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Abstract 

Strategies to Enhance Performance of Solar Driven Desalination 

by 

Pratiksha Digambarsing Dongare 

 

Solar-driven evaporation-based distillation processes provide a promising solution 

to meet the increasing global fresh water need by purifying alternative high salinity 

sources like seawater and brackish reservoirs. With more than a billion people around the 

world lacking access to clean water and electricity, it becomes important to develop 

solutions capable of completely off-the-grid operation. Given the amount of sunlight 

incident at a given location per unit area per unit time, it becomes crucial to utilize the 

available photons as effectively as possible to maximize the clean water production. In 

our recent work, we demonstrate that photon flux redistribution, by focusing incident 

sunlight with lens arrays into small “hot-spots”, on top of a photothermal membrane 

dramatically increases – by more than 50% - the flux of distilled water. This large boost 

in efficiency results from the nearly exponential dependence of water vapor saturation 

pressure on temperature, and therefore on incident light intensity. We also demonstrate 

that the energy used for phase change in distillation can be recovered from the distilled 

water to preheat the input water and matching the feed and distillate flows achieves a 

resonance condition in heat transfer. The purified water production is maximized at the 

resonance condition and can be optimized for a given system size, system losses and 

incident light intensity. Exploiting the inherent but previously unrecognized optical 

nonlinearity and resonant heat recovery should enable the design of substantially higher-

throughput solar thermal desalination methods. These mechanisms are capable of 

enhancing a far wider range of photothermally driven processes as light-driven chemical 

reactions, separation methods, and thermal energy storage. 
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Chapter 1: Introduction 

1.1 Need for Water Treatment 

Undeniable effects of climate change, increasing population and global industrialization 

are resulting in increasing shortage of clean water and pollution of available usable water 

sources[1–3]. If we look closely at the water available on the Earth, we will find that ~71% of 

the Earth’s surface is covered with water, then why do more than 4 billion people around the 

world not have enough water to use every day[2,4]? To understand the answer we need to break 

down the water content on the Earth in the sources of the water. More than 97% of the water on 

the Earth is contained in seas and oceans as saline water and ~2% is stored in the form of ice and 

glaciers[5]. So effectively, less than 1% of the water on Earth is usable fresh water[5]. One 

obvious solution that comes to mind when we look at this water distribution is can we convert 

the saline water sources to fresh water? And the answer is yes[1,6]!  

The need to convert saline water reserves to fresh water has resulted in construction of 

around 20,000 desalination plants worldwide in more than 120 countries and 15,906 among them 

are currently operational[7,8]. Almost half of these desalination plants treat seawater (total 

dissolved solids ~ 30,000 ppm), while the remaining work with brackish water sources (total 

dissolved solids ~ 30,000 ppm)[7,8]. These desalination plants collectively produce 86.8 million 

cubic meters of fresh water per day, enough to meet daily water requirements of 300 million 

people [9,10]. Nearly all of these desalination plants utilize conventional fuel sources for their 

operation. These plants annually consume 75 TWh of energy, which amounts to 50% of their 

operational costs [11–13] and 0.4% of the world electric power consumption [14]. As an 

example, Carlsbad desalination plant in San Diego County in California provides 10% of the 
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water needed by 3.1 million people living in this area; but costs twice as much as the municipal 

water source[7].  

Closer look at the energy needed for desalination plants reveals that almost all of this 

energy is generated with conventional fuel sources, which inherently requires significant amount 

of water for a range of underlying processes involved, like fuel extraction, refining, cooling, etc. 

This means, to generate water you need energy and to get that energy you need more water, 

setting up an interdependent cycle. The possibility of directly utilizing renewable energy would 

help break this cycle and reduce the highly demanding cost of operation for desalination, making 

clean water affordable and accessible around the world. 

1.2 Current Solutions and Challenges 

Reverse osmosis (RO) is the most popular technology used in the desalination plants. The 

water recovery of RO based desalination plants ~50-60%, which means when 1 liter of saline 

water gets treated, it produces 500-600 mL of fresh water and 400-500 mL of brine waste. With 

the water purification capacity of the desalination plants, they produce almost as much brine 

waste as the fresh water i.e. tens of million cubic meters per day. This brine waste is either 

disposed off in 10,000 feet deep saltwater disposal wells or is discharged in saltwater bodies 

leading to ecological impact[8]. RO systems also need specialized membranes and very high 

pressures and thus increasing energy demands to treat saline water resulting in additional 

cost[15]. 

Other popular desalination technologies are mechanical vapor compression, 

humidification-dehumidification, multistage flash, membrane distillation[1]. Technologies like 

multistage flash have significantly high water recovery, because they produce fresh water by 

evaporation and condensation of water from the saline source. However, these technologies 
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require large system size and investment and thus cannot be implemented on a household or 

community scale level.  

With more than a billion people in the world facing water scarcity living in the 

impoverished areas with limited resources, it is a need of today to develop sustainable, low cost, 

easy to operate small scale desalination systems for individual or community use. Therefore, 

with a broader goal of creating a reliable water future for the planet, many research groups 

around the world are working on developing solar driven desalination systems using different 

system designs and materials[16–34].  

In this thesis, I will discuss the general principles of solar driven desalination and 

demonstrate how we can utilize fundamental physical principles underlying the involved 

processes to efficiently utilize the incident solar energy to maximize fresh water production. 
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Chapter 2: Solar Driven Desalination 

2.1 Understanding the Solar Still 

One of the very old technologies with its first known demonstration dating back to 16th 

century using solar energy for desalination is a solar still. In a modern solar still, a tank of water 

coated black to absorb most of the incident sunlight is filled with saline water. A transparent 

tilted window at the surface of the still allows the sunlight to fall on the saline water and get 

absorbed by the water and the surface underneath and result in the increase of the temperature of 

the water (Fig. 2.1a). This temperature increase leads to the increase in the saturation pressure of 

water vapor and when this vapor pressure overcomes the external pressure, the water vapor starts 

evaporating from the heated saline water surface (Fig. 2.1b). As the water evaporates, the water 

absorbs the latent heat of vaporization for this phase conversion. This latent heat of vaporization 

reduces with increasing saline water temperature. Now this evaporated water vapor needs to 

diffuse to the cold transparent window on the face of the solar still and as it travels it loses its 

energy (Fig. 2.1c). Once the water vapor reaches the colder surface, it condenses on the face of 

the transparent window and releases its latent heat of condensation (Fig. 2.1d). The tilted 

window of the solar still is designed to let the condensed water droplets roll and collect in the 

fresh water tank at the end of the window slope. This solar still design is very simple and easy to 

operate and thus is used in resource limited, remote locations to purify water from saline or 

polluted sources. The practical limitation of the solar still is its limited water production 

capability as significant energy is lost in heating up the bulk water whereas the evaporation 

occurs only on the water surface. Also the large distance for diffusion results in significant vapor 

loss before reaching the condensation surface. 
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The example of the solar still gives us an understanding of the phenomena underlying 

solar energy driven conversion of saline water to fresh water, which are: 

1. Light absorption (i.e. light to heat conversion) 

2. Water evaporation (i.e. latent heat of vaporization) 

3. Water vapor diffusion 

4. Water vapor condensation (latent heat of condensation) 

 
 

Figure 2.1 | Schematic of a solar still. (a) Light absorption by the water and the surface 

underneath to increase the temperature of the input saline water in the still. (b) Evaporation of 

the water vapor from the heated saline water. (c) diffusion of the evaporated water vapor to the 

tilted transparent window. (d) Condensation of the water vapor on the colder window surface 

guiding the condensed water droplets to get collected in the tank producing fresh water.  
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2.2 Specific Water Productivity 

The water production from solar driven desalination can be expressed as specific water 

productivity (SWP)[35] in terms of each of the underlying phenomena mentioned in the earlier 

section as: 

                            

Where,  

    is the purified water flux in volume of water purified per unit time per unit area,  

      is the latent heat of vaporization,  

  is the incident light intensity,  

     is the percentage of the light energy converted into heat through absorption,  

     is the percentage of the generated heat used for the evaporation of water,  

    is the gained output ratio and it is a measure of degree to which the heat released in 

the condensation of the water vapor is reused further for water evaporation.     is the ratio of 

the water distilled generated from condensation to the water evaporated in the first cycle. We 

will discuss     in detail in later sections.  

In the following chapters, we will consider each one of these aspects of saline to fresh 

water conversion and discuss the strategies of optimizing the performance of solar driven 

desalination with photon flux redistribution, heat localization with nanoparticles, diffusion 

increase with thin membranes, and resonant heat recovery.  

3.3 Variation of saturation pressure of water vapor with temperature 

Efficiency limiting step in solar driven desalination is the energy intensive phase change 

process. To help our analysis ahead we need to understand how the saturation pressure of water 
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vapor which leads to the evaporation of water vapor from the water surface is dependent on the 

temperature. 

Claucius-Clapeyron equation gives the relationship between pressure and temperature for 

the first order phase transition. For first order phase transitions the Gibb's free energy     is 

constant, thus we can write: 

      where,    is the initial Gibb's free energy and    is the final energy. 

Thermodynamic relation gives us: 

             
 

Where,   is entropy,   is pressure,   is volume and   is temperature. 

Thus,  

        

 

                       

 

                     

 
  

  
  

       

       
 

 
  

  
  

        

        
  

       

        
 

 

Where    and    is initial and final heat of the system respectively. For the first order phase 

transition this change in heat of the system is equivalent to the latent heat of phase change   , 

which gives us: 

  

  
  

  

        
 

Now considering water to vapor transition and assuming water vapor to be an ideal gas (this is 

just an approximation to get a simpler form after integrating the above Claucius-Clapeyron 

equation) we get: 
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where,    is volume of the vapor and    is the volume of the liquid. In liquid to gas phase 

transition,       thus,  

     
  

 
  

     
 

 

Where,      is saturation pressure of water vapor. Considering the water vapor as the ideal gas, 

from ideal gas law,           where    is molar volume and   is the ideal gas constant.  

Therefore, 

     
  

 
   

   
 

 
     
 

 
    

   
 

Integrating we get:  

        
  

  
    

 

           
  
  
  

 
 

where    and    are constants. Concentration of water molecules in the vapor   is therefore given 

by:   
       

  
 

   
  
  
  

 

  
 

Though we have assumed the water vapor to be an ideal gas in our derivation above for the 

relationship of saturation pressure and concentration of water vapor with temperature, the 

thought process and derivation helps us see that the saturation pressure is exponentially (non-

linearly) dependent on temperature. This understanding will help develop strategies to better 

utilize the incident solar energy for solar driven desalination as explained in the next chapters. 
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Chapter 3: Nanoparticle Assisted Light Driven Desalination 

3.1 Recent Developments and Opportunities 

In conventional solar stills, the light absorption leads to the heating of the bulk water 

whereas the evaporation only happens at the surface of the water making the process less 

efficient. With the advancement of nanotechnology and better understanding of interaction of 

light with nanoparticles, now the optical properties of the nanoparticles dissolved in water can be 

tuned such that the incident light gets absorbed in only a few microns thick water layer at the 

illumination surface[21,31]. This leads to efficient conversion of light to heat at the surface of 

the water with the broadband light absorption of the nanoparticles with the multiple absorption 

and scattering interactions.  

