘ ὼ ȟὝ Ὠὲ  

(3.21) 

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

law analysis of the entire cycle reveals that both ЎὛ ὗȾὝ and ЎὛ ᷿ . If an 

effective temperature of separation is defined as Ὕ ὗ Ⱦ᷿ , then the following 
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relation is true: ЎὛ ὗ ȾὝ . Ὕ  is essentially the thermodynamic average 

temperature of separation, and it will always fall somewhere between the LCST and Ὕ. 

Meanwhile, a first law analysis of the cycle reveals that ὡ ὗ ὗ , which can be 

rewritten in the form expressed in Eq. (3.22). 

 
ὡ ὗ ρ

Ὕ

Ὕ
 

(3.22) 

Clearly, a more negative value of ‘ ὼ ȟὝ  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, there is ñno free lunchò. Generally, if two LCST mixtures are 

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. (3.21)) but will necessarily require more heat to separate (per Eq. (3.22)). 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 literature separate at temperatures 

~ 10 K higher than ambient, with a few exceptions that have LCST values around 60 °C 

(N4444CF3COO and P4444ToS19). Mixtures that separate in the range of 70 ï 90 °C would 

avoid boiling while still taking advantage of lower heats of separation, making these 

suitable from an application standpoint. However, when sensible 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 on conventional differential scanning calorimetry (DSC) devices. 

For example, Haddad et al. measured the heat of separation of P4444TFA and P4444DMBS 

to be approximately 2 ï 5 J/g.47 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 repeatably consistent. Instead, the heat of separation of a real LCST 

mixture can be theoretically calculated from the fundamental thermodynamic relations 

derived above (Eq. (3.21) and (3.22)). General theoretical relations for the heat of 

separation are provided in Appendix J, along with calculations for existing LCST mixtures. 

3.3 Properties of Existing LCST Mixtures 

3.3.1 Target Properties of LCST Mixtures in Various End-Uses 

The thermodynamic framework established thus far can be used to estimate the 

required properties that an ideal LCST mixture must possess. Four applications of LCST 

materials are depicted in Figure 3.6. By defining the necessary water-scarce phase water 

activity, its chemical potential, ‘ ὼȟὝ , can then be found using Eq. (3.4). 

Desalination46,47,75ï79 requires a water activity as low as 0.75 in the water-scarce phase, as 

this value corresponds to the activity of saturated brine. On the other hand, atmospheric 

water harvesting38,78,80,81 in arid regions requires an activity as low as 0.10, as this 

corresponds to the relative humidity of ambient air there. Air conditioning11,17,55,56,82,83 

requires a water activity around 0.40,56 which is within the comfortable indoor relative 

humidity range,84 and it is also the value needed to produce a reversible temperature drop 

of ~ 15 °C when the LCST refrigeration cycle is used (determined from Eq. (2.2)). 
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Figure 3.6 Applications of LCST mixtures. (a) Brine desalination, which requires the 

water-scarce (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. (c) Refrigeration, which induces a temperature 

drop as water evaporates from the water-rich (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 desired in air 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 water-scarce phase for the 

refrigeration application is as follows: if the ambient temperature is Ὕ = 300 K, a water 

activity of 0.40 equates to a chemical potential of ‘ ὼȟὝ  = -2285.5 J/mol (from Eq. 

(3.4)). If Ὕ = 343 K, then ί ὼ  å -53.2 J/mol-K (from Eq. (3.17)) and Ὤ ὼ  å -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 established these targets for ñidealò mixtures, they can now be compared to 

existing LCST mixtures. For this, activity measurements were performed on two LCST 

mixtures (a deep eutectic solvent/water mixture and an ionic liquid/water mixture).  Oleic 

acid/lidocaine, an LCST mixture that was recently reported in the literature,29 after 

separation at Ὕ = 343 K, has a water-scarce phase with a chemical potential of ‘ ὼȟὝ  

å -290.7 J/mol at an ambient temperature of Ὕ = 300 K. Meanwhile, 



 115 

tetrabutylphosphonium trifluoroacetate (PTFA),19,47 another LCST mixture, has an 

ambient chemical potential of ‘ ὼȟὝ  å -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 approximately 8 that of 

oleic acid/lidocaine and 38 that of PTFA at the water-scarce concentration ὼ. It should 

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

but these simplifications are valid for an LCST mixture that separates into a water-rich 

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

Notably, Table 3.1 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 

particularly hygroscopic material (water activity ~0.10; e.g., LiCl) at ambient temperature, 

which then becomes very hydrophobic (water activity ~1) when the temperature is raised 

by tens of degrees ï it is likely unrealistic for a single material to possess these properties. 

Even with the more realistic desalination application, the values in Table 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 Chemical potential of water in the water-scarce 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 

existing LCST materials, namely oleic acid/lidocaine and PTFA. An ambient temperature 

(╣) of 300 K and a phase separation temperature (╣) of 343 K are assumed. Activity is 

application-specific, while chemical potential, partial molar enthalpy, and partial molar 

entropy are calculated from Eq. (3.4), (3.18), and (3.17), respectively, for the target 

materials. The partial molar enthalpy and entropy of oleic acid/lidocaine and PTFA were 

not measured. 

Application  Water-

Scarce 

Water 

Activity  

Water-Scarce 

Chemical 

Potential of 

Water at 300 K 

(J/mol) 

Water-Scarce 

Partial Molar 

Enthalpy of 

Water (J/mol) 

Water-Scarce 

Partial Molar 

Entropy of 

Water  

(J/mol-K)  

Brine 

Desalination 

0.750 -717.58 -5724 -16.7 

Refrigeration or 

Dehumidification 

0.400 -2285.5 -18231 -53.2 

Atmospheric 

Water Harvesting 

0.100 -5743.5 -45814 -133.6 

Oleic 

Acid/Lidocaine 

0.890 -288.1 - - 

PTFA 0.976 -60.6 - - 

3.3.2 Review of Existing LCST Mixtures 

A literature review was conducted to determine the value of Ў‘  for existing 

aqueous LCST mixtures that have been previously reported in literature. Kamio et al. 

provide osmolality data for a wide range of water/ionic liquid (IL) LCST mixtures. While 

the activity of poly(NIPAm) (the most widely studied LCST polymer) has not been directly 

measured, Kocher et al. estimate the activity of the shrunken hydrogel after phase 

separation.56 The osmolalities and activities were converted to Ў‘  values, which are given 

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

mixtures. 

LCST Mixture  ЎⱧ◌ (J mol-1) ╪◌ȟ╦╡ Source 

Multi -stage OA/LD 684.3 0.999 This work (Section 3.4) 

OA/LD 306.0 0.999 This work (Section 3.3.3, 

Appendix A) 

P4444TMBS 109.9 0.997 Kamio et al.19 

N4444Salicyl 105.9 0.996 Kamio et al.19 

N4444TFA 65.7 0.986 Kamio et al.19 

P4444DMBS 64.4 0.996 Kamio et al.19 

P4444Salicyl 64.1 0.998 Kamio et al.19 

P4444TFA 43.4 0.992 Kamio et al.19 

P4444TOS 34.3 0.993 Kamio et al.19 

P4446Br 29.6 0.991 Kamio et al.19 

poly(NIPAm) 20.7 1.000 Kocher et al.56 

P4447Br 19.8 0.996 Kamio et al.19 

P4448Br 5.5 0.997 Kamio et al.19 

 The measurements for OA/LD are described in the following section and in 

Appendix A of this dissertation. Section 3.4 discusses the addition of a hygroscopic 

additive to OA/LD, which increases the overall Ў‘  of a multi-stage LCST cycle above 

that of any single stage. This overall, system-level Ў‘  is the value reported in Table 3.2. 

Notably, multi-stage OA/LD is still 3.3  too low in its Ў‘  to provide the temperature lift 

necessary for thermal comfort.  

3.3.3 Characterization of OA/LD 
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While the IL and hydrogel mixtures in the previous section are insufficient to produce 

a temperature lift of even 1 °C, there is another aqueous LCST mixture that has been 

reported in the literature: oleic acid/lidocaine/water (OA/LD/H2O). Longeras et al. 

discovered the LCST phase behavior of this mixture, attributing it to (i) the temperature 

dependent phase behavior of OA/H2O and (ii) the temperature dependent pKa values of 

amines (e.g., lidocaine).29 However, Longeras et al. did not report the chemical potential 

(or water activity) of the OA/LD/H2O mixture. It was theorized that OA/LD/H2O could 

possess a far greater Ў‘  than the other IL and polymer LCST mixtures, since (i) OA/LD 

is a deep eutectic solvent (DES) and not an ionic liquid (causing it to diverge from the 

highly similar water activity behavior that all currently known LCST ILs possess) and (ii) 

Longeras et al. found that when OA/LD/H2O was heated to 50 °C, the WR phase was ~99 

wt% H2O, and the WS phase was ~95% OA/LD. Due to these promising aspects of 

OA/LD/H2O, the water activity was measured as part of the work presented in this 

dissertation. The full dataset is provided in Appendix A; the main findings are that the WR 

phase possesses an activity of 0.999, while the WS phase possesses an activity of 0.883, 

yielding a Ў‘  of 306 J/mol. This makes OA/LD/H2O the best suited LCST mixture for 

the refrigeration and dehumidification applications discussed in this work and was 

therefore selected as the working fluid in the experimental demonstrations discussed in 

Chapter 4; however, this performance is still too low for practical use in the built 

environment.  

3.4 Characterization of Hygroscopic Additives in 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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applications35,38,55 by 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 

potential of water in oleic acid/lidocaine with and without a hygroscopic salt is measured 

to observe if this improves Ў‘ . 

 Certain salts, such as LiCl, are very hygroscopic and are often used as 

desiccants.85,86 As such, the addition of LiCl to an aqueous mixture of oleic acid/lidocaine 

was investigating, producing the finding that the addition of LiCl does not increase the 

chemical potential difference between the two phases as shown in Figure 3.7a. Instead, the 

entire chemical potential curve is shifted down, as depicted in Figure 3.7b, such that Ў‘  

is roughly the same with or without salt. Therefore, these results appear 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 theory). This suggests 

that hygroscopic additives will not improve existing LCST mixtures to achieve the 

performance necessary for the applications shown in Table 3.1. However, adding chloride 

salts to an LCST mixture can be used to tune the chemical potentials of the two phases at 

a fixed difference (Ў‘ ), which is an important finding. This in turn could be leveraged to 

shift the chemical potentials of a given LCST mixture around the water activities needed 

for a particular operation (e.g., the humidities experienced at a given location). It could 

also be used in a multi-stage/cascade configuration to create a system with an overall Ў‘  

that is greater than that of a single stage, which is the basis of the multi-stage 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 of oleic acid (OA) and lidocaine (LD), with different concentrations of a non-LCST 

salt additive. (a) Three mixtures were prepared with 25 wt% OA, 25 wt% LD, and 50 wt% 

aqueous 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 that Ў‘  remained approximately constant, a more thorough 

characterization was performed, and the results are provided in Appendix B. The effects of 

LiCl, CaCl2, and NaCl on a PTFA/H2O mixture were studied, as were the effects of LiCl 

on OA/LD/H2O. The water activity was measured across a range of IL/DES concentrations 

for several different concentrations of chloride salt. For both CaCl2 and LiCl, the entire 

chemical potential curve translates down upon the addition of salt, while roughly 

preserving the original shape of the curve without salt. However, the addition of NaCl in 

(a)

(b)
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high concentrations did slightly distort the shape of the chemical potential curve at high IL 

concentrations, possibly because the water activity of saturated NaCl/H2O is far higher 

(~0.75) than in LiCl/H2O and CaCl2/H2O (~0.11 and ~0.30, respectively).87ï89  

3.5 Summary 

The LCST material FOM that determines cycle performance is Ў‘  (the chemical 

potential of water difference between the WR and WS phases at ambient temperature). This 

quantity appears in the expression for the maximum theoretical temperature lift in 

refrigeration/heat pumping (Eq. (2.2)), as well as the maximum ratio of indoor and outdoor 

relative humidities (Eq. (2.5)). A greater value of Ў‘  yields a higher temperature lift or 

lower indoor humidity (both of which are desirable), but it also yields a lower maximum 

COP or MRE. Thus, the desired LCST mixture is one with a sufficiently large Ў‘  (to 

yield the desired temperature or humidity), but it should be no larger than what is necessary, 

otherwise the cycle efficiency will suffer.  

