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ABSTRACT 

 

 

 

ON USING HEAT FOR WATER DESALINATION AND PURIFICATION 

 

by 

 

Saber Khanmohammadi 

 

 

Adviser: Jonathan Maisonneuve, Ph.D. 

 

 

The global freshwater crisis, intensified by population growth, climate change, and 

industrial demands, necessitates more energy-efficient and sustainable water treatment 

technologies. This dissertation explores how low-grade thermal energy can be harnessed 

to improve the performance and energy efficiency of membrane-based desalination 

systems. Four thermally integrated desalination strategies are investigated: thermally 

enhanced reverse osmosis, thermally driven reverse osmosis, membrane distillation, and 

ocean thermal membrane distillation. 

For thermally enhanced reverse osmosis, a detailed thermodynamic analysis reveals 

that preheating feedwater can reduce specific energy consumption by up to 24% for 

seawater and 33% for brackish water desalination. While higher feed temperatures reduce 

pumping work by enhancing membrane permeability and reducing polarization, the 

trade-off with thermal input is critically analyzed to identify net energy savings under 

high-efficiency thermal recovery conditions. We conclude that the benefit of thermal 

enhancement is marginal, as it requires a substantial amount of heat input to achieve only 

a slight reduction in pump work. 



 vi 

For thermally driven reverse osmosis, a fundamentally new process is introduced 

where thermal energy directly drives mechanical desalination via a thermally driven 

piston system. A theoretical model evaluates the system’s efficiency under various design 

parameters, demonstrating competitive performance compared to conventional thermal 

methods when optimized for low-grade heat sources. 

A feasibility study of an ocean thermal membrane distillation (OTMD) system is 

conducted for application in remote islands, using cold deep-sea water as a thermal sink. 

Experimental and theoretical studies show that under optimized conditions, the OTMD 

system can outperform conventional reverse osmosis (RO) systems in specific energy 

consumption, offering a low-carbon, resilient solution for water-scarce regions. 

Finally, for membrane distillation, performance is further enhanced through real-time 

control strategies that adjust operating parameters, feed temperature, flow rates, and 

distillate conditions, to reduce specific energy consumption. Experimental results from a 

lab-scale direct contact membrane distillation system validate the proposed control 

method and report specific thermal energy consumptions of 274 kWh/m3 which is 

significantly lower than those reported in the literature. 

Overall, this dissertation demonstrates that, if properly integrated, heat can 

significantly reduce the energy use of membrane desalination systems, especially in 

locations with access to waste heat, solar thermal, or ocean thermal gradients. 
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CHAPTER ONE 

INTRODUCTION 

 

 

 

1.1 Motivation 

According to the United Nations World Water Development Report 2023, 

approximately 2 to 3 billion people in the world face water scarcity [1]. This challenge is 

intensified by growing population, climate change and urbanization which put a lot of 

pressure on water resources. The agricultural sector which utilizes 70% of world 

freshwater withdrawals is experiencing more pressure due to the rising population. This 

sector's water usage is anticipated to grow by about 19% by 2050 to meet the food 

demands of people. Simultaneously, it is anticipated that other sectors, including 

industries and energy, will experience a high rise in water usage, which will be nearly 

400% [2], [3]. 

In the United States, water needs are considerable and diverse, reflecting the country's 

large population, industrial base, and agricultural demands. On average, the U.S. 

consumes 322 billion gallons of water per day, with 87% coming from freshwater 

sources. The largest shares of this water use belong to thermoelectric power generation 

(41%), irrigation (37%) and domestic use (12%) respectively [4], [5]. One of the 

challenges that the U.S. is dealing with is providing the water needs in remote islands like 

Hawaii, American Samoa, and the U.S. Virgin Islands. For example, in Hawaii some 

islands like Oahu which are facing a severe water shortage significantly rely on 

underground aquifers which take a long time to be replenished. Or in American Samoa, 

water use is estimated at round 11 million gallons per day mostly coming from 
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groundwater wells. This region despite its tropical climate, is facing significant water 

challenges due to aging infrastructure, contamination of water sources and other factors 

[6], [7], [8]. 

1.2 Desalination 

Desalination methods have been in use for thousands of years, with roots dating back 

to ancient civilizations. In the 4th century BCE, Greek sailors used woolen condensers to 

distill seawater, and the philosopher Aristotle described ideas regarding the water cycle 

and a distillation process in the 3rd century BCE. The first large-scale land-based 

desalination plant was set up in Tunisia in 1560, producing a daily capacity of up to 40 

barrels of freshwater per day [9]. 

Significant advancements in desalination technology occurred during the industrial 

revolution. A vertical tube seawater distillation apparatus was patented in 1852, and it 

soon became widespread for shipboard use. The 20th century witnessed a faster rate of 

development in desalination technology that resulted in the invention of multi-effect flash 

and multi-stage flash methods. The history of desalination was marked by another 

significant development in the 1960s when reverse osmosis (RO) membranes were 

discovered by Sydney Loeb [10]. The first RO plant developed for commercial use was 

built in Coalinga, California, in 1965. It confirmed the promise of RO as it highlighted its 

advantages compared to existing methods, such as being more efficient, operating at 

room temperature, and being scalable [9]. 

By the early 2000s, there were over 2,000 desalination plants in use globally, showing 

the rapid adoption of this technology. This progress accelerated more, and by 2020, there 

were over 22,000 desalination plants in use, showing its central place in mitigating water 
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shortages. Among these advancements, large-scale projects such as the Ras Al Khair 

desalination plant in Saudi Arabia, the world’s largest with a capacity of 1,401,000 

m³/day, show this trend [9]. 

The U.S. desalination market is estimated to reach $2.63 billion by 2028, growing at a 

rate of 8.30% from 2023 to 2028 [11]. California, Texas, and Florida are leading states in 

the U.S. desalination market, due to various challenges they have including water scarcity 

and the need for alternative water sources. These states have significantly invested in 

desalination to ensure water security. As of August 2024, Texas operates 60 municipal 

desalination plants treating brackish groundwater, surface water, and reclaimed water, 

designed to produce about 172 million gallons per day [12]. 

1.3 Desalination Technologies 

Desalination technologies can be broadly categorized based on their primary energy 

sources, such as thermal, electrical, or renewable energy. These categories help 

distinguish between methods like multi-effect distillation, reverse osmosis, and solar-

driven processes. Figure 1.1 illustrates the categorization of desalination technologies 

based on their primary energy sources.  



 29 

 
Figure 1.1 Classification of desalination technologies based on the primary energy source 

used for water treatment [13]. 

Reverse osmosis (RO) is a common desalination technology applied globally, which is 

both efficient and scalable. The process involves the application of high pressure on 

brackish to let it flow through a semi-permeable membrane that selectively filters 

dissolved salts and impurities (Figure 1.2). RO has several advantages like production of 

high-quality water with minimal total dissolved solids, low energy consumption 

compared to thermal desalination methods, and suitability for scaling up for different 

uses. On the other hand, it does have some drawbacks like the requirement for high 

pressure and energy input, an enormous brine disposal problem, and deterioration of the 

membranes with time, which adds to the maintenance cost. RO is one of the most energy-

efficient desalination technologies available today. The theoretical minimum energy 

consumption for RO is 1.07 kWh/m³, while typical commercial RO plants require 3 to 10 

kWh/m³ [14]. Advancements in technology have significantly reduced energy 
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consumption, with some modern sea water RO plants achieving as low as 2.5 kWh/m³ 

[15]. 

 
Figure 1.2 Schematic representation of the reverse osmosis process, where applied 

pressure forces saltwater through a semi-permeable membrane, separating contaminants 

and producing fresh water [16]. 

A second major desalination technology is multi-stage flash (MSF) distillation, which 

works on the principle of flash evaporation, where water is rapidly vaporized by reducing 

pressure rather than increasing temperature. The process involves several stages as shown 

in Figure 1.3. Seawater is heated to 90-110 °C under high pressure then the heated water 

passes through multiple stages with decreasing pressure. In each stage, a portion of the 

water rapidly vaporizes (flashes) due to the pressure drop, and the vapor is condensed on 

cooling tubes. At the end, the condensed fresh water is collected as the product. Some of 

the advantages of this system include high reliability for large-scale desalination, 

producing high-quality water with low total dissolved salt, and capability of integration 

with power plants to efficiently utilize waste heat. These systems also have some 

disadvantages including substantial thermal energy requirement, making them less 

energy-efficient than membrane-based processes like RO. They have high capital cost 

and also their high operating temperatures can cause corrosion and scaling. In terms of 
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energy consumption, MSF requires significant energy compared to common desalination 

systems like RO. Combining thermal and electrical energy requirements, the total 

specific energy consumption for MSF systems is reported to be in the range of 80-120 

kWh/m³ plus electrical energy of 1.5-4 kWh/m³ [17]. 

 
Figure 1.3 Schematic representation of a multi-stage distillation process where water 

vapor is condensed to produce fresh water while concentrating brine [18] 

A third major desalination technology is multi-effect distillation (MED) which is 

another thermal process that uses multiple stages (effects) to efficiently distill seawater. 

Each effect is a separate chamber where water is evaporated and condensed. Steam from 

one effect is used to heat water in the next effect. The process operates at lower 

temperatures and pressures in each subsequent effect. Multi-effect distillation is more 

energy-efficient than multi-stage flash distillation and can use low-temperature heat 

sources. Multi-effect distillation plants typically have 2-16 effects and can produce high-

quality distilled water. Based on the reports MED systems usually consume around 14-21 

kWh/m3 which is lower than MSF technology [19]. This lower specific energy 

consumption could be attributed to efficient use of heat, and lower operational 

temperature in MED systems. 



 32 

 
Figure 1.4 Schematic representation of a multi-effect distillation (MED) system, 

where heating steam drives evaporation and condensation stages to produce fresh water 

while concentrating brine [20]. 

A fourth more recent desalination technology is membrane distillation (MD) which is 

a thermally driven process that uses a hydrophobic microporous membrane to facilitate 

the separation of vapor from water. As indicated in Figure 1.5, a temperature difference 

across the membrane causes a gradient in vapor pressure. Water vapor travels through the 

membrane pores and subsequently condenses on the low-temperature side. MD is 

operated at temperatures lower than other thermal processes and can achieve up to 99.9% 

rejection of non-volatile compounds, yielding high-quality water. MD can be driven by 

renewable energies or low-grade waste heat, e.g., solar thermal. The absence of high 

hydraulic pressure lowers membrane fouling compared to pressure-driven processes, and 

MD is particularly effective in the treatment of very concentrated hypersaline solutions 

and brines. On the other hand, there are some limitations for MD systems including 

membrane wetting in long-term operation which lead to reducing separation efficiency, 

and lower water production rates compared to pressure-driven membrane processes. The 

specific energy consumption in MD systems varies depending on the system 

configuration and operating conditions. Based on the available literature, the specific 



 33 

energy consumption for different MD configurations fall within the ranges of 100-1600 

kWh/m3 [21]. 

 
Figure 1.5 Schematic representation of a direct contact membrane distillation (DCMD), 

where a hydrophobic membrane allows vapor flux from the heated feed side to the 

permeate side, driven by a transmembrane vapor pressure gradient. 

1.4 Low-Grade Heat 

It is estimated that 72% of the world's primary energy is lost after conversion. More 

specifically, 63% of the waste heat flows are at temperatures less than 100 °C, with most 

originating from electricity generation, followed by transportation and industry [22]. 

Despite its vast availability, this thermal energy is not effectively harnessed for practical 

applications. For instance, industrial waste heat in the European Union is estimated to 

reach around 300 TWh annually, excluding contributions from power generation and 

transportation sectors [23]. In the US, power plant condensers release nearly 4000 TWh 

of waste heat each year, mainly in the temperature range of 40–49 °C [24]. 

Another low-temperature source that can be utilized is geothermal energy. This energy 

source is a great potential of low-grade heat for use in different applications. This 

renewable resource is based on the thermal energy stored within the earth and can be 

exploited in various ways depending on the temperature of the geothermal source. Low-
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temperature geothermal resources are those with temperatures no greater than 150 °C 

[25]. These resources are more widely available than high-temperature geothermal 

sources and can be used for various applications including direct use in heating and 

cooling systems, small-scale power generation, and industrial processes [26]. Using 

geothermal energy would have a wide range of advantages like high availability, low CO2 

emissions compared to conventional heating and cooling methods, and extensive 

application in rural and urban areas. While there is huge potential in low-temperature 

geothermal resources, some of the challenges they face are economic feasibility, 

especially for electricity generation from lower temperatures, site-specific design needs 

and experience in system operation, and capital investment in the developing 

infrastructures [27], [28], [29]. 

In addition to industrial and geothermal sources, another promising reservoir of low-

grade heat is ocean thermal gradients. The Ocean thermal gradient refers to a difference 

in temperature between the warm surface ocean waters and the cold deep ocean waters. 

This natural phenomenon forms the basis for ocean thermal energy conversion 

technology. The ocean thermal gradient typically comprises warm surface waters at 

approximately 25-30 °C in tropical waters and cold deep waters at approximately 4-7 °C 

at depths of around 1000 meters. The gradient is relatively consistent throughout the year, 

which makes it a potentially consistent energy source [30], [31]. 

1.5 Objectives and Outline 

The goal of this work is to examine the role of thermal energy in improving the 

efficiency and performance of membrane-based desalination processes. To achieve this 

goal, we investigate how heat can be leveraged in three specific desalination 
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technologies: (1) thermally enhanced reverse osmosis, (2) thermally driven reverse 

osmosis, (3) membrane distillation. Each of these processes has particular opportunities 

and challenges for the application of low-grade or waste heat, with the aim of reducing 

energy consumption and improving the efficiency of water production. Harnessing low-

grade thermal energy, which is readily obtained from sources like industrial waste heat, 

solar thermal energy, and geothermal energy, is a promising approach to improving water 

treatment plants sustainability. Successful integration of low-grade heat with desalination 

and membrane-based water treatment systems can greatly improve energy efficiency and 

sustainability with less reliance on fossil-fuel-based energy sources. Through a 

combination of thermodynamic analysis, experimental validation, and numerical 

modeling, we investigate three specific methods of using heat in desalination. 

This study is framed around the following critical research questions, which guide the 

analysis and methodologies used to evaluate different desalination technologies: How 

does feedwater temperature affect the performance and energy requirements of reverse 

osmosis systems? Can thermal energy be directly used to drive the RO process through 

innovative configurations such as thermally driven reverse osmosis (TDRO)? Is it 

feasible to use ocean thermal gradient for driving membrane distillation systems? What 

are the most effective strategies for enhancing the energy efficiency of MD systems 

through operational control? 

Findings and methods are organized into the following chapters, each addressing an 

important aspect of integrating thermal energy into membrane desalination systems: 

Chapter Two evaluates the potential of using thermal energy to enhance reverse 

osmosis (RO) desalination systems by examining the effects of feedwater temperature on 
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water flux, energy requirement, permeate quality, and operation pressures. Through this 

study the overall energy balance of thermally enhanced RO is examined for the first time, 

including the trade-off between mechanical pump work saving and supplementary 

thermal energy input.  

In Chapter Three a detailed investigation of thermally driven reverse osmosis (TDRO) 

as a novel approach to desalination, leveraging low-grade heat to drive the separation 

process is investigated. The study explores the thermodynamic limits of TDRO, 

comparing its performance with conventional desalination methods such as reverse 

osmosis (RO) and thermal desalination. A theoretical model is developed to quantify the 

energy requirements and efficiency of the process, including key design parameters. 

In Chapter Four, a feasibility study is conducted to evaluate the integration of ocean 

thermal energy with membrane distillation technology, referred to as the ocean thermal 

membrane distillation (OTMD) system. The study explores the potential of utilizing deep 

seawater as a cold source to drive the direct contact membrane distillation process 

specifically in remote islands like American Samoa. Both theoretical and experimental 

investigations are performed to determine water production rates, specific energy 

consumption, and mechanical work associated with different cold water pumping 

configurations. A lab-scale test bench is developed to identify key performance metrics 

under controlled perturbations in flow rate and temperature. By analyzing the thermal and 

hydraulic behavior of the system, the objective is to identify viable OTMD designs that 

have lower energy requirements and show a specific energy consumption less than 

commonly used reverse osmosis systems. 
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In Chapter Five, an experimental investigation is conducted to explore strategies for 

controlling operating conditions to enhance the energy efficiency of a direct contact 

membrane distillation (DCMD) system. This study focuses on monitoring and adjusting 

operational system parameters including feed temperature, feed flow rate, and distillate 

flow rate, to optimize performance. By carefully adjusting these variables, the objective 

is to reduce specific energy consumption and specific work, ensuring that the process 

approaches maximum efficiency. Finally, the results will identify a locally optimal set of 

operating conditions, where the system reduces energy consumption while maintaining 

the highest possible permeate flux. 
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CHAPTER TWO 

REDUCING THE SPECIFIC ENERGY USE OF SEAWATER DESALINATION 

WITH THERMALLY ENAHNCED REVERSE OSMOSIS 

 

 

 

2.1 Introduction 

In recent years, there has been renewed interest in harnessing thermal energy for water 

desalination [32]. Thermal energy from sources such as solar radiation, ocean thermal 

gradients, geothermal, and power plant waste heat is abundant and represents a 

tremendous resource for improving the sustainability of water infrastructure. This has led 

to advances and innovation in a number of thermally-driven desalination technologies, 

such as membrane distillation [33], multi flash distillation [34], and thermally driven RO 

[131]. In all such technologies, heat is used as the primary energy source and driver. 

Also, the possibility of using heat to thermally enhance RO has also been considered, 

wherein small amounts of heat could be used to pre-heat RO feed water, incoming water 

supplied to the system that needs to be purified by removing dissolved salts and other 

impurities, in order to improve RO performance [36], [37]. The concept of thermally-

enhanced RO is largely motivated by the fact that warmer feed water permeates more 

quickly across a RO membrane [38], [39], [40], [41], making it possible to produce more 

water with a given unit of mechanical work. For example, some studies have shown 

mechanical energy savings of up to 12 % when seawater feed is heated from 15 to 45 °C, 

and up to 45 % when brackish water feed is heated from 15 to 45 °C [38], [42]. This is 

mostly the result of an apparent increase in the membrane permeability that is caused by 

lower feed viscosity as a function of temperature [40], [43]. The other advantage of warm 
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feed is that high permeability facilitates operation at lower applied pressures, which is 

helpful for mitigating the risks of membrane mechanical failure and membrane fouling 

[44], [45]. For these reasons, it is generally agreed that RO operation in warm climates is 

more favorable [46], [47]. However, it is less clear whether it is advantageous to use an 

external source of thermal energy to preheat RO feed water. In such a case, the energy 

savings from reduced pumping work (and associated cost savings) would need to 

outweigh the thermal energy input (and associated costs). To date, this balance between 

thermal energy input and mechanical pump savings for thermally enhanced RO has not 

yet been considered in the literature. Also unclear is whether the energy saving benefits 

of thermally-enhanced RO outweigh the disadvantages, including increased reverse salt 

flux and permeate concentration, loss of membrane structural integrity, and increased 

scaling [38], [39]. 

In this chapter, we investigate the process of thermally enhanced RO and analyze the 

tradeoff between thermal energy input and mechanical pump savings. A transport model 

is developed and used to establish the energy balance of both conventional RO and 

thermally enhanced RO. This is the first time that thermal energy input has been included 

in the overall energy balance analysis of thermally enhanced RO. Parametric analysis is 

conducted across a range of conditions to identify under what circumstances the resulting 

energy balance is favorable. RO application to a number of different feed water sources is 

considered, including seawater, brackish water, and oil and gas produced water. Other 

variables include different membrane properties (permeability and selectivity), different 

operating targets (water permeate rates and feed recovery ratios), different equipment 

specifications (thermal and mechanical efficiencies), and different environmental 
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conditions (ambient temperatures). Recommendations are provided for future 

applications of thermally enhanced RO. 

2.2 Theory 

2.2.1 Energy Balance of Reverse Osmosis 

In a standard RO system, concentrated feed solution is introduced to a membrane 

module and then pressurized above the osmotic pressure (defined as the pressure needed 

to counteract natural solvent flow), to drive clean water permeate across the membrane 

for collection. A standard RO system is illustrated in Figure 2.1. The energy consumption 

of RO is related to the pumping power that is required to pressurize the feed solution 

above its osmotic pressure potential. To reduce this pumping load and improve energy 

efficiency, pressure from the super-concentrated waste brine (which is defined as the 

super-concentrated water volume left after desalination) is typically recycled back to the 

incoming feed via a mechanical pressure exchanger. 

 
Figure 2.1 Schematic of a standard reverse osmosis (RO) desalination plant. Energy is 

supplied for mechanical pumping to pressurize feed solution above its osmotic potential, 

and thereby drive clean water permeate across the membrane. 

The energy performance of RO can be conveniently expressed in terms of specific 

work input wRO, which is defined as the pump work WRO per unit volume of water 

permeate that is collected VP. As described in equation (2.1) and as illustrated in Figure 

      

  
    

    

        

   

     

   

        

        

         

       

      

       

       

         

       



 41 

2.1, the pumping load can be distributed between two pumps, with one to handle a 

portion of the feed equal to the permeate volume, and another to handle a portion equal to 

the brine volume. This configuration facilitates the integration of the pressure exchanger 

for recovering mechanical work from the pressurized brine solution and recycling it back 

to the incoming feed. The work requirements of both of these pumps, 𝑤̇𝑝 and 𝑤̇𝐵, are 

defined in equations (2.2) and (2.3), and a detailed derivation of both expressions is 

provided in Supplementary Note 2.1. 

ẇRO =
ẆRO

V̇P
= ẇP + ẇB 2.1 

ẇP =
1

ηpump
 ∆p 2.2 

ẇB =
1

ηpump
 (
1

r
− 1) ∆p( 1 − ηpex ) 2.3 

Where ηpump is the pump efficiency, ηpex is the efficiency of the pressure exchanger, 

and r is the recovery ratio, which is the ratio of the permeate volume relative to the feed 

volume (i.e. r = 𝑉̇𝑃  / 𝑉̇𝐹), and Δp is the applied pressure. 

Applied pressure Δp is an operating parameter that can be controlled to achieve certain 

targets for the RO plant. For example, it may be desirable for the RO plant to achieve a 

high recovery ratio so that excessive volumes of feed are not handled, although this will 

increase the specific energy use, as shown later on. Or it may be desirable for the RO 

plant to maintain a certain rate of water permeate production per unit of membrane 

surface area, which will be proportional to the plant’s return on investment, also shown 

later on. The relationship between applied pressure and these targets is defined in 

equation (2.4), and an expanded derivation is provided in Supplementary Note 2.2. 
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∆p =
V̇P 

a
 A−1  + ∆π 2.4 

Where 𝑉̇P / a is the rate of permeate water production per unit membrane surface area, 

A is the membrane water permeability, and Δπ is the osmotic pressure difference across 

the membrane, which can be approximated with the Van’t Hoff equation. 

∆π = i R T ∆c 2.5 

Where i is the number of ions, R is the gas constant, T is the absolute temperature of 

solution, and Δc is the concentration difference across the membrane. 

Importantly, the concentration difference Δc will vary along the length of the 

membrane as water permeate is recovered from the feed and as salt leaks through the 

imperfect membrane. It will also be a function of polarization, as non-linear 

concentration gradients will develop normal to the membrane surface due to limited 

diffusivity. To account for these dynamics, a variety of 2D and 3D finite element models 

have been proposed in the literature [48], [49], [50]. A simplified expression is used here 

to describe concentration difference Δc as a function of the logarithmic mean of the 

concentration from inlet to outlet, and as a function of an exponential polarization factor 

[51], [52], [53]. 

∆c =  exp (
V̇P
a
 k−1) (

cB − cF
ln cB − ln cF

) − cP 2.6 

Where k is the mass transfer coefficient, and cF, cB, and cP are concentrations of the 

feed, brine, and permeate respectively. While the inlet concentration cF is set by the 

seawater feed source, the outlet concentrations for brine cB and permeate cP will be a 

function of the balance between water and salt permeate. Expressions for these can be 



 43 

developed by taking a mass balance of salt and water permeate, and by considering the 

diffusion mechanism by which salt leaks towards the permeate. Expressions for both cB 

and cP are provided below, and a detailed derivation is provided in Supplementary Note 

2.3. 

cB =
cF −  r cP
1 − r

 2.7 

cP =
a

V̇P
 B ∆c 2.8 

Where B is the membrane salt permeability. 

Together, equations (2.1)-(2.8) describe the pump work required for a reverse osmosis 

system wRO as a function of (i) the properties of the feed solution including concentration 

cF and temperature T, (ii) the properties of the membrane including water and salt 

permeability A and B, (iii) the severity of polarization, which is related to the mass 

transfer coefficient k, and (iv) the target recovery ratio and permeate flux, r and 𝑉̇P / a. 

For reference, the thermodynamic limit of RO can be obtained from equations (2.1)-(2.8) 

by assuming no losses, perfect pump and pressure exchanger efficiency ηpump = ηpex = 1, 

no reverse salt leakage B = 0, no polarization k → ∞, and a target recovery ratio and 

permeate rate of zero, r → 0 and 𝑉̇P / a → 0. 

2.2.2 Energy Balance of Thermally Enhanced Reverse Osmosis 

In a thermally enhanced RO system, concentrated feed solution is heated prior to 

being introduced to the membrane module. This decreases fluid viscosity, allowing clean 

water to permeate across the membrane more rapidly. Energy savings are thus achieved 

as lower applied pressures (and hence less pumping work) are needed to achieve the 

target water permeate rates. Pumping work is therefore partially displaced by thermal 
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energy. A thermally enhanced RO system is illustrated in Figure 2.2. As shown, thermal 

energy can be efficiently managed by recovering it from the brine and permeate volumes 

and then recycling it back to the incoming feed via heat exchangers. 

 

Figure 2.2 Schematic of a thermally enhanced RO plant designed to use heat to reduce 

the required mechanical pump work. Other configurations are also possible so that 

incoming feed can either be heated first or pressurized first. 