 

Figure 3.1 | Physical and optical properties of carbon black. (a) transmission electron 

microscopy image of carbon black nanoparticles show layers of carbon atoms stacked together. 

(b) Raman spectroscopy measurements show the Stokes peaks at around 1500 cm-1 

(corresponding to G peak in graphene) and at around 2700 cm-1 (corresponding to 2D peak in 

graphene). The high intensity of D peak at around 1300 cm-1 shows high defect levels compared 

to planar graphene. (c) Absorption spectra for varying concentrations of carbon black in water. 

Many research groups around the world have demonstrated use of different nanoparticles 

like carbon based materials, metallic nanoparticles, semiconductor nanoparticles to achieve 

maximum light absorption from incident sunlight by tuning the material and shape of the 
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nanoparticles to give an ensemble absorption spectrum spanning and matching the solar 

spectrum[1,4–8,16–20,23–28,30,32–34,36–84]. In these research studies these nanoparticles are 

supported on a porous floatable substrates that allow the water to come up through the pores and 

interact with the nanoparticles to transfer the heat generated from the light absorption. Detailed 

study of the interaction of light with these nanoparticles has led to reaching more than 95% light 

to heat conversion in many of these systems.  

Based on the light localization in nanoparticles, we recently developed nanophotonics-

enabled solar membrane distillation (NESMD) system[85], which not only utilizes the 

temperature increase in the few microns thick CB nanoparticle layer, but also allows efficient 

diffusion through ~100 microns thick membrane. Figure 3.1 shows the transmission electron 

microscopy image, Raman spectra and broadband absorption of these carbon black (CB) 

nanoparticles with increasing concentration. 

3.2 Nanophotonics-enabled Solar Membrane Distillation 

NESMD is a solar driven system where hydrophobic polyvinylidene difluoride (PVDF) 

membrane is modified to be an effective photothermal transducer by loading it with broadband 

light-absorbing CB nanoparticles[85]. Saline feed water and purified distillate water at ambient 

temperature flow on two sides of this membrane in countercurrent direction. The localized 

heat[21,31] generated by sunlight incident on the absorptive surface layer evaporates water on 

the saline side of the membrane (Fig. 3.2). The membrane facilitates water vapor transport, and 

distilled water is condensed on its output side. NESMD is an entirely solar-driven process, size-

scalable and immune to temperature polarization, overcoming the major limitations of 

conventional membrane distillation (MD)[85]. This approach is a highly attractive candidate for 

off-grid operation and deployment at remote locations. 
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Figure 3.2 | Schematic of nanophotonics-enabled solar membrane distillation. (a) Saline 

feed and purified distillate flow on the top and bottom of the photothermal membrane in 

countercurrent flow. (b) Water evaporated from the membrane-water interface on top travels 

through the membrane and condenses at the membrane-water interface at the bottom. 

Dimensions of our proof-of-principle NESMD system were 8.1 cm × 3.48 cm and the 

PVDF membrane was electrospun with CB nanoparticles dispersed in polyvinyl alcohol (PVA) 

solution. The experiments were conducted in Houston, TX with the ambient sunlight. Finite 

element method (FEM) based three dimensional model developed with COMSOL Multiphysics 

5.2 was used to describe the coupled heat, fluid and mass transfer processes in the NESMD 

system. Table 3.1 lists different regions in the NESMD system and the respective equations 

solved in each region. Details about the FEM based three dimensional modeling of the NESMD 

system can be found in our previous work[85].  

Region Navier-Stokes and 

continuity equation 

Thermal transport 

equation 

Diffusion equation 

Feed Channel 
  

- 

CB in PVA Layer 
  

- 

PVDF Membrane - 
  

Distillate Channel 
  

- 
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Table 3.1 | 3D FEM modelling equations used in different regions of NESMD. Following 

table shows different regions of the NESMD system modelled by 3D FEM modelling and the 

respective equations solved in each region marked with the tick signs. 

Experimental water production rates obtained from the lab scale 8.1 cm × 3.48 cm 

NESMD system match well with the theoretical predictions using the three dimensional FEM 

simulations[85]. Capabilities of FEM based simulations were then exploited to predict the 

behavior of NESMD system by varying system size, feed flow rates, membrane porosity and 

ambient temperature. Key takeaways from our previous work are listed in the following 

subsections. We will consider the specific water productivity (SWP) expression for solar driven 

water production from previous chapter to help understand the role of each parameter analyzed 

in the increment of the water production rate given by: 

                            

3.2.1. Light Absorption in CB Nanoparticle Layer 

Experimental diffuse reflectance of photothermal PVDF membranes coated with different 

concentrations of CB nanoparticles is matched with the Monte-Carlo simulated reflectance for 

the combined photothermal membrane with varying optical absorption and scattering 

coefficients. The match reveals that more than 90% light is absorbed in less than 10 microns 

thick layer at the top of the CB coating (Fig. 3.3). Inputting the resulting absorption coefficients 

in the FEM simulations help us maximize the temperature increase at the surface of the 

membrane by optimizing the CB concentration at 5.5 weight% which corresponds to an 

absorption coefficient of 1000 cm
-1

 (Fig. 3.4). Increasing the concentration of CB in the 

photothermal coating increases      in the specific water productivity (SWP) relation. However, 

for very high concentrations the temperature increase is maximized a bit farther from the 

membrane and thus there exists an optimized concentration where the temperature at the 
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membrane surface is maximized, which results in maximizing           in the specific water 

productivity (SWP) relation (Fig. 3.3 and 3.4). 

 

Figure 3.3 | Optical characterization of the photothermal membrane. (a) SEM image of the 

cross-section of the bilayer membrane. (b)-(d) Spatial photon absorption distributions in bilayer 

membrane as a function of CB concentration (weight %), corresponding to the dimensions 

shown in (a). (b): 1.1 wt% ; (c): 5.5 wt%; (d): 11 wt%. 

 

Figure 3.4 | Absorption and resulting average temperature at the PVDF membrane surface 

due to CB NPs. (a) Temperature at the PVDF membrane surface with varying CB NP 

concentration in the top PVA layer (log scale) with different thicknesses of photothermal 

coatings: 32 microns (black), 25 microns (red) and 18 microns (blue). The grey dotted lines 

corresponds to 1.1, 5.5 and 11 weight % of CB NP concentration in PVA for which photon 

absorption maps are shown in fig. 2.7b,c,d respectively. (b) Variation of reflectance of 

photothermal membrane containing 5.5 weight % CB NP concentration in PVA (blue) with solar 

spectral irradiance (black) in the range of 400 nm to 800 nm. The average reflectance value gives 

the average absorption coefficient of 182 cm-1/weight%. 
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3.2.2. Water Production Rate with Feed Velocity 

NESMD water production increases with decreasing saline feed velocity, whereas MD 

water production reduces with decreasing saline feed velocity (Fig. 3.5a). In NESMD slower 

feed velocities give saline water more time to interact with the light absorbing CB nanoparticle 

layer. Slower feed velocities increase      in the specific water productivity (SWP) relation, 

allowing more of the generated heat from the nanoparticles to be utilized for water evaporation. 

In MD, slower feeds increase loss through conduction across the membrane due to temperature 

polarization and thus reduce the purified water flux. 

 

Figure 3.5 | Analysis of performance of NESMD with feed velocity and porosity (a) Flux 

dependence on the feed velocity (log scale) for NESMD (solid lines) and MD (dashed lines) for 

different PVDF membrane porosities 65% (black, equal to experimental value), 75% (red) and 

85% (blue). Distillate flow is 136 mL/min (equal to the experimental value). All parameters are 

the same as in Fig. 2.7 except the illumination area, which is assumed here to be equal to the area 

of the device. (b) Effect of membrane porosity on its thermal conductivity and diffusion 

coefficient from Maxwell-Eucken theory. 

3.2.3. Water Production Rate with Porosity 

Increasing porosity increases the water production rate in both NESMD and MD because 

the diffusion coefficient of the membrane increases with increasing porosity, whereas the 
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thermal conductivity goes down resulting in reduced losses. In the specific water productivity 

(SWP) relation, increasing porosity increases      due to reduced losses (Fig. 3.5a). 

3.2.3. Water production rate with system size 

Increasing the module length increases the water production rate in NESMD, whereas 

water production rate in MD goes down with system length (Fig. 3.6). This effect comes from 

increasing losses and temperature polarization in MD with system length and increasing 

interaction time of feed and CB nanoparticles in NESMD. With respect to the specific water 

productivity (SWP) relation, increasing system size increases      in NESMD. Increasing 

system width while keeping the flow rate in terms of volume of water per unit time constant, has 

a similar effect as reducing the feed and distillate velocities. 

 

Figure 3.6 | Analysis of performance of NESMD with scalability. Flux dependence on cell 

length for NESMD (solid lines) and MD (dashed lines) for different cell widths: 3 cm (magenta), 

5 cm (green) and 10 cm (black).   

3.2.3. Water production rate with ambient temperature 

In NESMD, increasing ambient temperature increases the water production from the 

system (Fig. 3.7). Closer look at the concentration of water vapor relation (derived in section 2.3) 
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shows us that              , where      is the saturation pressure of water, and it depends 

exponentially on temperature [86]. Figure 3.8 shows concentrations c for the experimental 

(black) and scaled device (red) with their dependence on ambient temperature (dashed lines). As 

expected, the trend is exponential. As concentration increases exponentially, one would expect 

flux and efficiency to follow the same behavior. However, from Fig. 3.7 we observe a fairly 

linear trend in both cases.  

 

Figure 3.7 | Analysis of performance of NESMD with ambient temperature. Flux 

dependence on ambient temperature (same temperature on feed and distillate side) for NESMD 

for two different cell sizes: 3.5 cm × 8.1 cm (black, same as experimental unit) and 10 cm × 100 

cm (red). The feed flow is 17 mL/min and the thermal conductivity of the membrane is 0.084 

W/(m·K) (same as experimental values). 

This apparent mismatch can be explained by calculating the actual temperature gradient 

across the membrane, as reported in Fig. 3.8. Here, it is shown that for higher ambient 

temperature, the temperature drop across the membrane is lower. Therefore, while it is true that   

grows exponentially with temperature, the temperature difference across the membrane, which 

drives molecular diffusion, drops linearly with ambient temperature (Fig. 3.8a). The net result is 

a linearly increasing flux across the membrane. This result is shown in Fig. 3.8b, where 
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concentration gradients in the z-direction for the two device dimensions, experimental (black) 

and scaled device (red), are plotted with respect to ambient temperature (solid lines), showing a 

linear trend. Thus, while the concentration increases exponentially (on both sides of the 

membrane), the concentration gradient has a linear dependence on ambient temperature due to a 

decreasing temperature difference across the membrane. Therefore, operating NESMD module at 

elevated ambient temperatures will increase the device performance with both the feed and 

distillate inlet temperatures being at the ambient temperature. This non-linear dependence of 

saturation pressure of water vapor will be exploited in later chapters to better utilize the available 

solar intensity to maximize water production. 