For LCST refrigeration and dehumidification, the water activity in the WR phase 

should be as close to unity as possible, while the activity in the WS phase should be Ò 0.4 

(in which case reversible operation would yield a temperature lift Ó 15 °C or an indoor 

relative humidity Ò 40%). This corresponds to a Ў‘  of 2286 J/mol, which is the target 

value used in this dissertation. Because any real system cannot reach the reversible limit, 

the value of Ў‘  would actually need to be greater than the target value, in order for LCST 

refrigeration or dehumidification to be practical. Thus, an LCST mixture (or series of LCST 

mixtures when considering multi-stage operation) must be discovered with a Ў‘  greater 



 122 

than the target value of 2286 J/mol before LCST refrigeration or dehumidification can 

become practical.  

A literature review was performed to determine the Ў‘  values of LCST mixtures 

that have been previously reported in the literature. Additionally, water activity 

measurements were taken for OA/LD with and without a hygroscopic additive; from these 

activity values, Ў‘  was determined for single-stage and three-stage OA/LD. The FOM 

values of the LCST mixtures previously reported in literature, as well as OA/LD and three-

stage OA/LD/LiCl, are listed in Table 3.2. A significant challenge facing the development 

of the LCST cycle is that even though the three-stage 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 factor of 3.3 ).  

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 a strict 

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 

mixtures31 and ionic liquid mixtures with small perhalogenated hydrocarbons.90   
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CHAPTER 4. CONTINUOUS REFRIGERATION AND 

DEHUMIDIFICATION USING THE LOWER CRITICAL 

SOLUTION TEMPERATURE CYCLE   

 This chapter discusses two different experimental setups that were developed to 

demonstrate a proof-of-concept of the LCST cycle ï a continuous design and a stepwise 

design. This chapter contains content from a manuscript,91 which is currently in 

preparation, that was authored by the author of this dissertation.  

4.1 Continuous Cycle Proof-of-Concept System Design 

To demonstrate that the LCST cycle can continuously provide the chemical 

potential difference needed for refrigeration, dehumidification, desalination, or power 

generation, a continuous, proof-of-concept experimental setup was built. Figure 4.1 

illustrates the experimental setup, which consists of a single-stage heating chamber, a heat 

sink to cool the separated mixture streams (WR and WS) down to ambient temperature, 

and a two air-mixture mass exchangers (in which water is transferred between flowing air 

and the liquid mixture streams). While recuperation was not included in this experimental 

design, the effect of adding a recuperator is discussed in Section 4.1.4.  
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Figure 4.1 Illustration of the continuous, single-stage, proof-of-concept experimental setup 

for LCST dehumidification. Airflow was induced to demonstrate dehumidification (in the 

WS mass exchanger) and desorption (in the WR mass exchanger). 

 The experimental setup was designed for a single stage of LCST mixture, with two 

mass exchangers. A three-stage experimental setup was designed as well (to increase the 

temperature lift and humidity drop of the cycle), as pictured in Figure 4.2, with four more 

mass exchangers. However, the interior mass exchangers (first stage WS ï third stage WR) 

would require lengths that were prohibitively large for this proof-of concept experiment 

(due to the driving force between the interior mass exchangers being far smaller than the 
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driving force between the exterior mass exchangers). Thus, only single-stage continuous 

operation was demonstrated at steady state, using OA/LD without the LiCl additive.  

 

Figure 4.2 Illustration of the continuous, multi-stage, proof-of-concept experimental setup. 

The interior mass exchangers would require lengths prohibitively large for this benchtop-

scale, proof-of-concept experiment, so this three-stage operation was conceptualized but 

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

 While the setup in Figure 4.1 was used to measure the chemical potential of the two 

phases and to demonstrate dehumidification, a different setup was used to demonstrate 

continuous refrigeration, which is illustrated in Figure 4.3. This setup was designed to 

measure the maximum temperature lift that a single-stage LCST refrigerator using 

OA/LD/H2O could produce. Furthermore, 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 fluctuations 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 4.3.1. The experiments presented in this 

dissertation are designed to demonstrate that LCST mixtures can be used for refrigeration 

and dehumidification, and the proof-of-concept systems were not designed around 

practical performance, which would require additional engineering considerations. 

 

Figure 4.3 Illustration of the continuous, single-stage, proof-of-concept experimental setup 

for LCST refrigeration. Airflow was induced between the two mass exchangers to dry the 

air using the WS phase, after 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 heating chamber consists of a 1 L jar, with holes drilled in the top as 

feedthroughs for tubing and wiring (which were sealed with JB Weld). Inside the jar, four 

flexible heaters were used in parallel, for a total resistance of 3 ɋ. A TC-720 temperature 

controller was used, in conjunction with a 24 V power source, such that at 100% output, 

the heaters supply 192 W of heat. A 15 kɋ thermistor (TE Technologies, part number MP-

3193) was used to measure the temperature of the mixture in the heating chamber. A picture 

of the heating chamber, filled with the OA/LD/H2O mixture, is shown in Figure 4.4.  

 

Figure 4.4 Photo of the continuous cycle heating tank. 

If multi-stage operation were to be demonstrated, the three-stage heating chamber 

illustrated in Figure 4.2 could be used; alternatively, a separate jar could be used for each 

stage. Each jar would be filled with an LCST mixture consisting of a different 
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concentration of LiCl. The first jar would have no LiCl (ὅ π), such that the chemical 

potential of the WR and WS phases at ambient temperature should be -1.93 J/mol and -

288.10 J/mol, respectively (according to the measurements in Section 3.4). This 

corresponds to the mixture that was used in the single-stage demonstration in this 

dissertation. The second chamber would be filled with a solution of LiCl/H2O with an LiCl 

concentration of ὅ  6.99 wt%, after which the OA/LD mixture is added. For this 

second-stage mixture, the chemical potential of the WR and WS phases at ambient 

temperature should be -199.44 J/mol and -503.41 J/mol, respectively (according to the 

measurements in Section 3.4). Finally, the third chamber would be filled with a solution of 

LiCl/H2O with an LiCl concentration of ὅ  11.25 wt%, after which the OA/LD 

mixture is added. For this third-stage mixture, the chemical potential of the WR and WS 

phases at ambient temperature should be -382.78 J/mol and -686.20 J/mol, respectively 

(according to the measurements in Section 3.4). These LiCl concentrations for the second 

and third stages were selected to fix the water activity of the second stage WR phase at 

exactly 0.93, and to fix the water activity of the third stage WR phase at exactly 0.86. This 

would allow for mass transfer between the first stage WS (water activity of ~0.90) and 

second stage WR (water activity of 0.93) in the appropriate direction (WR to WS), and it 

would allow for mass transfer between the second stage WS (activity of ~ 0.84) and third 

stage WR (activity of 0.86) in the appropriate direction (WR to WS). Furthermore, while 

more stages could be added to the proposed multi-stage system, it was found that increasing 

the LiCl concentration caused the OA/LD/LiCl/H2O mixtures to form a slurry and cause 

scaling in the system (see Figure 4.5). Thus, to avoid using these higher concentrations 

(and the unfavorable precipitation and scaling behavior that accompanies them), the 
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proposed multi-stage experimental system was capped at three stages, with the 

concentrations given above. As noted above, the multi-stage continuous experiment was 

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

 

Figure 4.5 Vial of OA/LD/H2O/LiCl with ╒╛░╒■ ranging from 12 to 20 wt%, at 70 °C. 

4.1.2 Heat Sink 

A heat sink was constructed for use in a future three-stage setup, which consists of 

6 plastic tubes (one for each fluid stream, given that there would be 3 mixtures and 2 phases 

per mixture) of 10 ft in length, with fans (DigiKey part number 1570-1073-ND) blowing 

over the exterior of the tubes. While metal tubes would be more thermally conductive (and 

thus the outlet temperature would be lower), the presence of LiCl in the second-stage and 

CLiCl = 12 wt% CLiCl = 14 wt% CLiCl = 16 wt% CLiCl = 18 wt% CLiCl = 20 wt%
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third-stage mixtures would corrode the metal tubing, so plastic tubing (McMaster part 

number 9176T1) was used instead. Furthermore, external fins could have been used to 

enhance air-side heat transfer and reduce required tubing length (or increase the allowable 

liquid flowrate), but for the sake of simplicity, these were not included. For the single-stage 

experiment demonstrated in this dissertation, liquid was only flowing through two of these 

six tubes. A picture of the heat sink is shown in Figure 4.6. 

 

Figure 4.6 Picture of the heat sink in the continuous experiment (without the fans present). 

To confirm that the outlet temperature of the heat sink would be sufficiently low, a 

heat transfer analysis was performed. Given the flowrate from the fans and the tube bank 

geometry, the heat transfer coefficient on the external surface of the tubes was estimated 

to be 55.59 W/m2-K. Given the thermal conductivity of polycarbonate92 (0.235 W/m-K), 

and the thickness of the tubing, the thermal conductance through the tubing is 121.52 

W/m2-K (when normalized by the external surface area). Finally, a Nusselt number of 3.66 

was used for the liquid flow inside the tubing. This value corresponds to laminar flow, 

which is the case for all of the liquid streams in this experiment, and it also corresponds to 

a constant (i.e., spatially invariant) tubing surface temperature. While this assumption is 

not strictly accurate, it is more representative of the actual experiment than the constant 

heat flux assumption, which corresponds to a Nusselt number of 4.36. Furthermore, the 

Nusselt number of 3.66 is more conservative than 4.36, so the constant surface temperature 

assumption is used. Thus, from Nu = 3.66, an 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 to be 345.83 W/m2-K. By 

converting these thermal conductances to thermal resistances, adding them in series, and 

then taking the reciprocal of the overall thermal resistance, the overall heat transfer 

coefficient between the external air and the internal liquid streams was found to be 1.24 ὒ 

W/K, where ὒ is the tubing length (in m). The equation for the temperature of the liquid as 

a function of tubing length is given in Eq. (4.1). 

 
Ὕ Ὕ Ὕ Ὕ ÅØÐ

ρ

Ὑ άzὧ
 

(4.1) 

Using the calculated thermal resistance, assuming an inlet temperature of 50 °C for the 

liquid streams as they leave the heating tank, an external air temperature of 25 °C, and a 

fluid density and specific heat of 1000 kg/m3 and 4.18 kJ/kg-K, respectively (conservative 

values for every liquid stream other than the first-stage WR stream), the outlet temperature 

is plotted as a function of the tubing length in Figure 4.7 for various flowrates. Based 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 measure the chemical potential of the separate phases, and to induce moisture 

transfer between air and liquid for the dehumidification experiment, six different mass 

exchanger tubes were assembled, which are pictured in Figure 4.8. These were constructed 

for use with a future, three-stage experimental setup; for the single-stage setup used in this 

dissertation, only the first two mass exchangers (the two leftmost tubes) were used. In these 

mass exchangers, the liquid streams flow downward, while air is pumped over the liquid, 

inducing moisture exchange between the air and the liquid mixtures. Isothermal mass 

exchange would be ideal (except in the first-stage WR mass exchanger during refrigeration, 

in which case adiabatic mass exchange is desired), so metal tubes would be preferable. 

However, corrosion is a concern, given the presence of LiCl in stages two and three, so 

plastic tubes are used.  
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Figure 4.8 Picture of the mass exchangers in the continuous dehumidification experiment.  

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 moisture into a 

separate air stream.  
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A different setup was used for mass exchange in the continuous refrigeration case. 

For the refrigeration experiment, it is beneficial for the mass exchangers to contain a pool 

of each phase, with one inlet and one outlet to continuously replenish the mixture. This 

pool of liquid makes it easier to measure the temperature of the WR phase, and it also 

creates a large surface area for mass transfer. To achieve this, a 250 mL jar was used for 

the WR phase, and a 1 L jar was used for the WS phase (a greater surface area for the WS 

phase would produce drier air entering the WR phase mass exchanger, which would yield 

a greater temperature drop in the WR). Holes were drilled into the lid, and tubing and 

temperature sensors were fed through the holes, which were then sealed with JB Weld. The 

PT100 RTDs (Adafruit part number 3984) were used to measure the temperature inside of 

the mass exchangers. This configuration is pictured in Figure 4.9, before the heat sink, 

liquid tubing, and air tubing were added to the chamber. The pumps were placed outside 

of the temperature-controlled chamber during the experiment. While this setup would not 

be optimal for a practical refrigeration system, it is sufficient for fundamentally proving 

the concept of an LCST refrigerator (from a scientific perspective).  
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Figure 4.9 Picture of the heating chamber and mass exchangers in the continuous 

refrigeration experiment, 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 experiment was to demonstrate 

the ability of the LCST cycle to produce continuous refrigeration and dehumidification. 