The overall energy balance of thermally enhanced RO is therefore the sum of the 

reduced mechanical pumping work and the added thermal energy. This is expressed in 

equation (2.9) which shows the overall specific energy balance of thermally enhanced 

RO 𝑤̇𝑇𝐸−𝑅𝑂 as a function of the coefficient of performance cop, used to relate the specific 

thermal energy input q to the mechanical work of RO 𝑤̇𝑅𝑂. The specific thermal energy 

input 𝑞̇ is defined in equation (2.10) as a function of the temperature to which feed is 

heated ΔT and the efficiency with which heat is recycled ηTex. A detailed derivation of 

this energy balance is provided in Supplementary Note 2.4. 

𝑤̇TE−RO = 𝑤̇RO + 
q̇

cop
 2.9 

q̇ =
Q̇

V̇P
=
1

r
 ρ cp ∆T(1 − ηhex) 2.10 

Where ρ and cp are the density and specific heat input of the feed. Note that the 

coefficient of performance for an ideal Carnot heat pump operating at its thermodynamic 
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limit, cop = T / ΔT. Also note that in the ideal case, where ambient heat loss is eliminated 

considering heat is completely recycled ηhex → 1, the thermal energy input is reduced to 

zero 𝑞̇→ 0. 

The energy balance of thermally-enhanced RO is affected by several competing 

dynamics as illustrated in Figure 2.3, including (a) the apparent increase in membrane 

water permeability caused by changes in the fluid viscosity, (b) the decrease in 

concentration polarization caused by higher salt diffusivity, (c) the increase in osmotic 

pressure, and (d) the apparent increase in membrane salt permeability caused by higher 

salt diffusivity. 

The energy savings from a thermally enhanced RO system are achieved primarily 

from an increase in the apparent water permeability of the membrane that is observed in 

the presence of warm feed. This dynamic has been studied extensively throughout the 

literature, and it is generally agreed that much of the observed increase is the result of 

reduced fluid viscosity, rather than because of any significant change in the membrane 

structure [43], [54], [55]. Equations (2.11) and (2.12) approximate the relationship 

between membrane water permeability A, feed viscosity μ, and feed temperature T [56], 

[57], [58]. The relationship is also illustrated in Figure 2.3 (a) which shows a near 

doubling of the membrane’s apparent water permeability as feed is heated from 20 to 50 

°C. Supplementary Note 2.5 provides additional supporting information about equation 

(2.11). 

A = A20 °C  
µ20 °C
µ

 2.11 

µ = 0.4599 exp(1.796 × 103 c − 0.021 T) 2.12 
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To a lesser extent, thermally enhanced RO also benefits from reduced concentration 

polarization. As shown in equations (2.13) and (2.14), the salt mass transfer coefficient k 

is directly proportional to the salt diffusivity D, which increases with temperature T [59], 

[60], [61].  

k = D 
Sh

d
 2.13 

D =  6.725 × 10−6 exp (9.034 × 10−3 c −
2513

T
) 2.14 

Sh = 0.46 Re0.36 Sc0.36 2.15 

Where Sh is Sherwood number and d is the hydraulic diameter. Various empirical 

equations have been proposed to described the Sherwood number in different RO 

membrane configurations, but it is generally described as a function of the Reynolds 

number Re and the Schmidt number Sc [62], [63], [64]. 

Figure 2.3 (b) shows that k increases by almost 70 % from 20 to 50 °C. This helps to 

reduce the concentration difference across the membrane because the polarization factor 

is proportional to the exponent of k-1, as described previously in equation (2.6). This 

enables energy savings as target permeate flux can be achieved with lower applied 

pressures. It also reduces the driving force for undesirable salt leakage, which may assist 

in producing a lower concentration permeate water product, although other dynamics 

mitigate this benefit, as explained below. 
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Figure 2.3 (a) Membrane water permeability is inversely proportional to viscosity, as 

described in equations (2.11) and (2.12). (b) Concentration polarization factor 

exp (
V̇P

a
k−1)  and mass transfer coefficient as a function of temperature, as described in 

equation (2.13). (c) Osmotic pressure of feed as a function of temperature calculated 

using equation (2.5). (d) Membrane salt permeability as a function of temperature can be 

predicted from the proportional change in salt diffusivity, as described in equation (2.16). 

The benefits of thermally enhanced RO are mitigated by (i) an increase in the osmotic 

pressure difference as a function of feed temperature, and (ii) an increase in the salt 

permeability of the membrane. As described previously in equation (2.5), osmotic 

pressure is proportional to the absolute temperature of the feed. For example, Figure 2.3 

(c) shows a 10 % increase in osmotic pressure as feed is heated from 20 to 50 °C. This 

increases the pumping pressure, and hence mechanical work, that must be applied in 

order to achieve the target water permeate rates, and therefore mitigates the energy 
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savings of thermally enhanced RO. Interestingly, there is some temperature that 

optimizes this tradeoff and yields the minimum specific energy of RO. 

The second drawback of thermally enhanced RO is the increase in membrane salt 

permeability that is associated with heat. This dynamic is well studied in the literature, 

and it is generally agreed that much of the perceived increase in salt permeability is due 

to the increase in salt diffusivity rather than any change in the membrane structure itself 

[55], [65], [66]. For this reason, the change in the apparent membrane salt permeability B 

can be approximated by the proportional change in salt diffusivity D, as expressed in 

equations (2.14) and (2.16). As illustrated in Figure 2.3 (d) salt diffusivity and hence salt 

permeability more than double as feed is heated from 20 to 50 °C. Because this increase 

in salt permeability is greater than the increase in water permeability reported previously 

in Figure 2.3 (a), the ratio of water to salt permeability A/B drops by almost 20 % from 20 

to 50 °C. This increase in B and this drop in A/B are certainly not desirable, but their 

significance can only be properly evaluated by considering their net effect on specific 

energy consumption and levelized cost of water. For example, it is very possible that a 

small change in A can be more significant than a large change in B. Supplementary Note 

2.5 provides additional supporting information about equation (2.16). 

B = B20 °C   
D

D20 °C 
 2.16 

2.3 Methods 

To evaluate the performance of thermally enhanced RO an analytical model was 

developed in Excel 2019 software (Microsoft, Redmond WA) to solve the system of 
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equations described in Section 2.3. This includes a simple numerical guess and check 

algorithm used to solve equations (2.6)-(2.8) to within < 0.01 % convergence error. 

Performance was evaluated in terms of the specific work of RO 𝑤̇𝑅𝑂  and the overall 

specific energy balance of thermally enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂  (given a certain heat pump 

coefficient of performance cop) as a function of operating temperature. For most 

commercial membranes, maximum recommended operating temperatures typically range 

from 35-40 °C, but recent publications have shown promising materials advances for 

high temperature operation well above typical values [67]. Therefore, a temperature 

range of 20 to 50 °C is considered here to provide a view of performance across both 

current and possible future operating conditions. 

In general, the minimum specific energy was identified as a function of operating 

temperature, while respecting targets for recovery ratio r and permeate flux 𝑉̇P / a, and 

limits for permeate concentration cP and applied pressure Δp. Performance was 

evaluated across a range of conditions including for a variety of common feed sources 

(brackish water, seawater, and oil and gas produced water, each approximated with NaCl 

concentrations of cF = 10, 35, and 70 g/l respectively) and for a variety of membrane 

water permeabilities and salt selectivities (A = 0.5, 1, and 2 lmh/bar, and A/B = 5, 10, 

and 20 bar-1). Table 2.1 defines the default modelling input conditions. Efficiency of 

mechanical equipment were assumed to be constant, although empirical expressions for 

efficiency as a function of temperature are available in the literature and can be included 

for more detailed analysis [68]. 
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Table 2.1. Default case study conditions unless otherwise specified. 

Operating Targets  

Permeate flux 𝑉̇P / a 25 lmh 

Recovery ratio r 0.5 

Operating Limits  

Applied pressure Δp < 100 bar 

Permeate concentration cP < 0.5 g/l 

Feed Properties  

Solute NaCl 

Concentration cF 35 g/l 

Temperature T 20 °C 

Velocity 0.1 m/s 

Viscosity μ [69]  
0.4599 exp( 1.796c (

𝑚𝑜𝑙

𝑚3
) −

0.021T(𝐾))(𝑃𝑎. 𝑠)  

Density ρ [41], [70] 

0.3148  −(
𝑔

𝑐𝑚3
)c51005 + 7.062 × 10

(T(𝐾) −273.15)− 824.3 (T− 273.15) 

(
𝑘𝑔

𝑚3
) 2c 8× 10− 3.783 c 

Salt diffusivity D [71] 

 4−10exp (1.546 ×  6−106.725 × 

c(
𝑚𝑜𝑙

𝑚3
) M((

𝑔

𝑚𝑜𝑙
)) − 2513 / 𝑇(𝐾)) 

(
𝑚2

𝑠
) 

Membrane Properties  

Water permeability A 1 lmh/bar 

Salt permeability B 0.1 lmh 

Hydraulic diameter d 0.001 m 

Equipment Efficiency  

Pump ηpump 0.8 

Pressure exchanger ηpex 0.9 

Heat exchanger ηhex 0.9 

Coefficient of performance cop T(K) / ΔT 

2.4 Results 

2.4.1 Energy Use of Reverse Osmosis for Seawater Desalination 

Figure 2.4 shows the specific pump work of RO 𝑤̇𝑅𝑂  for a common application of 

seawater desalination operated at ambient baseline temperature of To = 20 °C (input 

parameters and assumptions are provided in Table 2.1). As shown, specific pump work 

can be minimized by balancing the recovery ratio. When the recovery ratio is too high, 

the feed water becomes very concentrated and as a result a very large, applied pressure 
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(i.e. more energy) is required to maintain the target permeate rate. On the other hand, 

when the recovery ratio is too low, large volumes of brine need to be handled, and 

therefore any inefficiencies in the pressure exchanger are exacerbated and quickly lead 

to high energy use. When these competing dynamics are balanced, the minimum specific 

pump work is obtained. For the scenarios shown, this is achieved at recovery between r 

= 0.3–0.5. 

Energy efficiency is also shown to improve at low permeate flux because this allows 

for low applied pressures to be used. For example, the minimum specific pump work in 

Figure 2.4, 𝑤̇𝑅𝑂  = 2.0 kWh/m3 is achieved when the process is operated at low permeate 

rates of 𝑉̇P / a = 10 lmh. Operation at even lower permeate flux would allow for even 

lower specific pump work, and the thermodynamic limit of seawater desalination of 0.8 

kWh/m3 is achieved as permeate flux approaches zero,𝑉̇𝑃 / a → 0. On the other hand, 

operating at such low permeate flux requires oversizing the desalination plant, which is 

costly. There is a practical and economic requirement to maintain reasonably high flux 

in order for RO to be cost effective. Or in other words, lower specific pump work 

associated with lower flux can only be justified if these energy cost savings are greater 

than the cost of building a larger plant. This illustrates that optimizing the specific 

energy of RO must be done while also respecting other performance targets and 

operating limits, including costs as well as the permeate quality and the membrane 

integrity, as explained next.  

Figure 2.4 also shows the concentration of the permeate cP that is produced from the 

RO desalination process. This permeate concentration is important because it is a 

measure of the quality of the produced water permeate. As shown, operating at low 
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recovery ratios and with high permeate flux will tend to produce lower concentration 

water permeate. 

 
Figure 2.4 Specific pump work 𝑤̇𝑅𝑂, concentration of permeate cP, and applied 

pressure Δp for reverse osmosis desalination of seawater given a range of recovery ratios 

r and a range of normalized permeate rates 𝑉̇𝑃/ a. Default input parameters and 

assumptions are provided in Table 2.1. 

This is because (i) low recovery ratios minimize the accumulation of salts in the feed 

and hence lower the concentration driving force for salt diffusion, and (ii) higher 

permeate flux dilutes the permeating salts, lowering the permeate concentration. A water 

quality target of cP < 0.5 g/l is provided for reference [72], [73]. 
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Figure 2.4 also shows the applied pressure Δp that drives RO and that is necessary to 

achieve the targets for recovery ratio and permeate flux. The applied pressure scales 

with both of these targets and may exceed the mechanical limits of the membrane unless 

care is taken to avoid such failure. For example, if high permeate flux 𝑉̇P / a = 50 lmh is 

desired, then recovery must be limited to r < 0.25 so as to avoid exceeding the 

membrane burst pressure. A RO membrane burst pressure of 100 bar is shown here for 

reference [74]. 

2.4.2 Advantages of Using Heat to Thermally Enhance Reverse Osmosis 

To illustrate the advantages of using heat to thermally enhance RO, consider again 

the application to seawater desalination. Figure 2.5 shows the specific pump work of RO 

𝑤̇𝑅𝑂  as feed temperature is increased above the ambient baseline of 20 °C (other input 

parameters and assumptions are provided in Table 2.1). As shown, specific pump work 

reduces as feed is heated. The improvement is especially marked in cases where either 

high water permeate flux or a high recovery ratio is targeted, or both. For example, for 

the case where flux is maintained at 𝑉̇P / a = 50 lmh with a recovery ratio r = 0.5, 

specific pump work is reduced by 24 % as feed is heated to T = 50 °C. Such 

improvements are consistent with what has been reported elsewhere in the literature 

[38], [58], [74], [75]. On the other hand, an increase in permeate concentration is also 

observed. For the same example, the permeate concentration almost doubles from cP = 

0.15 to 0.28 g/l, although importantly it still remains below the water quality limit of 0.5 

g/l. 

These energy savings are the result of thermally enhanced transport dynamics 

previously described in Section 2.3 (i.e. higher apparent membrane permeability and 
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reduced polarization), which allow for target flux and recovery ratios to be achieved 

with lower applied pressures. Operating at lower applied pressure not only reduces pump 

energy use, it also reduces the mechanical force applied to the membrane and thereby 

reduces the risks of membrane failure. For example, for the same case where flux is 

maintained at 𝑉̇P / a = 50 lmh with recovery ratio r = 0.5, the applied pressure at T = 20 

°C initially exceeds the specified membrane burst pressure of 100 bar. But as the feed is 

heated to T = 50 °C the applied pressure is reduced to a much lower and acceptable 

pressure of Δp = 86 bar. This suggests that thermally enhanced RO can provide an 

energy efficient means of achieving high water permeate flux and high recovery ratios 

while mitigating the risks of membrane failure. Other advantages of operating at lower 

applied pressures have also been reported in the literature, including less fouling and 

crystallization at the membrane surface [76], [77]. 

Analysis of the energy balance is incomplete however without consideration for the 

thermal energy input during thermally enhanced RO. This depends largely on the 

efficiency of the thermal energy system, including the heat source’s coefficient of 

performance and the heat recovery efficiency. Both of these variables are explored 

further in Section 4.5.3, but here the energy balance is shown assuming an ideal Carnot 

heat pump operating at its thermodynamic limit copmax = T / ΔT and assuming heat 

exchanger efficiency of ηTex = 0.9. As shown, the energy balance remains favorable even 

with consideration for the thermal energy input. Again, the most significant energy 

savings are observed when high flux and high recovery ratios are targeted. Referring to 

the same example as previously, where flux is maintained at 𝑉̇P / a = 50 lmh and 

recovery ratio r = 0.5, the overall specific energy balance of thermally-enhanced RO is 
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reduced from 𝑤̇𝑇𝐸−𝑅𝑂 = 4.3 kWh/m3 at ambient temperatures of T = 20 °C down to a 

minimum of 𝑤̇𝑇𝐸−𝑅𝑂 = 3.8 kWh/m3 at T = 41 °C , for a reduction of almost 12 %. 

 
Figure 2.5 Specific pump work of RO 𝑤̇𝑅𝑂, concentration of permeate cP, applied 

pressure Δp, and overall specific energy requirement of thermally enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂  
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for desalination of seawater at (a) several different rates of water permeate flux 𝑉̇P / a and 

(b) several different recovery ratios r. Default input parameters and assumptions are 

provided in Table 2.1. 

2.4.3 Importance of High Thermal Efficiency and of an Abundant Source of Heat 

The overall energy balance of thermally enhanced RO depends largely on the 

efficiency with which heat can be delivered to and recycled within the system. Figure 

2.6 shows the specific work of thermally enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂 in response to a range of 

different heat source coefficients of performance cop and different heat exchanger 

efficiencies ηTex. As shown, the overall energy balance can be favorable and produce 

savings if thermal efficiency is high. For example, with an ideal heat pump operating at 

its thermodynamic limit copmax = T / ΔT and assuming heat exchanger efficiency of ηTex 

= 0.9, the given scenario shows a minimum specific work of 𝑤̇𝑇𝐸−𝑅𝑂 = 2.8 kWh/m3 at T 

= 31 °C, equal to energy savings of 4 % relative to baseline temperature. On the other 

hand, when less optimistic thermal efficiencies are considered, the energy balance 

becomes unfavorable. For example, given cop = 1 or even 5, heating the feed increases 

the overall energy use. Similarly, a reduction in the heat exchanger efficiency also shows 

less favorable results. This suggests that for thermally enhanced RO to yield energy 

savings, very efficient thermal energy systems are required. Note that a perfect heat 

exchanger essentially eliminates the need for thermal energy input as heat is recycled 

from the brine and permeate volumes and returned to the incoming feed. 
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Figure 2.6 Specific energy requirement of thermally enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂 for 

desalination of seawater at a range of different feed temperatures T and for several 

different coefficients of performance cop and several different heat exchanger efficiencies 

ηTex. Default input parameters and assumptions are provided in Table 2.1 

In analyzing the overall energy balance of thermally enhanced RO, it is important to 

also consider that two different forms of energy are included: (i) mechanical work for 

pumping, and (ii) thermal energy for heating feed. The coefficient of performance 

previously introduced in equation (2.9) and analyzed above implies that mechanical 

work would be used to generate heat, but there are of course many alternatives such as 

solar thermal energy or waste heat from a power plant. In such cases, it is more 

appropriate to consider the energy balance of work and heat separately, as they each 

have their own distinct value [78]. Figure 2.7 shows the specific energy balance of work 

and heat for the default scenario from Table 2.1. As shown, the thermal energy input 

clearly exceeds the savings in mechanical pumping work (by a factor of between 11-16), 

and yet such a tradeoff may be acceptable in certain applications. For example, if waste 

heat is abundant and free, the investment of the necessary heat exchangers could be 

justified by the electricity savings associated with less mechanical pumping work. Such 
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a determination would require further techno-economic analysis in future work, but it 

does suggest another avenue forward for the proposed concept. 

 
Figure 2.7 Energy balance of thermally-enhanced RO in terms of mechanical pumping 

work 𝑤̇𝑅𝑂 and thermal energy input 𝑞̇ for desalination of seawater at a range of different 

feed temperatures T. The right-axis shows the ratio between thermal energy input and 

savings in mechanical work 𝑞̇ / 𝑤̇𝑅𝑂 relative to baseline temperature. Default input 

parameters and assumptions are provided in Table 2.1. 

2.4.4 Suitability of Thermally Enhanced RO for a Variety of Feed Sources 

Figure 2.8 shows the performance of thermally enhanced RO when applied to different 

feed water sources. Several scenarios are considered including desalination of (i) 

seawater with concentration cF = 35 g/l, (ii) brackish water with cF = 10 g/l, and (iii) 

produced wastewater from oil and gas production with cF = 70 g/l. In each case, the 

targets for water permeate flux and recovery ratio are adjusted so as to be consistent with 

conditions typical for treatment of these different sources. For (i) seawater, the water 

permeate flux and recovery ratio are set to the default targets, 𝑉̇P / a = 25 lmh and r = 0.5. 

For (ii) brackish water, the targets are set to 𝑉̇P / a = 50 lmh and r = 0.75. And for (iii) 

produced wastewater, the targets are set to 𝑉̇P / a = 10 lmh and r = 0.25. 

As the results show, the advantages of thermally-enhanced RO are much more 

pronounced in applications with high water flux and recovery targets, which are typically 
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associated with low concentration feed sources. For example, in the case of brackish 

water desalination, energy savings from reduced mechanical pumping reach up to 33 % 

when feed is heated to TF = 50 °C. And even when thermal energy input is considered, 

the overall specific energy savings from thermally-enhanced RO reach up to 18 % when 

feed is heated from TF = 20 to 46 °C. This is much more than the 4 % savings observed 

for the base case of seawater desalination. For produced water, the energy savings are 

negligible, mostly due to the fact that a low water permeate flux of only 𝑉̇P / a = 10 lmh 

is targeted, which tends to mitigate the benefits of heating feed. The low flux and 

recovery targets for produced wastewater are selected so as to moderate the very high 

applied pressures that are associated with RO of such a high concentration feed source. 

For this reason, several publications have suggested alternative RO cycles or membrane 

distillation for such feed [79], [80]. 

Figure 2.8 also shows the significance of the ambient water temperature of the feed 

source. As shown, heating the feed from a baseline temperature of either To = 10, 20, or 

30 °C can be advantageous as it reduces energy use and applied pressure. Similar plots 

are shown for the specific work 𝑤̇𝑅𝑂, permeate concentration cP, and applied pressure Δp 

which confirms that transport dynamics are a function of feed temperature but not the 

baseline reference temperature. But the overall energy balance of the three cases does 

show some difference, because thermal efficiency of the theoretical Carnot heat pump is 

slightly higher if the reference temperature is lower. This confirms that higher thermal 

energy inputs can be justified when the feed has a cooler ambient reference temperature. 
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Figure 2.8 Specific pump work of RO 𝑤̇𝑅𝑂, concentration of permeate cP, applied 

pressure Δp, and specific energy requirement of thermally-enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂 for (a) 

desalination of several different feed sources, and for (b) desalination of seawater at a 

several different ambient temperatures To. Feed sources include seawater, brackish 

water, and produced wastewater with concentrations of cF = 35, 10, and 70 g/l 

respectively, water flux targets of 𝑉̇P / a = 25, 50, and 10 lmh, and water recovery targets 

of r = 0.5, 0.75, and 0.25, respectively. Other input parameters and assumptions are 

provided in Table 2.1. 
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2.4.5 Suitability of Thermally-Enhanced RO to a Variety of Membranes 

Figure 2.9 shows the significance of thermally-enhanced RO on the performance of 

different membranes with a variety of water and salt permeabilities A and B. Three 

membranes are defined to provide a sample of common membrane parameters across the 

permeability / selectivity limits established for RO membranes (similar to the Robeson 

limits for gas membranes) [50–52]. The defined membranes include (i) a low 

permeability / high selectivity membrane with A = 0.5 lmh/bar and A/B = 20 bar-1, (ii) a 

high permeability / low selectivity membrane with A = 2 lmh/bar and A/B = 5bar-1, and 

(iii) the default membrane with A = 1 lmh/bar and A/B = 10 bar-1. While heat is 

beneficial in all three membranes, the energy savings 𝑤̇𝑇𝐸−𝑅𝑂 and reductions in applied 

pressure Δp are most significant with the low permeability membrane. For example, in 

the defined low permeability membrane, overall specific energy savings of thermally-

enhanced RO reach 9 % when the feed is heated to 39 °C. This is to be expected since 

higher applied pressures are needed to achieve the target flux with low permeability 

membranes, and hence additional energy savings can be obtained. This is also consistent 

with the previous observation that thermally-enhanced RO is most beneficial in high flux 

applications, since here a particular target flux would be relatively greater for a low 

permeability membrane. Interestingly, the drawback of higher permeate salt 

concentration cP is also largely mitigated with the low permeability / high selectivity 

membrane. This suggests that thermally-enhanced RO may be particularly suited for 

systems involving low permeability / high selectivity membranes. 
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Figure 2.9 Specific pump work of RO 𝑤̇𝑅𝑂, concentration of permeate cP, applied 

pressure Δp, and specific energy requirement of thermally-enhanced RO 𝑤̇𝑇𝐸−𝑅𝑂 for 

desalination of seawater with several different membranes, including different water 

permeabilities A and different water/salt selectivity A/B. Default input parameters and 

assumptions are provided in Table 2.1 

2.5 Conclusions 

In this study the potential for using low-grade heat to thermally-enhance RO 

desalination was evaluated. In general, adding thermal energy to increase the temperature 

of the RO feed was shown to significantly improve water permeate flux leading to 

important savings in mechanical work. Reductions in specific energy of up to 24 % were 

observed for high flux seawater desalination and up to 33 % for brackish water, when the 

feed temperature was increased from 20 to 50 °C. Such improvements are consistent with 
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what has been reported elsewhere in the literature [58], [81], [82], however until now the 

thermal energy input required to heat feed has been mostly unaccounted for. 

For the first time, an overall energy balance of thermally-enhanced RO was considered 

to evaluate the tradeoff between savings in mechanical pump work and input of thermal 

energy. Results suggest that this tradeoff is favorable only under very optimistic 

conditions. In particular, there is a need for both a very high heat pump coefficient of 

performance (if work is used to supply heat), and very high heat exchanger efficiency for 

recycling thermal energy within the system. Under these conditions, overall energy 

savings of up to 12 % were observed for seawater desalination when feed temperature 

was increased from 20 to 41 °C, and up to 18 % for brackish water desalination with feed 

heated to 46 °C. 

Other key variables were also identified. The energy balance was found to be 

particularly favorable in applications where high water flux is desired, such as in 

desalination of brackish water, and in applications where membrane water permeability is 

low and represents a limiting factor. Thermally enhanced RO is also recommended for 

applications where high feed concentrations typically require elevated applied pressures. 

In such cases, thermally enhanced RO can provide a means of reducing the mechanical 

force applied to the membrane and thereby reduce the risks of membrane failure. On the 

other hand, additional consideration should be given to the thermal stability of 

membranes when exposed to high temperatures for sustained periods of time. 

Encouragingly, recent publications suggest that advanced membranes show stable 

operation at elevated temperatures [83]. 
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Other important drawbacks should also be considered in future work. A significant 

increase in salt leakage was observed throughout the analysis, resulting in increased 

permeate concentrations. For example, for the case of seawater desalination where 12 % 

overall energy savings were reported, permeate concentration increased from 0.15 to 0.23 

g/l when feed temperature was increased from 20 to 41 °C. Similar increases were 

observed across the various scenarios considered. Although this particular case remained 

below our target of 0.5 g/l, other scenarios may be more significant and for certain 

applications tolerances may be lesser, possibly necessitating an additional RO pass of the 

permeate. For example, of particular concern is leakage of boron, for which permeate 

concentrations of less than 0.5 mg/l are often targeted [84]. Boron leakage is likely to be 

exacerbated at high temperatures, although recent studies have managed to achieve 

promising boron selectivity even at high temperatures [83]. Also, of concern is the 

precipitation of calcium nitrate and other scaling agents that are typically exacerbated at 

high temperatures [85]. Chemical and mechanical cleaning can mitigate such scaling, but 

at a cost. 