 
 

Figure 3.8 | Analysis of temperature and concentration across the membrane with ambient 

temperature. (a) Temperature difference between the averages of the temperature of the 

membrane at the feed side and at the distillate side for experimental (black) and scaled (red) size 

of the module for varying input ambient temperatures. (b) Average concentration (dashed line) 

and concentration gradient (solid line) of water vapor in the middle of the membrane for 

experimental (black) and scaled (red) size.             

3.3 Scalable Photothermal Coatings 

Scalability is one of the many advantages that a nanophotonics-enabled solar membrane 

distillation (NESMD) system has over conventional membrane distillation (MD). To be able to 
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practically scale up NESMD, the method to coat evaporating membrane has to be scalable as 

well. Polyvinylidene difluoride (PVDF) membranes were chosen as the diffusion media for 

NESMD due to their high hydrophobicity, good mechanical strength, chemical and thermal 

stability, and high oxidation resistance[87]. A previously demonstrated electrospinning 

method[85] to coat the PVDF membrane becomes expensive and time consuming when 

attempting to coat large membrane surfaces. Therefore, we have developed a new low-cost time 

effective method to coat the PVDF membrane (Pall Corp.) with CB nanoparticles. 150 mg CB 

(Cabot Corp.) and 50 mg poly(vinyl alcohol) (PVA) (Sigma Aldrich, 87-90% hydrolyzed, 

average molecular weight 30,000-70,000) are dissolved in 50 mL ethanol. The solution is then 

sonicated for 1 hour. 100 mg of the same PVA is dissolved in 50 mL deionized (Millipore) 

water. The carbon black solution is spray coated with an airbrush (Master Airbrush) and air 

compressor (Airbrush-Depot model TC-20) onto the PVDF membrane followed by drying in 

ambient conditions. It is important to not wet the membrane while spraying the CB solution as 

this may lead to the CB nanoparticles getting adsorbed deep into the PVDF membrane, reaching 

the bottom side of the membrane. Spray-coating a thin layer of the ethanol solution allows quick 

evaporation and leads to the CB NPs getting adsorbed into a few microns thick layer at the top of 

the PVDF. The PVDF membrane is hydrophobic whereas the CB nanoparticles are hydrophilic, 

therefore adding PVA to the CB solution helps in adhering CB nanoparticles to the PVDF 

surface. After spray coating each layer uniformly, it is blown dry with nitrogen. Following 5 

layers of carbon black, 2 layers of the PVA in deionized water solution are spray coated in order 

to make sure that the nanoparticles adhere well to the substrate. The process is repeated 5 times 

(for a total of 35 layers) until a uniform black coat of carbon black is formed on the substrate. 

This process can further be used to coat any length of the PVDF membrane. To allow the PVA to 
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cross link and better stick to the surface, the spray coated membrane is placed under direct 

sunlight for an hour.  

 
Figure 3.9 | Scalable spray coating of PVDF membranes. (a) Photograph of the spray coated 

PVDF membrane. (b) and (c) SEM image of the surface of the spray coated PVDF membrane at 

different magnifications. (d) SEM image of the vertical cross section of the CB coated PVDF 

membrane shows that CB coating thickness is 3-5 microns. 

Photograph of an ~80 cm long PVDF membrane uniformly spray-coated with carbon 

black nanoparticles is shown in Fig. 3.9a. We have successfully been able to coat > 2 m long 

PVDF membranes manually. Scanning electron microscopy (SEM) images of the spray-coated 

PVDF membranes confirm that the carbon nanoparticles do not block the membrane pores and 

create uniform coverage on the membrane surface as shown in Fig. 3.9b,c. The ability to coat 

any size of the PVDF membrane can allow one to build an NESMD device with a desired 

purified water capacity for any given application.  
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Comparison of Monte-Carlo simulations and the diffuse reflectance of the spray-coated 

CB coatings show that the spray coating method can result in more absorptive CB coatings 

compared to those produced by electrospinning[85] (Fig. 3.10).  

 
Figure 3.10 | Optical properties of CB spray coated PVDF membranes. Comparison of 

experimental diffuse reflectance and Monte-Carlo simulated reflectance helps in obtaining the 

absorption coefficient of the CB coated membrane for varying CB loading. The dashed line 

corresponds to CB concentration of 0.1 mg/cm
2
. 

There is a balancing act to producing optimal CB absorbing layers. Increasing the 

concentration of CB increases the absorption of sunlight, but also blocks more membrane pores.  

The concentration of CB nanoparticles providing high absorption co-efficient with minimally 

loading the membrane is obtained by comparing the experimental and Monte-Carlo simulated 

diffuse reflectance for PVDF membranes with increasing CB nanoparticle concentrations (Fig. 

3.10). The experimental diffuse reflectance spectra are obtained for the CB coating with 

increasing numbers of spray coated layers using UV-Vis-NIR spectrophotometer (Agilent Cary 

5000). The cross-sectional image of the CB coated PVDF membrane shows that the CB 

nanoparticles penetrate a depth of 3-5 microns on top of the membrane surface (Fig. 3.9d). 

Considering an average CB nanoparticle layer thickness of 3 microns and the scattering 
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coefficients for the PVDF and PVA layers[85] we chose the coating layers corresponding to 

absorption co-efficient of around 3200 cm
-1

 for the photothermal membranes used in the research 

discussed in the following chapters to get maximum solar absorption with minimal CB particle 

loading of 0.1 mg/cm
2
 (Fig. 3.10). The salt rejection for the spray coated membrane is >99%. It 

is calculated using the percentage reduction in salinity from feed to distillate(23). 

Now that we understand the basic mechanism and behavior of NESMD under varying 

operating conditions and we can scale up the system size with the spray coated photothermal 

membrane. We explore strategies to utilize the available sunlight efficiently in the following 

chapters.  
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Chapter 4: Solar Thermal Desalination is a Non-linear 

Optical Process 

4.1 Introduction 

With limited number of solar photons falling on the Earth at a given time and place, it is crucial 

to utilize these photons as effectively as possible to boost the efficiency of solar driven 

desalination. The recently reported nanophotonics-enabled solar membrane distillation 

(NESMD)[85] transforms energy-intensive membrane distillation into a solar-driven 

photothermal process. Non-linear dependence of saturation pressure of water vapor on 

temperature and linear dependence of temperature on light intensity gives us non-linear 

dependence of the saturation pressure on intensity. This realization led us to explore the 

possibility of manipulating photon flux distribution at the photothermal membrane surface of 

NESMD to increase purified water flux through it. We modified the illumination window of 

NESMD with an array of 1 inch and 2 inch diameter lenses. We find that merely focusing the 

incident sunlight into “hot-spots” on the photothermally active desalination membrane 

dramatically increases – by more than 50% - the quantity of distilled water. These large increases 

are entirely distinct from what could be achieved by increasing the total amount of incident light, 

for example, by using solar concentrators. In fact, the presence of lenses at the input face is 

actually responsible for a small decrease in incident sunlight due to back-reflection. This increase 

in distillate flux is a direct result of the nearly-exponential temperature dependence of the 

saturated vapor pressure of H2O responsible for the evaporation process. This recognition that 

NESMD is a nonlinear optical process provides crucial insight for the future design of solar-

based desalination systems with substantially higher efficiencies than have yet been realized. 
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4.2 Adding Multilens Array with NESMD 

The experimental module components are shown in Fig. 4.1. The saline feed is flowed on 

top of the CB spray-coated PVDF membrane. The distillate is maintained in a closed loop on the 

bottom of the membrane and any addition to the distillate from the evaporation through the 

membrane is recorded from the mass gain in the loop with a weighing scale (Torbal AD500) in 

real time. Both the 1” (Thorlabs FRP125 - Ø1" Fresnel lens, f = 25 mm) and 2” (Thorlabs 

FRP232 - Ø2" Fresnel lens, f = 32 mm) diameter Fresnel lens array is incorporated on grooved 

and machined 5 mm thick acrylic sheets on top of the device. The saline feed glass container is 

placed inside the water bath (SoCal Biomed) and the closed loop on the distillate side has a 1 m 

long copper tube inserted in the same water bath to maintain equal input temperatures for feed 

and distillate. Peristaltic pumps (Cole Parmer, UX-73160-32) are used to maintain the feed speed 

of 5 mL/min and distillate speed of 50 mL/min. 
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Figure 4.1 | Fabrication of the NESMD system. Assembly of NESMD system with individual 

components like screws, acrylic frame with grooves to put Fresnel lenses, coated PVDF 

membrane and polycarbonate covers and spacers to separate feed and distillate channels. 

 
 

Figure 4.2 | NESMD with lens array. (a) Schematic of NESMD with incorporated multilens 

array. (b) Schematic of the cross-section of a solar thermal membrane distillation device under 

focused illumination. Saline feed and purified distillate flow are on the top and bottom, 

respectively, of a CB-coated PVDF membrane in a countercurrent configuration. The illuminated 

area is covered with a lens array to concentrate the incident light on the coated membrane 

surface. (c) Picture of a 4 inch × 8 inch NESMD device with 2 inch diameter lens array. (d) 

Closeup photograph of part of the input face of the 4 inch × 8 inch NESMD device with a 2-

inch-diameter Fresnel lens array showing ∼5-mm localized spots of focused sunlight (yellow 

arrows). 

A schematic of the experimental system is shown in Fig. 4.2.  Two NESMD systems with 

dimensions 4” x 8” and 4” x 16” were fabricated (Fig. 4.1). The device framework was 

constructed out of polycarbonate[88]. The PVDF membranes were coated with a carbon black 

(CB) nanoparticle-laden surface layer using a scalable, spray-based coating method that was 

found to be more time-efficient and economical than previously demonstrated electrospinning 
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method[85] (Section 3.3). Using this method, CB nanoparticles were embedded up to  ~5 m 

below the surface of the hydrophobic PVDF membranes facilitating the concentration of light 

energy within this thin top layer[31](Figs. 3.9 and 3.10). Square arrays of 1” diameter (focal 

length f = 25 mm) and 2” diameter (f = 32 mm) Fresnel lenses were positioned above the input 

face of the photothermal membrane by means of a custom-made, grooved acrylic sheet so that 

the focal spot diameter was ~5 mm for both lens arrays (Fig. 4.2)[81]. 

4.3 Experimental Flux Increase with Multilens Array 

The solar experiments with the multilens incorporated NESMD devices were conducted 

at Alamogordo, New Mexico, USA (32.8995 N, 105.9603 W) under an average solar intensity 

of ~700 W/m
2
[81]. The purified water fluxes for both devices with and without the lens-arrays 

are shown in Fig. 4.3.  For unfocused sunlight, both systems (gray bars) produce a distillate flux 

that almost doubles with the twofold increase in active device area demonstrating the predicted 

scalability of NESMD [85]. For the 4”  8” NESMD system,  increases of ~36% and ~57% in 

the distillate flux under focused sunlight with the 1”- and 2”-lens-arrays, respectively, were 

observed relative to the unfocused case. The flux increases observed for the 4”  16” NESMD 

system with the 1”- and 2”-lens-arrays were ~25% and ~36%, respectively[81]. The larger water 

flux increments for the shorter module can be explained by the intrinsic lower efficiency of the 

lensless 8 inch device compared to the 16 inch one (compare the grey bars in the two cases). In 

all experiments, a faster distillate speed, 50 mL/min, was maintained compared to the feed speed 

of 5 mL/min in order to more efficiently remove heat from the membrane-distillate interface, 

sustaining vapor diffusion across the membrane. This is easily achievable with two independent 

pump systems and separate reservoirs for the fluids. 
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Figure 4.3 | Effect of light focusing on temperature and distillate flux in NESMD systems. ( 

Left) Comparison of distillate flux rates of the 4 in. × 8 in. and 4 in. × 16 in. NESMD systems 

without lens array (gray), with 1-in.-diameter lens array (blue), and with 2-in.-diameter lens 

array (red). These values correspond to the purified water flux contribution obtained by solar 

illumination by subtracting the distillate flux values obtained for the same NESMD system in the 

dark. Experimental flux rates (solid bars); theoretical flux rates (cross-hatched columns). (Right) 

photographic images of 4 in. × 8 in. NESMD device input face without lens array (gray border), 

with 1-in.-lens array (blue border), and with 2-in.-lens array (red border). 