The goal of the experiment was not to optimize the design of the system for maximum 

COP. Second, the mixtures used in this proof-of-concept demonstration are highly viscous 

and would likely present challenges with pumping the mixtures through plate heat 
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exchangers, while tube-in-shell heat exchangers would be difficult to obtain and/or 

expensive for this small-scale proof-of-concept system.  

However, while a recuperator was not implemented, the effects of adding a 

recuperator can be easily calculated. If the COP of the system without recuperation is 

ὅὕὖ  (i.e., the system without a recuperative heat exchanger is the same as a system with 

a recuperative heat exchanger with zero effectiveness), then the expression for the COP 

with recuperation, in terms of the COP without recuperation, is given in Eq. (4.2), where 

ά ὧȟ  is the sum total heat capacity rate of all six LCST mixture streams, and ὗ  is 

the cooling power of the system. 

 
ὅὕὖ

ὅὕὖ

ρ ὅὕὖ
ά ὧȟ ‐Ὕ Ὕ

ὗ

 
(4.2) 

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

without recuperation in Eq. (4.3). 
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 In Section 4.2, the COP and MRE for the proof-of-concept experiment are reported, as are 

the rate of cooling (for refrigeration) and moisture removal (for dehumidification). Then, 

Eq. (4.2) and (4.3) are used to estimate the COP and MRE, respectively, as a function of 

recuperator effectiveness, to elucidate the system performance if a recuperative heat 
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exchanger of some known effectiveness had been implemented in the proof-of-concept 

system design.  

4.2 Continuous Cycle Experiment 

The different components described in Section 4.1 (excluding the recuperative heat 

exchanger, which was not included in the experimental setup) were assembled into the 

complete proof-of-concept system pictured in Figure 4.10. Different parts were swapped 

out or not used, depending on the particular experiment being conducted. For example, 

Figure 4.10 pictures the three-stage heating chamber, which was swapped out for the 

single-stage chamber for the experiments in this dissertation, and it also pictures mass 

exchangers for the second and third stages, which simply went unused.  
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Figure 4.10 Picture of the continuous cycle experimental setup. 

The temperature controller was set to maintain the mixture within the heating 

chamber at 50 °C. The WR and WS phases were then pumped at 1 mL/min through the 

first stage tubing. At this flowrate, the mixture returning to the heating chamber was 

flowing slowly enough to quickly reach 50 °C as it entered the jar, and 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. However, when the WR flowrate was higher, the returning WR 

mixture temperature was too low as it flowed back into the jar, agitating the phase separated 

mixture and causing it to partially mix. Thus, for the setup used in this dissertation, it was 

found that WR flowrates of ~ 10 mL/min (or higher) prevented the mixture in the heating 

chamber from fully separating at steady state, while 1 mL/min maintained separation.  
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Both flowrates were set to 1 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 

separated throughout the entire duration of the experiment. Pictures of the mixture in the 

heating chamber at the beginning of the experiment (before the mixture had time to fully 

separate), ~ 20 hours into the experiment, and > 24 hours into the experiment are shown in 

Figure 4.11. The cloudiness of the WS phase in Figure 4.11a is an indication of incomplete 

separation, while the translucent appearance of the WS phase in Figure 4.11b and Figure 

4.11c indicates that the WR phase is not dispersed within the WS phase, and complete 

separation exists.  

 

Figure 4.11 Picture of the single-stage heating chamber at various times during the 

continuous cycle experiment; (a) beginning of the experiment, (b) ~ 20 hours into the 

experiment, (c) > 24 hours into the experiment.  

Furthermore, Sensirion SHT45 humidity sensors were used to measure the relative 

humidity within each mass exchanger, which is equal to the water activity of the phase 

flowing through the mass exchanger. The measured relative humidities and corresponding 
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chemical potentials of the WR and WS phase are plotted below. Data was collected for a 

period of ~ 8 hours (after the system has been running for ~ 24 hours), and it was found 

that during this entire duration, the chemical potential of the WR and WS phases remained 

nearly constant, as shown in Figure 4.12. Furthermore, the chemical potential of both 

phases is in good agreement with the values that were measured for these mixtures using a 

water activity meter (see the measurements in Appendix A), prior to this continuous cycle 

experiment. Between Figure 4.11 and Figure 4.12, it is clear that the experimental setup is 

capable of continuously producing a WR and WS phase that have a nearly constant Ў‘  

value between them.  

 

Figure 4.12 Measurement of relative humidity and chemical potential of water in the two 

phases using the humidity sensors in the mass exchanger tubes. The humidities (and thus 

chemical potentials) remain nearly constant for many hours of continuous operation. The 

WR sensor read a humidity slightly greater than 100%; at such high humidities, the sensors 

become less accurate, leading to the slight inaccuracy in the measurement.  

4.2.1 Refrigeration Results 
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The proof-of-concept refrigeration experiment was conducted 10 times. For each 

run, the air pump circulating air between the WR phase and WS phase was turned on for 

20 minutes, to allow the temperature drop within the WR mass exchanger to develop, and 

then turned off for 2 hours, to illustrate that the temperature returns to ambient when the 

pump is off and mass transfer ceases. This unambiguously demonstrates that the 

refrigeration effect measured in this experiment was due to the mass transfer between the 

WR and WS phases (an even more rigorous demonstration of the LCST cycle refrigeration 

effect is provided in Section 4.3). The results for all 10 runs were averaged and are plotted 

in Figure 4.13, along with an illustration of the experimental procedure. The solid lines 

within the plots in Figure 4.13 correspond to the averages of the 10 repetitions, while the 

shading around the average represents the 95% confidence intervals. Turning the air pump 

on/off was used as the method of inducing/stopping the refrigeration effect. The gray bands 

on the plots correspond 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 refrigeration single-stage proof-of-concept 

experiment. The gray areas represent the time when the air pump was turned off, and no 

mass transfer was occurring. 

With Figure 4.13 unambiguously demonstrating the refrigeration effect that the 

LCST cycle can produce, one long duration experiment was conducted to demonstrate the 

continuous nature of the proof-of-concept system (i.e., that it can achieve steady state and 

produce refrigeration indefinitely). The results of this experiment are shown in Figure 4.14. 

From the total cooling provided by the system (as determined by sensible heat of the cool 

WR mixture leaving the WR mass exchanger), as well as the total heat supplied to the 

system (measured using the temperature controller, in addition to the known resistance of 

the immersion heaters in the heating chamber), the average cooling power and COP were 

found to be 29 mW and 0.0023, respectively. The total cooling and heat input were 

measured between minute 20 (when the system reached an approximately steady state) and 

minute 120. If a perfect recuperator were used, the COP would increase to 0.0031 (based 

on the sensible heat of the WR and WS streams returning to the heating chamber). This 

indicates that most of the heat at the heating chamber is being lost to the ambient, and the 

COP could be vastly improved with an optimized heating chamber/separator design.   

W
S

(C
o
n

d
e

n
s
e

r)

Condenser

Evaporator

Air 

Pump

From 

Heating 

Chamber

To 

Heating 

Chamber

W
R

(E
v
a
p

o
ra

to
r)



 143 

 

Figure 4.14 Results of the long duration single-stage LCST refrigeration experiment. 

4.2.2 Dehumidification Results 

To demonstrate dehumidification, a miniature air pump was used to circulate air 

through the WR and WS mass exchangers. However, 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 closed. Furthermore, 

the air inside of the laboratory space was maintained at ~ 50% RH, which is far too low for 

the WS phase of OA/LD to dehumidify. As such, the air was first bubbled through a 

container of H2O for the air being dehumidified and KCl/H2O for the desorption air. In 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 moisture. It should be 

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

RH).   

When the system was cycled ñonò (for 60 seconds), the valve was used to divert 

airflow into a particular mass exchanger; when the system was cycled ñoffò (for 60 

seconds) the valve was set to divert the airflow and bypass the mass exchangers. For 

example, for dehumidification, when the valve was switched so that air could flow through 

the WS mass exchanger, the 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 humidity returned 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 that the WS phase was unambiguously providing 

dehumidification to humid air. This was repeated 10 times, and the results for the humidity 

ratios were averaged and are plotted in Figure 4.15 for the dehumidification experiment, 

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 exchangers (i.e., the cycle is off).  



 145 

 

Figure 4.15 Humidity ratios during the single-stage LCST dehumidification proof-of-

concept experiment. 

After the dehumidification portion of the experiment was conducted, the desorption 

portion was conducted. In a real system, desorption would be required to remove the 

moisture from that entered the mixture during dehumidification and reject it to the outdoor 

air; otherwise, steady state operation could not be achieved. This was desorption 

experiment was repeated 10 times, and the results for the humidity ratios were averaged 

and are plotted in Figure 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 exchangers (i.e., the cycle is off). 

Notably, there is an offset between the two curves in both Figure 4.15 and Figure 4.16, 

which represents sensor error.  
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Figure 4.16 Humidity ratios during the single-stage LCST dehumidification proof-of-

concept experiment. 

For the dehumidification experiment, the airflow rate was ~ 2.5 ft3/h (as determined 

by a Dwyer airflow meter), while the airflow rate was ~ 4 ft3/h for the desorption 

experiment. From these values, and from the humidity ratios during the dehumidification 

and desorption experiments, the average rate of dehumidification right before each run was 

stopped was 2.5 10-8 kg/s, while the average rate of desorption right before each run was 

stopped was 5.0 10-8 kg/s. In a real system, the airflow rates could be adjusted to match 

these two values and achieve steady state. Furthermore, the average power supplied to the 

heating chamber during this process was ~ 100 W, yielding an average MRE of 8.9 10-4 

kg/kWhth. Based on the liquid flowrates during these experiments (1 mL/min), if a perfect 

recuperator were implemented, the required heat input would decrease by a mere 3.5 W, 

yielding only a marginal improvement to MRE (to a value of 9.310-4 kg/kWhth). It is 

important to note that the heating chamber was not covered in insulation for this 

experiment, since the intention of this experiment was to fundamentally demonstrate LCST 

dehumidification, not to maximize MRE. Insulating the heating chamber, as well as 

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

4.3 Stepwise Closed-Cycle Refrigeration Experiment 
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 Sections 4.1 and 4.2 of this dissertation described a continuous cycle proof-of-

concept experiment, in which a single-stage of LCST mixture was used. However, a multi-

stage system could theoretically achieve a greater Ў‘  (and thus a greater temperature lift) 

than a single-stage system. To experimentally demonstrate this, a simple stepwise 

demonstration was performed, without demonstrating the intermediate ñmass balanceò 

process necessary to close the cycle.  