To further clarify the potential of thermally enhanced RO we suggest that future work 

consider the techno-economic balance between the cost savings of reduced mechanical 

pumping work and the cost of adding thermal energy, including additional operating and 

capital costs. In such an analysis, the levelized cost of water can be optimized based on 

the cost of electricity and the cost of thermal energy. There are several abundant sources 

of low-grade heat such as solar radiation and power plant waste heat that can be 

considered, thereby avoiding the need for using electricity or fuel to generate heat, but 

even in such cases the capital cost of the heat recovery systems would need to be 



 65 

justified. Therefore, while this study suggests that the concept of thermally enhanced RO 

has thermodynamic merit, with a favorable energy balance under the right conditions, it 

remains to be seen whether an economic and practical case can be made for the concept. 

If future work confirms this, then thermally enhanced RO may represent a means of 

improving the sustainability of water infrastructure and increasing global access to 

freshwater. 

2.6 Supplementary Note 

2.6.1 Supplementary Note 2.1: RO Work Used by Pumps 

The energy consumption of RO is related to the pumping power that is required to 

pressurize feed solution above its osmotic pressure potential. As described in equation 

S2.1, the pumping load can be distributed between two pumps, with one to handle a 

portion of the feed equal to the permeate volume, and another to handle a portion equal to 

the brine volume. This configuration facilitates the integration of a pressure exchanger 

capable of recovering mechanical energy from the pressurized brine solution and 

recycling it back to the incoming feed. A simple derivation of the energy requirements of 

both of these pumps is provided below. 

ẇRO =
ẆRO

V̇P
= ẇP + ẇB S2.1 

The work use of the first pump ẆP is simply the product of the applied pressure Δp, 

the volume through it (which is equal to the permeate volume V̇P), and the inverse of the 

pump efficiency ηpump. When normalized per unit volume of permeate, it can be 

expressed as the specific pump work wP. 
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ẆP =
1

ηpump
V̇P ∆p S2.2a 

ẇP =
ẆP

V̇P
=

1

ηpump
∆p 

S2.2 

The energy use of the second pump ẆB is the product of the volume through it (which 

is equal to the brine volume V̇B), the pressure that is needed to make up for losses in the 

pressure exchanger, and the inverse of the pump efficiency. Note that in an ideal system, 

with a perfect pressure exchanger ηpex → 1, the load on this brine pump would be reduced 

to zero ẆB → 0. When normalized per unit volume of permeate, it can be expressed as 

the specific pump work ẇB. 

              ẆB =
1

ηpump
 V̇B∆p(1 − ηp ex) S2.3a 

ẆB =
1

ηpump
 V̇P  (

1

r
− 1)∆p(1 − ηp ex) S2.3b 

ẇB =
ẆB

V̇P
=

1

ηpump
 (
1

r
− 1) ∆p(1 − ηp ex) S2.3 

Where r is the recovery ratio. Pressure losses due to friction in the system are 

neglected. 

2.6.2 Supplementary Note 2.2: Applied Pressure 

Applied pressure is an operating parameter that can be controlled to achieve target 

rates of water permeate recovery. The relationship between applied pressure Δp and water 

permeate rate 𝑉̇P is described by the solution-diffusion model [86], [87], [88]. 

V̇P = a A (∆p − ∆π) S2.4a 
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∆p =
V̇P
a
 A−1 + ∆π S2.4 

Where a is the membrane surface area, A is the membrane water permeability, and Δπ 

is the osmotic pressure difference across the membrane. 

2.6.3 Supplementary Note 2.3: Permeate and Brine Concentrations 

Concentration will vary along the length of the membrane as water permeate is 

recovered from the feed and as salt leaks through the imperfect membrane. To account 

for this variation and its important effect on osmotic pressure, the concentration 

difference is defined in equation (2.5) as a function of the logarithmic mean between the 

inlet cF and the outlet cB. Alternatively, the feed side concentration could be simplified 

with just the arithmetic mean as in equation (S2.5a). 

∆c =  exp (
V̇P
a
k−1) (

cB − cF
ln cB − ln cF

) − cP S2.5 

∆c =  exp(
V̇P
a
k−1) (

cB + cF
2

) − cP S2.5a 

The concentration of the brine cB can be defined by taking a simple mass balance of 

the salt that is present in the feed, permeate, and brine, respectively ṁF, ṁP, and ṁB. 

This is shown in equation (2.6). Note that for low recovery ratios r → 0, the 

concentration of the outlet brine approaches that of the inlet feed, cB → cF. 

ṁF = ṁP + ṁB S2.6a 

V̇F cF = V̇P cP + V̇B cB S2.6b 

cF =
V̇p

V̇F 
cP +

V̇B

V̇F 
cB S2.6c 

cF = r cP + (1 − r) cB S2.6d 
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cB =
cF − r cP
1 − r

 S2.6 

The concentration of the permeate cP, can be defined by considering the mechanism 

by which salt is transported across the membrane. Equation (S2.7a) defines the mass 

permeate rate of salt 𝑚̇P as a function of diffusion driven by the concentration difference 

across the membrane Δc, where B is the membrane’s salt permeability. This can be 

reorganized to obtain an expression for permeate concentration cP as provided in equation 

(2.7). Note that for an ideal membrane that is impermeable to salt B → 0, the 

concentration of the permeate is negligible cP → 0. 

ṁP = a B ∆c S2.7a 

V̇P cP = a B ∆c S2.7b 

cP =
a

V̇P 
 B ∆c S2.7 

Together, equations (S2.5)-(S2.7) describe the salt mass balance between feed, brine, 

and permeate. To solve for the resulting concentration difference Δc, the system of 

equations presented here requires a numerical approach to solve, such as an iterative 

guess and check method. Alternatively, it may be of interest in certain cases to 

approximate the feed concentration with a simple arithmetic mean, as shown previously 

in equation (S2.5a). This makes it possible to obtain an analytical solution for Δc, as 

shown below, but it also introduces additional error to the analysis, which is why it is not 

employed here. 

∆c =  exp(
V̇P
a
k−1) (

cF + cB
2

) − cP S2.5a 
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∆c =  exp (
V̇P
a
k−1)(

cF + (
cF  −  r cP
1 − r

)

2
) −

a

V̇P
 B ∆c S2.5b 

∆c =  exp (
V̇P
a
k−1)

(

 
 
 
 cF + (

cF − r 
a

V̇P
 B ∆c

1 − r )

2

)

 
 
 
 

−
a

V̇P
 B ∆c S2.5c 

∆c =  cF  
(1 +

1
1 − r

)

(2

1 + 
a

V̇P
 B

exp (
V̇P
a
 k−1)

+ (
r

1 − r
) 
a

V̇P
 B)

 

S2.5d 

2.6.4 Supplementary Note 2.4: Thermal Energy Use 

The thermal specific energy consumption is a measure of the thermal energy required 

to raise the feed temperature, considering the recovered heat by heat exchangers from the 

brine and permeate flows. We also have considered the efficiency of heater which shows 

the performance of heater in converting the electrical power to thermal energy. The 

following lines provide a detailed derivation of thermal specific consumption equations. 

Q̇ = Q̇F − Q̇B − Q̇P S2.8a 

Q̇F = ρ cpV̇F ∆T S2.8b 

Q̇B = ρ cpV̇B ∆TB S2.8c 

Q̇P = ρ cpV̇P ∆TP S2.8d 

The change in temperature across either the brine or permeate heat exchangers ΔTB 

and ΔTP can be written as a fraction of the change in feed temperature ΔT and as a 

function of heat exchanger efficiency ηhex. Figure S2.1 shows the boundary conditions of 
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heat exchangers used at the brine and permeate to recover heat and recycle to feed inlets. 

Additional heat required to heat the feed to desired temperature after recovering heat 

from brine and permeate is supplied using a heat pump. 

Q̇B = ρ cpV̇B ηhex∆T S2.8e 

Q̇P = ρ cpV̇P ηhex∆T S2.8f 

Then substituting into equation (2.8) and treating density and specific heat as constant 

across all three terms, we can rearrange to obtain an expression for the specific thermal 

energy input q. 

Q̇ = ρ cp∆T(V̇F − V̇B ηhex − V̇P ηhex) S2.8g 

Q̇ = ρ cpV̇F ∆T(1 − ηhex) S2.8h 

Q̇ = ρ cp
V̇P 

r
∆T(1 − ηhex) S2.8i 

q =
Q̇

V̇P
=
1

r
ρ cp∆T(1 − ηhex) S2.8 
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Figure S2.1 Flow rate, pressure and temperature at different points of thermally 

enhanced RO system. 

2.6.5 Supplementary Note 2.5: Membrane Permeability as a Function of Temperature 

Adding heat to the RO process will increase the membrane’s apparent permeability to 

salt [56], [65], [89], [90], [91], [92], [93], [94], [95], [96], [97]. Importantly, most of the 

observed increase in salt permeability will be due to changes in the fluid properties, 

rather than any thermally induced changes in the membrane structure itself [98], [99]. It 

has previously been suggested that salt permeability B is directly proportional to 

temperature T and inversely proportional to viscosity μ, as described in equation (S2.9a) 

[43]. Since salt diffusivity D is proportional to T / μ [100], [101], [102], the membrane 



 72 

salt permeability can also be described as a function of salt diffusivity D, as described in 

equation (S2.9). 

B = B0
T

T0

μ0
μ

 S2.9a 

D ∝
T

μ
 S2.9b 

Q̇ = ρ cp
V̇P 

r
∆T(1 − ηhex) S2.9 

Figure S2.2 shows a collection of salt permeability results at a range of temperatures, 

as collected from the literature. Equation (2.9) is also plotted and shows agreement with 

experimental data. 

 

 
Figure S2.2 Membrane salt permeability as a function of temperature can be predicted 

from the proportional change in salt diffusivity as described in equation (2.11). This 

simple model for membrane salt permeability is compared against experimental data 

from the literature 
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CHAPTER THREE 

THERMALLY DRIVEN REVERSE OSMOSIS: THERMODYNAMICS OF A NOVEL 

PROCESS THAT USES HEAT FOR DESALINATION AND WATER 

PURIFICATION  

 

 

 

3.1 Introduction 

Clean water is essential to life, however access to freshwater remains limited in many 

parts of the world [103], [104]. Moreover, demand is rapidly increasing due to population 

growth, increased per capita consumption, environmental pollution, and climate change. 

For these reasons, engineering solutions are needed to produce freshwater by desalinating 

salt water and treating wastewater for reuse [105], [106], [107]. 

Using heat to separate water and solutes is an ancient concept, and can be done as 

simply as by boiling water to collect condensate. In recent years, there has been renewed 

interest in developing thermally driven water separation technologies because of their 

compatibility with a number of sustainability metrics [108], [109], [110]. Namely, 

thermal energy can be plentiful and relatively cheap, and is available from renewable or 

residual sources such as solar radiation, ocean thermal gradients, geothermal energy, and 

industrial waste heat. A number of processes have been developed to make use of thermal 

energy, including multi-effect distillation, multi-stage flash distillation, membrane 

distillation, solar stills, and others [111], [112], [113]. While each have their own merits, 

all suffer from the fact that thermal separation is inherently energy intensive. This is 

because in all cases, separation is achieved by the phase change of water from liquid to 

vapor, which occurs preferentially relative to solutes and impurities in the feed. The heat 

of vaporization of seawater is approximately 667 kWh per m3 of desalinated water [114]. 
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Although some of this heat can be recovered during condensation, even highly efficient 

thermal systems consume on the order of 10-100 kWh/m3 [111].   

In contrast, the energy requirements for reverse osmosis (RO) are much lower. This is 

one of the reasons that RO has grown to dominate the desalination industry, with global 

capacity now approaching 100 million m3/day [115]. The basic RO process uses an 

applied pressure to force clean water across a highly selective semi-permeable membrane 

that rejects solutes and other impurities. As such, RO avoids the energy intensive step of 

vaporization. At its thermodynamic limit, approximately 0.8 kWh of energy is needed to 

produce 1 m3 of clean water permeate from seawater [116]. Commercial RO desalination 

plants consume on the order of 1-10 kWh/m3 [117]. This is significantly less energy than 

used for thermal separation, but it should be noted that RO uses energy in the form of 

work, usually electricity. This is more costly than low-grade heat and therefore energy 

use remains one of the principal operating costs of RO. 

Considering the respective advantages of both thermal separation (use of cheap, low-

grade heat) and RO (inherent energy efficiency) raises the question of whether a process 

could be designed to take advantage of both. Several attempts have been made. The most 

common examples involve integration of a heat engine with RO, wherein heat is used to 

produce power which is then transferred to drive water permeate across a membrane. 

Most of the related literature considers the organic Rankine cycle for such a concept, as it 

is well suited for operation at low temperatures [118], [119], [120]. This can make use of 

a wide range of heat sources including solar radiation [121], [122], [123], [124], [125], 

geothermal energy [126], [127], and waste heat [128], [129]. This approach is 

conceptually simple and has several advantages as it combines two well-understood 
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technologies, namely the heat engine and RO. On the other hand, such systems have so 

far not found any practical applications because operating heat engines at low 

temperatures is inherently inefficient (which results in the need for large capital-intensive 

infrastructure), and because there is added cost and complexity to building a thermal 

power plant in addition to a desalination plant. 

Most recently a simplified thermally driven reverse osmosis (TDRO) concept was 

proposed by Peter Godart at MIT, which he refers to as heat-driven RO [130], [131]. 

Figure 3.1 illustrates the basic process. It consists of a piston system filled with working 

fluid, connected to a load piston filled with RO feed solution, which is outfitted with a 

semipermeable membrane module. As heat is supplied to the working fluid, temperature 

and pressure increase at constant volume until the pressure that is mechanically 

transferred to the load exceeds the osmotic potential of the RO feed solution. At this point 

clean water is driven across the membrane as the working fluid expands. After reaching 

some target water recovery volume, the working fluid is cooled and returned to its initial 

volume, drawing feed water into the RO module to prepare for the next stroke. When the 

initial volume and pressure are at ambient conditions, then the cycle is completed 

passively and the work associated with the return stroke is zero. For semi-continuous 

operation, a number of such cylinders can be synchronized. 
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Figure 3.1 A simplified embodiment of the thermally driven reverse osmosis (TDRO) 

concept. A working fluid is heated from some thermal energy source (e.g. solar, 

geothermal, ocean thermal, etc.). Pressure of the working fluid increases and is applied to 

a volume of feed water (e.g. seawater, brackish water, wastewater, etc.). When pressure 

of the feed water exceeds its osmotic potential, the working fluid begins to expand, 

driving water to permeate through a semipermeable membrane, thereby producing clean 

water. 

In his pioneering work introducing the concept, Godart [131] outlined the principals of 

operation and defined governing equations for the mass and energy balance of the 

process. Using thermodynamic analysis, he evaluated performance and reported a first 

law efficiency of 5.7 % and a gain output ratio of 49. Note, that first law efficiency is 

defined as the ratio of work output to heat input, and gain output ratio is the ratio of 

enthalpy of vaporization to heat input. While encouraging, these performance results lack 

important context. In one way, they overstate performance because these values are 

obtained at unrealistic recovery ratios of zero. In another way, they understate 

performance because Godart made no effort to optimize the size of the working piston. 

As we demonstrate further on, the size of the working piston relative to the size of the RO 

feed piston has a very important influence on the ratio of heat input to work output. With 

proper consideration, it is possible to achieve both better performance and more realistic 

recovery ratios. 
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Therefore, in this study, we revisit the thermodynamics of the novel TDRO concept to 

develop an expression for the heat of separation as a function of the piston sizing ratio. 

The effect of sizing ratio on performance metrics such as first law efficiency, second law 

efficiency, and the gain output ratio are considered. Together, these metrics provide 

insight into the performance tradeoffs that must be managed when sizing ratio is being set 

at the design stage. These metrics also provide a useful measure of how well the TDRO 

concept compares to the current state-of-the-art for desalination and water treatment, 

which includes other technologies such as reverse osmosis and membrane distillation. 

Finally, ways in which TDRO can contribute to a sustainable water future are outlined. 

3.2 Theory 

3.2.1 Reverse Osmosis and the Work of Separation 

In reverse osmosis (RO), work is used to pressurize concentrated feed solution above 

its osmotic potential and drive clean water permeate across a selective membrane, 

thereby separating clean water from salts and other impurities in the source. Figure 3.2 

shows a simplified and idealized RO system. To improve the energy efficiency of the 

process, a portion of the work supplied to the feed can be recovered from the super-

concentrated waste brine and recycled back to a portion of the incoming feed via a 

pressure exchanger. Assuming perfect recovery at the exchanger, the work associated 

with RO W is then the integral of the pressure applied above atmosphere p over the 

change in feed volume V (equation 3.1)  [132], [133]. 

𝑊 = ∫𝑝 𝑑𝑉 3.1 
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(a)  (b)  

Figure 3.2 Schematic of (a) a simplified and idealized reverse osmosis (RO) batch 

process and (b) a more practical continuous RO system. In both cases, work is done to 

pressurize feed solution above its osmotic potential, and thereby drive clean water 

permeate across the membrane. 

In order to drive water permeate across the membrane, it is necessary for the applied 

pressure to overcome the osmotic pressure of the feed. Various empirical relations and 

property tables have been proposed to describe osmotic pressure π, but it can be 

approximated by the Van’t Hoff equation (equation 3.2a). Importantly, osmotic pressure 

increases throughout the RO process as more and more water permeate is recovered and 

the feed becomes increasingly concentrated. Taking a mass balance of the water and salt 

contained in the initial feed volume VF and concentration cF, and assuming that the 

membrane is perfectly selective, osmotic pressure can be written as a function of the 

permeate volume ΔV (equation 3.2b). For convenience, permeate volume can also be 

normalized over the feed volume and expressed as the recovery ratio r = ΔV / VF 

(equation 3.2c). 

𝜋 ≈ 𝑖 𝑅 𝑇 𝑐 3.2a 

𝜋 ≈ 𝑖 𝑅 𝑇 𝑐𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
) = 𝜋𝐹  (

𝑉𝐹
𝑉𝐹 − 𝛥𝑉

) 
3.2b 
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𝜋 ≈ 𝑖 𝑅 𝑇 𝑐𝐹  (
1

1 − 𝑟
) = 𝜋𝐹  (

1

1 − 𝑟
) 

3.2c 

Where i is the number of salt ions, R is the gas constant, T is the absolute temperature, 

cF is concentration, VF is feed flow rate, ΔV is permeate water, r is recovery ratio, and πF 

is the osmotic pressure of the initial feed solution. 

Figure 3.3 shows the P-V diagram of RO where osmotic pressure is a function of 

permeate volume. In a standard RO process, constant pressure p = C is applied to the 

feed. This is shown in Figure 3.3(a). In such a process, work as defined in equation (3.1) 

reduces simply to the product of the constant pressure and the permeate volume (equation 

3.3a). This work is illustrated in Figure 3.3(a) by the yellow highlighted area that is the 

product of applied pressure and permeate volume. Also shown on Figure 3.3(a) is the 

equilibrium point that is established when osmotic pressure increases enough to equal the 

applied pressure. This equilibrium point can be determined analytically by solving 

equation (3.2) for the condition where C = π. Using this approach, work can be rewritten 

in terms of the permeate volume (equation 3.3b). For convenience, work can also be 

normalized per unit of permeate volume and expressed as the specific work W/ΔV (eq. 

3.3c). 

 



 80 

(a)    (b)  

Figure 3.3 The variation of pressure with permeate volume for a) constant pressure 

and b) variable pressure scenarios. 

𝑊𝑝=𝐶 = ∫ 𝑝 𝑑𝑉
𝛥𝑉

0

= 𝐶 𝛥𝑉 
3.3a 

𝑊𝑝=𝐶 = 𝜋𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
)  𝛥𝑉 

3.3b 

𝑊𝑝=𝐶
𝛥𝑉

= 𝜋𝐹  (
1

1 − 𝑟
) 

3.3c 

Alternatively, RO can be operated as a batch process, with a variable applied pressure. 

This can be done to save energy by maintaining applied pressure only slightly above the 

osmotic pressure. Of course, this does slow the rate of water permeate, since this rate will 

be proportional to the difference between applied and osmotic pressure. Taken to its 

thermodynamic limit, a perfectly reversible process is infinitely slow and is achieved 

when applied pressure is kept equal to the osmotic pressure. Figure 3.3(b) shows the 

reversible RO process, where applied pressure is equal to osmotic pressure. In such a 

process, work from equation (3.1) is then the integral of osmotic pressure over the 

permeate volume (equation 3.4a). This work is illustrated by the yellow highlighted area 

in Figure 3.3(b). A light-yellow area is also highlighted to contrast with work from the 

equivalent irreversible case. As shown, the yellow area and hence work is reduced. Using 
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the expression for osmotic pressure from equation (3.2), it is possible to solve the integral 

analytically and obtain a result for work as a function of the permeate volume (equation 

3.4b). The specific work can also be written by normalizing per unit of permeate volume 

(equation 3.4c). A detailed derivation is included in Supplementary Note 3.1. 

𝑊𝑝=𝜋 = ∫ 𝜋 𝑑𝛥𝑉
𝛥𝑉

0

= ∫ 𝜋𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
)  𝑑𝛥𝑉

𝛥𝑉

0

 
3.4a 

𝑊𝑝=𝜋 = 𝜋𝐹 𝑉𝐹  𝑙𝑛 (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
) 

3.4b 

𝑊𝑝=𝜋
𝛥𝑉

=
𝜋𝐹
𝑟
 𝑙𝑛 (

1

1 − 𝑟
) 

3.4c 

To illustrate, consider RO desalination for a number of common feed sources such as 

seawater (cF = 35 g/l), brackish water (cF = 10 g/l), and produced water (cF = 70 g/l). 

Figure 3.4 shows the specific work of RO for each of these across a range of recovery 

ratios. For example, at a recovery ratio r = 0, approximately 0.8 kWh of work is needed 

to recover 1 m3 of clean water permeate from seawater. At more reasonable recovery 

ratios such as r = 0.5, the specific work is closer to 1.7 kWh/m3 when using a constant 

pressure and 1.1 kWh/m3 for a variable pressure reversible process. 
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Figure 3.4 Work per unit volume of water permeate W / ΔV that is required to drive 

RO desalination from a variety of feed sources, including seawater (cF = 35 g/l), brackish 

water (cF = 10 g/l), and produced water (cF = 70 g/l). Operating the RO process with a 

variable pressure that is equal to the osmotic pressure p = π (i.e. reversible process) 

requires less work that operation with a constant applied pressure p = C (i.e. irreversible 

process). 

3.2.2 Thermally Driven Reverse Osmosis and the Heat of Separation 

In a thermally driven reverse osmosis (TDRO) system, heat is used to pressurize a 

working fluid that expands against a piston set that is connected to a RO load (as 

described in Section 3.2.1), which drives water permeate across a semipermeable 

membrane. Figure 3.5 shows a simplified and idealized thermally driven RO system. For 

our purposes we will analyze a batch process, but the system could be practically 

designed for continuous operation with a series of synchronized pistons. Supplementary 

Note 3.2 provides additional schematics of the process and cycle. 
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(a)   (b)  

Figure 3.5 Schematic of (a) a simplified and idealized thermally driven reverse osmosis 

(RO) batch process, and (b) a more practical, continuous thermally driven RO system. In 

both cases, heat is used to expand a working fluid, thereby pressurizing solutions above 

its osmotic potential and driving clean water permeate across the membrane. 

In this system, the heat required to thermally drive desalination Q is equal to the sum 

of the moving boundary work of the piston W together with the change of energy of the 

working fluid, which will be in the form of internal energy ΔU (equation 3.5). 

𝑄 = 𝛥𝑈 +𝑊 3.5 

Because force and displacement will be common across the piston set, work done by 

the working fluid will be equal to work done on the RO feed fluid. Therefore, the term 

for work can be developed just as previously described in Section 3.3.1 For the case 

where RO is operated at a constant applied pressure p = C, the heat required to drive 

TDRO is defined in equation (3.6). 

𝑄𝑝=𝐶 = 𝛥𝑈 +∫ 𝐶 𝑑𝑉
𝛥𝑉

0

 3.6a 
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𝑄𝑝=𝐶 = 𝛥𝑈 + 𝜋𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
)  𝛥𝑉 3.6b 

𝑄𝑝=𝐶
𝛥𝑉

=
𝛥𝑈

𝛥𝑉
+ 𝜋𝐹  (

1

1 − 𝑟
) 3.6c 

And for the case where RO is operated in an ideal reversible process with a variable 

applied pressure p = π, the heat required to drive TDRO is defined in equation (3.7). 

𝑄𝑝=𝜋 = 𝛥𝑈 +∫ 𝜋𝑑𝑉
𝛥𝑉

0

 3.7a 

𝑄𝑝=𝜋 = 𝛥𝑈 + 𝜋𝐹 𝑉𝐹  𝑙𝑛 (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
) 3.7b 

𝑄𝑝=𝜋
𝛥𝑉

=
𝛥𝑈

𝛥𝑉
+
𝜋𝐹
𝑟
 𝑙𝑛 (

1

1 − 𝑟
) 3.7c 

3.2.3 Design Considerations   

Maintaining the working fluid as a two-phase saturated mixture has many advantages 

for the TDRO process [131]. Namely, it exploits an exponential relationship between 

pressure and temperature, allowing for large increases in pressure to be achieved with 

only modest increases in temperature [134]. This can facilitate the use of low-grade 

thermal energy sources, and can reduce heat loss, which will be proportional to 

temperature. Figure 3.6 shows the P-V diagram of TDRO when operated with a two-

phase saturated working fluid. Figure 3.6(a) shows the process when a constant pressure 

is maintained against the feed p = C (irreversible RO load), and Figure 3.6(b) shows the 

process when a variable pressure is maintained against the feed p = π (reversible RO 

load). The yellow area on the figure shows work, which is equal to the RO load. Also, for 

the reversible load, a light-yellow area is included to contrast with the work of the 

equivalent irreversible load. As shown, the yellow area shifts slightly to the left in the 
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reversible case, since the initial operating pressure is lower, and therefore the specific 

volume of the saturated liquid is lower. 