4.4 Exponential Dependence of Water Vapor Concentration On Intensity 

A rigorous expression for the temperature dependence of saturation vapor pressure of 

water,     , can be obtained from the second law of thermodynamics by integrating the Clausius-

Clapeyron equation[89] and can be well-approximated by an exponential relation (as 

demonstrated in section 2.3). The water vapor concentration,  , at any point of the membrane 

surface is given by: 

   
       

  
 

where   is the ideal gas constant, and   is the temperature. To calculate the vapor flux, 

we calculate the concentration gradient    across the membrane at each point and apply Fick’s 

first law, which reads: 
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where   is the flux,   is the water vapor molar mass and   is the diffusion co-efficient 

of vapor in the membrane. Here, for simplicity, we consider average values of   for the 

membrane-water channel interface at the top (    ) and bottom (       ) of the membrane. We 

assume a linearly decreasing concentration across the membrane thickness with slope   given 

by: 

   
            

     
 

where       is the thickness of the membrane. In all our experiments we have faster 

distillate speed, 50 mL/min, compared to feed speed,5 mL/min.  If the distillate flows much 

faster than the feed, as is the case here, it efficiently removes heat from the membrane-distillate 

interface, allowing us to assume a constant temperature        at the bottom surface.  This 

allows us to write,  

            
  

     
        

  

     
 

 

Neglecting constants, we have                  .  We also want to keep the 

temperatures in the system in the range of 20-90 C, i.e. 293.15-363.15 K, to avoid wetting the 

membrane near the boiling point of water. In this temperature range the    term in   
       

  
 

varies much less than        , i.e. 
              

              
    

             

            
.  We can then consider    a 

constant in the following discussion, so that   
       

  
      where     , a function of 

temperature, contains the saturation pressure dependence on temperature.  Assuming now that 

the temperature   of the membrane top surface increases linearly with illumination intensity  , 

flux rate   becomes proportional to       a function of intensity. These assumptions are 
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employed here only to present the general concept and are relaxed in the numerical model which 

considers all the relevant physical mechanisms as discussed in later sections[81,85].  

In practice, semi-empirical correlations for         can be used to fit tabulated data and, 

in the range between 20 °C and 90 °C (in most cases, the regime for solar thermal desalinators), 

the saturated vapor pressure of water can be well-approximated by an analytical exponential 

relation as            
   (Fig. 4.4) with    as the base pressure at 0 ºC and   as the fitting 

parameter. The saturation vapor pressure of water can also be fitted using the Antoine equation 

as:                    , Where T is expressed in °C and A,B and C are constants. For 

simplicity, in the following discussion, we will thus refer to the ‘exponential’ trend of the water 

vapor saturation pressure. However, all the finite element method based simulations and 

theoretical calculations employ more accurate fittings (i.e. Antoine equation) for        . 

Assuming now that the temperature at the input face of the device increases linearly with light 

intensity, then      is an exponential function of light intensity. 

 
Figure 4.4 | Water vapor saturation pressure temperature dependence. Tabled data[89] 

(blue circles) are fitted by the Antoine Equation (solid orange line) with parameters A=8.07131, 
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B=1730, C=233.426 and by an exponential function (dotted black line). Inset: exponential fitting 

of psat(T) with               and              . 

4.5 Increasing Intensity versus Magnification 

Many researchers[23–27,30,34] have observed increases in distilled water flux (  ) with 

increasing solar intensity on the active area of the device as shown in Fig. 4.5. This increase in 

flux (  ) is also shown to result in increase in efficiency (   pointing towards non-linear 

dependence of the flux on incident light intensity. This efficiency increase is usually attributed to 

the increase in temperature of the steam[23,24,27,30]. The efficiency of a solar thermal 

distillation system of area A, under sunlight intensity I0 can be expressed as: 

   
      
   

 

where     is the evaporation enthalpy of water. In this work we show that this 

enhancement, generally explained by the temperature increase in the system, effectively comes 

from the exponential dependence of water saturation pressure on temperature. We utilize this 

realization to demonstrate how using small scale optical elements, like array of lenses directly on 

the light-input surface (Fig. 4.2) of a photothermal desalination device, can improve the fresh 

water production efficiency as much as conventional solar concentrators (Fig. 4.3). In fact, the 

effect directly demonstrated in this work has been indirectly observed in the previous studies 

when researchers reported increased efficiencies with increasing solar intensities on the active 

device area. In this work we explain in detail why this efficiency increase occurs and how it can 

be exploited to increase the performance of a light driven thermal device for a given area, 

without increasing its footprint opening possibilities for innovative desalination system 

geometries.   
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Figure 4.5 | Signal/output per unit area of linear and nonlinear processes at different 

intensities and magnifications: NESMD with lens array. (a) Efficiency enhancement under 

one sun illumination––this work––compared with several solar thermal devices described in the 

literature ([Ref 1] Liu et.al. Adv. Sustain. Syst. 1, 1600013 (2017), [Ref 2] Zhou et.al. Nat. 

Photonics 10, 393–398 (2016), [Ref 3] Ghasemi et.al. Nat. Commun. 5, 4449 (2014), [Ref 4] Liu 

et.al. Adv. Mater. 27, 2768–2774 (2015), [Ref 5] Wang et.al. Small 10, 3234–3239 (2014), [Ref 

6] Zhou et.al. Sci. Adv. 2, e1501227 (2016), [Ref 7] Bae et.al. Nat. Commun. 6, 10103 (2015)) 

that showed efficiency enhancements with increasing solar intensity on the active device surface. 

(b and c) Schematic of uniform illumination of a circular area of diameter D. (c) 

Schematic of focused illumination at a spot diameter d by light focusing, defining magnification 

M.  

Let's consider the effect of a lens on the flux rate expression in the previous section. 

Here, we consider a lens of focusing power  , calculated from the ratio of the lens area (     ) 

to the focal spot area (      ), given as:    
     

      
 

     
 

      
 , where       and        are the 

diameters of the lens and focal spot respectively as shown in Fig. 4.5. Considering the 

conventional exponential dependence of water vapor saturation pressure,        , on 

temperature and thus intensity, we get,         ,where   is a constant. In the case of a lens 

array addition, one would then have the exponentially dependent flux rate (    ) as:         

     

 
, where the effective intensity   has been substituted by background intensity    (e.g. natural 
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sunlight) multiplied by the lens focusing power  .  Appearance of   in the denominator in the 

expression for     , arises from the assumption that the area outside the focal spot is not 

illuminated by sunlight and has to be excluded from the average flux rate calculation. However, 

when considering an artificial linear dependence of water vapor saturation pressure,        , on 

temperature, and thus intensity, we have:        , where,   is constant. The linearly 

dependent flux (    ) in this case becomes      
    

 
     . While      increases with  ,      

is independent of the focusing power of the lens as   simplifies. While the physical framework 

described above is approximate, it conveys the general idea of the photon redistribution 

mechanism at the base of NESMD flux rate increase when lenses are employed. 

4.6 Finite Element Method-based Simulation 

A finite element method-based model was used to analyze  the effect of light focusing on 

distillate flux[81,85]. The model incorporates photothermal heating, Navier-Stokes equations for 

fluid dynamics, Fourier equations for thermal transport, and Diffusion equations for mass 

transfer.  The theoretical flux values shown in Fig. 4.3 (cross-hatched columns) were calculated 

by averaging the flux for CB layer thicknesses in the range of 2-5 m and agree well with the 

measured flux.  

Modeling has been performed using COMSOL Multiphysics 5.3a. The details of the 

model for NESMD systems can be found in our previous work[85]. Here we summarize the 

adopted method and we expand over the features introduced in this work (Fig. S12-19). The 

model features two counter-current flows for feed and distillate, which are described by laminar 

flows with low Reynolds number[85].  The speeds at which feed and distillate enter the device at 

ambient temperature are given by                and                 respectively.  
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The effect of lens array addition is modeled as a heterogeneous heat source distribution. Heat 

sources are modeled by thin cylinders with diameters equal to the lens focal spot diameter and 

with a height equal to the penetration depth of carbon black (CB) nanoparticles (NPs) in the 

PVDF membrane,     , estimated to be between 2 and 5 µm, see Fig. 4.17. In these regions, the 

heat source distribution is homogeneous on the XY plane and exponentially decreases in the Z 

direction as                
    where                is the estimated CB NPs 

absorption coefficient and         
       

 
 is the lens magnification ratio with       

      . Additional heat sources are placed in the region not covered by the lenses which collect 

unfocused sunlight:             
   .  

Given the presence of polycarbonate (refractive index           ) and the lenses 

(refractive index           ), the input intensities are:                 and            with 

   being the natural sunlight intensity,                                   and 

                 
 
         

 
     . Water evaporation and condensation are 

modeled through molecular diffusion,          , within the membrane where the 

temperature dependent concentrations of water molecules at the feed/membrane and 

membrane/distillate interfaces represent the boundary conditions.   is the diffusion coefficient of 

water molecules in air and it is estimated using Bruggemann’s correlation and depends here on 

the membrane porosity and temperature[85]. Latent heat of evaporation/condensation is 

accounted for as a vapor concentration dependent heat flux which leaves the feed/membrane and 

enters the membrane/distillate interface:                     . Additional exchanged heat 

fluxes include: emitted black-body radiation,                 
  ,  which is here applied to 

the membrane surface where CB NPs are placed and considered as perfect emitters (   ) and 

natural convective losses,                 , applied to the polycarbonate surfaces with 



 

33 

 

           . Heat transfer equations are solved in all the domains and are coupled to 

Navier-Stokes equations which are solved in the feed and distillate channels and feature no-slip 

boundary conditions. The diffusion equation is solved in the membrane domain only. All the 

utilized temperature dependent parameters utilized in the model are reported in theFigs. 4.7 and 

4.8 with grid size convergence (Fig. 4.9) and Reynolds number under operational conditions 

(Fig. 4.10). 