4.3.1 Environmental Chamber 

To simulate constant ambient conditions, an environmental chamber was 

constructed. This chamber consisted of a large box, with framing created using T-slotted 

framing from McMaster Carr. The sides of the box were made out of foam board insulation, 

covered in reflective foil. An SRS PTC10 temperature controller was used in conjunction 

with a thermoelectric device to maintain the temperature inside of the chamber within 0.1 

°C of the setpoint of 25 °C. The temperature controller PID values were automatically set 

using the built-in tuning. The experimental setup was then placed within the environmental 

chamber, and the lid was closed while data was collected. Figure 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, 

closed-loop LCST cycle refrigeration demonstration. First, a jar of OA/LD/H2O was heated 

in a water bath for 48 hours to ensure complete phase separation (Mixture A in Figure 

4.18a). For two of the four experiments, a second jar of OA/LD/H2O/LiCl (Mixture B in 

Figure 4.18a) was also heated for 48 hours, separated, and allowed to cool. Then, the WR 

and WS phases were separated and allowed to cool back down to ambient temperature. The 

WR phase was placed in a small box (roughly 1òx1òx1ò), labelled ñevaporatorò in Figure 

4.18b, which had one inlet and one outlet. Then, a series of metal tubes connected to one 

another via plastic tubing (labelled ñcondenserò in Figure 4.18c) were filled with either (i) 
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nothing (for the ñempty condenserò control experiment), (ii) the WS phase of the 

OA/LD/H2O Mixture A (for the ñsingle stageò experiment), (iii) the WS phase of the 

OA/LD/H2O/LiCl Mixture B (for the two ñmulti-stageò experiments). Two multi-stage 

experiments were demonstrated: one for two stage refrigeration (where ὅ  = 6.99), and 

one for three stage refrigeration (where ὅ  = 11.25). In these multi-stage experiments, 

only the refrigeration effect was demonstrated; the intermediate mass transfer steps were 

not demonstrated. To induce refrigeration, a 12 V miniature air pump was used to flow air 

through the condenser and evaporator, and RTDs (OMEGA part number RTD-2-F3105-

36-G) were placed inside the evaporator (immersed within the WR phase mixture) and on 

the exterior of the condenser. The air pump was cycled on for 15 minutes, after which the 

pump was turned off for 11 hours and 45 minutes (to allow the condenser and evaporator 

temperatures to return to the ambient temperature and to allow moisture to diffuse and 

equilibrate within the WS phase before starting a subsequent run). For each mixture, this 

cycle was repeated for a total of 10 times, such that all of the temperature data 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. (c) 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 the condenser and evaporator of the stepwise experiment are provided in 

Figure 4.19a and Figure 4.19b, respectively. The RTDs used were OMEGA RTD-2-F3105-

36-G.93 The mini air pump was purchased from Amazon.94 

 

Figure 4.19 (a) Picture of the condenser in the stepwise experiment. (b) Picture of the 

evaporator in the stepwise experiment. 

4.3.3 Results 

The results of the stepwise experimental demonstration of LCST refrigeration are 

plotted in Figure 4.20. Figure 4.20a shows the average (solid lines) condenser (red) and 

evaporator (blue) temperatures across 10 runs when the condenser was filled with WS 

phase of the ὅ  = 0 mixture (i.e., single stage operation). The 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 plotted for all of the 

experiments (empty condenser, single stage, two stage, and three stage) in Figure 4.20b. 

The maximum temperature lift was seen with the ὅ  = 11.25 wt% WS phase in the 

condenser (as expected, since it possesses the lowest water activity). This maximum 

temperature lift was found to be 2.32 °C. 
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Figure 4.20 Results of the stepwise, closed-loop LCST refrigeration experiment. (a) 

Condenser and evaporator temperature when the condenser was filled with the WS phase 

of OA/LD/H2O (no LiCl). (b) Temperature lift for all four experiments. Solid curves are 

the average temperature values over 10 runs, while the lightly colored bands are the 95% 

confidence intervals. Gray bands indicate when the air pump was turned off. 

Notably, the temperature lift in the empty condenser case is slightly greater than 

zero; this is likely due to two separate reasons. First, there is some dry air in the condenser 

at the beginning of the experiment, causing a slight amount of evaporation (and thus a 

slight temperature drop) in the evaporator before the air in the tubing reaches equilibrium 

with the WR phase in the evaporator. Second, the air pump generates a small amount of 

heat, causing the temperature at the location of the condenser RTD to increase slightly, 

whereas the air has time to cool before reaching the evaporator RTD. However, the 

temperature lift in 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, 

unambiguously confirming that LCST refrigeration was successfully demonstrated. 

The main goal of the experiment in Figure 4.20 was to demonstrate that temperature 

lift increases with the number of stages, which was achieved. However, a secondary 

question remains as to what COP was achieved during this demonstration. Because the 
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LCST mixtures were heated in the water bath for two days, and the water bath was not 

designed to minimize heat losses (nor was it insulated), the COP would be very low for 

this stepwise experiment, and a direct measurement of the energy supplied to heat the water 

bath during separation was not performed. Instead, Figure 4.21 is provided below, to 

understand the COP if the stepwise experiment (i) was reversible, (ii) only required the 

heat of separation and provided all sensible heat via recuperation, and (iii) only required 

that the mixture be heated to 70 °C (including both the sensible and separation heat) and 

separated immediately (instead of needing to be maintained at 70 °C overnight). Case (iii) 

is also equivalent to heating the container of OA/LD/H2O up to 70 °C and then perfectly 

insulating it while it separated for two days, so no further heat would need to be supplied. 

The stepwise cycle is illustrated in Figure 4.21a; notably, during the final process of the 

cycle, in which moisture is desorbed from the WR phase and absorbed by the WS phase, 

the temperature lift is approximately proportional to Ў‘  (from Eq. (2.2), the 

proportionality constant would be equal to 
Ў

, which is a function of Ў‘ , so it is not 

a true constant; however, Ὤ ḻЎ‘  so this fraction is very nearly constant across the 

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

approximately proportional to Ў‘ ).  
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Figure 4.21 Theoretical performance of the stepwise, single-stage LCST refrigeration 

cycle. (a) Illustration of the cycle. (b) Instantaneous reversible 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. The results in (b) 

correspond to a mixture initially at 50 wt% H2O.  

As more moisture is drawn into the WS phase from the WR phase, the amount of 

cooling provided increases, but the Ў‘  decreases, so the temperature of the WR phase 

would increase (thereby decreasing the temperature lift as the process proceeds). This can 

be seen in Figure 4.21b, 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 phases). Figure 4.21b was generated for a 

single-stage experiment, with an initial mixture of 200 g, at 50 wt% H2O, 50 wt% OA/LD 

(the initial mass of the mixture would not affect the reversible temperature lift or any of 

the COP values; it only affects the scale of the horizontal axis). The separation heat was 

(a) (b)
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determined using the methodology described in Appendix J, while it was assumed that the 

initial mixture had a specific heat equal to that of water (4.186 kJ/kg-K, which is a 

conservative assumption). The reversible and separation-heat-only COP values are so high 

because the average chemical potential (and thus, the average temperature lift) of the 

cooling process would be very low. Meanwhile, if all of the moisture were transferred 

during the cooling process (i.e., 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 a mere 5% of 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 to a 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 and 195 g of WS phase were used (this was done to 

maintain a large chemical potential difference, and thus a large temperature lift, throughout 

the duration of the experiment). This 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 in Figure 4.22 below. If the initial OA/LD mixture had been heated to 70 °C with 

zero heat loss, and if the stepwise refrigeration experiment were allowed to proceed until 

mass transfer ceased (i.e., the WR and WS phases reached the same concentration), then 

the COP would have been approximately 0.3. This is an incredibly small COP 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 

transferred between 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 10-5; this illustrates how significantly the sensible heating hinders the performance of 

the LCST cycle when recuperation is not used.  

 

Figure 4.22 Theoretical performance of the stepwise, single-stage LCST refrigeration 

cycle when the initial mixture is at 93.6 wt%. 

4.4 Summary 
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Two proof-of-concept experiments were conducted to unambiguously demonstrate 

that LCST separation can be used to produce either refrigeration or dehumidification. The 

first experiment involved a single-stage, proof-of-concept system that provides 

continuously flowing streams of the 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 phase via airflow) and dehumidification (by 

exposing the WS stream to an air stream with a fixed inlet humidity, causing the mixture 

to absorb moisture from the air). The COP and temperature lift of the long-duration 

refrigeration experiment were found to be 0.0023 and 0.96 °C, respectively, while the MRE 

and humidity ratio drop of the dehumidification experiment were found to be 8.9 10-4 

kg/kWhth and 1.3 g/kg, respectively.  

The second proof-of-concept experiment involved a stepwise demonstration of 

LCST refrigeration, in which vials of LCST mixtures (with different concentrations of 

LiCl) were heated in a water bath and phase separated. After 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 drop of 2.32 °C. The 

refrigeration effect was induced while the evaporator and condenser were inside of an 

environmental 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 this chapter 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 dehumidification. The experiments 
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in this chapter were not an engineering endeavor intended to produce an optimized air 

conditioning system. First of all, all currently known LCST mixtures are insufficient to 

produce conditions anywhere near what is typically seen in practical air conditioning 

systems. An optimized system would be pointless without the working fluids required to 

perform in a practical environment. If the goal had been to optimize the system for practical 

use, recuperation would have been implemented to reduce heat 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). The operating expenditure solely from 

the energy consumption is compared to the total expenditure (operating and capital) for 

traditional air conditioning systems (vapor compression refrigeration, absorption 

refrigeration, and desiccant dehumidification), using the levelized cost of cooling 

framework. Furthermore, the annualized cost associated with the separator is presented. 

Values for both the cost per unit separator volume and 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 compare two different energy systems that produce the same output (electricity, 

heat, etc.), an economic metric is used to evaluate which system is more cost effective. 

When performing such an economic analysis, it is important to account for all of the costs 

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 

expenditures, as well as any operating expenditures) and divide by the amount of the 

desired system output that is produced over the year. For example, the widely used 

levelized cost of electricity (LCOE) quantifies the cost per unit electricity produced of an 
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electricity generation technology (e.g., a solar panel) or an entire power plant, often 

expressed in units of $/kWhe. The levelized cost metric has also been extended to heat,95,96 

water,78,80,97 and energy storage.98 

 Recently, Gabbrielli et al. applied the levelized cost metric to solar-powered 

cooling systems, introducing the levelized cost of cooling (LCOC);99 Kocher also used the 

LCOC metric to compare two different cooling cycles.100 This metric serves as a way to 

compare the lifetime costs of different cooling systems. Thus, the LCOC can be calculated 

for both traditional and LCST-based cooling systems and compared to assess economic 

viability. If the LCOC of LCST cooling exceeds that of traditional systems, even when 

generous assumptions are made that favor the LCST cycle, then LCST cooling has little 

chance to compete with traditional methods of cooling.  

5.1.1 The Levelized Cost of Cooling 

 The levelized cost of cooling is given in Eq. (5.1), where the subscript h denotes a 

particular hour of the year. 

 
ὒὅὕὅ

ὅὃὖὉὢὅὙὊὧ В ὗȟȾὅὕὖ ὕὖὉὢ

В ὗ
 

(5.1) 

ὅὃὖὉὢ is the up-front (or ñovernightò) cost of the cooling system. Because this cost is 

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 the capital recovery 

factor, ὅὙὊ, which is given in Eq. (5.2), where ὶ is the discount rate and ὸ is the system 

lifetime in years. 



 161 

 
ὅὙὊ

ὶρ ὶ

ρ ὶ ρ
 

(5.2) 

The quantity ὅὃὖὉὢ is equivalent to the net present value of ὸ annual payments of an 

amount equal to ὅὃὖὉὢὅὙὊ. Seen alternatively, if the cooling system is paid with a 

loan over the system lifetime, the annual loan payment is equal to ὅὃὖὉὢὅὙὊ. 

 Meanwhile, ὕὖὉὢ  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 need to be replaced. Thus, these payments must be converted to an equivalent 

annual value, again accounting for the time value of money; this is expressed in Eq. (5.3). 

The quantity inside the sum is the net present value of the maintenance cost incurred in 

year ώ; the sum of these values is the net present value of the lifetime maintenance costs. 

Multiplying by the capital recovery factor then yields an equivalent annual maintenance 

cost, ὕὖὉὢ . Note that if ὅ is constant, then Eq. (5.3) reduces to ὕὖὉὢ ὅ (as 

expected). 

 

ὕὖὉὢ ὅὙὊ
ὅ

ρ ὶ
 

(5.3) 

 To evaluate Eq. (5.1), the COP and hourly cooling provided (ὗ ) must be known 

for every hour of the year. The most accurate value for LCOC will result when measured 

data are used for these values; however, a simple estimate can be obtained for a 
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representative COP and cooling load that corresponds to operating conditions typically 

seen in practical use. For example, Al rwashdeh and Ammari provide a comparison of solar-

driven vapor compression and absorption refrigeration air conditioning systems, with 

constant operating conditions, which would operate for 8 hours a day, 300 days a year, 

providing a constant 15 kW of cooling.52 From their yearly cost values, as well as an 

assumed discount rate of 4% and system lifetime of 20 years, an LCOC of 3.35 ¢/kWhth 

results for vapor compression, and 3.86 ¢/kWhth results for absorption refrigeration. Both 

of these values can be used as benchmarks against which LCST refrigeration can be 

compared. The CAPEX of LCST refrigeration is far from a well-defined value, given the 

lack of technical maturity; however, the CAPEX is likely to be greater than vapor 

compression (given that heat-driven refrigeration tends to be more capitally-intensive than 

work-driven refrigeration). While LCST refrigeration would likely be closer in capital 

expenditure to absorption refrigeration (given that they are both heat-driven systems and 

would share many components), the cost of the separator in the LCST cycle would likely 

lead to LCST refrigeration being more capital intensive than absorption refrigeration. In 

this case, the energy consumption can be compared between the LCST, vapor compression, 

and absorption refrigeration cycles, using the LCST cycle energy consumption values from 

Section 2.4.2. If the energy consumption is highest for the LCST cycle, the it can be 

assumed that the LCOC will be highest for the LCST cycle as well (since the CAPEX is 

already greatest for the LCST cycle); this is the approach taken in this dissertation. 