 (a)    (b)  
Figure 3.6 P-V diagram for thermally driven reverse osmosis using a saturated two-

phase working fluid. Operation is compared for (a) maintaining a constant pressure 

against the feed p = C (irreversible RO load), and (b) for a reversible process with 

varying pressure against the feed such that p = π (reversible RO load). For both cases, 

operation with a small sizing ratio is compare to a large sizing ratio, where λ1 < λ2. 

Several important observations can be made from Figure 3.6. First, for both cases (a) 

and (b), operation with a small sizing ratio is compared to operation with a large sizing 

ratio, λ1 < λ2. The sizing ratio is defined here as the area of the piston acting on the feed 

relative to the area of the piston acting on the working fluid, λ = A / A'. The ratio of this 

piston set can be selected at the design stage. Because force and displacement will be 

common across the piston set, the pressure and change in volume of the working fluid p' 
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and ΔV' can be related to the feed through the sizing ratio, where λ = p' / p = ΔV / ΔV'. 

Therefore, for a given feed pressure and permeate volume, the sizing ratio can be used to 

either allow the working fluid to operate at low pressure over a large volume, or to be 

more compact and operate at high pressure over a small volume. In either case, the sizing 

ratio will have no influence on work (because the product of pressure and change in 

volume for the working fluid and feed fluid are equal), but it can have a significant 

influence on the change in internal energy. Or in other words, while changing the sizing 

ratio does not change the area under the P-V curve (i.e. work), it does change the initial 

and final states (i.e. change in internal energy) and therefore the heat required. 

Second, maintaining the working fluid in a two-phase saturated state, imposes 

limitations on the sizing ratio. As illustrated in Figure 3.6, at one extreme, if the sizing 

ratio is too large, working pressure will exceed the critical pressure pcr. At the other 

extreme, if the sizing ratio is too small, the feed fluid will not return to atmospheric 

pressure patm unless a heat sink can provide cooling below ambient temperature Tatm 

(which we avoid for practical reasons). This is important, because such conditions are 

necessary for the system to return to its initial position passively, and close the cycle 

without requiring work. The resulting limits on the sizing ratio are provided in equation 

(3.8), where psat@ Tatm is the saturation pressure of the working fluid at ambient 

temperature. Figure 3.7 illustrates, the maximum and minimum sizing ratios for a variety 

of possible working fluids as a function of recovery ratio. For example, at a typical 

recovery ratio r = 0.5, the sizing ratio must be between 0.02 < λ < 3.72 in order to 

maintain water in a two-phase saturated state. 
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𝑝𝑠𝑎𝑡,𝑔 @ 𝑇𝑎𝑡𝑚
𝑝𝑎𝑡𝑚

+ 1 = 𝜆𝑚𝑖𝑛 < 𝜆 < 𝜆𝑚𝑎𝑥 = 𝑝𝑐𝑟,𝑔
(1 − 𝑟)

𝜋𝐹
 3.8 

Where pcr and psat are written in terms of gage pressure. Although somewhat 

unconventional to expressed saturation and critical pressure with respect to gage, this is 

done for convenience, since osmotic pressure and hence the rest of the analysis is 

developed in terms of gage pressures. 

 
Figure 3.7 Maximum and minimum sizing ratios λmin and λmax for a variety of possible 

working fluids, as a function of the desired water recovery ratio r. These limits arise from 

the desire to maintain working fluid as a two-phase saturated mixture. The maximum is 

established because the working fluid pressure cannot exceed the critical point. The 

minimum is established by the temperature of the heat sink (which we take here as the 

ambient atmospheric temperature), because this is the minimum temperature of the 

working fluid, and the saturation pressure associated with this temperature must yield a 

feed pressure less than or equal to atmosphere in order for the feed piston to reset with a 

new batch of seawater. 

Third, there is some sizing ratio that will minimize the change in internal energy, and 

thereby minimize the heat of desalination of the process. Equation (3.9b) shows the heat 
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of desalination written in terms of the sizing ratio, where u is the specific internal energy, 

and v is the specific volume. A superficial analysis of equation (3.9b) might suggest that 

to minimize heat of desalination, it is desirable to have the sizing ratio λ → ∞, or at least 

approach the maximum limit for maintaining a two-phase working fluid λ → λmax. 

However, there is a tradeoff with this. As the sizing ratio increases, the change in specific 

volume of the working fluid Δν' decreases, approaching zero when the sizing ratio 

reaches its limit. In addition, there will be a change in the specific internal energy. It is 

therefore necessary to carefully analyze the sizing ratio λ, the specific internal energy Δu', 

and the specific volume Δν' all together, in order to minimize their combined contribution 

to the heat of desalination. 
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To identify the sizing ratio that will minimize the internal energy gain of the working 

fluid, it is helpful to define the initial and final states of the working fluid. Equation 

(3.9c) shows the initial and final states denoted with subscripts 1 and 2, respectively. The 

associated properties are summarized in Table 3.1, where subscripts f and g denote 

saturated liquid and vapor, respectively. Finding the best sizing ratio is then a matter of 

analyzing the properties of the selected working fluid at its initial and final states to 

identify the minimum (u2' – u1') / (v2' – v1') / p2'. For convenience we denote this term as 
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the dimensionless K ratio as shown in equation (3.9d). Figure 3.8 shows the K ratio as a 

function of sizing ratio λ for a range of different feed concentrations cF and recovery 

ratios r. Results are shown for several possible working fluids in both a constant pressure 

irreversible process and a variable pressure reversible process. As shown, the selection of 

the working fluid and the sizing ratio λ can have a significant effect on the dimensionless 

K ratio, and can be used to minimize the change in internal energy of the TDRO process. 

Table 3.1 Properties of the working fluid at its initial and final states as a function of 

the sizing ratio λ. Properties are shown for the case where thermo-driven RO is operated 

at constant pressure (irreversible) and where it is operated at variable pressure 

(reversible). Initial conditions refer to the ambient conditions at which the system starts 

and returns to, at the completion of the cycle. This is not to be confused with the 

condition at which the RO process begins, which would be 𝑝′ =  
𝜆 𝜋𝐹

1−𝑟
 for the irreversible 

case and  𝑝′ =  𝜆 𝜋𝐹 for the reversible case. 
 At constant pressure (irreversible) At variable pressure (reversible) 

 Initial Final Initial Final 

Working pressure p' 𝑝1
′ = (𝜆 − 1) 𝑝𝑎𝑡𝑚 𝑝2

′ = 
𝜆 𝜋𝐹
1 − 𝑟

 𝑝1
′ = (𝜆 − 1) 𝑝𝑎𝑡𝑚 𝑝2

′ = 
𝜆 𝜋𝐹
1 − 𝑟

 

Specific volume v' 𝑣1
′ = 𝑣

𝑓 @ 𝑝2
′

′  𝑣2
′ = 𝑣

𝑔 @ 𝑝2
′

′  𝑣1
′ = 𝑣𝑓 @ 𝑝′= 𝜆 𝜋𝐹

′  𝑣2
′ = 𝑣

𝑔 @ 𝑝2
′

′  

Specific internal 

energy u' 
𝑢1
′ = 𝑢

@ 𝑝1
′  𝑎𝑛𝑑 𝑣1

′
′  𝑢2

′ = 𝑢
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′
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′
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𝑔 @ 𝑝2
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Figure 3.8 The dimensionless K ratio as a function of sizing ratio λ for a variety of 

possible working fluids including (a) water, (b) benzene, and (c) ethanol. The 

dimensionless K ratio is a measure of the change in internal energy of the working fluid, 

which is undesirable, as it adds to the heat of separation. Results are shown for 

desalination of seawater with feed concentration cF = 35 g/l. Operation with a variable 

pressure p = π (hatched line) is compared to operation with a constant pressure p = C 

(solid line). 
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Combining equations (3.6) and (3.9), it is possible to reduce the expression for the 

heat of separation of thermo-driven RO to a simple function of the osmotic pressure of 

the feed πF, the desired recovery ratio of the process r, and the dimensionless K ratio 

(which is a function of the sizing ratio λ as defined in equation (3.9) and in Table 3.1). 

The simplified expression is provided in equation (3.10a) for the case of an irreversible 

constant pressure process and (3.10b) for a reversible variable pressure process. 

𝑄𝑝=𝐶 = 𝛥𝑈 +∫ 𝐶 𝑑𝑉
𝛥𝑉

0

 3.10a 

𝑄𝑝=𝐶 = 𝛥𝑈 + 𝜋𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
)  𝛥𝑉 3.10b 

3.2.4 Efficiency and Performance 

The performance of TDRO can be evaluated with several metrics. The first law 

efficiency ηI of the process will be the ratio of work done on the RO load W relative to 

the heat input to the working piston Q. This ratio can be reduced as described in equation 

(3.11b) for the case of an irreversible constant pressure process and (3.11c) for a 

reversible variable pressure process. This measure of performance is useful because it 

provides a direct comparison between thermo-driven RO and the alternative of simply 

using electric or mechanical work to directly power RO. Of note, equation (3.11) can be 

used to relate heat and work for both the case of a reversible RO load and an irreversible 

RO load. An alternative definition of the first law efficiency, relating heat only to the 

minimum reversible work, which is the useful RO load, is provided in Supplementary 

Note 3.3 along with accompanying results. 

𝜂𝐼 =
𝑊

𝑄
 3.11a 
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𝜂𝐼,𝑝=𝐶 = (𝐾 + 1)
−1 3.11b 

𝜂𝐼,𝑝=𝜋 = (
𝐾

1 − 𝑟
𝑟
 𝑙𝑛 (

1
1 − 𝑟

)
+ 1)

−1

 3.11c 

The second law efficiency ηII is also a useful metric because it evaluates the 

performance with respect to the quality of the heat source, notably its temperature. This is 

defined as the ratio of first law efficiency ηI relative to the Carnot efficiency ηCarnot. 

𝜂𝐼𝐼 =
𝜂𝐼

𝜂𝐶𝑎𝑟𝑛𝑜𝑡
=

𝜂𝐼
1 − 𝑇𝑎𝑡𝑚 𝑇2′⁄

 3.12 

Where Tatm is the ambient temperature of the environment which acts as a heat sink, 

and T2' is the final operating temperature of the working fluid, which is the temperature 

of the heat source. 

Thermal desalination processes are also commonly evaluated in terms of their gain 

output ratio GOR, which is a ratio of the enthalpy of vaporization ΔH relative to the heat 

input Q. This is a useful metric because it provides a comparison between the thermo-

driven RO process and the alternative of simply boiling water to separate clean water 

from less volatile salts and impurities. 

𝐺𝑂𝑅 =
Δ𝐻

𝑄
 3.13 

3.3 Results 

3.3.1 Sizing the TDRO Working Piston to Minimize Energy Use 

The size of the working piston relative to the size of the feed piston is an important 

design variable with several implications for TDRO. As defined earlier, the sizing ratio is 

the change in feed volume relative to the change in working volume λ = ΔV / ΔV', which 
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is also inversely proportional to the pressure ratio of the two pistons λ = p' / p. The sizing 

ratio has an important influence on the energy requirements of TDRO. To illustrate, 

consider the case where saturated water is used as a working fluid to drive TDRO 

desalination as shown in Figure 3.9. As shown, there is clearly some sizing ratio that will 

minimize the specific heat input of desalination. For example, for seawater cF = 35 g/l 

with a recovery ratio r = 0.5, the minimum heat is obtained when λ = 0.63. At this point, 

specific heat input Q/ΔV = 20.5 kWh/m3 for TDRO with an irreversible load and 20.0 

kWh/m3 with a reversible load. These are very close because even though operation at 

variable pressure does reduce the work involved, work contributes relatively little to the 

heat as compared to internal energy. This suggests that there is relatively little benefit to 

increasing pressure in a deliberate, reversible way, as it has little influence on the 

required heat input. This is somewhat ironic, as from a practical standpoint, TDRO is 

easy to control because operating pressure can be directly controlled via temperature, 

which can be easily controlled by adjusting heat input. Also, work is shown to be 

unaffected by the sizing ratio because the integral of pressure over the change in volume 

remains constant for a given load. On the other hand, the change in internal energy of the 

process is sensitive to the sizing ratio and is minimized when the ratio of internal energy, 

specific volume, and working pressure is minimized, as expressed earlier by the 

dimensionless ratio K =  (u2' – u1') / (v2' – v1') / p2'. For other examples, where recovery 

ratio and feed concentration increase, the minimum heat increases and the associated 

sizing ratio shifts to the left. 
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Figure 3.9 Work, internal energy, and heat required to drive TDRO as a function of 

the sizing ratio when saturated water is used as the working fluid. Results are shown for 

different recovery ratios r and different feed sources including (a) brackish water with 

concentration cF = 10 g/l, (b) seawater at cF = 35 g/l, and (c) produced water at cF = 70 

g/l.  Results are compared for operation with constant applied pressure p = C (i.e. 

irreversible process) and with a variable pressure that is equal to the osmotic pressure p = 

π (i.e. reversible process). 

Interestingly, even though the best sizing ratio varies with feed concentration and 

recovery ratio, the associated temperature and pressure of the working fluid remain 

constant. To illustrate, consider again the case where saturated water is used as a working 

fluid to drive TDRO desalination as shown in Figure 3.10. The figure for heat versus 

sizing ratio is repeated from Figure 3.9, but now also shown are the working pressure and 

working temperature that are associated with the sizing ratio. As shown, even though the 
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best sizing ratio shifts to the left as feed concentration and recovery ratio increase, the 

associated working pressure and temperature are constant. For example, even across a 

range of different feed concentrations and recovery ratios, the best working pressure and 

temperature are p' = 36.9 bar (gage) and T' = 247 °C respectively. With this in mind, we 

can denote the most efficient working pressure and temperature as p* and T*, and then 

the optimal sizing ratio can be written as a function of the recovery ratio and feed 

concentration, λ* = p* (1 - r) / πF. The most efficient working pressure and temperature 

will be unique for any given working fluid, as described in the next section. 

 
Figure 3.10 Heat of TDRO as a function of the sizing ratio, along with the associated 

pressure and temperature of the working fluid, which is taken here as saturated water. 

Results are shown for different recovery ratios r and different feed sources including (a) 

brackish water with concentration cF = 10 g/l, (b) seawater at cF = 35 g/l, and (c) 
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produced water at cF = 70 g/l.  Results are compared for operation with constant applied 

pressure p = C (i.e. irreversible process) and with a variable pressure that is equal to the 

osmotic pressure p = π (i.e. reversible process). 

Therefore, the sizing ratio is an important design parameter as it can be used to 

minimize the amount of heat required to drive TDRO. It does this by ensuring that the 

working fluid is maintained at the most efficient operating pressure and temperature, 

given a certain source concentration and desired recovery ratio. Since it is unlikely that 

the sizing ratio will be able to change throughout the life of the device, it is important to 

carefully select a sizing ratio that will perform well across a range of anticipated 

conditions. For example, from Figure 3.10, a sizing ratio λ ~ 0.5 performs consistently 

well across the range of recovery ratios and feed concentrations shown and could 

reasonably be taken as a default value. However, in addition to the energy efficiency, the 

sizing ratio influences several other important tradeoffs in the process. For example, as 

shown in Figure 3.10 a smaller sizing ratio has the additional benefit of lowering the 

operating pressure and temperature of the working fluid. This can reduce heat loss and 

the mechanical load on the piston while also making use of lower quality heat sources. 

On the other hand, a smaller sizing ratio has the disadvantage of increasing the volume of 

the working fluid, requiring the working piston to be larger and/or cycle more quickly in 

order to produce water at a certain rate. 

3.3.2 Selecting the Working Fluid to Minimize TDRO Energy Use, Temperature, and 

Pressure 

In addition to the sizing ratio, selection of the working fluid also has an important 

impact on the performance of TDRO. Figure 3.11 shows the heat of TDRO for three 

different working fluids: water, ethanol, and benzene. The most efficient working 
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pressure and temperature for each of the fluids are p* = 36.9 bar and T* = 247 °C for 

water, 6.2 bar and 134 °C for ethanol, and 5.8 bar and 150 °C for benzene. The minimum 

specific heat input obtained with each of the fluids is Q/ΔV = 20.5 kWh/m3 for water, 

27.4 kWh/m3 for ethanol, and 25.1 kWh/m3 for benzene. Clearly, the minimum heat 

among the three is with saturated water as the working fluid. One could argue that the 

minimum heat for ethanol and benzene occurs at a lower working pressure and 

temperature (which is advantageous for reducing heat loss and mechanical loads on the 

device), but at comparably low pressures and temperatures water is still more energy 

efficient. For this reason, and because water is common and non-toxic, we recommend 

water as the preferred working fluid from among those considered. 

 
Figure 3.11 Heat of TDRO for a selection of different saturated working fluids including 

water, ethanol, and benzene at different working temperatures and pressures. Results are 

shown for recovery ratio r = 0.5 and for different feed sources including (a) brackish 

water with concentration cF = 10 g/l, (b) seawater at cF = 35 g/l, and (c) produced water at 

cF = 70 g/l.  Results are compared for operation with constant applied pressure p = C (i.e. 

irreversible process) and with a variable pressure that is equal to the osmotic pressure p = 

π (i.e. reversible process). 
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3.3.3 Comparing TDRO Performance to Other Desalination and Water Purification 

Systems 

The performance of TDRO can be evaluated along several metrics in order to compare 

it with other desalination and water purification technologies. Figure 3.12 shows the 

performance of TDRO when water is selected as the working fluid. Performance is 

shown here as a function of the working fluid temperature, which can be controlled by 

the sizing ratio, as described in detail above. Clearly the energy required to drive TDRO 

is greater than for conventional RO. As an example, for desalination of seawater with cF 

= 35 g/l and a recovery ratio r = 0.5, the minimum heat is obtained when T' = T* = 247 

°C and at this point, specific heat input Q/ΔV = 20.5 kWh/m3 for TDRO with an 

irreversible load and 20.0 kWh/m3 with a reversible load. By comparison the work 

associated with the RO load is only W = 1.6 kWh/m3 for irreversible RO and 1.1 kWh/m3 

for reversible RO. This translates to a first law efficiency of ηI = 7.9% for the irreversible 

case, and 5.6% for the reversible case. Or in other words, at least 12× more energy is 

needed for TDRO than RO. The inherent energy efficiency of RO is not surprising. 

Importantly, for TDRO the energy required is in the form of heat, which is often cheap, 

plentiful, and available from renewable sources, while for RO, energy is required in the 

form of work, usually electricity. Therefore, low thermal efficiency does not necessarily 

rule out the role that thermal separation has in certain applications. It is important to 

consider TDRO performance with respect to other thermally driven technologies. 

The efficiency with which TDRO uses heat can be expressed with the second law 

efficiency as shown in Figure 3.12. For the same case of seawater desalination with cF = 

35 g/l and recovery ratio r = 0.5, TDRO operated at the best working temperature of T' = 
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T* = 247 °C, will achieve a second law efficiency of ηII = 18.1% for irreversible and 

12.9% for reversible. Second law efficiency is shown to improve at lower working 

temperatures approaching 30% at 100 °C, mainly due to the drop in Carnot efficiency at 

such low temperatures. Fundamentally, the second law efficiency of TDRO is limited by 

the need to supply internal energy of the working fluid. As such, second law efficiency of 

TDRO will necessarily be less than unity. By comparison, most other thermal separation 

technologies heat feed solution directly and can, in theory, approach second law 

efficiency of 100 %. This is never realized in practice however, as such would require an 

infinite number of stages with infinitely large heat exchangers. For example, for seawater 

desalination with multi-effect distillation and multi-stage flash distillation, second law 

efficiencies from 5–10 % are more typical [135]. Alternatively, the concept of using an 

organic Rankine cycle, or some other heat engine, to convert heat to work for RO has 

been proposed throughout the literature and second law efficiencies from 6–40 % have 

been reported, but the higher values are for heat engine schemes with multigeneration 

systems, which can be complex and costly [136], [137], [138], [139], [140]. In contrast, 

the TDRO piston system is simple, compact, and can integrate effective thermal 

management with relative ease. This should enable high thermodynamic efficiencies to 

translate better into practice for TDRO, particularly at lower operating temperatures, 

although further analysis is needed to confirm. For example, at 100 °C, the second law 

efficiency of TDRO approaches 30%, demonstrating a promising technology for energy-

efficient seawater desalination. 

The efficiency with which TDRO uses heat can also be expressed in terms of the gain 

output ratio, also shown in Figure 3.12. For seawater desalination with cF = 35 g/l and 
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recovery ratio r = 0.5, a maximum gain output ratio GOR = 32.5 is achieved for 

irreversible TDRO and GOR = 33.3 for reversible. This compares favorably with other 

thermal desalination technologies, where gain output ratios range from 5-10 for multi-

stage flash distillation, and from 10-15 for multi-effect distillation for seawater 

desalination with steam around 100 °C [111], [135], [141], [142], [143], [144], [145]. 

This GOR range includes both experimental and modelling results, and reflects the 

practical economic limitation that these distillation processes encounter when increasing 

the number of stages to improve efficiency becomes cost prohibitive beyond a certain 

point. Of course, TDRO performance will also be affected by practical limitations but 

further analysis of TDRO heat transfer kinetics is needed to properly evaluate these. 

Encouragingly, even at lower working temperatures approaching 100 °C, which will 

favor efficient heat transfer kinetics, the gain output ratio of TDRO remains around GOR 

~ 28 (for seawater desalination with cF = 35 g/l and recovery ratio r = 0.5), which is 

greater than other thermal separation processes. Also of note, a maximum GOR = 49 for 

TDRO when recovery ratio r = 0, was reported in Godart’s pioneering work [130,131], 

however his work did not consider the possibility of optimizing the sizing ratio to 

improve performance. Though not shown in Figure 3.12, our analysis indicates that for a 

recovery ratio of r = 0, the gain output ratio in fact exceeds GOR = 66 when the sizing 

ratio is optimized. Additional analysis of TDRO performance is provided in 

Supplementary Note 3.3, including plots for the maximum theoretical GOR, and for the 

first and second law efficiencies taken with respect to the minimum reversible RO load. 
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Figure 3.12 Performance of TDRO as a function of the working fluid temperature, 

which in this case is selected as saturated water. Results are shown for different recovery 

ratios r and different feed sources including (a) brackish water with concentration cF = 10 

g/l, (b) seawater at cF = 35 g/l, and (c) produced water at cF = 70 g/l.  Results are 

compared for operation with constant applied pressure p = C (i.e. irreversible process) 

and with a variable pressure that is equal to the osmotic pressure p = π (i.e. reversible 

process). 
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3.4 Conclusion 

In this study we analyze the thermodynamic limits of a novel thermal separation 

concept called thermally driven reverse osmosis (TDRO). The system consists of a piston 

set that uses the thermal expansion of a saturated working fluid to act on an impaired feed 

water source to drive clean water permeate across a RO membrane. The concept was first 

introduced by Godart in 2021 [130], [131] but several design omissions meant that the 

technology’s potential was somewhat understated. In particular, the relative size of the 

working piston and feed piston was not optimized, and yet this has an important impact 

on the performance of TDRO. These gaps are thoroughly addressed in this study.  

To establish the relations for the specific work and specific heat input of TDRO, we 

apply the first law of thermodynamics. Expressions for specific work are consistent with 

the RO literature [133]. Expressions for specific heat input are novel, and provide several 

important insights into the operation and performance of TDRO. Specific heat input is 

shown to be a function of the desired recovery ratio, the concentration of the feed source, 

and a dimensionless factor that we refer to as K. Notably, while the specific heat input 

does increase at higher and higher recovery ratios and feed concentrations, it can be 

minimized by adjusting the dimensionless K factor. This K factor describes the change in 

internal energy that is associated with heating the working fluid, and it is shown to be 

highly sensitive to the relative sizes of the working piston and feed piston. By carefully 

sizing the pistons, the change in the specific internal energy and hence the specific heat 

input of TDRO can be minimized. In addition, the dimensionless K factor (and hence the 

specific heat input) is affected by the choice of working fluid and its properties, and to a 
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lesser extent by operating at the RO load either a fixed applied pressure (irreversible) or a 

variable applied pressure (reversible). 

By analyzing a number of cases, we show that water can serve as a good working 

fluid, achieving lower specific heat input than alternatives like benzene or ethanol, and 

allowing for operation at low grade temperatures. Moreover, water is common and non-

toxic. Also, we show that it is preferable to operate the RO load at a fixed applied 

pressure, as opposed to gradually increasing pressure such as in a reversible process. 

Throughout the RO literature, the possibility of operating RO in a reversible way has 

been shown to yield significant theoretical savings, but in this case, the change in specific 

work makes only a small difference to the specific heat input, and therefore the added 

complexity of operating in a slow reversible manner is not justified. Finally, we show that 

a sizing ratio of approximately 0.5 is recommended as a rule of thumb (i.e. working 

piston area = 2× feed piston area). Although this sizing ratio could ideally be adjusted 

and optimized for all different feed concentrations and recovery ratios, such a 

recommended sizing ratio yields near optimal performance across a range of common 

conditions. 

Applying these design recommendations to the case of seawater desalination with 

recovery of 50% feed, we conclude that a properly designed TDRO system can achieve 

specific heat input as low as 20 kWh/m3, first law efficiency of 7.9%, second law 

efficiency of 18.1%, and a gain output ratio of 33. This performance is achieved at 

reasonable working pressure and temperature less than 40 bar and 250 °C. Lower 

pressure and temperature can also be accommodated with some minor sacrifices to 

performance. These performance metrics exceed the initial claims of Godart [130], [131], 
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and compare well against competing desalination and separation technologies, especially 

thermal systems such as multi-effect distillation, multi-stage flash distillation, membrane 

distillation.  