4.6.1 Reynolds Number for the Investigated System 

Our model assumes a laminar flow for the feed and distillate channels. This choice is 

justified by low Reynolds numbers calculated for the system. For rectangular ducts, the transition 

to turbulent regime has been estimated at more than ~2500[90]. Reynolds number is defined 

as[91]: 

   
   

 
 

Where   is the characteristic length of the system and        are the characteristic velocity, 

density and dynamic viscosity of the fluid respectively. For a rectangular duct, the characteristic 

length can be substituted by the hydraulic diameter         where   and   are the cross 

sectional area and perimeter wetted by the fluid. In our case channels have thickness        

and width        leading to a                         . The maximum 

characteristic velocity has been considered as the nominal velocity in the higher velocity 

distillate channel           . Temperature dependences of the density and dynamic 

viscosity of water have been considered in        [89] and        . In Fig. 4.10 the 

values for the Reynolds number between 293 K and 363 K are shown. 
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Figure 4.6 | Scheme of the modeled device. (a) Device domains with highlighted feed and 

distillate fluxes (blue and light blue arrows respectively). An example of 8 in NESMD+lenses 

module is presented. Lenses effect is accounted for by means of a redistribution of heat 

dissipation. (b) Zoomed view of the module feed inlet and distillate outlet section. The 

considered materials are polycarbonate, water and PVDF. Typical lenses and channels 

dimensions are reported. Inset shows scheme of the cross section of the PVDF with embedded 

Carbon Black (CB) Nanoparticles (NPs). 

 

Figure 4.7 | Temperature dependence between 293 K and 363 K (20 °C and 90 ºC) of water 

parameters utilized in the model. (a) Dynamic viscosity, (b) Specific heat at constant 

pressure[89], (c) Thermal conductivity[92], (d) Density[89], (e) Enthalpy of vaporization[93]. 
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Figure 4.8 | Temperature dependence between 293 K and 363 K (20 °C and 90 ºC) of the 

PVDF membrane utilized in the model. (a) Thermal conductivity, (b) Vapor diffusion 

coefficient, (c) Density, (d) Heat Capacity. Additional details on these parameters can be found 

in our previous work where NESMD is introduced[85].  

 
Figure 4.9 | Model convergence for the 4x8in module with 2 in lenses and varying focusing 

size. An increase of the mesh elements leading to more than doubling the degrees of freedom 

(DOFs) induces an error on the final flux rate of less than 2% in the worst case (largest M). 

Computational time is 4 times longer for the case of finer mesh. 
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Figure 4.10 | Calculated Reynolds number for the distillate flow (the fastest) in our system. 

4.6.2 Non-Linear Temperature Increase with Magnification 

The hypothesis of linear temperature increase with increasing magnification holds in a 

simplified system described by a thin disk which homogeneously absorbs heat (           ) in 

its volume ( ) and dissipates heat through its surfaces (total area  ) by conduction and/or 

convection (let’s call             the generalized heat transfer coefficient). In steady state the 

total power absorbed by the disk has to be equal to the dissipated power. Let’s consider a heated 

disk with radius   and height  , then                            . By taking 

account the magnification (       ) from an hypothetic lens of radius  , then      

       
    , where    is the natural absorption rate (the case where non lenses are 

employed in our case). Substituting now        and             we have    
   

                 . Being        , if     then                    , 

that shows how the temperature increases linearly with magnification. While the focusing region 

in our system can be considered as a heated thin disk (          ), the dissipation process is 

less ideal as the disk is in contact with the rest of the membrane and, importantly, with the feed 
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channel which, being thicker than the disk (             ) contributes with the heat 

dissipation, leading to smaller values of    for increasing magnification. Fig. 4.11 shows the 

maximum temperature reached in a system composed of heated thin water disk (symbolizing the 

           hot spot region) where a second cylinder (symbolizing the feed water channel with 

varying thickness          between 500 nm and 2.5 mm) has been placed in contact with its top 

surface. The thin disk (with radius       ) is heated by a homogeneous          with 

          . All the surfaces contribute to heat dissipation through an outward heat flux 

           ,            . If the thickness of the channel is much smaller than the 

disk (blue line), then the channel has almost no effect and the linear trend obtained before is 

found. However, when channel thickness is increased the maximum temperature exhibits a sub-

linear trend with respect to the magnification, M. 

 
Figure 4.11 | Maximum temperature vs. magnification (M) for thin water disk (tdisk=5µm) and 

radius         in contact with a second cylinder of varying height tchannel equal to 500nm 

(blue), 0.5mm (green) and 2.5mm (red) respectively. The thin disk is heated through a 

homogeneous heat source          with          . 
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Figure 4.12 | Temperature distribution maps along vertical Z-direction for NESMD with 2” 

diameter lens array. (a) 3 dimensional schematic showing projection of 2” diameter lenses 

creating 5 mm focal spots on the membrane surface. (b) Temperature and heat source along the 

line (shown in red) in (a) going through the centers of the focal spots along x –direction. (c) 

Cross-sectional view of the NESMD system shown in (a) along the centers of the focal spots in 

vertical z-direction shows the variation of generated temperature along in the xz plane. (d) 

Zoomed in temperature map for the inset (dashed white line) in (c). 

4.7 Temperature and Flux Distribution with and without Multilens Array 

The substantial increases in distillate flux due to focusing can be explained in terms of 

the non-linear temperature dependence of     . The lens array redistributes the incident light, 

creating 3-dimensional “hot-spots” in the light-absorbing region of the membrane, where rapid 

evaporation occurs.  The enhanced flux in the hot-spots more than counterbalances the reduction 

in flux in the rest of the device, resulting in an overall higher flux rate.  Simulated temperature 

maps for the 4”  8” device without lenses and with 1”- and 2”-lens-arrays are shown in Fig. 

4.13a with  corresponding distillate flux rates shown in Fig. 4.13b. The temperature distribution 
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for unfocused incident light is homogeneous with a 3-4 C temperature increase (Figs. 4.14). 

However, with focusing, the focal spot regions reach substantially higher temperatures, inducing 

confined regions of high water vapor concentration with dramatically increased diffusion 

through the membrane (Fig. 4.13). Localized distillate flux rates up to 30 kg/m
2
h can be 

achieved in the d=5 mm hot-spots of the 4”  8” device created by the 2”-lens-array (Fig. 4.14). 

The corresponding localized flux rates for a 4”  16” device can be as high as 50 kg/m
2
h (Fig. 

4.15).    

 
Figure 4.13 | Theoretical temperature maps and Distillate Flux rates with and without 

focusing of the incident light on an NESMD device. (a) Simulated temperature maps for a 4” × 

8” NESMD system (i)without lens array, (ii) with 1” lens array, and (iii) with 2”lens array. (b) 

Simulated distillate flux maps for a 4” × 8” NESMD system (i) without lens array, (ii) with 1” 

lens array and (iii) with 2” lens array. Solar intensity is 0.7 kW/m
2
; feed and distillate input 

temperatures are 20 ˚C. Feed and distillate speeds are 5 mL/min and 50 mL/min, respectively. 
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Figure 4.14 | Temperature and flux analysis for 4” × 8” NESMD with and without lens 

array focusing. (a) Simulated temperature maps for 4” × 8” NESMD (i) without (insets show 

zoomed in scale) and (ii) with 1” diameter lens array focusing with 5 mm focal spots. 

Corresponding (b) flux maps for (i) bare NESMD (insets show zoomed in scale) and (ii) for 

NESMD with 1” diameter lens array focusing. 

 
 

Figure 4.15 | Temperature and flux analysis for 4” × 16” NESMD with and without lens 

array focusing. Simulated temperature maps for 4” × 16” NESMD (a) without (insets show 

zoomed in scale) and (b) with 2” diameter lens array focusing with 5 mm focal spots. 

Corresponding flux maps for (c) bare NESMD (insets show zoomed in scale) and (d) for 

NESMD with 2” diameter lens array focusing.  
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Reducing the focus diameter of the lens array increases the magnification factor (M) in 

the system because   
  

  
 where,   is the diameter of the focusing lens and   is the dimeter of 

the focal spot. Therefore, reducing the focal spot diameter ( ) results in increase of the flux in 

the system as shown in Fig. 4.16a for 4” × 8” NESMD and Fig. 4.16b for 4” × 16” NESMD. 

This increase happens for both lens arrays with 1” and 2” lens diameters ( ). The increase in 

flux is higher for the 2” lens array compared to the 1” lens array as the magnification factor is 

higher for the same focal spot dimeter. The increase in flux happens because of the non-linear 

dependence of the saturation pressure of water vapor on temperature. The corresponding 

temperatures for 4” × 8” NESMD and 4” × 16” NESMD with 1” and 2” lens arrays are shown in 

Fig. 4.16c and 4.16d respectively. 

 
Figure 4.16 | Effect of focal spot diameter on the flux and maximum temperature with lens 

array focusing. Effect of 1” (blue) and 2” (red) diameter lens array focusing with varying focal 
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spot diameter on the flux from (a) 4” × 8” NESMD and (b) 4” × 16” NESMD. Effect of the same 

lens array focusing on the maximum temperature generated at the focal spots in the system for 

(c) 4” × 8” NESMD and (d) 4” × 16” NESMD.  

4.8 Effect of CB Coating Thickness and Absorption on Water Flux 

The darkness of the CB coating on the PVDF membrane is monitored by visual observation and 

thus the actual CB coating penetration depth on top of the PVDF membrane surface can vary.  

The PVDF membrane surface is also non-uniform and porous, serving as an additional 

variability factor for the resulting CB coating thickness. Theoretical analysis of the effect of 

absorption coefficient and CB coating thickness on the purified water flux as shown in Fig. 4.17 

serves as a guideline to the experimentally obtained purified water flux values. We use an 

average of flux values for a coating thickness range of 2-5 microns and absorption coefficient of 

3200 cm
-1

 (Fig. 4.3) for experimental flux comparison. 

 
Figure 4.17 | Effect of CB coating thickness and absorption coefficient on the membrane 

flux. (a) Calculated map of the flux with CB coating thickness and absorption coefficient 

without lens array, (b) with 1” diameter lens array, (c) with 2” diameter lens array for 4” × 8” 

NESMD system. (d) Calculated map of the flux with CB coating thickness and absorption 
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coefficient without lens array, (e) with 1” diameter lens array, (f) with 2” diameter lens array for 

4” × 16” NESMD system. 

4.9 Exponential versus Linear Relation of Saturation Pressure with 

Temperature 

To better understand how small regions illuminated at higher light intensities yield an 

overall higher flux rate, we theoretically analyze the NESMD process for the hypothetical case 

where the saturation pressure temperature dependence is linear, and compare it to the exponential 

case (Fig. 4). We utilize our model to numerically compare the case where the conventional 

        has an almost exponential behavior (the semi-empirical formula utilized in the model is 

taken from ref[80]) and the case where         is linearized close to room temperature (Fig. 

4.18a). Average flux rates (black lines) and highest temperatures reached (red lines) simulated 

for a 4”  8” NESMD system featuring a 2” diameter lens array on its surface for different 

magnification factors, M, for both the exponential and the hypothetical linear case, are shown in 

Fig. 4.18b. Both the flux rate and maximum temperature increase with M for the exponential 

saturation pressure dependence on temperature. However, for the linear case, the flux rate 

becomes magnification independent and remains fairly constant over the focal spot size range 

studied here.  Both the exponential and linear cases follow a similar temperature trend (red 

curves in Fig. 4.18b) highlighting the role played by the vapor pressure in the distillation process. 

The sub-linear temperature increase with magnification can be explained in terms of heat transfer 

between the thin hot spots and the feed channel (see Section 4.6.2).  