 For desiccant dehumidification systems, the CAPEX is again difficult to quantify, 

both for traditional desiccants and for the LCST cycle. Component costs for liquid 

desiccant systems are not widely reported in the scholarly literature, and some state-of-the-
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art desiccant systems use custom mass exchangers that are not commercially available or 

manufactured at scale.54,101,102 Because the LCST cycle would share many of the same 

components as the traditional desiccant cycle (heater, mass exchangers, recuperators, etc.), 

with the addition of the separator, the CAPEX of the LCST cycle is assumed to be equal 

to that of the traditional desiccant cycle, plus the cost of the separator: ὅὃὖὉὢ  

ὅὃὖὉὢ  ὅὃὖὉὢ . In Section 5.3, the cost savings of switching 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 

discussed. If 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 LCST Refrigeration 

 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 of -5 °C and an absorber temperature of 25 °C, the same as 

the absorption refrigerator in the work by Alrwashdeh and Ammari.52 For the practical 

system design with a recuperator effectiveness of 0.9, the LCST cycle has a COP of 0.2. 

The evacuated tube solar collector analyzed by Alrwashdeh and Ammari would have an 

LCOH of 1.44 ¢/kWh (using their annual cost and heat delivery values52). Using this 

LCOH, the cost to provide the heat to drive the LCST refrigerator would alone contribute 

7.19 ¢/kWh to the LCOC of the LCST cycle. Thus, even without considering the capital 

expenditure, or any other operating expenditures, the LCST cycle would be 86% more 

expensive than the absorption refrigeration cycle studied by Alrwashdeh and Ammari. 
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5.3 Technoeconomic Analysis of LCST Liquid Desiccant Dehumidification 

 In Section 2.4.2 of this dissertation, the MRE was determined for the traditional 

and LCST desiccant dehumidification cycles. For a separation temperature of 45 °C (a 

value within the range of LCSTs observed in the literature19), and for the conditions 

considered in Section 2.4.2, the MRE of the LCST desiccant cycle is 0.24 kg/kWhth. 

Meanwhile, the MRE of the traditional desiccant cycle was found to be 0.60 kg/kWhth. The 

operating expenditure resulting from energy consumption is equal to ὒὅὕὌȾὓὙὉ, with 

units of ¢ per kg of moisture removed from the indoor space. Using the LCOH of the 

evacuated tube solar heater studied by Alrwashdeh and Ammari (1.44 ¢/kWh), the cost to 

operate the LCST cycle becomes 6.0 ¢/kg, which is 2.5  the cost to operate the traditional 

desiccant cycle (2.4 ¢/kg). 

5.4 Levelized Cost of LCST Separation 

The contribution to yearly system cost that is due to the capital cost of the separator 

is given in Eq. (5.4), where ὧ  is the volumetric cost of the separator (with units of 

[$/m3]), ὠ  is the volumetric flowrate of the LCST mixture (with units of [m3/s]), and 

ὸ  is the necessary residence time (in seconds); i.e., the duration that the LCST mixture 

must remain in the separator to fully separate.  

 ὅὕὛὧ ὠ ὸ ὅὙὊ (5.4) 

ὅὕὛ, which has units of [$/yr], can be divided by the yearly output of the energy system 

(e.g., [kWhth/yr] of cooling for LCOC refrigeration, [m3/yr] of water for desalination, etc.) 
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to quantify the separatorôs contribution to levelized cost. Eq. (5.5) gives the levelized cost 

of separation (LCOS) for a cooling system, with units of $/kWhth of cooling, while Eq. 

(5.6) gives the LCOS for desalination, with units of $/m3 of permeate, where ”  is the 

density of the LCST mixture when it enters the separator, ὸ  is the amount of time that 

the system operates at the nominal capacity (sometimes referred to as the equivalent full-

load hours for HVAC systems), and ὠ is the volumetric flowrate of permeate (pure water) 

produced by the desalination system.  

 
ὒὅὕὛ

ὧ ὸ ὅὙὊȾ”

ὗὸ Ⱦά
 

(5.5) 

 
ὒὅὕὛ

ὧ ὸ ὅὙὊȾ”

ὠὸ Ⱦά
 

(5.6) 

The fraction ὗȾά  can be rewritten as Ὤ ά Ⱦά , where ά Ⱦά  is the 

fraction of water in the LCST mixture that is evaporated to produce cooling, while 

ὠȾά  can be rewritten as ά Ⱦά ” , where ά Ⱦά  is the fraction of 

water in the LCST mixture that is converted to permeate. Because these fractions cannot 

be greater than unity, ὗȾά  takes on a maximum value of Ὤ , while ὠȾά  takes 

on a maximum value of ρȾ” . Realistically, ά Ⱦά  will take on a value far less 

than unity. This fraction is equal to the amount of water 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 in Eq. (5.7), where ύ  is the 
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mass fraction of IL in the WS phase (before water vapor absorption/permeate draw), and 

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

 ά

ά
ρ

ύ

ύ
 

(5.7) 

Near the WS concentration, the water activity of LCST mixtures changes rapidly with the 

addition of water;19 as such, the LCST mixture is not likely to change significantly during 

water vapor absorption or feedwater draw before the driving force decreases and mass 

transfer ceases. Many LCST mixtures comprised of ILs have a WS phase that is 

approximately 70 wt% IL;19,47,103 if this mixture were to absorb water until the IL mass 

fraction dropped to 60 wt%, the fraction ά Ⱦά  would take on a value of 0.14. As 

such, two different values of ά Ⱦά  are considered: 0.14 (representing a realistic 

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

Figure 5.1 shows LCOS results for several different separator cost values and 

separation residence times. In Figure 5.1a, the value of ά Ⱦά  is 0.14 (i.e., 14% of 

the mass of liquid entering the separator is useful water). Meanwhile, in Figure 5.1b, the 

value of ά Ⱦά  is 1 (i.e., 100% of the mass of liquid entering the separator is useful 

water), such that the plots in Figure 5.1b 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 and desalination 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 time is varied in Figure 5.1 because the necessary residence times 

for separators in practical LCST systems are largely unknown. In small-scale experiments 

(i.e., separation in a ~ 25 mL vial), Mahfouz et al. found that complete phase separation 

was achieved on the order of several hours for several different IL-based LCST mixtures. 

However, the distance over which the dispersed phase must traverse (to achieve complete 

separation) is proportional to the height of the container in which settling/separation occurs. 

Thus, for large-scale systems, the settling would occur over a greater height than that seen 

in laboratory vials, and separation could take significantly longer that what was reported 

by Mahfouz et al., which is why a large range of values was explored in Figure 5.1. 

When heated above the phase separation temperature (i.e., above the binodal 

curve), an LCST mixture rapidly separates into a continuous phase and a dispersed phase. 

The dispersed phase consists of microscopic droplets of one phase (e.g., the WR phase) 

that are immiscible with the continuous phase (e.g., the WS phase). Settling is driven by 

gravitational forces on the dispersed phase droplets, due to a difference in density between 

(a) (b)
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the dispersed and continuous phases; the expression for this force is given in Eq. (5.8). 

Because of the high viscosity of many existing LCST mixtures (both IL-based and DES-

based LCST mixtures), the Stokeôs drag force, which is given in Eq. (5.9), will resist 

settling, where ‘ is the dynamic viscosity of the continuous phase, and ὺ is the velocity of 

the dispersed phase droplets.  

 
Ὂ Ў”Ὣ

τ

σ
“ὶ 

(5.8) 

 Ὂ φ“‘ὶὺ (5.9) 

When these are the only two forces acting on the dispersed phase droplets, the terminal 

velocity of the droplets can be found by setting the two forces equal, resulting in Eq. (5.10). 

If the height of the container is Ὄ, and ώ ὸ is the height of the phase boundary at time ὸ, 

then the final height of the upper phase is Ὄ ώ ὸ , which is given in Eq. (5.11). When 

the dispersed phase is more dense than the continuous phase, then Eq. (5.11) represents the 

greatest distance that a droplet of the dispersed phase must travel during settling, where ‰ 

is the volume fraction of IL or DES in the LCST mixture, and the subscript i represents the 

state before phase separation begins. If (i) the droplets are uniform in size (with a radius of 

ὶ), (ii) the droplets reach terminal velocity on a timescale much shorter than settling, and 

(iii)  the droplets do not coalesce with other droplets until they reach the phase boundary, 

then the droplets at the top of the container will reach the phase boundary at the time given 

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

illustrated in Figure 5.2. 
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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 temperature (◄ ) to complete separation (◄ ◄█). (b) 

Separation time as a function of droplet size.  

 Figure 5.2b shows the separation time, calculated from Eq. (5.12), as a function of 

droplet radius. For this plot, properties similar to OA/LD are used: ‰ πȢπρ, ‰

πȢωω, Ў” υπ kg/m3, and ‘ ςφȢχ cP (the dynamic viscosity of oleic acid104). The initial 

volume fraction is ‰ πȢυπ, and the height of the container is 10 cm.  

In reality, other forces (such as Brownian forces), bulk advection of the continuous 

phase due to the heating scheme, or intentional stirring could all cause the separation time 

H

yB(t)
yB(tf)

Time

t = 0 0 < t < tf t = tf

(a) (b)
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to deviate from Eq. (5.12). Furthermore, the dispersed phase will not exist at a single radius; 

rather, the dispersed phase droplets will have a distribution of radii, and it is unclear what 

implications these factors would have on the separation time in a large-scale separator that 

would be used in a practical implementation of the LCST cycle. Thus, further work is 

required to accurately assess the cost of separation in practical system designs, and the 

impact it would have on various LCST cycle applications (e.g., LCST cooling and 

desalination systems).  

5.5 Summary 

The LCST cycle, while rather captivating in nature, possesses significant 

drawbacks that would likely prevent it from being cost competitive with traditional 

systems. First and foremost, the COP 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 costs (capital and operating expenditures) combined for both the vapor 

compression and absorption refrigeration cycles. Likewise, the MRE of the LCST 

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 the lower efficiency. Finally, the cost of separation in the LCST cycle 

would likely cause the capital expenditure of LCST refrigeration and dehumidification 

systems to be greater than their traditional alternatives.  

It is possible that LCST desalination could prove more cost competitive with its 

traditional counterparts than LCST refrigeration and dehumidification would with their 
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traditional counterparts. This is because traditional heat-driven desalination systems 

already use multiple stages of heat exchangers,75,105,106 so the capital cost of separation in 

the LCST cycle might not prove burdensome relative to other thermal desalination systems. 

However, it is clear that cost-effective LCST separation is one of the most important areas 

of research if LCST desalination is to become economically viable.   
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CHAPTER 6. CONCLUSIONS  

The unique thermodynamic behavior of LCST mixtures can be leveraged in a heat-

driven cycle that produces a chemical potential difference, which can be used to produce a 

variety of desired effects. When used to produce refrigeration and dehumidification, this 

ñLCST cycleò becomes a zero-GWP air conditioning cycle that can be powered by low-

grade heat (e.g., solar thermal). In this dissertation, the theory 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 a technoeconomic analysis is presented (Chapter 5). However, this dissertation 

reveals a slew of obstacles preventing the adoption of LCST air conditioning. First and 

foremost, existing LCST mixtures do not possess the target properties required to produce 

thermal comfort (Chapter 3). Furthermore, even if new LCST mixtures are discovered with 

vastly improved properties, the thermodynamic analysis reveals that the COP of the cycle 

will be low in practical situations (Chapter 2). This fact means that LCST air conditioning 

would likely possess more than twice the levelized cost of cooling of traditional air 

conditioning systems (Chapter 5). 