These encouraging results suggest that further research and development is justified 

for TDRO. Several important questions should be considered in future study. For 

example, the piston sizing ratio will affect not only energy efficiency, as focused on here, 

but also other dynamics such as the operating pressure and temperature of the working 

fluid. These will have important implications for the mechanical loading placed on the 

piston, the possibility of using low temperature heat sources, thermal kinetics of the 

process, and the size and cost of the physical TDRO device. For example, a sizing ratio 

of less than 1, such as recommended here, will require the working piston to be either 

relatively large and/or to cycle more quickly in order to achieve a certain water 

production rate. Whether heat can be transferred to and from the working fluid at rates 

sufficient to support such cycling will depend on the desired working temperature, the 

temperature of the heat source, the heat exchanger systems, and other factors. The 

relationship between the temperatures of the working fluid, source, and sink, will also 

affect the process efficiency, as the difference between the operating temperature and the 

environment will determine the rates of heat loss. Such dynamics should be considered in 

future work with a thorough investigation of TDRO kinetics. In addition, TDRO will 

share some of the disadvantages of RO as compared to thermal distillation, such as lower 

selectivity, and difficulty handling highly concentrated feeds or achieving high recovery 

ratios. Therefore, while the thermodynamics of TDRO are promising, further analysis is 
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needed to determine whether TDRO can play an important role in contributing to a more 

sustainable water future for the world. 

3.5 Supplementary Note 

3.5.1 Supplementary Note 3.1: Specific Work of Reversible RO 

In a reversible RO process, applied pressure is equal to the osmotic pressure and 

adjusted dynamically as water permeate is recovered and the feed volume becomes 

increasingly concentrated. The work associated with this process can therefore be 

obtained from equation (S3.1) by setting applied pressure equal to osmotic pressure p = π 

as in equation (S3.2), and substituting the expression for osmotic pressure as in equation 

(S3.3). 

𝑊 = ∫𝑝 𝑑𝑉 S3.1 

𝑊𝑝=𝜋 = ∫𝜋 𝑑𝑉 S3.2 

𝑊𝑝=𝜋 = ∫ 𝜋𝐹  (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
)  𝑑𝛥𝑉

𝛥𝑉

0

 S3.3 

Given than πF (initial osmotic pressure of the feed solution) and VF (initial volume of 

the feed solution) are constants, it can be shown by substitution (letting x = VF – ΔV and 

dx = – dΔV) that the integral is of the form shown in equation (S3.4). This can be easily 

solved to obtain the result shown in equation (3.4b). 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹∫  
𝑑𝑥

𝑥
 

𝑥2

𝑥1

 S3.4 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹  𝑙𝑛(𝑥)|𝑥1
𝑥2 S3.5 
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𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹 𝑙𝑛(𝑉𝐹 − 𝛥𝑉)|0
𝛥𝑉 S3.6 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹 𝑙𝑛 (
𝑉𝐹 − 𝛥𝑉

𝑉𝐹
) S3.7 

𝑊𝑝=𝜋 = 𝜋𝐹 𝑉𝐹 𝑙𝑛 (
𝑉𝐹

𝑉𝐹 − 𝛥𝑉
) S3.4b 

Finally, the specific work can be written by normalizing per unit volume of recovered 

permeate to obtain equation (3.4c). 

𝑊 = ∫𝑝 𝑑𝑉 S3.4c 

3.5.2 Supplementary Note 3.2: Additional Schematics for Thermally Driven Reverse 

Osmosis 

Figures S3.1 and S3.2 illustrate the complete TDRO cycle. The cycle begins at stage 

1, where the feed piston contains seawater (or some other impaired water source) at 

atmospheric pressure, and the working piston contains a working fluid at some 

temperature above or equal to ambient. From stage 1 to 2, heat is supplied to the working 

fluid, causing pressure to increase. Initially, there is no change in volume, and then, only 

once pressure exceeds the osmotic pressure of the feed solution, the working fluid begins 

to expand, moving the cycle from stage 2 to 3. As previously explained in detail, this 

expansion can be done either reversibly (with applied pressure only infinitesimally 

greater than the osmotic pressure) or irreversibly (with constant applied pressure well 

above osmotic pressure). Figure S3.2 illustrates the case for reversible expansion. Once 

equilibrium is established at the desired recovery ratio, the heat source is removed and 

the feed chamber is opened to atmosphere, releasing high pressure brine which is 

replaced with feed. Finally, from stage 4 to 1, the pistons are reset by removing heat from 

the working fluid, causing its volume to reduce and the feed piston to draw in fresh feed 
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water. One important condition to enable the completion of this cycle is that the initial 

pressure of working fluid must occur at some temperature above or equal to ambient 

temperature (which is ensured by the limits we have imposed on the sizing ratio). 

Figure S3.1 TDRO cycle. 

 

Figure S3.2 Pressure versus volume schematics for working fluid and feed solution 

throughout the TDRO cycle. 
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3.5.3 Supplementary Note 3.3: Additional Performance Results 

An alternative method of defining the first and second law efficiencies involves 

selecting a different reference for work. The revised formulations are as follows: 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹∫  
𝑑𝑥

𝑥
 

𝑥2

𝑥1

 3.11 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹  𝑙𝑛(𝑥)|𝑥1
𝑥2 S3.11 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹 𝑙𝑛(𝑉𝐹 − 𝛥𝑉)|0
𝛥𝑉 3.12 

𝑊𝑝=𝜋 = −𝜋𝐹 𝑉𝐹 𝑙𝑛 (
𝑉𝐹 − 𝛥𝑉

𝑉𝐹
) S3.12 

The implication here is that thermal energy input can be compared with respect to the 

useful work (which is the reversible RO load) rather than the actual work (the irreversible 

RO load). The advantage of such a definition is that the plots for first and second law 

efficiencies will now accurately reflect the fact that expanding the RO load in a reversible 

manner slightly lowers the heat as compared to irreversible expansion. This is illustrated 

in Figure S3.3, which shows that with these new definitions for efficiency, the first and 

second law efficiencies are better for the reversible RO load than for the irreversible one. 

In contrast, the plots shown previously in Figure 3.12 can be easy to misinterpret because 

they show better first and second law efficiencies for the irreversible RO load, but this is 

simply an artifact of the inflated work. 

Another useful measure of TDRO performance is to compare GOR to the maximum 

theoretical GOR that could be obtained if the minimum reversible RO load were handled 

by a thermal process at Carnot efficiency. This maximum gain output ratio GORmax is 

defined in equation (S3.13) and plotted in Figure S3.3. As shown, GORmax scales with 
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temperature, as Carnot efficiency improves at higher temperatures. Also, GORmax 

increases at lower feed concentrations and recovery ratios, as these have lower RO loads 

associated with them. Ultimately, the comparison of GOR to GORmax provides another 

way of observing TDRO’s second law efficiency. 

𝐺𝑂𝑅𝑚𝑎𝑥 =
Δ𝐻

𝑄𝑚𝑖𝑛
=

Δ𝐻

𝑊(𝑝 = 𝜋) 𝜂𝐶𝑎𝑟𝑛𝑜𝑡⁄
 S3.13 

 
Figure S3.3 Performance of TDRO. First and second law efficiencies are evaluated with 

respect to the minimum work needed for a reversible RO load, as defined in equations 

(S3.11) and (S3.12). Maximum gain output ratio is defined in equation (S3.13). 
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CHAPTER FOUR 

USING NATURAL OCEAN THERMAL GRADIENTS TO DRIVE MEMBRANE 

DISTILLATION: A RENEWABLE DESALINATION SOLUTION FOR REMOTE 

ISLAND COMMUNITIES 

 

 

 

4.1 Introduction 

Water management is an important and sensitive issue for island communities. 

Freshwater is often scarce, typically limited to rainfall or shallow freshwater lenses that 

form above denser seawater. Careful management is essential to prevent seawater 

intrusion, which can occur due to over-pumping or deep drilling and may render vital 

groundwater supplies brackish and unusable [146]. For these reasons, seawater 

desalination is increasingly considered a necessity in such locations [147], [148], [149], 

[150]. Desalination refers to any engineered process that separates clean water from salt 

and other impurities. This is often done by a process known as reverse osmosis (RO) but 

many alternatives also exist [151], [152]. While desalination technology is mature and 

engineering know-how is well developed, separating water from salt remains energy 

intensive and costly. These represent important hurdles for remote island communities 

that often suffer from a lack of adequate funding for infrastructure and that rely on 

expensive and polluting diesel fuel for electric power [153], [154]. 

In an effort to improve access to water for remote islands it is important to consider 

the availability of local and renewable resources that can be leveraged. One such resource 

for many islands is the vast stores of thermal energy in the surrounding ocean, and the 

large thermal gradients that form between warm surface water and the cool deep sea 

[155], [156]. Figure 4.1(a) shows a map of major US island populations, including 



 110 

Hawaii, Puerto Rico, Guam, the Marshall Islands, American Samoa, and others. As 

shown, these island locations have high surface temperatures, reaching around 30 °C. At 

the same time, temperatures between 8 and 5 °C are accessible at depths ranging from 

500 to 1000 meters. Figure 4.1(b) illustrates the thermocline at a sample location off the 

coast of American Samoa. The temperature profile from three stations within a radius of 

approximately two miles from American Samoa are plotted. As depicted, temperature 

decreases sharply with depths up to 500 m, followed by a more gradual decline beyond 

that depth. 

 
        (a) 

 
(b) 

Figure 4.1 (a) Surface ocean temperatures around the world (b) Thermocline profile 

(American Samoa)[157] 
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For many years, the prospect of harnessing energy from ocean thermal gradients has 

attracted interest. In literature, the famous Captain Nemo in Jules Vernes’ “Twenty 

Thousand Leagues Under the Seas” famously stated “by establishing a circuit between 

two wires immersed to different depths, I’d be able to obtain electricity through the 

diverging temperatures they experience” [158]. Apparently inspired by the idea [159], 

French scientist Jacques-Arsène d’Arsonval is credited with the first laboratory 

demonstration of electricity generation from ocean thermal gradients in 1881. Some years 

later in 1930, his student Georges Claude helped to build the first ocean thermal power 

plant in Cuba [159]. Since then other prototypes have been built in Hawaii, Japan, 

France, and other locations [160], [161], [162]. Until now, however, these efforts have 

been met with only limited success. 

For the most part, the focus of these efforts has been on the production of electricity 

using various heat engine cycles [163], [164], [165], [166]. The challenge with this is that 

at such low temperature differences, heat engine efficiencies are low. This leads to 

systems that are oversized and capital intensive, and that must handle tremendous 

volumes of warm and cold seawater in order to achieve desired power capacities. Until 

now, the possibility of using ocean thermal gradients to produce water has received much 

less attention in the literature. Some open cycle heat engines do happen to produce some 

water as a by-product to electricity, but these open cycle heat engines are even less 

efficient than closed cycle systems. Electricity can of course be used to produce clean 

water, such as by RO, but if the primary goal of harnessing ocean thermal energy is to 

produce freshwater, it can be more efficient to consider the possibility of thermal 

gradients directly to drive desalination, without intermediate power generation. 
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For this reason, we propose the concept of ocean thermal membrane distillation 

(OTMD), which uses the natural temperature gradient between warm surface seawater 

and cold deep ocean water to drive desalination. Figure 4.2 illustrates the concept. At the 

heart of the system is a porous hydrophobic membrane across which warm seawater feed 

and cool distillate are brought into contact. The thermally induced vapor pressure 

difference between the two fluids drives vapor transfer from the seawater to condense on 

the distillate, thereby expanding the volume of clean freshwater. Heat received across the 

membrane is then transferred to a cold deep ocean coolant, and the distillate is then 

recirculated in a continuous operation. 

 

 
Figure 4.2 Ocean thermal membrane distillation (OTMD). Cold water from the deep 

sea is used to cool a circulating distillate fluid. The cool distillate draws water vapor out 

of a warm seawater source and across a membrane, thereby producing pure freshwater. 

Membrane distillation (MD) itself is not a new technology and has an extensive body 

of literature. Many applications have been studied, such as seawater and brackish water 
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desalination, treatment of produced water from oil and gas [167], of wastewater from 

textiles [168], and others [169]. Also, integrations with many thermal sources has been 

considered, including solar [170], geothermal [171], waste heat [172] and a large number 

of MD configurations have been proposed. 

The simplest configuration is known as direct contact MD, in which feed and distillate 

directly contact the membrane [51], [173], [174], but many alternatives exist, including 

configurations with an integrated air gap [175], [176], with an air gap under vacuum 

[177], [178], with a circulating sweep gas [179], [180], or with no membrane at all [181], 

[182]. Nevertheless, despite this extensive body of literature, until now the concept of 

OTMD has only been investigated by one other publication, namely by Baghbanzdeh et 

al [183]. In their work, they introduce the possibility of using ocean thermal gradients to 

drive MD and undertake a technoeconomic analysis of the concept, specifically for 

application to a region in Gulf of Oman close to the Strait of Hormuz, Iran. 

Encouragingly, they conclude that the zero input thermal membrane distillation 

process can produce freshwater at a low cost of $0.28/m³ with a specific energy 

consumption of just 0.45 kWh/m³. One important omission from this work, however, is 

analysis of the pump work that is required to access cold deep ocean water to serve as a 

heat sink. In fact, this is perhaps the most fundamental question about the technical merit 

of OTMD. Only if the pumping load is less than the alternative of simply powering RO 

can OTMD be justified. This is in contrast to other MD applications, where energy 

efficiency is evaluated in terms of thermal performance (such as the ratio of heating to 

water production). But in this case, since the heat source and sink are nearly infinite, the 
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critical measure of efficiency is how much work (pump power) is needed to bring hot and 

cold water to the OTMD system. 

Therefore, the goal of this study is to evaluate the pump work requirements of OTMD 

and determine whether these are less than the work requirements of RO. In particular, we 

consider the case of using data from the thermocline near American Samoa. This chapter 

is organized as follows. First, we define the operating conditions of the OTMD system 

based on realistic ocean thermal gradients observed in U.S. Island locations, such as 

surface seawater at 30 °C and deep ocean water temperatures ranging from 5 to 20 °C. 

Second, we conduct experimental testing using a laboratory-scale direct contact 

membrane distillation (DCMD) setup to evaluate water flux and specific energy 

consumption under these conditions. Third, we develop theoretical models to estimate 

thermal and pumping loads for different deep seawater intake configurations and assess 

three design options for their mechanical and energy feasibility. Finally, we discuss the 

implications for remote island communities by applying the OTMD framework to a case 

study of Aunu’u Island in American Samoa, highlighting how this approach could 

support sustainable energy-water infrastructure development with lower energy demands 

compared to conventional reverse osmosis systems. 

4.2 Theory 

4.2.1 Water Production by OTMD 

Equations (4.1a) and (4.1b) denote mass balances across the membrane distillation 

(MD) module. Equation (4.1a) shows the mass loss from the feed side, where Δṁ is the 

rate of mass transfer through the membrane, defined as the difference between the feed 

inlet and outlet mass flow rates. Similarly, Equation (4.1b) describes the mass gain on the 
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distillate side, where Δṁ is the increase in mass flow rate from the distillate inlet to 

outlet. 

In addition, Equation (4.1c) describes the mechanism by which vapor transfer in MD 

is driven with vapor pressure difference between feed and distillate sides (pH2O,F - pH2O,D) 

along with membrane mass transfer coefficient K and surface area a. 

Δṁ = ṁF,in − ṁF,out 4.1a 

Δṁ = ṁD,out − ṁD,in 4.1b 

Δṁ = a K (pH2O,F − pH2O,D) 4.1c 

The relationship between the vapor pressure pH2O, temperature T, and concentration c 

of the feed solution is described by Kohler equation (4.2), the Antoine equation (4.3), and 

the Van’t Hoff equation (4). Equation (2) shows the vapor pressure of water in a saline 

solution: 

pH2O = po exp(
v

R T
(p − π)) 4.2 

Here, po is the vapor pressure of pure water, v is the molar volume of water, R is 

universal gas constant, T is absolute temperature, p is applied pressure and π is the 

osmotic pressure of the solution. This equation shows how vapor pressure is affected by 

both applied pressure and solute concentration. When p=0 (gauge pressure) and π=0 

(pure water), the exponential term becomes 1, so pH2O= po. 

Equation (4.3) shows the vapor pressure of pure water po as a function of temperature 

using the Antoine equation: 

po = exp (Ao −
Bo

Co +  T
) 4.3 
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This empirical equation shows the exponential increase in vapor pressure with 

temperature and is widely used for calculating vapor pressure of a pure substance like 

water. A0, B0, and C0 are constants which can be found in [184]. 

The osmotic pressure of a saline solution can be calculated using Van’t Hoff equation: 

π = i R T c 4.4 

Where i is Van’t Hoff factor, R is the gas constant, T is temperature and c are the 

concertation of the solution. 

As shown in Figure 4.3(a) vapor pressure increases exponentially with temperature for 

both the feed and distillate streams. This trend is essential for membrane distillation, as 

the vapor pressure difference across the membrane drives water transport. Figure 4.3(b) 

indicates the ocean temperature profile with depth, where there is a steep thermal gradient 

in the upper layers and a stable cold temperature (~4°C) at depths around 1000 meters, 

which provides a reliable low-temperature source for OTMD. Figure 4.3(c) shows the 

water flux as a function of distillate temperature for different membrane permeability 

coefficients (K), indicating that higher distillate temperatures reduce the vapor pressure 

difference across the membrane, thereby lowering flux, while higher permeability 

membranes significantly enhance water production under the same conditions. 
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           (a)                                                       (b)                                                       (c) 

Figure 4.3 (a) Vapor pressure of seawater (c = 35 g/l) and freshwater (c = 0g/l) as a 

function of temperature. (b) a sample thermocline off the coast of American Samoa 

[185]. (c) Vapor flux as a function of distillate temperature assuming a feed temperature 

of TF = 30 °C and various mass transfer coefficients [186], that are representative of 

common membrane vapor permeabilities. 

Of course, the actual vapor pressure difference across the membrane is lower than the 

difference between the bulk feed and distillate streams due to effects such as temperature 

polarization, concentration polarization, axial variations along the membrane length, and 

heat transfer to the surroundings. These phenomena can be accounted for using finite 

element transport models; however, this lies beyond the scope of the present study. 

4.2.2 Cooling Load of OTMD 

To drive the OTMD system, it is necessary to maintain a temperature difference 

between the warm feed, which flows through the MD unit, and the recirculated cool 

distillate. As these streams come into contact, the cool distillate absorbs heat. This heat 

must then be removed by transferring it to cold deep seawater. The thermal load to be 

extracted by the deep seawater can be determined by performing an energy balance 

across both the MD unit and the heat exchanger. To help with this analysis, Figure 4.4 

shows the mass and energy balance of the OTMD system. 
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Figure 4.4 Schematic overview of the energy and mass transfer processes in the OTMD 

system 

Equation (4.5a) describes the energy balance of incoming feed through the membrane 

module. As shown, the change in energy will be a function of the input thermal energy 

Q̇in together with the mass transfer ∆ṁ and its associated enthalpy Ḣ. 

∆ĖF = ĖF,in − ĖF,out 4.5a 

∆ĖF = ṁF eF,in − (ṁF − ∆ṁ) eF,out 4.5b 

∆ĖF = ṁF hF,in − (ṁF − ∆ṁ) hF,out 4.5c 

∆ĖF = Q̇in + Ḣ 4.5d 

∆ĖF = Q̇in +∫ h dṁ
∆ṁ

0

 4.5e 

∆ĖF ≈ Q̇in + hF,out ∆ṁ 4.5f 

ṁF hF,in − (ṁF − ∆ṁ) hF,out ≈ Q̇in + hF,out ∆ṁ 4.5g 

Q̇in ≈ ṁF hF,in − ṁF hF,out 4.5h 

Q̇in ≈ ṁF cp (TF,in − TF,out) 4.5i 
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Similar to the feed side, the energy balance on the distillate side is described by 

equation (4.6) which is the energy balance of incoming distillate through the membrane 

module. As shown, the change in energy will be a function of the input thermal energy 

Q̇in together with the mass transfer ∆ṁ and its associated enthalpy Ḣ. 

∆ĖD = ĖD,out − ĖD,in 4.6a 

∆ĖD = (ṁD + ∆ṁ) eD,out − ṁD eD,in 4.6b 

∆ĖD = (ṁD + ∆ṁ) hD,out − ṁD hD,in 4.6c 

∆ĖD = Q̇in + Ḣ 4.6d 

∆ĖD = Q̇in +∫ h dṁ
∆ṁ

0

 4.6e 

∆ĖD ≈ Q̇in + hD,out ∆ṁ 4.6f 

(ṁD + ∆ṁ) hD,out − ṁD hD,in ≈ Q̇in + hD,out ∆ṁ 4.6g 

Q̇in ≈ ṁD hD,out − ṁD hD,in 4.6h 

Q̇in ≈ ṁD cp (TD,out − TD,in) 4.6i 

The energy balance for the distillate stream passing through the heat exchanger is 

described by equation (4.7). As shown, the energy gained by distillate is equivalent to the 

heat transferred into this stream which is shown by Q̇in. 

∆ĖD = ĖD,out − ĖD,in 4.7a 

∆ĖD = ṁD eD,out − ṁD eD,in 4.7b 

∆ĖD = ṁD hD,out − ṁD hD,in 4.7c 

∆ĖD = Q̇out 4.7d 
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Q̇out = ṁD hD,out − ṁD hD,in 4.7e 

Q̇out = ṁD cp (TD,out − TD,in) 4.7f 

As shown in equation (4.8), a similar approach can be considered for the cold deep 

ocean water, where the inlet stream of the cold deep ocean receives the Q̇out from 

distillate stream and cool it down. 

∆ĖC = ĖC,out − ĖC,in 4.8a 

∆ĖC = ṁC eC,out − ṁC eC,in 4.8b 

∆ĖC = ṁC hC,out − ṁC hC,in 4.8c 

∆ĖC = Q̇out 4.8d 

Q̇out = ṁC cp (TC,out − TC,in) 4.8e 

Therefore, we can conclude that the heating load for OTMD can be determined using 

the energy balance of the distillate stream, the feed stream, or the cold water stream. 

Q̇load = Q̇in = Q̇out 4.9a 

Q̇load = ṁF cp (TF,in − TF,out) 4.9b 

Q̇load = ṁD cp (TD,out − TD,in) 4.9c 

Q̇load = ṁC cp (TC,out − TC,in) 4.9d 

This cooling load should be minimized not because of any intrinsic goal to minimize 

thermal energy, because in this case thermal energy is readily available from an abundant 

ocean source, but because more thermal load means more cold water must be pumped 

from the deep ocean to remove the thermal load. In other words, the pumping load is 

directly a function of the cooling load. 
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To show this further, let us consider also the energy balance of the heat exchanger 

written in terms of effectiveness and the maximum heat transfer as in equation (4.10). In 

the case where the cold deep ocean flow rate is greater than the distillate circulation rate 

ṁC > ṁD, the maximum heat transfer will be limited by the distillate circulation rate, 

yielding equation (4.11). On the other hand, when cold deep ocean flow is less than the 

distillate circulation ṁC < ṁD, the maximum heat transfer will be limited by the cold 

deep ocean flwor ate, yielding equation (4.12).  

Q̇load = ε Q̇max 4.10 

Q̇load = ε ṁD cp (TD,out − TC,in) when ṁC > ṁD 4.11a 

Q̇load = ε ṁC cp (TD,out − TC,in) when ṁC < ṁD 4.12a 

Then combining with equations (4.9c) we get equations (4.11c) and (4.12c). This 

shows how deep we must go to get cold deep ocean water. We must get a certain TC,in in 

order to handle the thermal load of the system. These expressions for cold temperatures 

are helpful because they will directly determine the pumping load as they will specify 

how deep water must be pumped from and the necessary flow rate, either ṁC = ṁD for 

equation (4.11c) or ṁC for equation (4.12c). 

TC,in = TD,out −
Q̇load
ε ṁD cp

 when ṁC > ṁD 4.11b 

TC,in = [TD,in +
Q̇load
ṁD cp

] −
Q̇load
ε ṁD cp

 when ṁC > ṁD 4.9c+4.11b 

TC,in = TD,in −
Q̇load
ṁD cp

(
1

ε
− 1)  when ṁC > ṁD 4.11c 
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TC,in = TD,out −
Q̇load
ε ṁC cp

 when ṁC < ṁD 4.12b 

TC,in = [TD,in +
Q̇load
ṁD cp

] −
Q̇load
ε ṁC cp

 when ṁC < ṁD 4.9c+4.12b 

TC,in = TD,in −
Q̇load
ṁC cp

(
1

ε
− 1)  when ṁC < ṁD 4.12c 

4.2.3 Pumping Load of OTMD 

The pump load for OTMD includes the work required to drive the feed pump, the 

distillate pump, and the cold water pump, as shown in equation (4.13): 

Ẇload = ẆF + ẆD + ẆC 4.13 

The load for the feed pump is a function of the feed flow rate and the pressure increase 

across the pump. This change in pressure will account for major losses through the 

piping, minor losses through various fittings, and the pressure drop through the MD unit. 

In this study, we limit our consideration to simply the pressure drop through the MD unit 

as described in equation (4.14), which assumes incompressible and isentropic flow. 

ẆF = ṁF v (pF,in − pF,out) 4.14 

Where v is the specific volume. 

The load for the distillate pump is a function of the distillate flow rate and the pressure 

increase across the pump. This change in pressure will account for major losses through 

the piping, minor losses through various fittings, the pressure drop through the heat 

exchanger unit, and the pressure drop through the MD unit. In this study, we limit our 

consideration to simply the pressure drop through the MD unit as described in equation 

(4.15), which assumes incompressible and isentropic flow. 
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ẆD = ṁD v (pD,in − pD,out) 4.15 

The load for the cold water pump is a function of the cold water flow rate and the 

pressure increase across the pump. This change in pressure will account for major losses 

through the piping, minor losses through various fittings, the pressure drop through the 

heat exchanger unit, and the pressure drop through the MD unit. In this study, we limit 

our consideration to simply the major losses through the piping and the head associated 

with the depth of pumping as described in equation (4.16). 

ẆC = ṁC  (g z + f 
L

d
 
u2

2
) 4.16 

Where g is gravitational acceleration, z is elevation height, f is the friction factor 

which can be obtained from the Moody chart or other similar reference or in the case of 

laminar flow (such as is the case in this analysis) it can be simply obtained from f=64/Re. 

L is pipe length, u is average velocity, and d is internal pipe diameter. We assume in this 

study that the pipe length is approximately equal to the cold water depth, z = L (i.e. 

neglecting any lateral runs of pipe). 