While temperature maps for both the linear (Fig. 4.18c(i)) and exponential (Fig. 4.18c(ii)) 

case are almost indistinguishable, the flux maps (Fig. 4.18d(i) and 4.18d(ii)) show a remarkable 

difference. This observation clarifies that the flux increase with intensity observed in 

literature[23–27,30,34] cannot be solely explained by temperature increase as is usually 
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done[23,24,27,30] but rather comes from the exponential behavior of the water vapor saturation 

pressure. The exponential case exhibits a maximum flux rate 5 times larger than the linear case. 

The slope utilized for the hypothetical linear case does not affect the trend of average flux rate 

with magnification, but would merely shift the curve upward or downward in case a larger or 

smaller slope was employed as explained in later sections.  

For linear dependence of saturation pressure on temperature the purified water flux 

through the membrane does not change with the magnification factor (M) as shown in Fig. 4.19. 

The curve just moves up or down on the flux axis depending on the slope of the linear relation. 

Figure 4.19 shows flux vs M curves for slopes of 130 (dashed black line with hollow squares) 

and 260 (dashed black line with hollow triangles). The flux vs M relation for exponential 

dependence is shown with the solid black line with solid squares in Fig. 4.19a. The temperatures 

in the linear dependence case for slope of 130 (dashed red line with hollow squares) and slope of 

260 (dashed red line with hollow triangles) are very similar and in fact higher than the 

temperatures in the exponential dependence case (solid red line with solid squares). The feed 

input temperature is 293.15 K (20 C) in all cases. The analysis of the feed output temperature 

with M for the linear case with slope of 130 (dashed red line with hollow squares), slope of 260 

(dashed red line with hollow triangles), and exponential case (solid red line with solid squares) is 

shown in Fig. 4.19b. The feed output temperature reduces with M for the exponential case 

whereas it is almost constant above the magnification of 40 in linear case showing reduction in 

losses from the system with increasing magnification in the exponential dependence. 
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Figure 4.18 | Comparison of results for realistic and linearized models of psat. (a) Saturation 

pressure variation with temperature for the realistic (solid) and linear (dashed) models of psat. 

(b) Simulated flux (black) for linear (dashed) and realistic (solid) models with magnification for 

a 4 in. × 8 in. system with 2-in.-diameter lens array. Simulated TMax (red, right axis) for linear 

(dashed) and realistic (solid) models for increasing magnification M. (c) Simulated (i) 

temperature maps for (i) linear and (ii) realistic models; (d) Simulated flux maps for (i) linear 

and (ii) realistic models. 
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Figure 4.19 | Effect of magnification (M) on flux and temperatures with linear and 

exponential temperature dependence of saturation pressure. (a) Effect of M on flux through 

the system for linear dependence of saturation pressure of water vapor on temperature for 

different slopes of 130 (Black dashed line with hollow squares) and 260 (Black dashed line with 

hollow triangles) and exponential dependence (Solid black line with solid squares). The 

corresponding temperatures (right axis) for the linear case with different slopes of 130 (dashed 
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red line with hollow squares) and 260 (dashed red line with hollow triangles) and exponential 

case (solid red line with solid squares). (b) Feed output temperature dependence on M and (c) 

saturation pressure with temperature for linear dependence case with different slopes of 130 

(dashed red line with hollow squares) and 260 (dashed red line with hollow triangles) and 

exponential case (solid red line with solid squares).  

Many parameters describing our system depend on temperature (see Fig. 4.7, 4.8, 4.10). 

However, when all of them are considered at room temperature with the exception of the water 

vapor saturation pressure dependence, flux and maximum temperature trends follow a very 

similar trend to the ones reported in the main text. This confirms the main role played by the 

water vapor pressure in determining the performance of thermal desalination under different 

focusing conditions. See Fig. 4.20. 

 
Figure 4.20 | Flux rate (blue) and maximum temperature reached by the device (red) vs. 

magnification (M) for the conventional (nearly exponential, EXP) (solid) and for the artificial 

(linearized, LIN) water vapor pressure temperature dependence (dashed) respectively. The 

curves have been obtained in the case where all the temperature dependent parameters are set to 

room temperature of 20 ºC. The trend matches very well to what reported in the main text where 

all parameters are temperature dependent. 
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4.10 Reduction in Losses with Multilens Focusing 

From an energy conservation point of view, we can now explain how the system is 

capable to evaporate, condense, and collect more water given the same amount of input power. 

This can be understood by considering the system in terms of an ensemble of thermal processes 

where, in steady state, the heat generated through light-to-heat conversion has to eventually leave 

the NESMD device. The relevant thermal processes for the system are: heat used to evaporate 

water, heat lost to the feed and distillate fluxes leaving the device (that is how heat is removed 

from the system even by neglecting convective and radiation losses), and the latent heat of 

condensation as vapor is transported through the membrane. Noting that heating of the distillate 

is primarily due to the condensation of fresh water, which is our goal, the only process associated 

with loss in our system, is heat content transported out by the feed. That is, heat that could have 

been used for evaporation but was not. By increasing the local temperature, making use of the 

non-linear dependence of the saturation pressure, we have altered the energy transfer pathways to 

promote the efficient evaporation of water, while minimizing the loss of heat via the exiting feed 

flux. 

The temperatures of the output feeds for a 4”  8” device considering exponential and 

linear saturation pressure dependence on temperature with 2” diameter lens array are shown in 

Fig. 4.19b. Indeed, the feed output temperature reduces with magnification for the exponential 

dependence case. While the overall energy balance, as expected, is not affected by the lenses, 

light concentration allows heat to be redistributed among the different thermal transport 

phenomena to promote water evaporation. In terms of the geral expression for fresh water 

production, addition of lenses increases     . 
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4.11 Water Production with Multilens Focusing from a Whole Day Operation 

To demonstrate the impact of light focusing on NESMD performance under realistic 

operating conditions, we examine purified water production rate under naturally varying sun 

intensities, with and without a 2”-lens-array over a full 9 hours of sunlight (Fig. 4.21). The 

experimental flux rates under these same conditions were obtained at hour 3 only, to avoid 

reorientation of the NESMD unit. At ambient temperature of 20 ºC, the 4”  16” NESMD system 

with the 2”-lens-array yields a water production rate of 2.79 liters/m
2
day. The rate for the 

lensless NESMD is 2.04 liters/m
2
day, indicating a 27% reduced surface area requirement to get 

the same amount of water with the addition of a lens array compared to lensless NESMD (Fig. 

4.24). Additional increase in flux rates can be obtained at higher ambient temperatures due to an 

increased water vapor concentration across the membrane[85]. Larger flux rates directly translate 

to higher efficiencies calculated as the ratio between heat of evaporation and incident light 

intensity as shown in Fig. 4.21b for varying ambient temperatures. NESMD with lenses exhibits 

higher efficiencies than lensless devices, especially at peak sunlight, for all ambient temperatures 

considered (Fig. 4.21).  
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Figure 4.21 | Performance of NESMD with multilens array during the whole day. (a) 

Calculated flux production from 4 in. × 16 in. NESMD with 2-in.-diameter lens array with 5-mm 

focal spots (orange area) and bare NESMD (dark-gray area) under varying solar intensity 

(dashed blue line) for more than 9 h. (b) Comparison of efficiencies of a lensless 4 in. × 16 in. 

NESMD (dashed lines) and 4 in. × 16 in. NESMD with 2-in.-diameter lens array with 5- 

mm focal spots (solid lines) for different ambient temperatures [20 °C (black), 25 °C (green), 30 

°C (red), 35 °C (blue)] for solar intensity variations shown with dashed blue line in E. Feed and 

distillate speeds are 5 mL/min and 50 mL/min respectively. 

4.11.1 Solar Intensity with and without Lens Array Focusing to Maintain Flux 

Considering a 4” × 8” NESMD system, Fig. 4.22 shows the intensity needed with 2” diameter 

lens array incorporation with NESMD (left axis) for varying focal spot diameters of 15 mm 

(light grey triangles), 10 mm (grey triangles), and 5 mm (dark grey triangles). The x-axis shows 

the intensity needed without the multilens array to obtain the same flux. The same flux can be 

obtained with lower intensities using lens array with NESMD as shown on y-axis. With 5 mm 

focal spot diameter with a 2” diameter lens array, the flux obtained at solar intensity of  600 

W/m
2
 is similar to flux obtained at  900 W/m

2
 without lens array incorporation. 

 
Figure 4.22 | Intensity comparison for the same flux with and without multilens array 

focusing.  The intensity needed for 4” × 8” NESMD to obtain the same flux with (left axis) vs 

without (bottom) lens array focusing with 2” diameter lens array. The curves for different focal 
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spot diameters of 15 mm (light grey triangles), 10 mm (grey triangles), and 5 mm (dark grey 

triangles) show reduction in the intensity needed with lens array incorporation and increasing 

magnification.  

4.11.2 Maximum Temperature with Intensity for Varying Ambient Temperatures 

Maximum temperature in a 4” × 16” NESMD system with (solid lines) and without (dashed 

lines) 2” lens array focusing with 5 mm focal spot diameter is shown in Fig. 4.23. The 

temperatures in both cases scale linearly with the incident solar intensity. The maximum 

temperatures do not change much with intensity for bare NESMD (dashed lines in Fig. 4.23). 

The increase in ambient temperature from 20 C (hollow upward black triangles), 25 C (hollow 

green diamonds), 30 C (hollow upward red triangles), to 35 C (hollow blue stars) results in the 

increase of the maximum temperature in the system. The maximum temperatures change 

significantly with ambient temperatures varying from 20 C (upward black triangles), 25 C 

(green diamonds), 30 C (upward red triangles), to 35 C (blue stars) with incorporation of 2” 

lens array with NESMD as shown in Fig. 4.23. 

 
Figure 4.23 | Effect of incident intensity on maximum temperature with and without 

multilens focusing. The maximum temperature in the system increases almost linearly with 
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increasing intensity with (solid) and without (hollow) incorporation of 2” lens array with 5 mm 

diameter focal spots with 4” × 16” NESMD different ambient temperatures of 20 C (upward 

black triangles), 25 C (green diamonds), 30 C (upward red triangles), and 35 C (blue stars).  

4.11.3 Water Production Rate and Unit Area Requirements with Ambient 

Temperatures 

Comparison of water production from NESMD with (orange) and without (dark grey) 2” 

lens array focusing with 4” × 16” NESMD over a period of more than 9 hours for experimental 

solar intensity shown in Fig. 4.24. The analysis gives the water production rates in L/m
2
day for 

different ambient temperatures of 20 C, 25 C, 30 C, and 35 C.  

To demonstrate the impact of photon redistribution on NESMD performance under 

different operating conditions, we theoretically model and analyze fresh water production rate 

from NESMD with changing lens array focal spot size, ambient temperature, and solar intensity.  

Purified water flux for a 4”  8” NESMD system without a lens array (dashed black curve) and 

with a 2” diameter lens array with varying focal spot diameters of 15 mm (light grey triangles), 

10 mm (grey triangles), and 5 mm (dark grey triangles) at varying sunlight intensities is shown in 

Fig. 4.24a.  The corresponding percentage flux enhancement with the addition of a 2” lens array 

over the flux without a lens array for varying focal spot diameters is shown in Fig. 4.24b.  All the 

curves in Fig. 4.24a-b are obtained for an ambient temperature of 20 C, which is set as the feed 

and distillate inlet temperature. When using the lens array, lower solar intensities are needed to 

produce the same flux compared to the case without using a lens array, as shown in Fig. 4.22. 