As stated in Chapter 1, this dissertation aims to answer several questions regarding 

LCST air conditioning. In Chapters 2 ï 5, these questions were answered based on the 

results of the dissertation research. To conclude, the questions are restated here in italics, 

with answers provided in green text. 
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i) 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 separation converts heat input to chemical 

exergy in the form of a concentration difference across two immiscible phases. At 

this heightened temperature, the chemical potentials across both phases are equal, 

as they are in equilibrium. However, when the phases are physically separated and 

cooled back down to ambient temperature, there exists a difference in the chemical 

potential of water across the two phases. This chemical potential difference drives 

mass transfer, which can be used to absorb moisture from indoor air and reject it to 

the outdoor air (dehumidification) or to evaporate water from one phase and absorb 

it with the other (refrigeration/heat pumping). 

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? 

The chemical potential difference of the volatile species (which is water in all of 

the LCST mixtures studied in this dissertation) across the two phases of the LCST 

mixture is the figure-of-merit (FOM). This FOM appears in the expressions for the 

theoretical maximum (i) temperature lift, (ii) ratio of outdoor relative humidity to 

indoor relative humidity, (iii) feedwater salinity, and (iv) energy density of the 

LCST cycle when it is used for refrigeration, dehumidification, desalination, and 

power generation, respectively. Of the LCST mixtures reported in literature, oleic 
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acid/lidocaine (OA/LD) has the greatest water chemical potential difference, which 

is 286 J/mol. From the relationships derived in this work, that corresponds to a 

maximum temperature lift of 2.0 °C and a minimum indoor relative humidity of 

89% in a single stage system. For a multi-stage system, OA/LD/LiCl can achieve 

an overall chemical potential difference of 684 J/mol, corresponding to a 

temperature lift of 4.6 °C and a minimum indoor humidity of 76%.  

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

a proof-of-concept system operating on the LCST cycle? 

A continuous, proof-of-concept, single-stage LCST cycle experiment was 

conducted. For refrigeration, the cycle achieved a temperature lift of 0.96 °C and a 

COP of 0.0023. For dehumidification, the experiment produced a humidity ratio 

drop of 1.3 g/kg, with an MRE of 8.9 10-4 kg/kWhth. A second, stepwise 

experiment was performed to demonstrate the refrigeration effect of the LCST 

cycle in a tightly controlled environmental chamber, producing a maximum 

temperature lift of 2.32 °C when the WS phase had a lithium chloride in water 

concentration of ὅ  = 11.25 wt%. 

iv) For a hypothetical LCST mixture that can provide sufficient thermal comfort, how 

cost-effective 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, respectively) than 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, this would result in a greater operating 

expenditure for the LCST cycles than for traditional air conditioning systems. 

Finally, the cost of the separator in the LCST cycle could be quite large, due to the 

long separation times associated with LCST mixtures. This could result in a greater 

capital expenditure for LCST-based air conditioning systems than for traditional air 

conditioning systems. When coupled with the higher operating expenditures, this 

presents a bleak outlook for the potential of LCST air conditioning to reach cost 

competitiveness with traditional air conditioning systems.  

Looking forward, research into LCST mixtures should focus on (i) discovering new 

LCST mixtures with greater Ў‘  values (perhaps through molecular dynamics 

simulations), (ii) attempting to understand the separation time of LCST mixtures through 

mechanistic modeling, and (iii) discovering new LCST mixtures or new methods of 

separation that reduce the separation time. Achieving the first of these three aims could 

lead to an LCST refrigerator that is entirely powered by lower-grade heat than could be 

used with a traditional absorption refrigerator (mixture flow could be induced by the 

thermosiphon effect, entirely eliminating the need for electrical work). Achieving the last 

two aims could make the system more practical, reducing the separator volume and cost. 

It should also be noted that improvements in separation time would greatly benefit the 

prospect of LCST desalination, which can already be used to produce fresh water from 

hypersaline (saturated) brine when both multi-stage operating and the OA/LD/H2O/LiCl 

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 applications.19ï22,24ï26,28,34ï36,38,46,47,56,61 LCST 

hydrogels have been used in biomedical applications,61ï66 while recent work has explored 

their use as desiccants for dehumidification and atmospheric water harvesting.35,38,55,56,72,108 

Meanwhile, liquid mixtures that possess LCST (ionic liquids,19,20,23,26,28 

polyelectrolytes,36,109 and deep eutectic solvents29,34) have been used for desalination,46,47 

air conditioning,34,74 and dye separation.29  

The general operation of a thermodynamic cycle utilizing aqueous LCST mixtures 

is illustrated in Figure A.1. 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 water, dehumidifying air, etc.), which brings them back into equilibrium. For 

example, in dehumidification, water is evaporated from the water-rich (WR) phase into 

outdoor air (decreasing the concentration of water in the WR phase), while the water-scarce 

(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 a heat-driven forward osmosis (FO) 

desalination system47, 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 reached. For 

desalination via forward osmosis, it determines the maximum salinity from which an LCST 

mixture could draw water. The WS activity should be lower than 0.40 for dehumidification, 

lower than 0.75 for brine desalination, and lower than 0.97 for seawater desalination. 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, Kamio et al. 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 trimethylbenzenesulfonate (N4444TMBS).19 
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Figure A.1 Illustration 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. 

Longeras et 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 temperature.29 They used the thermoresponsive behavior of this 

OA/LD/H2O mixture for dye separation. Recently, Kocher et al. used this mixture for 

dehumidification and found that the WS phase had a water activity of ~0.87,34 which is 

significantly lower than tetrabutylphosphonium- and tetrabutylammonium-based LCST 

mixtures reported in literature. However, the activities over a full range of concentrations 

the phase diagram of OA/LD/H2O 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 applications that leverage these materials.  
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In this appendix, the phase diagram of OA/LD/H2O is reported, as 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/LD/H2O as the working fluid. Compared to other LCST mixtures 

reported in literature, it was found that the phase diagram of OA/LD/H2O 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 given in Section 

A.2. To obtain water activity, an Aqualab 4TE water activity meter was used, which 

measures vapor pressure using a chilled mirror. The specific procedure for obtaining water 

activity values after the mixtures had fully equilibrated is given in Section A.3. To obtain 

the phase diagram, temperature-controlled ultraviolet-visible spectroscopy (Agilent 

Technologies Cary 5000 UV-Vis) was used to measure the cloud point39,110 of OA/LD/H2O 

mixtures as a function of different concentrations in water. The locus of these points forms 

the binodal curve in the phase diagram. It should be noted that only mixtures with an 

OA/LD mass ratio of 1:1 were characterized because Longeras et al. found that substantial 

deviations from this ratio produced mixtures that either solidified or phase separated below 

20 °C.29 Details on the cloud point measurement procedure are given in Section A.4, along 

with the UV-Vis transmission data. NMR was used to 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 procedure are given in Section A.5.  

The phase diagram of OA/LD/H2O ternary mixtures is plotted in Figure A.2a 

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 pure (i.e., the WR phase is nearly pure 

water and the WS phase is nearly pure OA/LD). Notably, this phase diagram is 

considerably wider (1 ï 96 wt% OA/LD) than other LCST mixtures reported in the 

literature;19,23,47 for example, the binodal curve of tetrabutylphosphonium trifluoroacetate 

and water (P4444TFA/H2O) only spans concentrations of 10 ï 70 wt% P4444TFA.47 The full 

binodal temperature dataset is tabulated in Section A.5. 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. 

 

Figure A.2 (a) Phase diagram of OA/LD/H2O as a function of OA/LD mass fraction (mass 

fraction of OA + mass fraction of LD). (b) Water activity of OA/LD/H2O, 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 of the concentrations 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 aqueous 

mixtures of OA/LD, P4444TFA, and N4444Salicyl 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 is calculated 

from the activity in (b), while the osmotic pressure of the ILs is taken from Kamio et al.11 

The water activity of OA/LD/H2O ternary mixtures is plotted in Figure A.2b. 

Similar to IL/H2O binary mixtures that possess LCST,19 the water activity of the 
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OA/LD/H2O ternary mixture is nearly constant for a large range of concentrations (1 ï 70 

wt% OA/LD). The activity decreases slightly from 70 ï 90 wt% OA/LD, and only when 

the concentration exceeds 90 wt% OA/LD does the water activity begin to decrease 

substantially. It should be noted that 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 phases on the 

binodal curve at 25 °C at these concentrations. Measurements were also performed at 20 

°C, but the data for 25 °C is presented here to allow for direct comparison with the 

activity/osmotic pressure measurements of LCST ILs reported in literature,19,47 which 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 A.5. 

Given the growing interest in utilizing LCST mixtures for forward osmosis 

desalination,46,47 the osmotic pressure of OA/LD/H2O is plotted in Figure A.2c as a 

function of DES mass fraction. For comparison, the osmotic pressures of ionic liquid LCST 

mixtures reported in the literature are also plotted as 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 °C. It should be noted that for N4444Salicyl, which has critical 

temperatures exceeding 70 °C on the phase diagram, interpolation was used to find the 

mass fractions associated with the WR and WS phases at this temperature. For OA/LD and 

P4444TFA, the phase diagram data ends at temperatures lower than 70 °C, so it was assumed 

that the binodal curve of each mixture extends vertically from those end points. For 

example, in the data from Kamio et al., the highest temperature on the left side of the 
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binodal curve of P4444TFA/H2O is 65.14 °C, which corresponds to 13.6 wt% P4444TFA.19 

As such, it was assumed that at any temperature greater than 65.14 °C, the WR phase of 

P4444TFA/H2O consists of 13.6 wt% P4444TFA, and this value is used for the dashed line in 

Figure A.2c. 

From Figure A.2c, it may initially appear that OA/LD/H2O would be a worse draw 

solution than the IL-based 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/H2O separates into much purer WR and WS phases. 

This is particularly beneficial for desalination, in which a pure WR phase requires little 

post-treatment, and a pure WS phase can draw water from higher salinity feeds. Notably, 

the WS phase of OA/LD/H2O has a higher osmotic pressure than that of any of the IL-

based mixtures (2.4 higher than N4444Salicyl). Likewise, the WR phase of OA/LD is > 99 

wt% water, whereas the WR phase of N4444Salicyl is only 93 wt% water. However, 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 m-VROC viscometer was used to measure the viscosity of the WS phases of 

OA/LD and N4444Salicyl. The WS phase viscosity was 171.15 cP for OA/LD and 26.50 cP 

for N4444Salicyl. 

To confirm the phase diagram and water activity measurements, a mixture 

containing 25 wt% OA, 25 wt% LD, and 50 wt% H2O (i.e., an OA/LD mass fraction of 

0.5) was prepared. At room temperature, the mixture was homogenous as predicted by the 

phase diagram. Then, the mixture was heated in 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 measured, respectively. Both samples were then dehydrated in an environmental 

chamber at 50 °C and 0% relative humidity for 12 hours. By measuring the mass change 

after dehydration, it was calculated that the WR phase was 99 wt% H2O after separation, 

while the WS phase was 3.5 wt% H2O. These mass fractions align with the phase diagram 

constructed using UV-Vis cloud point measurements, while the activities correspond with 

the water 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 single-phase mixture. Using a mass conservation analysis for the 

WS phase and NMR measurements for the WR phase, it was determined that the ratio of 

OA to LD is roughly the same in both phases as it is in the single-phase 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 separation,29 the 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). In this appendix, the phase 

diagram of this mixture was characterized, along with the water activity, chemical 

potential, and osmotic pressure. Notably, the OA/LD/H2O 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, suggesting that OA/LD/H2O can yield improved 

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

Lidocaine was purchased from TCI America (L0156-500G). A small volume of 

oleic acid was purchased from TCI America (O0180-25ML), and a larger volume was 

purchased from Lab Alley (C5820-500ml). One OA/LD/H2O mixture with the oleic acid 

from TCI was prepared, and another was prepared with the oleic acid from Lab Alley. It 

was found 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. The data 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/LD (i.e., 1 

wt%, 2 wt%, 4 wt%, 96 wt%, 98 wt%, and 99 wt% OA/LD), the high-resolution MS204S 

scale from Mettler Toledo was used. For the other samples, an A&D FX-5000i scale was 

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 down to room 

temperature (~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 meter was used. All 

activity measurements in this work were taken in ñCustomò mode, where the activity meter 

was set to 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 sample, multiple 

runs were performed in Custom mode until the mean of the measurements from the latest 

run was within 0.001 of the mean of the measurements from the previous run. The mean 

of the final five activity measurements was then used as 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, temperature-controlled ultraviolet-visible 

spectroscopy (Agilent Technologies Cary 5000 UV-Vis) was used. First, a qualitative 

estimate of the phase separation temperature was obtained by 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 sample was then measured at various 

temperatures using UV-Vis to quantitatively assess the cloud point temperature. The 

sample being tested was pipetted into a cuvette, which was then placed within a 

temperature-controlled 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 separation 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 UV-Vis 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 UV-Vis showed a decrease in transmission. 