From equation (4.16) we can see that the pumping load for cold deep ocean water is 

quite case specific and will depend on a number of design variables. By analysis we can 

see that at least three design variables must be defined. (1) Either the pipe diameter d or 

flow velocity u must be selected. Then, given a certain cold water flow rate ṁC, the other 

can easily be obtained from the relation ṁC = u A ρ = u π d
2/(4 v) . (2) Either the cold 

water flow rate ṁC or the cold water depth z must be selected. Then, given a certain 

thermal load Q̇load, the other can be obtained from equations (4.11c) or (4.12c) and a 
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relation for depth z versus cold water temperature TC,in. (3) The heat exchanger 

effectiveness ε. 

4.3 Materials and Methods 

4.3.1 Laboratory Test bench 

A laboratory scale MD test bench was designed and built to evaluate the performance 

of the system in low temperature of the distillate side. Figure 4.5 shows a picture and 

schematic of the test bench. The bench consists of a 4-port acrylic membrane module for 

direct contact MD (CF042A, Sterlitech, Kent WA). Feed and distillate are supplied to the 

module by two variable frequency drive pumps. Pump speed (and hence circulation rates 

of the feed and distillate) are controlled by input signals provided by inline mass flow 

sensors (KD100A-SCF-S0A-KA-2×and KF-F200A-SCF-S0A-KA-2×, Alicat Scientific, 

Tucson AZ). A third mass flow sensor (KD100A-SCF-S0A-KA-2×, Alicat Scientific, 

Tucson AZ) is installed at the distillate exit of the membrane. In addition, two mass 

scales (CS 200, OHAUS (Parsippany, NJ)) were used for making NaCl solution also 

calculating the water flux with continually measuring the feed side mass. The 

temperature of the feed and distillate is controlled by circulating feed through a coil that 

is submerged in a thermostatically regulated bath. Temperature sensors are located at 

each of the four membrane ports to allow for energy balance analysis. Pressure loss in 

channels along both sides of the membrane are measured by differential pressure sensors 

(PS-30PSID-D/5P, Alicat Scientific, Tucson AZ). Table 4.1 provides a list of all 

instrumentations with their specifications. 
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Figure 4.5 Schematic (top) and photo (bottom) of the laboratory bench MD test 

apparatus. The system includes flat sheet membrane housing with two channels supplied 

by feed and distillate circulation loops. The bench is instrumented with mass flow, 

temperature, and pressure sensors to allow for mass and energy balance analysis. 
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Table 4.1 Sensor and instrument specifications. Instrument numbers correspond to 

locations indicated on Figure 4.5. 

Instrument Supplier Model # 
Full Scale ± 

Uncertainty 

Instrument 

Location 

Feed mass 

flow controller 

Alicat Scientific 

(Tucson, AZ) 

KD100A-SCF-

S0A-KA-2X 

1 kg/h ± greater of 

0.2 % full scale or 

0.6 % reading 

m1 

Distillate mass 

flow controller 

Alicat Scientific 

(Tucson, AZ) 

KF-F200A-SCF-

S0A-KA-2X 

10 kg/h ± greater of 

0.2 % full scale or 

0.6 % reading 

m2 

Mass flow meter 
Alicat Scientific  

(Tucson, AZ) 

KD100A-SCF-

S0A-KA-2X 

1 kg/h ± 0.2 % full 

scale or 0.6 % 

reading 

m3 

Differential pressure 

sensor 

Alicat Scientific 

(Tucson, AZ) 
PS-30PSID-D/5P 

1 bar ± 0.25 % full 

scale 
p1, p2 

Applied pressure 

controller 

Alicat Scientific 

(Tucson, AZ) 

PCS-100PSIG-D-

PCA17/5P 

21 bar ± 0.25 % full 

scale 
p3 

Temperature sensor Noshok (Berea, OH) 
800-200-1-1-8-8-

040-6 RTD 
93.33 ± 0.465 °C 

T1, T2,  

T3, T4 

Mass scale 
OHAUS 

(Parsippany, NJ) 
CS 200 200 ± 0.1g S1, S2 

4.3.2 Membrane Specifications 

A commercial polytetrafluoroethylene (PTFE) membrane (Unlaminated CF042, 

Sterlitech, Auburn, WA) was selected for this study. The flat-sheet membrane had an 

effective surface area of 42 cm² (107 mm length × 39 mm width) and was installed in the 

transparent acrylic module. To achieve the desired flow velocities and ensure membrane 

support, shims were placed in both the feed and draw channels, which reduce the 

effective depth to 0.801 mm. Additionally, a 31-mil diamond-shaped spacer was placed 

in the feed channel to increase flow turbulence and prevent channel blockages. The 

module design allows for easy visualization and access, which facilitates cleaning and 

experimental monitoring. A summary of the membrane and module parameters is 

provided in Table 4.2. 

https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
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Table 4.2 Membrane and module parameters. 

Membrane properties  

Supplier Sterlitech (Auburn, WA) 

Material polytetrafluoroethylene 

Pore Size 0.45 µm 

Thickness  21 – 51 µm 

Water entry pressure > 3.1 bar (45 psi) 

Module properties  

Configuration flat sheet 

Dimensions 107 mm × 39 mm 

Area 42 cm2 

Channel depth 0.801 mm 

Feed channel spacer 31-mil diamond-shaped 

4.3.3 Test Conditions 

Performance of the proposed OTMD system was evaluated for seawater desalination. 

To approximate seawater, feed solution was prepared by dissolving sodium chloride 

(NaCl, >99% purity, Fisher Scientific, Hampton, NH) in deionized (DI) water at a 

concentration of 35 g/l. Deionized water was used to provide an initial volume of 

distillate solution that could be circulated, to which water flux across the membrane was 

added. The feed temperature was maintained at 30 °C, while the distillate temperature 

was varied between 12, 14, and 16 °C. Although ocean thermoclines can reach 

temperatures as low as 5 °C, the chiller capacity used in this study was not able to cool 

below 12°C. Throughout the experiments, the circulation flow rates were set to 5000 g/h 

on the feed side and 1000 g/h on the distillate side. These values were selected based on 

preliminary tests that ensured stable operation without membrane wetting or flow 

instability. Temperature and flow rate were continuously monitored and recorded using 

calibrated sensors and data acquisition software. A summary of test conditions is 

provided in Table 4.3. 
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Table 4.3. Operating conditions used in system experiment  

Test conditions  

Flow configuration counter flow 

Feed concentration 35.00 ± 0.04 g/l NaCl  

Distillate concentration DI water 

Feed temperature 30 °C 

Distillate temperature 12, 14, 16, 18 °C 

Feed circulation rate 5018.5 ± 30.1 

Distillate circulation rate 1001.80 ± 6.01 

4.3.4 Data Analysis 

The distillation rate is determined using a mass balance approach, which shows the 

change in mass of either the feed or distillate reservoir over a given time interval. This 

method provides a direct measurement of the net water transferred across the membrane 

during the distillation process. In this study, the mass balance was taken on the feed side. 

The mass balance equations is as follow: 

Δṁ =
mF(t) − mF(t + Δt)

Δt
 4.17 

The thermal load required for distillation is estimated to be using energy balance 

principles and then normalized per unit of water produced. In this study, the energy 

balance was taken on the distillate side: 

Q̇load
Δṁ

=
ṁD
Δṁ

 cp (TD,out − TD,in) 4.9c 

The pumping loads for the feed, distillate, and cold water streams are calculated based 

on pressure or elevation head losses and then normalized per unit of water permeate. For 

the feed and distillate streams, the work is determined using the pressure difference 

across the module, while for the cold water stream, it includes both gravitational and 

frictional losses in the intake pipe, which is estimated based on design parameters explain 

in section 4.3. 
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ẆF
Δṁ

=
ṁF
Δṁ

 v (pF,in − pF,out) 4.14 

ẆD
Δṁ

=
ṁD
Δṁ

 v (pD,in − pD,out) 4.15 

ẆC
Δṁ

=
ṁC
Δṁ
 (g z + f 

L

d
 
u2

2
) 4.16b 

4.3.5 Design Parameters  

From equation (4.16) we can see that the pumping load for cold deep ocean water is 

quite case specific and will depend on a number of design variables. By analysis it can be 

shown that at least 3 design variables must be defined to solve. (i) Either the pipe diameter 

d or flow velocity u must be selected. Then, given a certain cold water flow rate mC, the 

other can easily be obtained from the relation ṁC = u π d
2/4 v . In this study, we consider 

several possible flow velocities including u = 0.01, 0.05, and 0.1 m/s. (ii) Either the cold 

water flow rate ṁC or the cold water temperature TC,in must be selected. Then, given a 

certain thermal load Q̇load, the other can be obtained from equations (4.11c) or (4.12c). In 

this study, we consider several possible cold water flow rates including ṁC = 0.5ṁD, 

0.75ṁD, 1ṁD. (iii) The heat exchanger effectiveness ε. In this study, we consider several 

cases for the heat exchanger including ε = 0.5, 0.75, 1. 

Table 4.4 Cold water design parameters 

Cold water design parameters  

Flow velocity u 0.01, 0.05, 0.1, m/s 

Heat exchanger effectiveness ε 0.5, 0.75, 1 

Cold water flow rate ṁC  0.5, 0.75, 1 × ṁD 

Finally, in addition to the design parameters, determining the cold water pump load 

depends on the relationship between cold water temperature TC,in and the cold water depth 
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z. This can be defined by referring to datasets for the thermocline at the island location. 

Figure 4.6 shows the temperature profile of the thermocline at a sample location off the 

coast of American Samoa. The temperature profile within a radius of approximately two 

miles from American Samoa is plotted. As depicted, temperature decreases sharply with 

depths up to 500 m, followed by a more gradual decline beyond that depth. 

 
Figure 4.6 Temperature profiles with depth from three stations located within 

approximately two miles of American Samoa. 

4.4 Results 

To evaluate the performance of the ocean thermal membrane distillation system, we 

first present experimental results obtained from a laboratory-scale bench setup. These 

tests assess the impact of distillate temperature on system performance metrics such as 

water flux, thermal load, and pumping energy requirements. Following this, a case study 

based on the thermocline conditions of Aunu‘u Island in American Samoa is analyzed to 

examine real world applicability. 

4.4.1 Laboratory Bench Performance 

Figure 4.7 shows the performance of the ocean thermal membrane distillation system 

under varying distillate temperatures. As can be seen in Figure 4.7(a) the water flux 

increases with decreasing distillate temperature. This trend is because of the fact that with 
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decreasing the distillate temperature, the temperature difference of both feed and distillate 

side increases and subsequently the vapor pressure difference increases and leads to 

enhancing flux. On the other hand, in Figure 4.7(b), it is seen that the specific cooling 

load has a decreasing trend with decreasing distillate temperature. This shows that with 

decreasing distillate temperature the rate of enhancement of water flux is more than 

increasing the load, that's why a decreasing trend in specific colling load could be 

observed. 

A similar trend is observed for the specific pumping load of both the feed and distillate 

pumps. The flow rates remain constant and the pumping energy consumption is nearly 

unchanged. As Figures 4.7(c) and (d) show, the specific pumping load decreases with 

decreasing the distillate temperature. This is primarily due to the increase in water flux, 

which appears in the denominator of the specific pumping load equation. Overall, 

decreasing the distillate temperature demonstrates a desirable effect on system 

performance by enhancing water flux while at the same time reducing the specific energy 

requirements for both cooling and pumping. 
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Figure 4.7 Performance and energy metrics of the ocean thermal memebrane 

distillation system under varying distillate temperatures. (a) Water flux as a function of 

distillate stream temperature, showing a decreasing trend with increasing temperature. (b) 

Specific cooling load versus distillate temperature, indicating that lower distillate 

temperatures require higher cooling energy per unit of water produced. (c) and (d) Feed 

and distillate side specific pumping load decreases with decreasing distillate temperature, 

showing the effect of increasing water flux. 
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4.4.2 Case Study of OTMD Applied to Aunu’u Island, American Samoa 

To evaluate the applicability of the OTMD system in remote islands, a case study is 

conducted for Aunu’u Island in American Samoa, where ocean thermal gradients are 

promising for using in thermal desalination. In this section, system performance is 

analyzed under specific conditions, considering realistic temperature profiles and 

resource availability. 

Figure 4.8 shows the variation of water flux, specific cooling load, feed specific 

pumping load, and distillate specific pumping load with cold water temperature across 

different heat exchanger effectiveness (ε = 0.5, 0.75 and 1) and cold water flow rates (ṁC 

= 0.5, 0.75 and 1×ṁD). A consistent trend is observed across all figures. Decreasing the 

cold water temperature leads to an increase in water flux, driven by enhanced cooling of 

the distillate stream in the MD system. This improvement in flux subsequently results in 

lower specific pumping and cooling loads. Additionally, for a given water flux, 

increasing the cold water flow rate enables operation at a higher cold water temperature. 

This suggests that a target flux can be achieved either by reducing the intake water 

temperature or by increasing the cold water flow rate, providing flexibility in system 

design based on the availability of cold water resources. 

Another important observation is that at very low cold water flow rates, meeting the 

required cooling load necessitates the use of extremely low cold water temperatures. For 

example, this required temperature can drop to approximately -2 °C, which falls outside 

the typical available thermocline temperature range. 
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Figure 4.8 Variation of water flux, specific cooling load, feed specific pumping load, 

and distillate specific pumping load for different cold water temperatures and different 

range of heat exchanger effectiveness and cold water flow rates. 

 

Figure 4.9 shows the relationship between the specific pumping load of the cold water 

stream and the cold water temperature for different stream velocities of 0.01, 0.05 and 0.1 

m/s. Logically, lowering the cold water temperature increases the required pumping load, 

since colder water must be drawn from larger ocean depths. However, this colder water 

also enhances the driving temperature gradient, resulting in higher water flux. 
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Consequently, when calculating the specific pumping load (energy per unit of water 

produced), the value increases as cold water temperature decreases. Again here it can be 

seen for the very low flow rates of the cold water and for low effectivness values the cold 

temperature falls outside the typical available thermocline temperature range. Overall, it 

can be concluded that the cooling load extracted from the heat sink is a function of three 

key parameters of cold water flow rate, cold water temperature, and the effectiveness of 

the heat exchanger. 
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Figure 4.9 Cold water specific pumping load as a function of cold water temperature, 

shown across different ranges of flow rates, velocities heat exchanger effectiveness 

values 

Figure 4.10 presents the total specific pumping load of the OTMD system, which 

includes the combined specific pumping loads of the feed and distillate streams within 

the membrane distillation module, as well as the cold ocean water intake. As previously 
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discussed, the total specific pumping load serves as a meaningful metric to assess the 

overall energy requirements of the system and to compare its performance with 

alternative desalination technologies. 

The figure illustrates the variation in total specific pumping load across different cold 

water intake velocities, cold water flow rates, and heat exchanger effectiveness values. As 

expected, higher intake velocities lead to increased pumping loads due to greater frictional 

losses along the cold water transport path. 

For reference, the gray shaded region in each figure indicates the typical range of 

specific energy consumption for conventional reverse osmosis (RO) systems, reported in 

the literature to be approximately 2.5–4 kWh/m³. Notably, under several conditions, 

particularly at intake velocities of 0.01 and 0.05 m/s, the total specific pumping load of 

the OTMD system falls within or even below this RO benchmark. This demonstrates that, 

under optimized conditions, OTMD can achieve comparable or even superior energy 

efficiency relative to conventional RO desalination. As previously discussed, in cases 

with low cold water flow rates and low heat exchanger effectiveness, such as when mC = 

0.5mD and ε = 0.5. 
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Figure 4.10 Total specific pumping load as a function of cold water temperature, 

shown across different ranges of cold water flow rates, cold water velocities and heat 

exchanger effectiveness values 

 

4.5 Conclusion 

The case study conducted for Aunu’u Island in American Samoa demonstrated the 

potential applicability of the OTMD system in remote islands where ocean thermal 

gradients are accessible. The results revealed the critical influence of cold water 
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temperature, flow rate, and heat exchanger effectiveness on system performance. 

Lowering the cold water temperature significantly improved water flux and reduced 

specific energy loads, however, this came with practical limitations, as extremely low 

intake temperatures are not feasible in real world operations. The analysis showed that 

increasing the cold water flow rate or improving heat exchanger effectiveness can 

compensate for higher intake temperatures, offering flexibility in system design based on 

local resource availability. Importantly, the total specific pumping load of the OTMD 

system under several configurations, particularly with cold water velocities of 0.01 and 

0.05 m/s, fell within or below the energy consumption range of conventional reverse 

osmosis systems. These findings underscore the viability of OTMD as a low-energy 

desalination solution for island communities, provided that system components are 

properly optimized to balance thermal recovery and hydraulic efficiency. 
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CHAPTER FIVE 

MINIMIZING THE THERMAL ENERGY USE OF MEMBRANE DISTILLATION 

WITH REAL-TIME OPERATING CONTROLS 

 

 

 

5.1 Introduction 

Clean water is essential to life, and yet millions of people around the world lack access 

to this fundamental resource [187], [188]. As global population and water consumption 

continue to rise, projections show that about two-thirds of people throughout the world 

will suffer from water stress by the year 2030 [189]. Desalination and water reuse will 

play a pivotal role in addressing this challenge [190], [191], [192]. 

Desalination is the process of separating water from salt, and thereby can produce 

freshwater for drinking, sanitation, and irrigation from seawater, brackish water, and 

various industrial or natural brines. Desalination is of course a natural part of the earth’s 

hydrological cycle [193], [194], but engineered systems can achieve the same in a 

controlled and accelerated way to meet human demand. Traditionally, desalination was 

done by evaporation [195] but in the last half century, reverse osmosis (RO) has become 

the preferred method [195]. More recently, membrane distillation (MD) has emerged as 

an alternative desalination process with many advantages [196]. 

Figure 5.1 illustrates the operation of a membrane distillation (MD) system. As shown, 

seawater (or some other impaired water source) is heated and circulated through the 

system as feed. Clean distilled water is kept cool and is circulated through the system as 

distillate. At the interface of these two fluids is a porous hydrophobic membrane, across 

which a vapor pressure difference between the hot feed and cool distillate induces 



 141 

vaporization of the feed, flux across the membrane, and then condensation at the surface 

of the distillate. The simple design shown here, brings feed and distillate directly in 

contact with the selective membrane, and is referred to as direct-contact MD [51], [173], 

[174]. But in an effort to improve transport dynamics, a variety of other MD designs and 

configurations have also been proposed, including the integration of an air gap with the 

membrane [175], [176], an air gap with a circulating sweep gas [179], [180], air gaps 

with a gas that is under vacuum [177], [178], or more recently the absence of any 

membrane altogether [181], [182]. Figure 5.1 also shows that heat exchangers are used to 

reduce the amount of heat that is supplied to the feed from the external source, by 

recovering heat from the feed and distillate as they exit the membrane module. 

 

 
Figure 5.1 In membrane distillation (MD) a vapor pressure difference between warm 

seawater feed and cool freshwater distillate drives vapor transfer across a porous 

hydrophobic membrane. To reduce the thermal energy load, heat can be recovered from 

the brine and distillate as it exits the membrane module. 

 

MD offer several advantages over other desalination technologies. First, since vapor 

pressure is highly sensitive to temperature and only slightly sensitive to salt 

concentration, MD is capable of desalinating very concentrated feed sources at modest 

temperatures. This enables water recovery from highly concentrated feed sources like 

brines, produced water from oil and gas [167], brines, wastewater from textiles [168], and 
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others [169]. Also, it enables a high percentage of feed volume to be recovered as 

distillate, which is important to reducing brine volumes and mitigating their associated 

environmental impacts [197], [198]. In comparison, RO requires energy intensive and 

prohibitively large applied pressures to desalinate high concentration feed and to achieve 

high recovery ratios [199]. Second, MD is a thermally driven process, making it possible 

to integrate various low-grade heat sources including renewables and waste heat [200]. 

Third, MD is capable of producing very high-quality water [201] as long as care is taken 

to avoid membrane wetting, in which membrane channels are filled with water, creating a 

bridge for salt and other impurities to permeate to the distillate [202]. 

Despite all of these advantages, there are several challenges that remain for MD, 

particularly in terms of energy consumption. Like other thermal desalination processes, 

much of the energy required for MD is associated with the enthalpy of vaporization of 

water, which is approximately 667 kWh/m3 at standard atmospheric pressure. This energy 

is necessarily removed from the feed. Energy is also lost via heat transfer from the warm 

feed to the cool distillate across the thin membrane interface, and to the environment 

surrounding the MD system [203]. The energy efficiency of MD is then largely a matter 

of how effectively this energy can be recovered, typically via heat exchangers, and 

recycled back to the incoming feed to reduce the need for heat input. Energy performance 

is often expressed as the ratio of enthalpy of vaporization compared to the heat input, 

which is known as the gain output ratio GOR = Hfg/Q. It is also often expressed as the 

ratio of heat input relative to the volume of water produced, Q/∆V, known as the specific 

heat input. For direct contact MD, specific heat input from 600 to 1600 kWh/m3 has been 

reported throughout the literature, which is equivalent to gain output ratios between 0.42 
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and 1.11. Configurations that integrate air gaps with the membrane are more efficient, 

with specific heat inputs of less than 300 kWh/m3 reported in the literature [204], [205], 

[206]. In addition to heat, MD also requires a certain amount of work (i.e. electricity) to 

run the feed and distillate circulation pumps, which typically consume somewhere from 

0.6 to 1.8 kWh/m3 [207], [208], [209]. This energy is much less than the heat input, but 

still worth considering. For reference, the work input for RO desalination typically ranges 

from 2.5-7 kWh/m3 [207], [208], [209]. 

The energy efficiency of MD is sensitive to system operating conditions. Although not 

drawn to scale, Figure 5.2 illustrates the effect of key operating conditions on energy use 

and performance. As shown, increasing circulation rates of feed and distillate improve the 

rate of clean water production [210]. This is because higher flow rates cause mixing, 

reduce temperature polarization, and promote more uniform temperatures over the whole 

membrane surface [211], [212]. However, these benefits are accompanied by (1) more 

rapid heat loss across the membrane and therefore higher heating loads [213], [214], and 

(2) increased hydraulic pressure loss due to friction and therefore higher pump loads 

[215]. Beyond a certain point the increased distillation rate is offset by the need for more 

heat and work input, and the resulting specific heat input and specific work will increase. 

A similar tradeoff is also observed in response to different feed temperatures. Heating the 

feed has the beneficial effect of driving more rapid distillation, but also the negative 

effect of more rapid heat loss [214], [216], [217]. These trends suggest that, due to the 

monotonic increase in flow rates, temperatures, and water flux, there must be a point at 

which the MD system reaches its minimum specific energy consumption. Improving the 

energy efficiency of MD is therefore largely a matter of balancing the rate of water 
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distillation against the rate of heat transfer from the hot feed to the cold distillate. This 

can be done with careful control of operating conditions. 

 
Figure 5.2 Specific work and heat input (work and heat per unit volume of distillate 

output) can be minimized at some particular feed circulation rate, distillate circulation 

rate, and feed temperature. 

Considering then the importance of the operating conditions, the question is how to 

optimize them and identify the conditions that reduce energy use. At the design stage 

various methods can be employed, such as lab testing, prototyping, and numerical 

modelling [216], [217]. Ultimately however, field conditions may differ significantly 
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from design conditions and may vary over time due to weather, climate, wear and tear on 

equipment, and other factors. Therefore, it is useful to consider methods of identifying 

the best MD operating conditions in the field in real-time.  

To date, much of the literature related to real-time control of desalination plants has 

been related to RO. For example, Zhu et al. [218] developed and experimentally validated 

an optimization-based control system for RO that minimized specific energy 

consumption while maintaining desired water output. By integrating a nonlinear system 

model with real-time feedback and optimization, the control strategy successfully tracked 

energy-efficient operating points. Another example, Ali [219] developed an online 

control system for a wind-driven RO desalination including water storage tanks for 

regulating water production due to wind energy variation, disturbances, and operational 

limitations. The control system regulated the feed pressure and the number of working 

RO units in order to enhance overall performance. A third example, Zhang et al. [220] 

reported a real-time optimization method for seawater desalination to reduce costs under 

varying freshwater demand. Using a rolling forecasting model and a nonlinear 

programming approach, they demonstrated improved cost-efficiency while avoiding 

water level violations. 

Similar studies for the real-time control of MD operating conditions are more rare. 

One of the few studies investigating real-time control of MD was conducted by Gil et al. 

[221] who proposed an adaptive dynamic optimization approach with online feedback 

that learns current operating conditions and responds to changes in real-time. This 

strategy was validated through a simulation using real data from the Plataforma Solar de 

Almería, demonstrating up to a 6.7% reduction in thermal energy consumption compared 
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to non-optimal methods. Notably, this study was limited to only simulation of the real-

time control of the MD system. To date, there has not been any attempt to implement 

real-time controls for an experimental MD system, as far as the authors are aware. This 

study addresses this important gap in literature. 

In this study, we experimentally demonstrate a real-time feedback control system that 

is used to track the lower specific heat input of MD by adjusting operating conditions. To 

begin, we define the theoretical work and heat input loads for MD assuming ideal heat 

recovery. Then we describe a simple control strategy known as perturb-and-observe, 

which is developed here to iteratively adjust feed circulation, distillate circulation, and 

feed temperature such that over time the MD system approaches the point of minimum 

specific heat input. A laboratory test bench with a direct contact MD unit was assembled 

and is described with all its relevant specifications. The system’s dynamic response to a 

series of step changes is provided. Finally, MD performance is evaluated in response to 

the proposed real-time controls, and the effect on specific heat input is demonstrated. 

This work represents the first experimental demonstration of a minimum energy tracker 

for MD and as such can contribute to efforts to make desalination and water reuse more 

energy efficient. 

5.2 Theory 

5.2.1 MD Energy Use and Performance 

The performance of MD can be evaluated with several metrics. Of particular 

importance is the ratio of energy use relative to the amount of clean water produced by 

the process 𝛥𝑉. This ratio is known as the specific energy, and since MD uses both heat 
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𝑄 and work 𝑊, we can distinguish between the specific heat input 𝑞 and specific work 𝑤 

as shown in equations (5.1) and (5.2). 