It has been previously shown that the ambient temperature affects the water production 

rate of NESMD[85]. To further elucidate the performance of our device under the effect of 

varying ambient conditions, we simulated the flux produced by a 4”  16” NESMD device with 

and without the addition of a lens array with increasing solar intensity as demonstrated in Fig. 
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4.24c. The flux for a 4”  16” bare NESMD device increases with increasing ambient 

temperatures from 20 ºC (black hollow upward triangles), 25 ºC (green hollow diamonds), 30 ºC 

(red hollow downward triangles), and 35 ºC (blue hollow stars) shown with dashed lines in Fig. 

4.24c. A similar increase in flux is observed for the device with the lens array for ambient 

temperatures of  20 ºC (black solid upward triangles), 25 ºC (green solid diamonds), 30 ºC (red 

solid downward triangles), and 35 ºC  (blue solid stars) shown with solid lines in Fig. 4.24c. 

Crucially, to prevent wetting, the maximum temperatures in the system stay below 100 C for the 

flux values shown (Fig. 4.23).  

Finally, we estimate the potential flux enhancement and efficiency gained by the addition 

of a lens array to an NESMD device. The percentage flux enhancement at varying ambient 

temperatures with the addition of a lens array over the flux without a lens array, as reported in 

Fig. 4.24c, for increasing solar intensity is shown in Fig. 4.24d.  The lens array produces a larger 

flux enhancement at lower ambient temperatures.  This improvement points toward an important 

advantage of adding a lens array to NESMD systems; the photon flux redistribution ensures high 

performance at lower ambient temperatures.  As can be seen from Fig. 4.24c, flux values for a 

system incorporating a lens array at 20 ºC can be as high as fluxes for a bare NESMD system at 

35 ºC. 
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Figure 4.24 | Water production over a day with and without multilens array focusing with 

different ambient temperatures. (a) Comparison of simulated performance of 4”  8” NESMD 

system at varying solar intensities without lens array (black dashed line) and with 2” diameter 

lens array with varying focal spot diameters of 15 mm (light grey triangles), 10 mm (grey 

triangles) and 5 mm (dark grey triangles). (b) The corresponding flux enhancement with addition 

of a lens array over the flux without the lens array for increasing solar intensities. (c) Simulated 
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purified water flux for a 4”  16”  bare NESMD at different ambient temperatures of 20 ˚C 

(hollow black upward triangles), 25 ˚C (hollow green diamonds), 30 ˚C (hollow red downward 

triangles) and 35 ˚C (hollow blue stars). The corresponding flux for the 4”  16” NESMD with 

2” diameter lens array with 5 mm focal spots at different ambient temperatures of 20 ˚C (black 

upward triangles), 25 ˚C (green diamonds), 30 ˚C (red downward triangles) and 35 ˚C (blue 

stars). (d) The corresponding enhancement to the NESMD flux with the addition of a lens array 

at varying ambient temperatures of 20 ˚C (black upward triangles), 25 ˚C (green diamonds), 30 

˚C (red downward triangles) and 35 ˚C (blue stars). (e) Water production in L/m2day from bare 

NESMD (dark grey) and NESMD with 2 inch multilens array with 5 mm focal spots (orange) at 

different ambient temperatures. (f) The areas of bare NESMD (dark grey) and NESMD with 2 

inch multilens array focusing with 5 mm focal spots (orange) needed to meet drinking water 

requirements of a family of 4 people per day at different ambient temperatures.  

The purified water production rate per unit area under the naturally varying intensity of 

the Sun (blue dashed curve, left axis in Fig. 3C) for a 4”  16” NESMD system without a lens 

array and with a 2” diameter lens array with 5 mm diameter focal spot is shown in the grey and 

orange areas of Fig. 4.24e and 4.24f  respectively. At ambient temperature of 20 ºC, the 4”  16” 

NESMD system with the 2” diameter lens array yields a water production rate of 2.79 

liters/m
2
day. The rate for bare NESMD is 2.04 liters/m

2
day, indicating a 27% reduced surface 

area requirement to get the same amount of water with the addition of a lens array compared to 

bare NESMD. Figure 4.24f shows the NESMD areas needed with (orange) and without (dark 

grey) 2 inch multilens lens arrays at different ambient temperatures to meet the drinking water 

requirement for a family of 4 people(31).  

4.12 Application to Other Non-Linear Optical Systems 

While the relationship between temperature and intensity can be complicated with many 

variations across different systems, the concept applies, in principle, to any photothermal system 

where the sought average output per unit area ( ) has a      dependence with      

and    . In fact,  by considering a power collecting area,      , and an active area,      

       , then      receives an intensity      , where    is the incident intensity. The 
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condition     guarantees that when     (i.e. when a T dependence exists), the average 

output    
    

     
     

   

   
   

 increases with magnification and thus benefits from the 

intensity redistribution of a fixed input power          .     

 

Processes that scale linearly with light intensity, such as photocurrent generation, are 

limited by the active area of a device, but processes that scale supralinearly with incident light 

are instead constrained by light intensity. For example, light-driven chemical reactions[95–97] 

are nonlinear functions of input light intensity because of their Arrhenius temperature 

dependence, and because the temperature of light-absorbing media increases approximately 

linearly with increasing light intensity. Incident light intensity can be increased by conventional 

optical elements such as lenses or mirrors or newer types of optical elements such as 

metasurfaces[79,98] or plasmonic nanostructures[99], which can achieve light focusing well 

below the diffraction limit of conventional optics. Focusing redistributes the incident photon 

flux, keeping the total incident power constant (neglecting losses).  In other words, exponential 

intensity-dependent processes can be greatly enhanced by the focusing of incident light.  This is 

illustrated by comparing the dependence of linear and nonlinear (e.g. exponential) processes on 

input light intensity, as parametrized by lens magnification (Fig. 4.25). Here we illustrate the 

simple case of uniform light illumination of a circular surface with diameter   (Fig. 4.5b) with 

light focusing to a smaller area with diameter   (Fig. 4.5c) and magnification factor   such that 

        (Fig. 1A, B). The total light collecting area is          
 

 
 
 

 , where the active area 

is        
 

 
 
 

 
     

 
 .  With light focusing, an  -times smaller active area gets illuminated 

with  -times larger intensity at the same incident power. The impact, generically expressed by 
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an output per unit area, of light focusing on processes that vary linearly and exponentially with 

incident light intensity is shown in Fig. 4.25.  

The output per unit area illustrates how an exponentially nonlinear optical process (e.g. 

vaporization at the liquid-vapor interface) improves substantially with increased magnification 

for a given light intensity easily overcoming the reduction in illumination area. The black arrow 

in Fig. 4.25 indicates the case where an optical system (with magnifying power M) fits the whole 

surface of a device under natural incident intensity (e.g. natural sunlight) as shown in the top 

inset of Fig. 4.25 with black outline. The grey arrow, instead, describes the case where the whole 

device is irradiated by larger light intensities as shown in the bottom inset of Fig. 4.25. For the 

former case (black arrow), while a linear process would not improve the performance 

(output/area stays equal to 1), an exponential dependence leads to an increase in efficiency. This 

first case represents our experimental setup where the array of lenses applied to a NESMD 

system fits the device surface. For the latter case (grey arrow) both linear and exponential 

dependences seem to enhance the output. However, the apparent gain for the linear case would 

be lost upon normalization for the total collecting area if the larger values of light intensities 

originate from an optical system (e.g. a solar concentrator) covering a larger area, whereas the 

gain will indeed increase for the exponential dependence case. 

4.13 Outlook 

The concept illustrated here applies, in general, to any photothermally driven process 

where the output has a nonlinear temperature dependence. For such processes, by relaxing the 

requirement of a homogeneous larger intensity on the whole active area, a wider range of light 

focusing systems can become available as performance enhancers. In the case of solar 

photothermal desalination, the increased flux rate has a direct impact on the minimum area 
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necessary to satisfy a desired water production rate, diminishing its footprint and reducing its 

cost. Our modeling has revealed that very high local fluxes 50 kg/m
2
h for the optimal case with 

a 4”  16” system with a 2”-lens-array are likely being generated at the regions of focused light. 

Taking further advantage of the nonlinear optical dependence on distillate flux may open the 

door to substantially higher-throughput solar thermal desalination designs. Similar enhancements 

should be achievable in other photothermally driven systems where the underlying process scales 

supralinearly with temperature and therefore with light intensity, such as solar-driven chemical 

reactors and separation processes. 

 

Figure 4.25 | Output per unit area for linear and exponential processes for different 

illumination intensities and different values of magnification. Top right: schematic of 

increasing magnification. Bottom right: schematic of increasing intensity. 
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Chapter 5: Resonant Thermal Desalination Oscillator 

5.1 Introduction 

In recent years, evaporation-based solar driven distillation has become a promising approach for 

purifying high-salinity water and provide low cost water purification solutions in remote 

areas[16–28,30–32,65,85]. The main limitation of any evaporation-based desalination process is 

its intrinsically low thermodynamic efficiency due to its reliance on energy-intensive phase 

change[78,100]. Recovering the heat of vaporization is therefore an obvious path towards 

increasing efficiency. Here we examine the coupling between nanophotonics-enabled solar 

membrane distillation (NESMD) and  dynamic heat recovery system. We show how NESMD 

can be combined with a heat exchanger (HX) to optimally recover much of the heat of 

condensation from the distillate, reusing it to pre-heat the feed.  

Enhancements in fresh water production rates due to heat recovery have been observed 

before for conventional direct contact membrane distillation[75–77,101]. Here we demonstrate 

how an NESMD+HX coupled system can act as a thermal oscillator, where evaporation-

condensation and recovered heat fluxes can be maximized at their resonant condition. Hereafter, 

we will refer to the combined NESMD+HX system as ‘thermal desalination oscillator’ (TDO). 

The possibility to tune input flows is found to be critical for achieving maximum performance, 

which also depends on module size, light intensity, and thermal losses. With a highly compact 

dynamic TDO system, we demonstrate 1.1 kg/m
2.

h fresh water generation and collection under 

475 W/m
2 

irradiation. We analyze the principal mechanisms of the TDO system, explain its 

limitations, and propose potential future designs. Additionally, we show how an intensity-

dependent dynamic input flow control can maintain system optimization throughout an entire 
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day of use. A simple model to theoretically analyze the key principles behind resonant energy 

transfer shows how such systems can be related to more general resonant phenomena. 

In its basic form, NESMD features two countercurrent flows, saline feed (F) and purified 

distillate (D) separated by a hydrophobic, light-absorbing membrane (Fig. 5.1a, b). Sunlight is 

converted into heat on the feed side through photothermal heating of nanoparticles; the induced 

temperature gradient between the flows results in water evaporation and condensation from the 

feed to the distillate. The continuous, localized heating of the feed/membrane interface makes 

NESMD size scalable and avoids temperature polarization, overcoming two main drawbacks of 

conventional membrane distillation. In NESMD, the hydrophobic membrane is ~100 µm thick, 

and the top ~2-10 µm membrane layer is embedded with highly light-absorptive carbon black 

(CB) nanoparticles. Once generated, the distillate is brought into thermal contact with the saline 

feed for heat exchange (Fig. 5.1a, b). Thermal contact is achieved through a copper or aluminum 

sheet incorporated into the flow structure. In practice, folding the HX below the NESMD module 

avoids increasing the system footprint, which would allow a high density of NESMD modules to 

be positioned within a compact area.  