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 the non-uniform heating 

provided by the UV-Vis), 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 are shown in Figure 

A.3. 
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Figure A.3 Transmission vs temperature plots from UV-Vis. (a) 1 wt% OA/LD; (b) 2 wt% 

OA/LD; (c) 4 wt% OA/LD; (d) 10 wt% OA/LD; (e) 20 wt% OA/LD; (f) 30 wt% OA/LD; 

(g) 40 wt% OA/LD; (h) 50 wt% OA/LD; (i) 60 wt% OA/LD; (j) 70 wt% OA/LD; (k) 80 

wt% OA/LD; (l) 90 wt% OA/LD.  
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At 4 wt% water, the mixture did not completely cloud; however, a small ñwispò of 

clouding was observed (see Figure A.4) 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 

water-rich phase at the bottom of 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 clouding. The 4 wt% water sample was 

then cooled down to ambient temperature, allowed to re-mix, and placed in a water bath. 

The water bath temperature was increased until the wisp of clouding was observed; the 

first temperature at which this wisp was observed was 53.5 °C, which was taken 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 of 20 ï 90 °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/H2O with a very low concentration of water (4 

wt%). 

A.5  Phase Separation Temperature, Water Activity, Chemical Potential, and 

Osmotic Pressure Tables 

For convenience, the phase separation temperature (Ὕ) and water activity (ὥ ) 

values from Figure A.2 are provided in Table A.1. Water activity measurements are 

provided for both 20 °C and 25 °C. Furthermore, the water activity values were converted 

into the equivalent chemical potentials of water and osmotic pressures using Eq. (A.1) and 

(A.2), respectively, where Ὑ is the universal gas constant, Ὕ is the temperature at which the 

activity was measured, and ὺ  is the molar volume of water. 
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clouding
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Table A.1 Phase separation temperature (╣╫), water activity (╪◌), chemical potential of 

water (Ⱨ◌), and osmotic pressure () of OA/LD/H2O mixtures at different 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 °C and are therefore 

measurements of the two concentrations on the binodal curve at 25 °C. 

    20 °C  25 °C 

ύ  ύ  ύ  Ὕ 

(°C) 

ὥ  ‘  

(J mol-1) 

ɩ 

(bar) 

 ὥ  ‘  

(J mol-1) 

ɩ 

(bar) 

0.010 0.495 0.495 ï 0.53068 -1544 858.0  0.53182 -1565 869.6 

0.021 0.490 0.489 ï 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 15.80  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 

 

 ‘ ὙὝÌÎὥ  (A.1) 

 
ɩ

ὙὝ

ὺ
ÌÎὥ  

(A.2) 
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APPENDIX B. EFFECT OF CHLORIDE SALT ADDITIVES ON 

THERMOPHYSICAL PROPERTIES OF LCST MIXTURES  

 This appendix contains the water activity of mixtures containing water, an IL or 

DES that exhibits an LCST when mixed with water, and a chloride salt. For each 

PTFA/H2O/salt and OA/LD/H2O/salt sample, five measurements were taken; the averages 

of the five measurements are presented here. For PTFA/H2O without salt (i.e., PTFA mixed 

with pure water), 3 measurements were taken. All measurements were taken at 25 °C. 

B.1  PTFA 

 P4444TFA was mixed with aqueous precursor solutions of H2O/MCl (where M is a 

metallic cation) of some mass fraction, ὅ , of MCl in water (ὅ ). This 

was performed for three different metallic cations: Li+, Ca2+, and Na+. For each different 

cation, PTFA/H2O/MCl mixtures were prepared with precursor solutions of varying ὅ  

values.  

B.1.1 PTFA/H2O/LiCl 

 PTFA was mixed with aqueous 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 solution, nine mixtures were prepared, ranging from 10 wt% PTFA to 90 wt% 

PTFA. The chemical potential of water in the mixtures is plotted in Figure B.1. As the 

concentration of salt in the aqueous solution increases, the chemical potential decreases. 

Furthermore, the chemical potential of water in the PTFA/H2O/LiCl mixture is 
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approximately equal to the chemical potential of water in PTFA/H2O at the same PTFA 

mass fraction, plus the chemical potential of water in LiCl/H2O at the same mass fraction 

of the aqueous solution used to prepare the PTFA/H2O/LiCl mixture: ‘ȟ Ⱦ Ⱦ

‘ȟ Ⱦ ύ ‘ȟ Ⱦ ὅ . In other words, the addition of LiCl to the 

mixture serves to shift the entire chemical potential curve downwards by an approximately 

constant value.  

 

Figure B.1 Chemical potential of water in PTFA/H2O/LiCl. 

B.1.2 PTFA/H2O/CaCl2 

 PTFA was mixed with aqueous solutions of CaCl2. Three different aqueous 

solutions were used, with 1 wt% CaCl2, 7 wt% CaCl2, and 11 wt% CaCl2 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 plotted in Figure B.2. The 

results with CaCl2 as the salt additive are similar to what was seen with LiCl: the chemical 

potential of water in the PTFA/H2O/CaCl2 mixture is approximately equal to the chemical 

potential of water in PTFA/H2O at the same PTFA mass fraction, plus the chemical 

potential of water in CaCl2/H2O at the same mass fraction of the aqueous solution used to 

prepare the PTFA/H2O/CaCl2 mixture: ‘ȟ Ⱦ Ⱦ ‘ȟ Ⱦ ύ

‘ȟ Ⱦ ὅ . As with LiCl, the addition of CaCl2 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/H2O/CaCl2. 

B.1.3 PTFA/H2O/NaCl 

 PTFA was mixed with aqueous solutions of LiCl. Four different aqueous solutions 

were used, with 1 wt% NaCl, 2 wt% NaCl, 7 wt% NaCl, and 10.7 wt% NaCl in water. For 

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 plotted in Figure B.3. As 

with both LiCl and CaCl2, NaCl shifts the chemical potential of water downward; however, 

the addition of NaCl does slightly affect the shape of the curve, slightly bending the curve 

to have a more negative slope in the intermediate concentrations (40 ï 70 wt% PTFA). 
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Figure B.3 Chemical potential of water in PTFA/H2O/NaCl. 

 The measurements in this appendix reveal an important finding: different salt 

additives can be used to produce approximately the same chemical potential curve, if the 

chemical potential of water in the aqueous solution is the same. This is illustrated in Figure 

B.4, where aqueous solutions of 7 wt% LiCl, 11 wt% CaCl2, and 10.7 wt% NaCl all have 

the same chemical potential of water (approximately -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/H2O/salt mixtures. 

B.2  OA/LD  

 OA and LD were mixed with aqueous precursor solutions of H2O/LiCl with varying 

mass fractions, ὅ , of LiCl in water (ὅ ).  

B.2.1 OA/LD/H2O/LiCl 

 OA/LD was mixed with aqueous 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 solution, ten mixtures were prepared, ranging from 0 wt% OA/LD to 90 wt% 

OA/LD. The chemical potential of water in the mixtures is plotted in Figure B.5. As was 
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seen when LiCl was added to PTFA, the chemical potential of water in the 

OA/LD/H2O/LiCl mixture is approximately equal to the chemical potential of water in 

OA/LD/H2O at the same OA/LD mass fraction, plus the chemical potential of water in 

LiCl/H2O at the same mass fraction of the aqueous solution used to prepare the 

OA/LD/H2O/LiCl mixture: ‘ȟ Ⱦ Ⱦ Ⱦ ‘ȟ Ⱦ Ⱦ ύ Ⱦ

‘ȟ Ⱦ ὅ . In other words, the addition of LiCl to the OA/LD/H2O mixture serves 

to shift the entire chemical potential curve downwards by an approximately constant value. 

The exception comes at the highest OA/LD mass fraction (90 wt% OA/LD), in which the 

chemical potential is shifted downward by a greater amount upon the addition of salt. This 

means that the shift in chemical potential upon the addition of another salt occurs not only 

for IL-based LCST mixtures, but also for DES-based LCST mixtures.  
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Figure B.5 Chemical potential of water in OA/LD/H2O/LiCl. 
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APPENDIX C. THERMODYNAMIC MODEL OF A S IMPLE 

LCST MIXTURE  

 This appendix presents a thermodynamic model for a simple LCST mixture, which 

has a water activity with the same general trend as a function of concentration as real LCST 

mixtures. A piecewise function for the water 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 separation. This model can be fit 

to real LCST mixtures; however, in this dissertation it is used to model a hypothetical 

LCST mixture with a greater Ў‘  than any currently discovered LCST mixture.  

C.1  Water Activity  and Chemical Potential 

 The water activity of many aqueous LCST mixtures at temperatures below the 

LCST follows the same general trend: the activity remains very close to unity from 

concentrations of pure water, all the way up to very high solute concentrations, at which 

point the activity sharply drops. This can be seen for OA/LD/H2O (with data from Kocher 

et al.107) in Figure C.1, which also illustrates the activity of a simplified mixture that would 

behave very similarly to OA/LD/H2O. 
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Figure C.1 Water activity vs solute mass fraction for a real LCST mixture, OA/LD/H2O, 

and a simplified approximation of the general shape of the water activity curve for many 

LCST mixtures. 

 The chemical potential of a simple LCST mixture is illustrated in Figure C.2. At 

Ὕ , the chemical potential is zero at concentrations less than ὼ , and at concentrations 

above ὼ  it decreases linearly. At Ὕ , the chemical potential is zero at concentrations 

less than ὼ , above which it decreases linearly. Thus, if this theoretical (simplified) 

mixture were at a concentration between ὼ  and ὼ , and it were heated from ambient 

temperature to the separation temperature, it would phase separate into two phases ï one 

with a concentration of ὼ  (which in this case is zero, or pure water) and one with a 

concentration of ὼ . 
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The piecewise equation for ‘  of this simple mixture is given in Eq. (C.1), which is only 

valid for Ὕ Ὕ Ὕ . 

 

Figure C.2 Chemical potential of water in a simple (hypothetical) LCST mixture at three 

different temperatures in the range [╣╪□╫ȟ╣▼▄▬]. 
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C.2  Partial Molar Properties  

 The chemical potential of water in the mixture is simply the partial molar Gibbs 

free energy of water, which is related to the partial molar enthalpy and entropy of water 

through the following equation: ‘ Ὤ Ὕί. Using the Gibbs-Helmholtz and Gibbs-
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Duhem relations, the partial molar enthalpy and entropy of water are given in Eq. (C.2) 

and (C.3), respectively, as determined from the chemical potential of water in the simple 

mixture (Eq. (C.1)). 
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C.3  Enthalpy and Entropy of Mixing  

 Any partial molar property, ‌ , can be related to the molar excess property (due to 

mixing), through the following ODE: ‌ ‌ ὼ  (where ὼ is the mole fraction 

of all species other than water; i.e., the solute mole fraction). Thus, Eq. (C.4) and (C.5) are 

the ODEs governing the molar enthalpy and entropy of mixing, respectively.  

 
Ὤ Ὤ ὼ

‬Ὤ

‬ὼ
 

(C.4) 

 
ί ί ὼ

‬ί

‬ὼ
 

(C.5) 

After plugging in the expressions for the partial molar enthalpy and entropy from Eq. (C.2) 

and (C.3), respectively, solving these ODEs yields Eq. (C.6) and (C.7) for the molar 
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enthalpy and entropy of mixing, respectively, where Ὧȟ is the enthalpic integration 

constant for the ith subdomain, and Ὧȟ is the entropic integration constant for the ith 

subdomain. 
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Because any excess property must equal 0 at ὼ ρ (i.e., all excess properties have a value 

of zero when there is no mixing), the integration constants in the third subdomain can be 

solved, as shown in Eq. (C.8) and (C.9). 
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Furthermore, because these functions must be piecewise continuous (there can be no 

discontinuity in an excess property at any concentration), the remaining integration 

constants can be found as well. 
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This gives the complete expressions for the molar enthalpy and entropy of mixing in Eq. 