𝑞 =
𝑄

𝛥𝑉
 5.1 

𝑤 =
𝑊

𝛥𝑉
 5.2 

The rate at which clean water is produced by MD can be obtained from the mass 

balance on either the feed or distillate sides, as expressed in equation (5.3). 

𝛥𝑉̇ = 𝜈 (𝑚̇𝐹,𝑖𝑛 − 𝑚̇𝐹,𝑜𝑢𝑡) 5.3a 

𝛥𝑉̇ = 𝜈 (𝑚̇𝐷,𝑜𝑢𝑡 − 𝑚̇𝐷,𝑖𝑛) 5.3b 

Where 𝜈 is the specific volume, and 𝑚̇𝐹 and 𝑚̇𝐷 are the feed and distillate circulation 

rates at the MD inlets and outlets. 

The heating load of MD can be reduced to simply the heat transfer through the 

membrane, if the system is assumed to be perfectly insulated with no losses to the 

environment, and if it is assumed that ideal heat exchangers can recover all of the heat 

available in the brine and distillate. This can be calculated from the energy balance 

between the MD inlet and outlet at either the feed side or distillate side, as shown in 

equation (5.4) [222], [223]. A detailed derivation is provided in Supplementary Note 5.1. 

𝑄̇ = 𝑚̇𝐹 𝑐𝑝 (𝑇𝐹,𝑖𝑛 − 𝑇𝐹,𝑜𝑢𝑡) 5.4a 

𝑄̇ = 𝑚̇𝐷 𝑐𝑝 (𝑇𝐷,𝑜𝑢𝑡 − 𝑇𝐷,𝑖𝑛) 5.4b 

Where 𝑐𝑝 is the specific heat capacity, and 𝑇𝐹 and 𝑇𝐷 are the feed and distillate 

temperatures at the MD inlets and outlets.  
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Work input for MD will be a function of the pump load, including both the feed and 

distillate pumps, which can be determined as a function of the pressure drop caused by 

friction throughout the system and assuming incompressible and isentropic flow. 

𝑊̇ = 𝑊̇𝐹 + 𝑊̇𝐷 5.5 

𝑊̇𝐹 = 𝑚̇𝐹 𝜈 (𝑝𝐹,𝑖𝑛 − 𝑝𝐹,𝑜𝑢𝑡) 5.6 

𝑊̇𝐷 = 𝑚̇𝐷 𝜈 (𝑝𝐷,𝑖𝑛 − 𝑝𝐷,𝑜𝑢𝑡) 5.7 

Where 𝑝𝐹 and 𝑝𝐷are the feed and distillate pressures at the MD inlets and outlets. 

Figure 5.3 provides an illustration of all the terms used in the mass and energy balance 

equations (5.3) - (5.7) and where they can be observed in the MD system. 

 
Figure 5.3 Schematic showing all parameters used in the mass and energy balance 

equations (5.3)-(5.7) and their corresponding measurement locations within the 

membrane distillation system. 

The performance of MD can also be evaluated in terms of the gain output ratio GOR, 

which is a ratio of the enthalpy of vaporization Hfg relative to the heat input Q. This 

metric is commonly used for thermal desalination because it provides a useful 

comparison between the process and the alternative of simply boiling water to separate 

water from less volatile salts and impurities. 

GOR =
Hfg

Q
 5.8 
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5.2.2 Tracking the Minimum Specific Energy point 

To reduce the specific energy use of MD, it is necessary to carefully balance the 

operating conditions. To do this, a method for adjusting operating conditions in real-time 

is needed to ensure peak MD performance. There are a variety of algorithms have been 

proposed for this including fuzzy logic, multi-level perceptron, grey wolf optimization 

and other complex methods [224], [225], [226], [227]. One relatively simple control 

strategy is known as perturb-and-observe. This algorithm is a broadly used heuristic 

optimization method that iteratively perturbs a parameter and observes the subsequent 

system response to determine the optimal operating point. This method initially was 

developed for maximum power point tracking in photovoltaic systems [33] and has since 

been used in a variety of applications [228], [229], [230]. 

Figure 5.4 provides an illustration of the perturb-and-observe algorithm in action, and 

Figure 5.5 describes the algorithm’s logic. As shown, the basic operation involves 

applying small perturbations of magnitude 𝛿𝑚̇𝐹 to the feed circulation rate, 𝛿𝑚̇𝐷 to the 

distillate circulation rate, and 𝛿𝑇𝐹 to the feed temperature, at time intervals of 𝛿𝑡. The 

result of the step change on some objective metric is then observed. In this study, we 

select the specific heat input as the metric of interest. Therefore, if the specific heat input 

is seen to decrease, the same small perturbation is repeated. If on the other hand, the 

response is an increase in specific heat input, then the opposite perturbation is applied. In 

this way, step by step, the system slowly approaches the lower specific heat input. In the 

MD system, since there are three operating conditions to control, perturbations are 

applied to each of them individually in turn. Each parameter is adjusted to a period of 

time 𝜏, allowing for a certain number of steps 𝑛 = 𝜏 𝛿𝑡⁄  to be applied, before the 
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parameter is held constant, while the next parameter is adjusted, and so on. In this 

process, both the perturbation size and time interval can influence the time required to 

approach the best operating point, as well as the accuracy of the steady state operation 

relative to the true minimum energy point. This sensitivity is often considered a limitation 

to the perturb-and-observe algorithm. 

 

 
Figure 5.4 Illustration of the perturb-and-observe algorithm applied to tracking the 

lower specific energy input of an MD system, by controlling the feed circulation rate, 

distillate circulation rate, and feed temperature. 
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Figure 5.5 Logic of the perturb-and-observe algorithm. Perturbations of magnitude 

𝛿𝑚̇𝐹, 𝛿𝑚̇𝐷, and 𝛿𝑇𝐹 are applied to the feed circulation, distillate circulation, and feed 

temperature, at time intervals of 𝛿𝑡, to identify conditions that minimize specific heat 

input 𝑞. 

5.3 Materials and Methods 

5.3.1 Laboratory Test Bench 

A laboratory scale MD test bench was designed and built to evaluate the performance of 

the proposed control system. Figure 5.6 shows a picture and schematic of the test bench. 

The bench consists of a 4-port acrylic membrane module for direct contact MD (CF042A, 

Sterlitech, Kent WA). Feed and distillate are supplied to the module by two variable 

frequency drive pumps. Pump speed (and hence circulation rates of the feed and 

distillate) are controlled by input signals provided by inline mass flow sensors (KD100A-

SCF-S0A-KA-2×and KF-F200A-SCF-S0A-KA-2×, Alicat Scientific, Tucson AZ). A 

third mass flow sensor (KD100A-SCF-S0A-KA-2×, Alicat Scientific, Tucson AZ) is 

installed at the distillate exit of the membrane in order to complete the mass balance and 

allow calculation of distillation rates. Temperature of the feed is controlled by circulating 

feed through a coil that is submerged in a thermostatically regulated bath. Temperature 
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sensors are located at each of the four membrane ports to allow for energy balance 

analysis. Pressure loss in channels along both sides of the membrane are measured by 

differential pressure sensors (PS-30PSID-D/5P, Alicat Scientific, Tucson AZ). Table 5.1 

provides a list of all instrumentation with their specifications. 

 

 
Figure 5.6 Schematic (top) and photo (bottom) of the laboratory bench MD test 

apparatus. The system includes flat sheet membrane housing with two channels supplied 

by feed and distillate circulation loops. The bench is instrumented with mass flow, 

temperature, and pressure sensors to allow for mass and energy balance analysis. 
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Table 5.1 Sensor and instrument specifications. Instrument numbers correspond to 

locations indicated on Figure 5.5. 

Instrument Supplier Model # 
Full Scale ± 

Uncertainty 

Instrument 

Location 

Feed mass 

flow controller 

Alicat Scientific 

(Tucson, AZ) 

KD100A-SCF-S0A-

KA-2X 

1 kg/h ± greater of 

0.2 % full scale or 

0.6 % reading 

m1 

Distillate mass 

flow controller 

Alicat Scientific 

(Tucson, AZ) 

KF-F200A-SCF-

S0A-KA-2X 

10 kg/h ± greater of 

0.2 % full scale or 

0.6 % reading 

m2 

Mass flow meter 
Alicat Scientific  

(Tucson, AZ) 

KD100A-SCF-S0A-

KA-2X 

1 kg/h ± 0.2 % full 

scale or 0.6 % 

reading 

m3 

Differential pressure 

sensor 

Alicat Scientific 

(Tucson, AZ) 
PS-30PSID-D/5P 

1 bar ± 0.25 % full 

scale 
p1, p2 

Applied pressure 

controller 

Alicat Scientific 

(Tucson, AZ) 

PCS-100PSIG-D-

PCA17/5P 

21 bar ± 0.25 % full 

scale 
p3 

Temperature sensor Noshok (Berea, OH) 
800-200-1-1-8-8-

040-6 RTD 
93.33 ± 0.465 °C 

T1, T2,  

T3, T4 

Mass scale 
OHAUS 

(Parsippany, NJ) 
CS 200 200 ± 0.1g S1, S2 

5.3.2 Membrane Specifications 

A commercial polytetrafluoroethylene (PTFE) membrane (Unlaminated CF042, 

Sterlitech, Auburn, WA) was selected for this study. The flat-sheet membrane had an 

effective surface area of 42 cm² (107 mm length × 39 mm width) and was installed in the 

transparent acrylic module. To achieve the desired flow velocities and ensure membrane 

support, shims were placed in both the feed and draw channels, which reduce the 

effective depth to 0.801 mm. Additionally, a 31-mil diamond-shaped spacer was placed 

in the feed channel to increase flow turbulence and prevent channel blockages. The 

module design allows for easy visualization and access, which facilitates cleaning and 

experimental monitoring. A summary of the membrane and module parameters is 

provided in Table 5.2. 

https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
https://www.alicat.com/documents/specifications/DOC-SPECS-PC.pdf
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Table 5.2 Membrane and module parameters. 
Membrane properties  

Supplier Sterlitech (Auburn, WA) 

Material polytetrafluoroethylene 

Pore Size 0.45 µm 

Thickness  21 – 51 µm 

Water entry pressure > 3.1 bar (45 psi) 

Module properties  

Configuration flat sheet 

Dimensions 107 mm × 39 mm 

Area 42 cm2 

Channel depth 0.801 mm 

Feed channel spacer 31-mil diamond-shaped 

5.3.3 Perturb-And-Observe Implementation 

The proposed perturb-and-observe control system was implemented manually with the 

help of a commercial software package (FlowVision v2, Alicat Scientific, Tuscon AZ). 

This software was used to collect data from flow, pressure, and temperature sensors, and 

to calculate distillation rates, heat transfer rates, and specific heat and work inputs. 

Notably, the instantaneous result for specific heat input was smoothed using a moving 

average in order to filter noise and clearly distinguish the steady state response of the MD 

system. Then, using the perturb-and-observe logic, control signals to the mass flow and 

temperature controllers were updated. For the safety of the laboratory equipment, 

constraints were placed on the logic to prevent the feed circulation rate, distillate 

circulation rate, and feed temperature from exceeding 100 ml/min, 16 ml/min, and 60 °C, 

respectively, even when specific heat input could have been further reduced by exceeding 

these limits. The PID settings for the feed flow controller, distillate flow controller, and 

feed temperature controller were set to 10–2–0. 

Supplementary Note 5.2 provides a schematic of how input signals from the sensors 

were processed to determine output signals to the controllers. Supplementary Note 5.3 

provides a set of raw data along with sample calculations to show how equations (5.1)-
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(5.8) were used in analysis and to show the propagation of experimental uncertainty. 

Table 5.3 lists the perturbations sizes and initials conditions that were used. 

Table 5.3. Perturb-and-observe parameters. 

Initial operating conditions  

Feed circulation rate 𝑚̇𝐹 2500 g/h 

Distillate circulation rate 𝑚̇𝐷 600 g/h 

Feed temperature 𝑇𝐹 30 °C 

Perturbation size  

Step interval 𝛿𝑡 900 s 

Time per variable 𝜏 3600 s 

Steps per variable 𝑛 4 

Feed circulation rate 𝛿𝑚̇𝐹 500 g/h 

Distillate circulation rate 𝛿𝑚̇𝐷 100 g/h 

Feed temperature 𝛿𝑇𝐹 5 °C 

5.3.4 Test Conditions  

 

Performance of the proposed perturb-and-observe controller was evaluated for 

seawater desalination in a direct contact MD system. To approximate seawater, feed 

solution was prepared by dissolving sodium chloride (NaCl, >99% purity, Fisher 

Scientific, Hampton, NH) in deionized (DI) water at a concentration of 35 g/l. Deionized 

water was used to provide an initial volume of distillate solution that could be circulated, 

to which water flux across the membrane was added. Distillate was kept at ambient room 

temperature. A summary of test conditions is provided in Table 5.4. 

Table 5.4 Experimental test conditions. 

Test conditions  

Flow configuration counter flow 

Feed concentration 35.00 ± 0.04 g/l NaCl  

Distillate concentration DI water 

Distillate temperature 20.0 ± 0.8 °C 
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5.4 Results 

5.4.1 Control of MD Operating Conditions 

Reducing the specific heat input of MD can be achieved with the coordinated 

adjustment of key operating conditions including the feed circulation rate, the distillate 

circulation rate, and the feed temperature. Circulation rates can be regulated with variable 

speed pumps controlled by mass flow controllers, and feed temperature can be managed 

by adjusting the rate of heat input with thermostatically controlled PID feedback. Figure 

5.7 shows the response of the three operating conditions to step commands sent from 

their respective controllers. As shown, for both the feed and distillate circulation rates, 

the observed experimental values quickly and closely follow the command signals, with 

no observable transient period and only minor variations that remain within the bounds of 

measurement uncertainty. For the feed temperature however, the observed values lag 

significantly behind the step command. Only after ~ 10 minutes do actual conditions 

converge to the command. This is primarily due to large thermal capacitance of the feed 

volume, the power rating of the heat source, and the need for further PID tuning. 

Encouragingly, once reaching steady state, the feed temperature remains constant with 

only minor deviations within the range of experimental uncertainty. 
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Figure 5.7 MD operating conditions in response to a series of step commands applied 

to their respective controllers. (a) Feed circulation is controlled by a mass flow 

controlled. (b) Distillate circulation is controlled by a mass flow controller. (c) Feed 

temperature is controlled by a thermally regulated bath. 

 

5.4.2 Step Response of MD System 

Adjusting the operating conditions of the MD system has an influence on both the rate 

of water flux across the porous hydrophobic membrane, as well as the rate of heat flux 

from hot feed to cool distillate. Usually, an increase in one is accompanied by an increase 

in the other, so reducing specific heat input is then a matter of ensuring that water flux 

increases by more than heat flux (or conversely, ensuring that heat flux decreases by 

more than water flux). To illustrate the effect that operating conditions have on the MD 

process, Figure 5.7 shows the response of key performance metrics to step changes in the 

operating conditions. Results are shown for key metrics such as water flux, heat flux, and 

specific heat input, which are obtained by analysis. Raw sensor data used in this analysis 

is provided in Supplementary Note 5.3. 

First, Figure 5.8(a) shows the response to a change in feed circulation rate. As the feed 

flow is increased, both water flux and heat flux increase. This is expected, because higher 

circulation rates reduce the thickness of salt and temperature boundary layers and also 

reduce residence time, producing a more uniform temperature along the length of the 
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membrane from inlet to outlet. In this case, the increase in heat flux is more significant 

than the increase in water flux, and so the specific heat input is shown to increase. 

Therefore, such a step change would not be beneficial to energy efficiency. 

Second, in Figure 5.8(b) we show the response of the MD system to a change in the 

distillate circulation rate. As the distillate flow is reduced both water flux and heat flux 

drop. This is expected for the same reason that higher circulation rates promoted higher 

flux, as explained above. In this case, the drop in water flux is more significant that then 

drop in heat flux and so we observe again an undesirable increase in the specific heat 

input. 

Third, Figure 5.8(c) shows the response to a change in feed temperature. This response 

is somewhat obscured by the transients in the feed temperature and by noise in the MD 

sensor data. To assist in observing the macro trend of the response, we plot the average 

specific heat input, which is the cumulative average of the specific heat input starting 

from the instant when the step command is applied. In Figure 5.8(c) we see a very clear 

drop in the average specific heat input, indicating that drop in heat flux is greater than the 

drop in water flux. Such a beneficial step change would then be repeated by the 

controller. 
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Figure 5.8 Real-time measurements of water flux, heat flux, specific heat input and 

average specific heat input in response to change in (a) feed flow rate, (b) distillate flow 

rate, and (c) feed temperature. Raw sensor data associated with these results is reported in 

Supplementary Note 5.4. 

 

The average specific heat input signal is also helpful for implementation of the 

proposed feedback control algorithm, which involves the comparison of specific heat 
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input under new operating conditions to specific heat input under previous conditions. 

For such an algorithm to work reliably, it is necessary to have a signal that is stable and 

from which it is possible to interpret the effect of the operating conditions on 

performance so as to properly command the next step. The average signal for specific 

heat input also provides a simple metric against which to evaluate the time to reach 

steady state. Using this metric, a total of 37 tests were conducted with step changes to 

each of the three operating conditions, and the response was observed to determine how 

long it took for the change in average specific heat input to drop below 5 %. Figure 5.9 

presents the results of this analysis showing the evaluation of steady-state times for the 

three operating parameters including feed flow rate, distillate flow rate, and feed 

temperature. Over 60% of the cases reached steady state within 10 minutes, and after 14 

minutes, nearly 100% of the cases reached steady state (except for a small number of 

cases related to step changes in the distillate circulation rate). From this, we conclude that 

15 minutes is an appropriate time interval at which to apply step commands in the 

proposed real-time tracker. 

 
Figure 5.9 Time for average specific heat input to reach steady state (≤ 5% of the 

value at 15 mins) in response to step changes in (a) feed circulation rate, (b) distillate 

circulation rate, and (c) feed temperature. 
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5.4.3 Tracking Minimum Specific Heat Input in Real-Time 

Figure 5.10 shows the successful implementation of the proposed real-time minimum 

energy tracker. Feed circulation rate, distillate circulation rate, and feed temperature are 

each varied in turn and a gradual decrease in specific heat input is observed over time. 

After a total of 23 step changes over 345 minutes (15 minute intervals per step), the 

specific heat input reached as low as 274 ± 9.69 kWh/m3. This is an impressive 7× lower 

than the initial specific heat input. Also, this is significantly lower than the typical energy 

results reported in the literature, which commonly ranges from 600 to 1600 kWh/m3 for 

direct contact MD [231], [232], [233], [234], [235]. Of course, these results from the 

literature are obtained with a variety of different membranes, each with different vapor 

permeability and thermal conductivity, with different module geometries, and different 

laboratory bench arrangements, making such energy comparisons somewhat difficult. But 

this variability only further emphasizes the value of this study, as the proposed control 

strategy can be widely applied to all kinds of different MD apparatus to reduce energy 

use relative to their baseline results. In this study, the lowest specific heat input is 

achieved when feed circulation, distillate circulation, and feed temperature reach 75.33 ± 

0.45 mL/min, 16.5 ± 0.1 mL/min, and 30.011 ± 0.465 °C. Other MD apparatus will have 

their own unique combination of operating conditions that will approach minimum heat 

input. We also note that under these conditions, when specific heat input is lowest, the 

gain output ratio is maximized and reaches 2.6. 
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Figure 5.10 Demonstration of real-time MD controller finding the feed circulation 

rate, distillate circulation rate, and feed temperature that yield the lower specific heat 

input. Raw sensor data associated with these results is reported in Supplementary Note 

5.5. 
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Figure 5.10 also shows short but very pronounced spikes at the start of most step 

changes, mainly when flow rates are adjusted. Changing the feed or distillate flow 

introduces transient disturbances that affect heat flux and water flux calculations. These 

fluctuations are more pronounced on the distillate side but gradually settle over time. 

Despite these transient spikes, the overall trend indicates a steady move toward lower 

specific energy consumption. 

5.4.4 Effect on Specific Pump Work 

While the focus of this paper is on the reduction of heat input per unit of water 

produced, it is interesting to consider the effect that this has on work. Work input is of 

course also a function of operating conditions, especially the circulation rates, which 

require pump work to increase. Figure 5.11 shows specific work throughout the 

previously discussed 345-minute test period. As shown, the response of specific work to 

changes in operating conditions does not follow the response of specific heat input, i.e. 

when one goes up or down, the other doesn’t necessarily follow. Overall, we note a 

gradual increase in specific work, from an initial value of 0.0807 ± 0.0546 kWh/m3 to a 

final value of 0.2049 ± 0.1474 kWh/m3. Along the way, at time ~ 120 minutes, the 

lowest specific work of 0.0524 ± 0.0227 kWh/ m3 is encountered and passed by. 
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Figure 5.11 Changes in the specific work that is used for pumping as MD conditions 

are adjusted in real-time to reduce specific heat input. The thermal value of work is 

defined as work times the Carnot efficiency. Raw sensor data associated with these 

results is reported in Supplementary Note 5.5. 

We might assume that such an increase in work input is small and even insignificant 

compared to the savings in heat input, which are several orders of magnitude greater. But 

technically, heat and work each have their own unique value (both thermodynamically 
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and economically) and the two cannot be directly compared. This is especially true when 

comparing work to low-grade heat, such as used in this study since feed temperature 

never exceeds 50 °C and eventually settles to 30 °C. In an effort to compare work and 

heat, we use the Carnot efficiency ηCarnot to define the thermal value of work 

Qequivalent = W / ηCarnot = W / (1 − TD/TF), where TD and TF are the distillate and 

feed temperatures respectively. Figure 11 includes a plot of the thermal value of the work 

that is associated with the pump work. As shown, the thermal equivalent of work mostly 

follows the plot for specific work, but it scales up as feed temperature is reduced. For 

example, at the final stage, when specific heat input is lowest and the feed temperature 

settles to ~30 °C, the work input has an equivalent thermal value of 12 kWh/m3. This 

represents ~ 4% of the value of the heat input, which is 274 kWh/m3 at its lowest point. 

The value of work input is therefore small, but perhaps not altogether insignificant, and in 

some cases might be quite important. 

Future work might consider this and other related dynamics by considering alternative 

criteria for real-time tracking. For example, instead of tracking the lowest thermal energy 

point, it might be preferable to combine thermal energy input together with the thermal 

equivalent of pump work, and minimize these together. Other criteria such as cost, 

exergy, emissions, or some combination of these could also be minimized in real-time. 

5.5 Conclusion 

In the current study we experimentally demonstrated the concept of tracking minimum 

specific energy consumption of a membrane distillation system. The main operating 

parameters of an MD system including feed circulation rate, distillate circulation rate and 
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feed temperature were monitored, controlled and adjusted using a perturb and absorb 

control algorithm to approach the minimum specific heat input. It was shown that 

changing operating parameters, such as increasing feed temperature, involves inherent 

trade-offs. On the one hand, it improves the water flux, but on the other hand, at the same 

time it increases the thermal input required by the system. The relative significance of 

these advantages and disadvantages varies with other system conditions, such as the feed 

and distillate flow rates. A similar trend exists for adjusting flow rates; changing feed and 

distillate circulation rates can enhance water flux but may also increase the required 

energy of system due to increased pumping power and thermal energy input. Considering 

these trade-offs are aligned with our studies objective, identifying the conditions that 

reduce specific energy consumption. Through the conducted experiments, the system 

approached a minimum specific energy consumption of approximately 274 ± 9.69 

kWh/m³ after two full cycles of operating parameter adjustment which shows 80% 

reduction compared to the initial specific energy consumption. This value is also 

significantly lower than values typically reported in the literature for the specific heat 

input of MD systems. The optimal operating conditions corresponding to this point were 

a feed flow rate of approximately 75.33 ± 0.45 mL/min, a distillate flow rate of 16.5 ± 0.1 

mL/min, and a feed temperature of around 30.011 ± 0.465 °C. This significant reduction 

of specific heat input shows the importance of adjusting operating variables in obtaining 

energy efficient systems. 
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5.6 Supplementary Note 

5.6.1 Supplementary Note 5.1: Energy Balance of Direct Contact Membrane Distillation 

The energy requirement for membrane distillation depends largely on the degree to 

which heat is recovered from brine and distillate and recycled back to the incoming feed. 

Below, we derive the energy requirements for a system configuration shown in Figure 

S5.1. In this case two heat exchangers are used to recover heat from the feed and 

distillate. All analysis assumes the system is perfectly insulated with no losses to the 

outside environment. 

 
Figure S5.1 Schematic of the membrane distillation (MD) system including two heat 

exchangers for energy recovery from both the distillate and feed streams 

Equation (S5.1) describes the energy balance of incoming feed through the first heat 

exchanger, where subscripts 0 and 1 show the inlet and outlet. As shown, the change in 

energy will be a function of the heat transfer Q̇HX1, and the result will be a change in the 

solution’s enthalpy h. 

Ė1 − Ė0 = ṁ1 h1 − ṁ0 h0 S5.1a 

Ė1 − Ė0 = Q̇HX1 S5.1b 

Q̇HX1 = ṁF (h1 − h0) S5.1c 

Equation (S5.2) describes the energy balance of incoming feed through the second 

heat exchanger, where subscripts 1 and 2 denote the inlet and outlet. As shown, the 
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change in energy will be a function of the heat transfer Q̇HX2, and the result will be a 

change in the solution’s enthalpy h. 

Ė2 − Ė1 = ṁ2 h2 − ṁ1 h1 S5.2a 

Ė2 − Ė1 = Q̇HX2 S5.2b 

Q̇HX2 = ṁF (h2 − h1) S5.2c 

Equation (S5.3) describes the energy balance of feed (also referred to as brine) 

through the heater, where subscripts 2 and 3 denote the inlet and outlet. As shown, the 

change in energy will be a function of the heat input Q̇load, and the result will be a 

change in the solution’s enthalpy h. 