(C.14) and (C.15), respectively. It 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 enthalpy and entropy of separation can be determined exclusively from the 

enthalpy and entropy of mixing. Because this separation occurs entirely at the separation 

temperature for the simple mixture (i.e., it is an isothermal, first-order phase transition), 

the change 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 concentration (the 

same logic applies to the entropy of separation). Furthermore, because the WR phase is 

pure water for this simple mixture, the enthalpy and entropy of mixing are zero for the WR 

phase. The lever rule must be used to determine how much of the WS phase is present, 
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relative to the total moles of the initial mixture (this fraction is always equal to  when 

the WR phase is pure water). Then, the molar enthalpy and entropy of mixing are given in 

Eq. (C.16) and (C.17), respectively, where ὼ is the concentration of the mixture before 

separation. It should be noted that the molar enthalpies and entropies of mixing and 

separation presented in this appendix are given per total moles of mixture (moles of water 

+ moles of other species).  

 

ЎὬ

ừ
Ử
Ử
Ử
Ử
Ử
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
Ử
Ử
Ử
Ử
Ử
ứ ‘ȟ ȟ

ὼ

ὼ

Ὕ

Ὕ Ὕ
ρ ὼ  

‘ȟ ȟ

ὼ ὼ
ὼρ ὼ ÌÎὼ  

‘ȟ ȟ

ὼ ὼ

Ὕ

Ὕ Ὕ
ὼρ ὼ ὼÌÎὼ  

‘ȟ ȟ

ὼ ὼ

Ὕ

Ὕ Ὕ
ρ ὼ ὼ ὼÌÎὼ ȟὼ ὼ

‘ȟ ȟ

ὼ

ὼ

Ὕ

Ὕ Ὕ
ρ ὼ  

‘ȟ ȟ

ὼ ὼ
ὼρ ὼ ÌÎὼ  

‘ȟ ȟ

ὼ ὼ

Ὕ

Ὕ Ὕ
ὼρ ὼ ὼÌÎὼ  

‘ȟ ȟ

ὼ ὼ

Ὕ

Ὕ Ὕ
ρ ὼὼ ὼÌÎὼ ȟὼ ὼ

 

(C.16) 



 207 

 

Ўί

ừ
Ử
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
Ử
ứ

‘ȟ ȟ

Ὕ Ὕ

ὼ

ὼ
ρ ὼ  

‘ȟ ȟ

Ὕ Ὕ

ὼÌÎ
ὼ
ὼ

ὼ ὼ
 ὼ ȟὼ ὼ

‘ȟ ȟ

Ὕ Ὕ

ὼ

ὼ
ρ ὼ  

‘ȟ ȟ

Ὕ Ὕ

ὼ ὼ ὼÌÎ
ὼ
ὼ

ὼ ὼ
ὼ ȟὼ ὼ

 

(C.17) 

Because the mixture separates entirely at Ὕ  (i.e., phase separation is an 

isothermal, or first-order, phase transition), Eq. (C.18) holds true. In real LCST mixtures, 

phase separation occurs over a temperature range, so Ὕ  is an effective temperature; for 

this simple LCST mixture modeled in this appendix, Ὕ  is the true separation temperature. 

Furthermore, separation is always endothermic for LCST mixtures (real or hypothetical), 

as shown analytically by Kocher et al.48  

 ЎὬ Ὕ Ўί  (C.18) 

C.5  Utility of the Simple LCST Mixture Model  

 The model presented in this appendix can be used to understand the thermodynamic 

performance of the LCST cycle (for any application) if superior LCST mixtures were 

discovered. Presently, the LCST mixture with the highest Ў‘  would not provide sufficient 

thermal comfort. The model presented in this appendix allows one to model an LCST 

mixture that has any chemical potential of water in the WS phase (i.e., one can input a 

value for ‘ȟ ȟ  into the model) and find the necessary thermodynamic properties 
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(activity, vapor pressure, chemical potential, enthalpy and entropy of separation, etc.) to 

perform a thermodynamic analysis of a system that utilizes the LCST cycle with 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 appendix uses the Gibbs-Duhem equation to calculate the mean activity (at 25 

°C and atmospheric pressure) of ions in ionic liquid/water mixtures possessing LCSTs. 

This information is useful when calculating the theoretical open circuit voltage of an LCST 

electrochemical heat engine. For chemical species at constant temperature and pressure, 

the Gibbs-Duhem equation reduces to the form in Eq. (D.1), where ‘  is the mean chemical 

potential of all species other than water (in a binary mixture this would just be the cations 

and anions) and ὼ is the mole fraction of all species other than water (not accounting for 

ion dissociation). 

 
Ὠ‘

ρ ὼ

ὼ
Ὠ‘  

(D.1) 

Integration of Eq. (D.1) yields values for ‘  at all concentrations, so long as ‘  is known 

at all concentrations (which can be obtained from water activity measurements). Then, the 

mean activity coefficient can be determined from the mean chemical potential, as in Eq. 

(D.2). Combining both equations, the mean ion activity coefficient, at some arbitrary 

concentration ὼ, can be expressed purely as a function of water activity and ion 

concentration in Eq. (D.3). 
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  Strictly speaking, activity of a particular species is unity when the mixture consists 

only of that species. As such, a reference mean ion activity of unity should be chosen for a 

solute mole fraction of unity. However, in this appendix, mean ion activities are only found 

for concentrations ranging from 10 to 70 wt% IL. As such, the reference mean ion activity 

is defined as unity at an IL concentration of 70 wt%. While this is not true in the absolute 

sense, the open-circuit voltage equation is a function of a ratio of activities, such that the 

reference state cancels out and is arbitrary for the purpose of calculating ὠ . 

D.1  PTFA 

 To determine the mean ion activity in P4444TFA/H2O, water activity data from 

Mahfouz et al.103, which was taken at 25 °C, is used to evaluate Eq. (D.3); the results are 

provided in Figure D.1. 
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Figure D.1 Mean ion activity for PTFA/H2O. 

D.2  NSal 

 To determine the mean ion activity in N4444Salicyl/H2O, water activity data from 

Mahfouz et al.103, which was taken at 25 °C, is used to evaluate Eq. (D.3); the results are 

provided in Figure D.2. 
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Figure D.2 Mean ion activity for NSal/H2O. 

D.3  PSal 

 To determine the mean ion activity in P4444Salicyl/H2O, water activity data from 

Mahfouz et al.103, which was taken at 25 °C, is used to evaluate Eq. (D.3); the results are 

provided in Figure D.3. 
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Figure D.3 Mean ion activity for PTFA/H2O. 

D.4  Activity of Separated Phases and Reversible ╥╞╒ 

 From the mean activity plots, the mean ion activity in each of the phases after phase 

separation (WR and WS) can be determined. The concentrations of the WR and WS phases 

are determined from data in the work by Mahfouz et al.,103 where the concentrations are 

taken as the endpoints of the binodal curve (i.e., it is assumed that the mixture is heated to 

a temperature higher than the highest temperature on the phase diagram of the 

corresponding mixture). Because the mean ion activity data does not extend to mass 

fractions lower than 0.1, the mean activity of the WR phases was linearly extrapolated for 

NSal and PSal. The mass fractions and mean ion activities of the WR and WS phases, along 
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with the corresponding reversible open-circuit voltage for the LCST thermo-

electrochemical heat engine (as determined using Eq. (2.12)) are presented in Table D.1. 

Table D.1 Properties (concentration and mean ion activity) of the WR and WS phases of 

various LCST mixtures, which are relevant to the thermo-electrochemical heat engine 

application of the LCST cycle. The reversible open-circuit voltage is presented as well. 

 WR Mass 

Fraction 

WS Mass 

Fraction 

WR Mean 

Ion Activity 

WS Mean 

Ion Activity 

ὠ  (mV) 

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 E.1 illustrates a generic, irreversible, heat-driven refrigeration cycle. 

Cooling is provided at an effective temperature of Ὕ, heat is rejected at an effective 

temperature of Ὕ, heat input is provided at an effective temperature of Ὕ, entropy is 

generated within the cycle at a rate of Ὓ , and the cycle provides cooling at a rate of ὗ . 

 

Figure E.1 General (irreversible) heat-driven refrigeration cycle. 

The first law for this cycle is represented in Eq. (E.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 Eq. (E.3), which relates the heat 

required to power the system to the amount of cooling the cycle provides, the rate of 

entropy generation, and the boundary temperatures at which heat transfer occurs.  
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The COP of the cycle is defined as ὗȾὗ . Rearranging Eq. (E.3) yields the expression for 

COP in Eq. (E.4). 
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APPENDIX F. THERMODYNAMIC ANALYSIS OF THE LCST 

REFRIGERATION CYCLE  

The ñidealò (i.e., thermodynamically reversible) version of the LCST refrigeration 

cycle is depicted in Figure F.1. While many of these components would be impractical, 

they would result in the cycle achieving the reversible COP. As the water goes from state 

5 to state 3 (the refrigeration portion of the cycle), the reversible limit of performance 

would yield a cooling power of ά Ὤ , with zero work input (the reversible turbine and 

heat engine would supply exactly the power needed by the reversible refrigeration cycle 

used to condense the water between states 6 and 1). Thus, the remaining process (chemical 

potential engine, absorption, pumping, recuperation, separation heating, and expansion 

work) can be seen as a ñthermal compressorò that provides the exergy input required to 

power the cycle (and also establishes the required pressure difference). The term ñthermal 

compressorò is often used for absorption refrigeration, which is very similar to the LCST 

refrigeration cycle, with the main difference being that absorption refrigeration produces 

separation via distillation, while the LCST cycle uses liquid-liquid separation that results 

from the unique thermophysical properties of LCST mixtures. In this appendix, the 

ñrefrigerationò and ñthermal compressionò portions of the cycle are analyzed separately.  
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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 fraction of Ὤ  that is provided 

to the refrigerated space as cooling. In the reversible limit, this portion would provide the 

full Ὤ  of cooling to the refrigerated space, without requiring any work input. The result 

of replacing the turbine with an expansion valve, and eliminating the refrigerator and the 

heat engine, is that the refrigeration portion of the cycle still does not require work input, 

but only a fraction of Ὤ  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 equal to Ὤ

ὧ Ὕ Ὕ . 

The analysis of the thermal compression portion of the cycle yields the heat input 

required to produce (i) WR phase that consists of pure water and (ii) the WS phase that has 

some chemical potential of water, which is required to drive absorption. The chemical 

potential of water in mixture (as it leaves the absorber) must be equal to (reversible) or 

lower than (practical) the chemical potential of the water vapor entering the absorber. The 
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chemical potential of water in the mixture and in the vapor is given in Eq. (F.1) and (F.2), 

respectively, where Ў‘  is modeled using the framework in Appendix C.  

 ‘ ‘ Ὕ ȟὖ Ў‘ ὺ ὖ ὖ  (F.1) 

 ‘ ‘ Ὕ ȟὖ ὙὝ ÌÎὖȾὖ ὺ ὖ ὖ  (F.2) 

When the chemical potentials in 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 pressure leaving the absorber ranging from 0.17 Pa (highly irreversible mass 

transfer) to 435 Pa, which is the evaporator pressure (nearly reversible mass transfer). The 

436 Pa mixture vapor pressure is termed ñnearlyò reversible mass transfer, since the LCST 

mixture changes concentration slightly as it absorbs water across the absorber, such that 

there would be a slight chemical potential difference up until 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 mixture and the chemical potential engine would 

exactly offset the pump work). In the practical system, the expansion work device (e.g., a 

Pelton wheel) and chemical potential engine would be eliminated to reduce cost, and work 

would need to be provided to the pump (at a rate of ὲ ὺ ὖ ὖ , where ὲ  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 ñthermalò COP, which neglects this pumping power 

input and only accounts for the heat input. The total rate of heat input would be equal to 

ὲ ЎὬ ρ ‐ ὧ Ὕ Ὕ . 






























