Ė3 − Ė2 = ṁ3 h3 − ṁ2 h2 S5.3a 

Ė3 − Ė2 = Q̇load S5.3b 

Q̇load = ṁF (h3 − h2) S5.3c 

Equation (S5.4) describes the energy balance of feed through the MD unit, where 

subscripts 3 and 4 denote the inlet and outlet. As shown, the change in energy will be a 

function of the heat loss across the membrane Q̇loss together with the mass transfer ∆ṁ 

and its associated enthalpy Ḣ. Although temperature and hence specific enthalpy will 

change from inlet to outlet, the total enthalpy can be approximated by assuming that the 

average specific enthalpy h̅ ≈ h3. 

Ė4 − Ė3 = ṁ4 h4 − ṁ3 h3 S5.4a 

Ė4 − Ė3 = −Q̇loss − Ḣ S5.4b 
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Ė4 − Ė3 = −Q̇loss −∫ h dṁ
∆ṁ

0

 S5.4c 

Ė4 − Ė3 ≈ −Q̇loss − ∆ṁ h4 S5.4d 

Qloss ≈ (ṁF − Δṁ) (h3 − h4) S5.4e 

Equation (S5.5) describes the energy balance of outgoing feed through the second heat 

exchanger, where subscripts 4 and 5 denote the inlet and outlet. As shown, the change in 

energy will be a function of the heat transfer Q̇HX2, and the result will be a change in the 

solution’s enthalpy h. 

Ė5 − Ė4 = ṁ5 h5 − ṁ4 h4 S5.5a 

Ė5 − Ė4 = −Q̇HX2 S5.5b 

Q̇HX2 = (ṁF − Δṁ) (h4 − h5) S5.5c 

Equation (S5.6) describes the energy balance of distillate through the MD unit, where 

subscripts 6 and 7 denote the inlet and outlet. As shown, the change in energy will be a 

function of the heat received across the membrane Q̇loss together with the mass transfer 

∆ṁ and its associated enthalpy Ḣ. 

Ė7 − Ė6 = ṁ7 h7 − ṁ6 h6 S5.6a 

Ė7 − Ė6 = Q̇loss + Ḣ S5.6b 

Ė7 − Ė6 = Q̇loss +∫ h dṁ
∆ṁ

0

 S5.6c 

Ė7 − Ė6 ≈ Q̇loss + ∆ṁ h3 S5.6d 

Q̇loss ≈ (ṁD + Δṁ) h7 − ṁD h6 − ∆ṁ h3 S5.6e 
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Equation (S5.7) describes the energy balance of outgoing distillate through the first 

heat exchanger, where subscripts 7 and 8 denote the inlet and outlet. As shown, the 

change in energy will be a function of the heat transfer Q̇HX1, and the result will be a 

change in the solution’s enthalpy h. 

Ė8 − Ė7 = ṁ8 h8 − ṁ7 h7 S5.7a 

Ė8 − Ė7 = −Q̇HX1 S5.7b 

Q̇HX1 = (ṁD + Δṁ)(h7 − h8) S5.7c 

In addition, the energy balance for heat exchangers 1 and 2 can be described in terms 

of effectiveness ε and the maximum heat transfer possible between the hot and cold fluids 

Q̇max, as shown in equations (S5.8)-(S5.10). In heat exchanger 1, the maximum heat 

transfer will be limited by the fluid that has a lesser flow rate between either ṁD + Δṁ or 

ṁF. In our case, the distillate has a lower flow rate and therefore a lower thermal 

capacitance. In heat exchanger 2, the maximum heat transfer will be limited by the hot 

brine because it has lower mass ṁF − Δṁ < ṁF. Finally, treating the liquid desiccant as 

incompressible and the specific heat capacity cp as constant, we can express the change 

in temperature T as a change in enthalpy h. 

Q̇HX = ε Q̇max S5.8 

Q̇HX1 = ε1 (ṁD + Δṁ) cp (T7 − T0) S5.9a 

Q̇HX1 = ε1 (ṁD + Δṁ) (h7 − h0) S5.9b 

Q̇HX2 = ε2 (ṁF − Δṁ) cp (T4 − T1) S5.10a 

Q̇HX2 = ε2 (ṁF − Δṁ) (h4 − h1) S5.10b 
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Finally, combining equations (S5.1), (S5.2), (S5.3), (S5.9), and (S5.10) the heating load 

can be expressed as a function of properties at the inlet and outlet of the MD unit as shown 

in equation (S5.11). 

Q̇load = ṁF h3 − ṁF h2 S5.3 

Q̇load = ṁF h3 − [ṁF h1 + Q̇HX2] S5.2+S5.3 

Q̇load = ṁF h3 − [ṁF h0 + Q̇HX1] − Q̇HX2 
S5.1+S5.2+

S5.3 

Q̇load = ṁF h3 − ṁF h0 − [ε1 (ṁD + Δṁ) (h7 − h0)]

− [ε2 (ṁF − Δṁ) (h4 − h1)] 

S5.1+S5.2+

S5.3+S5.9+

S5.10 

Q̇load = ṁF h3 − ṁF h0 − ε1 (ṁD + Δṁ) h7 + ε1 (ṁD + Δṁ) h0

− ε2 (ṁF − Δṁ) h4 + ε2 (ṁF − Δṁ) [h0 +
QHX1
ṁF

] 

S5.1+S5.2+

S5.3+S5.9+

S5.10 

Q̇load = ṁF h3 − ṁF h0 − ε1 (ṁD + Δṁ) h7 + ε1 (ṁD + Δṁ) h0

− ε2 (ṁF − Δṁ) h4 + ε2 (ṁF − Δṁ) h0

+ ε2  (1 −
Δṁ

ṁF
) [ε1 (ṁD + Δṁ) (h7 − h0)] 

S5.1+S5.2+

S5.3+S5.9+

S5.10 

Q̇load = ṁF h3 − ṁF h0 − ε1 (ṁD + Δṁ) h7 + ε1 (ṁD + Δṁ) h0

− ε2 (ṁF − Δṁ) h4 + ε2 (ṁF − Δṁ) h0

+ ε1 (ṁD + Δṁ) ε2  (1 −
Δm

mF
) h7

− ε1 (ṁD + Δṁ) ε2  (1 −
Δṁ

ṁF
) h0 

S5.11a 
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Q̇load = ṁF (h3 − h0) − ε1 (ṁD + Δṁ) (h7 − h0)

− ε2 (ṁF − Δṁ) (h4 − h0)

+ ε1 (ṁD + Δṁ) ε2  (1 −
Δṁ

ṁF
) (h7 − h0) 

S5.11b 

Q̇load = ṁF (h3 − h0) + ε2 (ṁF − Δṁ) (h4 − h0)

+ ε1 (ṁD + Δṁ) (ε2  (1 −
Δṁ

ṁF
) − 1) (h7 − h0) 

S5.11c 

Treating the fluids as incompressible with some average specific heat capacity cp, we 

can define the thermal load as a function of the feed and distillate temperatures at the 

inlet and outlet of the MD unit TF,in, TF,out, TD,in and TD,out, and the ambient temperature 

Tambient. 

Q̇load = ṁF cp (TF,in − Tambient)

+ ε2 (ṁF − Δṁ) cp (TF,out − Tambient)

+ ε1 (ṁD + Δṁ) (ε2  (1 −
Δṁ

ṁF
) − 1) cp (TD,out

− Tambient) 

S5.11d 

The expression can be greatly simplified in the special case where both heat 

exchangers are ideal with effectiveness ε1 = ε2 = 1, and where the feed flow rate is 

much greater than the mass of water transferred across the membrane ṁF ≫ Δṁ (i.e. low 

recovery ratio). The simplified expression is shown in equation (S5.12). This simplified 

expression is commonly used throughout the literature to calculate the thermal load of 

MD. 

Q̇load = ṁF cp (TF,in − TF,out) S5.12 
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In some cases, it may be preferable to express the heating load in terms of the inlet and 

outlet distillate temperature. To do this, we combine the previous result from equation 

(S5.11) with the energy balance equations of the MD unit, equations (S5.4) and (S5.6). 

Q̇load = ṁF h3 − ṁF h0 + ε2 (ṁF − Δṁ) (h4 − h0)

+ ε1 (ṁD + Δṁ) (ε2  (1 −
Δṁ

ṁF
) − 1) (h7

− h0) 

S5.11c 

Q̇load = [(ṁD + Δṁ) h7 − ṁD h6 − (ṁF − Δṁ) h4]

− ṁF h0 + ε2 (ṁF − Δṁ) (h4 − h0)

+ ε1 (ṁD + Δṁ) (ε2  (1 −
Δṁ

ṁF
) − 1) (h7

− h0) 

S5.4+S5.6+S5.11 

Then, assuming that we have ideal heat exchangers ε1 = ε2 = 1, and relatively small 

quantities of water collected across the membrane ṁF ≫ Δṁ and ṁD ≫ Δṁ, we obtain 

the simplified expression in equation (5.13). This simplified expression is commonly 

used throughout the literature to calculate the thermal load of MD. 

Q̇load = ṁD cp (TD,out − TD,in) S5.13 

5.6.2 Supplementary Note 5.2: Analysis of Sensor Data 

Figure S5.2 shows how experimental data from 10 sensors on the laboratory bench are 

used to calculate the specific heat and specific work input of the MD system. Sensors 

include temperature, pressure and mass flow at the MD inlets and outlet, TF,in, TF,out, 

TD,in, TD,out, pF,in, pF,out, pD,in, pD,out, ṁF,in, ṁD,in, and ṁD,out. Results for specific heat 
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are input to the perturb and observe algorithm which then updates command signals sent 

to the operating conditions. 

 
Figure S5.2. Real-time feedback loop for evaluating specific heat input and utilizing 

minimum energy tracker to adjust feed flow rate, distillate flow rate, and feed 

temperature 
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5.6.3 Supplementary Note 5.3: Sample Test Results, Data Analysis, and Propagation of 

Uncertainty 

Table S5.1 provides a sample of the collected sensor data, along with analysis and 

propagation of experimental uncertainty. 

Table S5.1 Analysis of sensor data with propagation of uncertainty. 

Parameter Value Measurement or Analysis 

Inlet feed 

temperature TF, 

in 

39.344 ± 0.465 

°C 

Temperature transmitter, 800-200-1-1-8-8-040-6 

RTD, Noshok (Berea, OH), 200 ± 0.837 °F 

Outlet feed 

temperature TF, 

out 

34.850 ± 0.465 

°C 

Temperature transmitter, 800-200-1-1-8-8-040-6 

RTD, Noshok (Berea, OH), 200 ± 0.837 °F 

Inlet distillate 

temperature TD, 

in 

20.638 ± 0.465 

°C 

Temperature transmitter, 800-200-1-1-8-8-040-6 

RTD, Noshok (Berea, OH), 200 ± 0.837 °F 

Outlet distillate 

temperature TD, 

out 

31.416 ± 0.465 

°C 

Temperature transmitter, 800-200-1-1-8-8-040-6 

RTD, Noshok (Berea, OH), 200 ± 0.837 °F 

Inlet feed flow 

rate ṁF,in 
41.828 ± 0.025 

ml/min 

Feed mass flow controller, KD100A-SCF-S0A-

KA-2X, Alicat Scientific (Tucson, AZ), 1 kg/h ± 

greater of 0.2 % full scale or 0.6 % reading 

Inlet distillate 

flow rate ṁD,in 
9.771 ± 0.059 

ml/min 

Distillate mass flow controller, KF-F200A-SCF-

S0A-KA-2X, Alicat Scientific (Tucson, AZ), 10 

kg/h ± greater of 0.2 % full scale or 0.6 % 

reading 

Outlet distillate 

flow rate 

ṁD,out 

10.119 ± 0.060 

ml/min 

Mass flow meter, KD100A-SCF-S0A-KA-2X, 

Alicat Scientific (Tucson, AZ), 1 kg/h ± 0.2 % 

full scale or 0.6 % reading 

Feed pressure 

drop ΔpF 

0.117 

± 0.0375 psi 

Differential pressure sensor, PS-30PSID-D/5P, 

Alicat Scientific (Tucson, AZ), 15 ± 0.375 psi 

Distillate 

pressure drop 

ΔpD 

0.031 

± 0.0375 psi 

Differential pressure sensor, PS-30PSID-D/5P, 

Alicat Scientific (Tucson, AZ), 15 ± 0.375 psi 

Outlet distillate 

pressure PD, out 

5.24 

± 0.75 psi 

Pressure controller, PCS-100PSIG-D-PCA17/5P, 

Alicat 

Scientific (Tucson, AZ), 300 ± 0.75 psi 

Water distillation rate 

Water flux Jw 
4.971 

± 1.205 lmh 

Jw = 
ṁD,out−ṁD,in

A
, δJw =

√(δṁD,out)
2
+ (δṁD,in)

2
 

Thermal energy requirements 

Heat flux from 

feed Q̇F 

 

13.109 

± 1.919 W 

 

Q̇F = ṁF,in cp (TF,in − TF,out), δQF =

[(cp (TF,in − TF,out) δṁF,in)
2
+

(ṁF,in cp δTF,in)
2
+ (−ṁF,in cp δTF,in)

2
]
1/2

  

https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://www.alicat.com/models/kco-series-coriolis-mass-flow-controllers/
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
https://documents.alicat.com/specifications/DOC-SPECS-P.pdf
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Table S5.1 - continued 

Parameter Value Measurement or Analysis 

Heat flux to 

distillation Q̇D 

7.344 

± 0.450 W 

Q̇D = ṁD,out cp (TD,out − TD,in), δQD =

[(cp (TD,out − TD,in) δṁD,out)
2
+

(ṁD,out cp δTD,out)
2
+ (−ṁD,out cp δTD,in)

2
]
1/2

 

Specific heat 

input q 

627.850 ± 

177.885 kWh/m3 q̇ =
Q̇D A⁄

Jw
, δq̇ = √(

1

Jw
 δQ̇D )

2

+ (
Q̇D

Jw
2  δJ )

2

 

Gain output 

ratio GOR 
1.062±0.300 

GOR =
Q̇D
∆H
, δGOR = (

∆H

Q̇D
2)δQ̇D 

where ∆H =667 kWh/m3 

Mechanical energy requirements 

Feed pump 

work ẆF 

54.865×10-5 ± 

18.027×10-5 W 

ẆF = ṁF v (pF,in − pF,out) 

, 

δẆF = √(v ΔpF δṁF)
2 + (ṁF v δΔpF)

2 

where ν =  0.001 m3/kg 

Distillate pump 

work ẆD 

3.481×10-5 ± 

4.210×10-5 W 

ẆD = ṁD v (pD,in − pD,out), δẆD =

 √(v ΔpD δṁD)
2 + (ṁD v δΔpD)

2 

where ν =  0.001 m3/kg 

Specific work 

input w 

0.027 ± 0.011 

kWh/m3 

ẇ =
ẆF+ẆD

Jw A
, δẇ =

√(
δẆF

Jw
 )
2

+ (
δẆD

Jw
 )
2

+ (
(ẆF+ẆD) δJw

Jw
2  )

2

 

5.6.4 Supplementary Note 5.4: Step Response of MD System 

In the Results section 5.4.2, Figure 5.8 shows the response of key performance metrics 

to step changes in the operating conditions, including a change in feed circulation rate, 

distillate circulation rate, and feed temperature. Results are shown for key metrics such as 

water flux, heat flux, and specific heat input, which are obtained by analysis. Here in in 

Figures S5.3, S5.4, and S5.5 we report raw sensor data that was used in this analysis. 
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Figure S5.3 Raw sensor data used to prepare Figures 5.8(a), which shows the response of 

the MD system to a step change in feed circulation. 
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Figure S5.4 Raw sensor data used to prepare Figures 5.8(b), which shows the response of 

the MD system to a step change in distillate circulation. 
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Figure S5.5 Raw sensor data used to prepare Figures 5.8(c), which shows the response 

of the MD system to a step change in feed temperature. 

5.6.5 Supplementary Note 5.5: Tracking Minimum Specific Heat Input in Real-Time 

In the Results sections 5.4.3 and 5.4.4, Figures 5.10 and 5.11 show the successful 

implementation of the proposed real-time tracker with specific thermal energy input 

steadily decreasing in response to coordinated changes in feed circulation rate, distillate 

circulation rate, and feed temperature. Here in Figures S5.6 we report raw sensor data 

that was used in this analysis. 
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Figure S5.6 Raw sensor data used to prepare Figures 5.11 and 5.12, which show specific 

heat input and specific work as operating conditions are adjusted over time. 

  



 182 

CHAPTER SIX 

CONCLUSIONS 

 

 

 

6.1 Contributions 

6.1.1 Thermally Enhanced Reverse Osmosis for Reducing the Specific Energy 

Consumption of Seawater Desalination 

Chapter Two contributes a new thermodynamic perspective to reverse osmosis 

desalination by establishing a framework for evaluating the integration of thermal energy 

into reverse osmosis systems. Unlike previous studies that largely overlook the cost of 

heating the feedwater, this work presents the first comprehensive energy balance for 

thermally enhanced reverse osmosis, capturing both mechanical and thermal energy 

inputs. The developed analytical model determines how feed temperature affects water 

flux, energy use, and permeate quality, and defines the conditions under which thermal 

assistance yields net energy savings. By introducing performance thresholds for thermal 

efficiency and heat recovery, this chapter identifies the operating conditions where 

heating the feedwater, using low-grade or waste heat, can improve the overall energy 

performance of reverse osmosis. These insights pave the way for hybrid thermal-RO 

configurations that more effectively leverage renewable heat sources in sustainable water 

treatment applications. 

6.1.2 Thermally Driven Reverse Osmosis as a Novel Process Using Heat for Water 

Desalination 

Chapter Three presents a novel thermally driven reverse osmosis system that utilizes 

thermal energy, available from various renewable or waste heat sources, as the primary 

driver for water desalination. In this study, the contribution lies in formulating a 
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comprehensive thermodynamic model of thermally driven reverse osmosis system, 

including design constraints such as piston configuration, working fluid thermophysical 

properties, and recovery ratios. By applying both the first and second laws of 

thermodynamics, the chapter calculates performance metrics, such as specific heat input, 

gain output ratio, and efficiencies, and demonstrates the feasibility of operating thermally 

driven reverse osmosis system with low-grade heat sources. This work provides a new 

pathway for leveraging renewable or waste thermal energy in desalination, bridging the 

gap between conventional reverse osmosis and thermal systems, and laying the 

foundation for future development of mechanically simplified, heat-driven water 

purification technologies. 

6.1.3 Minimizing Thermal Energy Consumption in Membrane Distillation via  

Real-Time Control Strategies 

Chapter Four introduces a novel, experimentally validated real-time control 

framework for improving the energy efficiency of membrane distillation systems. Unlike 

previous studies that rely on static optimization or simulation-based control, this work 

develops and implements a feedback-based perturb-and-observe algorithm to 

dynamically reduce specific heat input. The contribution lies in demonstrating, for the 

first time, a fully functional real-time control loop that adjusts feed temperature, feed 

circulation rate, and distillate flow rate based on live sensor feedback. The experimental 

setup and methodology provide a scalable template for membrane distillation system 

optimization in variable field conditions. This work establishes a new direction for 

energy efficient operation of membrane distillation systems, enabling them to self adjust 
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to reduce energy use, and making membrane distillation more viable for integration with 

low-grade heat and renewable sources. 

6.1.4 Feasibility Study of an Ocean Thermal Membrane Distillation System 

Chapter Four presents a comprehensive energy efficiency assessment of an ocean 

thermal membrane distillation, introducing a novel desalination approach that couples 

membrane distillation with ocean thermal gradients. The study focuses on evaluating the 

performance and energy requirements of ocean thermal membrane distillation in remote 

islands. Key contributions include the development and analysis of three ocean water 

intake configurations, quantification of cold water pumping work using detailed head loss 

models, and identification of design constraints for thermally preserving deep sea water. 

The chapter introduces a combined energy evaluation approach for bench-scale and 

ocean-scale pumping, highlighting the sensitivity of system performance to flow rate 

ratios and pipe dimensions. Notably, the study shows that with appropriate design, 

especially optimized flow conditions and intake pipe sizing, the specific energy 

consumption of ocean thermal membrane distillation can be lower than that of 

conventional reverse osmosis. 

6.2 Publications 

6.2.1 Journal Papers 

1. S. Yagnambhatt, S. Khanmohammadi, and J. Maisonneuve, “Reducing the 

specific energy use of seawater desalination with thermally enhanced reverse 

osmosis,” Desalination, vol. 573, p. 117163, Nov. 2023, doi: 

10.1016/j.desal.2023.117163. 
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2. S. Yagnambhatt, S. Khanmohammadi, and J. Maisonneuve, “Demonstration of a 

real-time maximum power point tracker for salt gradient osmotic power systems,” 

Applied Energy, vol. 376, p. 124205, Aug. 2024, doi: 

10.1016/j.apenergy.2024.124205. 

3. S. Khanmohammadi, S. Yagnambhatt, D. DelVescovo, and J. Maisonneuve, 

“Thermally driven reverse osmosis: thermodynamics of a novel process that uses 

heat for desalination and water purification,” Desalination, vol. 613, p. 119103, 

Oct. 2025, doi: 10.1016/j.desal.2025.119103. 

6.2.2 Conference Presentations 

1. S. Chintalacheruvu, S. Khanmohammadi, and J. Maisonneuve, “Effectively Using 

Heat to Thermally Enhance Reverse Osmosis and Reduce Specific Energy 

Consumption of Desalination.” Poster presentation, North American Membrane 

Society (NAMS), Tuscaloosa, AL, May 2023 

2. S. Khanmohammadi, S. Yagnambhatt, J. Maisonneuve, “Demonstration of a Real-

Time Maximum Power Point Tracker for Salt Gradient Osmotic Power Systems.” 

Poster presentation, North American Membrane Society (NAMS), Santa Fe, NM, 

May 2024. 

6.2.3 Technical Reports 

1. T. Ayanlade, F. Caragay, G. Griest, A. Kobus, S. Khanmohammadi, L. 

Markowitz, R. Younes, and J. Maisonneuve, “Ocean Thermal Membrane 

Distillation: Water & Energy Solutions for Remote Islands”, U.S. DOE Marine 

Energy Collegiate Competition, May 2025. 
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2. M. Brauer, G. Griest, S. Khanmohammadi, L. Markowitz, S. Yagnambhatt, M. 

Zheng, and J. Maisonneuve, “Using Ocean Thermal Gradients to Desalinate 

Water for Remote Island Communities”, U.S. DOE Marine Energy Collegiate 

Competition, May 2024. 

3. S. Averitt, S. Chintalacheruvu, S. Khanmohammadi, N. Lemmons, D. Zehler, and 

J. Maisonneuve, “Harnessing the Energy of Saltwater Gradients to Improve the 

Efficiency of Seawater Desalination”, U.S. DOE Marine Energy Collegiate 

Competition, May 2023. 

6.3 Future Work 

6.3.1 Thermo-Kinetic Considerations and Practical Constraints in a Real  

        TDRO Module 

Based on the promising results of this study, I believe further research is needed to 

advance thermally driven reverse osmosis (TDRO) toward practical implementation. A 

deeper understanding of important factors is essential to optimize performance and 

design feasibility. In particular, the thermal kinetics of the process, including heat loss 

and heat recovery under realistic operating conditions, should be thoroughly examined. 

Additionally, challenges related to membrane selectivity, treatment of highly saline feeds, 

and achieving high recovery ratios, as commonly encountered in conventional RO 

systems, remain important areas for study. Long-term system performance, material 

durability, and effective integration with renewable heat sources also need to be 

evaluated to realize the full potential of TDRO as a sustainable and decentralized water 

desalination technology. 
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6.3.2 Real-Time Tracking of Maximum Exergy Efficiency in Membrane Distillation 

Systems 

This dissertation focused on reducing the specific heat input of a membrane 

distillation (MD) system; however, I think future work should consider not only the 

quantity but also the quality of energy consumed. Specifically, the exergy content of 

thermal input, reflecting its thermodynamic usefulness, should be included into real-time 

optimization. For example, using a small amount of high exergy heat at 50 °C may, in 

some cases, be preferable to using a larger amount of low exergy heat at 30 °C, 

depending on the overall system context. Future studies could therefore integrate exergy-

based control strategies alongside energy metrics to better reflect the true cost and value 

of thermal energy input. Additionally, broader optimization criteria, including 

environmental impacts such as CO₂, SOₓ, and NOₓ emissions, as well as economic cost 

could be included to support sustainable system design. This would allow for a more 

holistic, multi-criteria decision-making framework, particularly important when 

comparing systems that rely on high temperature versus low grade heat sources under 

real world environmental and policy constraints. 

6.3.3 Advancing OTMD Through Hydraulic Design Improvements, Thermal  

Optimization and Renewable Integration 

Future work should include full-scale hydraulic and thermal modeling of the ocean 

water intake and discharge system, with particular attention to factors such as biofouling, 

thermal losses, unsteady flow behavior, and structural durability under high-pressure 

deep-sea conditions. Insulation analysis of the intake pipe is especially critical, as cold 

water drawn from the ocean depths may experience significant temperature gain before 
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reaching the surface, thereby reducing system efficiency. Additionally, future studies 

could explore hybrid OTMD systems powered by renewable sources such as solar, wind, 

or ocean wave energy to enhance system independency in remote or off-grid regions. In 

such systems, smart control strategies would be needed to manage fluctuating energy 

inputs. Given the shared infrastructure and reliance on ocean thermal gradients, 

integrating OTMD with Ocean Thermal Energy Conversion (OTEC) systems could 

further improve overall system efficiency. Investigating thermal coupling mechanisms 

and potential heat recovery between the two processes represents a promising area for 

future research. 

6.4 Outlook 

This dissertation takes a broad look at how thermal energy can be used to improve 

desalination technologies. It explores several approaches, including thermally enhanced 

RO, thermally driven RO, controlled membrane distillation, and the use of ocean thermal 

energy for water treatment. Together, these studies show that low-temperature heat 

sources, such as waste heat, solar energy, or ocean thermal gradient, can play a key role 

in making desalination more energy-efficient and practical, especially in remote or off-

grid areas. The work successfully meets the goals set out in the introduction and, in many 

ways, goes beyond them by offering new ways to design systems that use less energy and 

are better suited for real-world conditions. The models, experiments, and control methods 

developed here can be used to guide future research on hybrid systems, better 

automation, and stronger connections with renewable energy. Overall, this research helps 

move desalination toward being more sustainable, affordable, and widely available, with 

the potential to make a real difference in solving global water challenges. 
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