5.2 Adding Heat Exchanger with NESMD 

The experiments were performed with a 10.2 cm × 20.3 cm NESMD module with a 10.2 

cm × 40.6 cm inline HX (Fig. 5.1a). To thoroughly study the effect of heat exchange in reaching 

the resonance in the system, we tried to minimize the variation of external parameters like 

incident light intensity and temperatures. The NESMD was thus illuminated with an LED lamp 

(FAISHILAN 200W LED Flood Light, 1000W Halogen Equivalent Outdoor Work Lights, IP66 

Waterproof with US-3 Plug & Switch, 20000Lm, 6500K) at a distance resulting in an intensity 

of ~475 W/m
2
. The feed and distillate input temperatures were maintained at 25 ˚C with a water 
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bath (SoCal Biomed). Variable velocity peristaltic pumps (Cole-Parmer Peristaltic Pump; 0.4 to 

85 mL/min, 12VDC/115VAC UX-73160-32) were used to circulate 1 weight% saline feed and 

deionized distillate at the top and bottom of the membrane respectively. The light absorbing 

membrane mounted in the NESMD unit is fabricated by spray coating polyvinylidene difluoride 

(PVDF) membranes with a light absorbing a layer of carbon black nanoparticles. 10.2 cm × 40.6 

cm heat exchanger included ~500 μm thick aluminum sheet for the heat exchange. The feed flow 

(QF) was 6.5 mL/min.  

A clear resonant behavior can be observed: by varying the distillate flow we achieve a 

maximum purified water flux of ~1.1 kg/(m
2.

h) (Fig. 5.1c). The measured flux for the coupled 

system are shown with blue diamonds. The blue shaded region corresponds to the simulated 

purified water flux for these experimental conditions (see section 5.7 for details). The width of 

the simulated curve is due to variations in the penetration depth of the CB coating (2-10 

microns). The measured (magenta triangles) and calculated (magenta shaded region) flux for the 

bare NESMD system is also shown. In the coupled system, when the distillate flow is much 

faster (QD >>QF) or much slower (QD<<QF) than the feed, the distillate flux is significantly lower 

than the flux at the resonant condition. At resonance, the purified water flux rate is increased by 

~5 times compared to the system with no HX. The calculated power transferred from distillate to 

feed in the HX region is shown in Fig. 5.1d and peaks at matched feed and distillate velocities.  
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5.2 Water Production and Heat Transfer in Thermal Desalination Oscillator  

 

Figure 5.1 | Flux and power transfer in thermal desalination oscillator (TDO) for different 

distillate flow. (a) Saline feed is in thermal contact with the outgoing distillate through a HX. 

The feed is further heated from the photothermal membrane. (b) Schematic of unfolded system. 

(c) Calculated flux through 10.2 cm × 20.3 cm NESMD with (blue curve) and without (magenta 

curve) 10.2 cm × 40.6 cm inline HX for varying distillate flow at fixed feed flow of 6.5 mL/min. 

The uncertainty is due to the variation (2-10 µm) in CB thickness. Measured flux with HX (blue 

diamonds) and without HX (magenta triangles). (d) Calculated power transferred from distillate 



 

63 

 

to feed for the device in c. (e) 2D schematic of the device: water is represented by the blue area, 

HX by orange, and the light absorbing membrane by grey. (f) Total heat flux vector field 

(arrows- blue: NESMD and green: HX) in the TDO system at fixed feed flow of 6.5 mL/min and 

distillate flow of (i) 1 mL/min (QD<<QF), (ii) 7.4 mL/min (QD~QF), and (iii) 100 mL/min 

(QD>>QF). 

To further understand the origin of the resonant behavior, we consider a two-dimensional 

schematic of the TDO system (Fig. 5.1e). The total (conduction and convection) heat flux vector 

field maps in the regimes of QD<<QF, QD~QF and QD>>QF are shown in Fig. 5.1f (i), (ii), and 

(iii) respectively. The three regimes yield very different heat fluxes and temperature 

distributions. A well-defined circular heat flux appears in Fig. 5.1f (ii) when QD~QF, the resonant 

condition.  

For QD<<QF (Fig. 5.1f(i) and Fig. 5.2a-b), the feed receives heat from the membrane but 

quickly loses it through its outlet. The maximum temperature difference occurs at the feed outlet, 

where the incoming distillate temperature is close to 25 C. In the rest of the device, the slow 

distillate receives heat from the counter-flowing feed, resulting in a slightly negative temperature 

difference (Fig. 5.2a). A negative       results in 'back evaporation', i.e. evaporation from the 

distillate to the feed. This explains why the blue energy flux arrows in the NESMD region in Fig. 

5.1f(i) point from distillate to feed.  

For QD~QF, the feed first increases its temperature along x, absorbing heat from the 

distillate through conduction. In the membrane region with positive      , heat is transferred to 

the distillate through water evaporation. The hot distillate exiting the membrane region 

exchanges heat with the feed and its temperature is reduced. This process is maximized as the 

heat starts circulating in the system, as shown by the flux arrows in Fig. 5.1f(ii). Heat is cycled 

back and forth between the feed and distillate and this “resonant” effect is the origin of the 

dramatically increased water flux. For QD>>QF, the slower feed receives more heat from the 
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light absorbing layer. The faster distillate reduces the interaction time between feed and 

distillate, maintaining an overall positive temperature gradient across the membrane (Fig. 5.2c-

d). This results in heat flow from feed to distillate in the form of purified water flux, as shown in 

Fig. 5.1f(iii). While the distillate collects heat through condensation, the low interaction time 

limits heat exchange and the heat is lost as the distillate exits the HX (Fig. 5.1f(iii), green arrows 

and Fig. 5.2e-f). 

 
Figure 5.2 | Temperature and flux analysis of NESMD with and without HX. (a) 

Temperature difference along the length across the metal in 10.2 cm × 40.6 cm inline HX and 

10.2 cm × 20.3 cm membrane in NESMD given by subtracting distillate temperature from the 

feed temperature (solid line). For the case without HX (dashed line), the metal in HX is replaced 

by an insulator with vanishing thermal conductivity (             ). The plots are shown in 

region of QD (1 mL/min) << QF (6.5 mL/min). (b) The purified water flux through the membrane 

in NESMD with (solid lines) and without HX (dashed line) for QD (1 mL/min) << QF (6.5 

mL/min). (c) The temperature difference with (solid lines) and without HX (dashed lines) for QD 

(7.4 cm) ~ QF (6.5 mL/min). (d) The flux through the membrane with (solid lines) and without 

(dashed lines) HX for QD (7.4 cm) ~ QF (6.5 mL/min). (e) The temperature difference with (solid 

lines) and without HX (dashed lines) for QD (100 mL/min) >> QF (6.5 mL/min). (f) The flux 

through the membrane with (solid lines) and without (dashed lines) HX for QD (100 mL/min) >> 

QF (6.5 mL/min).  
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5.3 Analysis of the Performance of Thermal Desalination Oscillator with 

System Size 

The performance of NESMD systems has been predicted to improve with increasing 

module size[81,85]. Here we analyze the scalability for the TDO system. A schematic of a 

coupled system with equal membrane and conductor lengths is depicted in Fig. 5.3a. The details 

about the models used for theoretical simaulations are discussed in the next sections. The 

relevant loss mechanisms are convection and conduction through the feed and distillate water 

flows, conduction through the polycarbonate (PC) window to the environment, and 

convection/radiation from the top PC surface. The relative weights of each loss channel 

normalized to input solar power as a function of flow (section 5.7) are shown in Fig. 5.3b.  

The dependence of flux rates on the feed and distillate flows is shown in Fig. 5.3c. The 

dashed curves correspond to configurations where the maximum temperature in the system 

(    ) is higher than the boiling point of water (  ) (Fig. 5.4). Configurations exhibiting 

temperatures in this range would not be operational, but it is informative to include them here 

since they provide context for understanding system optimization. The two main features 

observed in Fig. 5.3c are: (i) each curve exhibits a peak in flux for a given pair of matched feed 

and distillate flows and (ii), the peak flux value increases with size up to a particular length (~50 

cm) before saturation at ~1.5 kg/m
2.

h.  

In Fig. 5.3c, the flux rate increases from its low value at lower flow rates because all 

three loss mechanisms, conduction, convection and radiation, are reduced as the feed flow rate is 

increased. This is illustrated in Fig. 5.3b, which shows the relative losses from the NESMD 

region normalized to the input heat source from absorbed sunlight. At higher flow rates, the 

dominant loss is convection, mostly by the feed and distillate themselves. The optimal trade-off 
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between external losses and heat recirculation occurs for a flow of ~20 mL/min and module 

length of ~50 cm, corresponding to a maximum fresh water flux rate of ~1.5 kg/(m
2.

h) (Fig. 

5.2c). The possibility of maximizing fresh water flux with finite size modules enables portable 

modular efficient systems which can be designed, for instance, to meet daily drinking water 

requirements. 

The saturation value of the distillate flux rate as system size is increased depends on the 

balance between accumulated thermal energy, flow velocities, and external losses. More 

extended modules benefit from larger light-absorbing areas, but require faster flows and longer 

heat exchangers. The optimal matched flows for different system sizes (Fig. 5.3c) are shown in 

Fig. 5.3d.  Matched flows increase with system size because additional convective cooling is 

required to avoid boiling and maintain an optimal temperature profile to maximize the flux.   

5.4 Analysis of Stacked TDO Systems with Incident Light Intensity 

To maintain resonance and optimum distillate flux values, flow control plays an 

important role when incident sunlight intensity changes. We now discuss how the flow rates 

should be tuned dynamically, throughout a typical day, as the solar radiation varies. We consider 

a 50 cm insulated NESMD system with limited radiation losses (with a low-emissivity coating of 

        in the infrared). The idea is to configure an efficient, folded and stacked structure (Fig. 

5.3e) with   HX layers. For the typical solar intensities in Alamogordo, NM, (green dashed 

curve in Fig. 5.3f), we analyze NESMD performance using n = 10 HX layers throughout the day. 

For each input light intensity, we selected the optimal pair of matched flows (Fig. 5.5) to obtain 

optimal water production (orange area in Fig. 5.3f). We compare water flux production for 

dynamic flow change with intensity (orange) with the flux from the device with flow values 

optimized for 1 Sun (grey) in Fig. 5.3f. By integrating the flux rates over the entire day, we find 
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that dynamical flow rate control yields a total output of 20.5 L/(m
2·day)

 
compared to 15.9 

L/(m
2·day)

 
for fixed flow (grey), corresponding to a net 29% gain. The yield from an NESMD 

system without HX would be much smaller: 1.7 L/(m
2·day)

 
with dynamic flow rate control, and 

1.5 L/(m
2·day)

 
with no flow rate control. 
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Figure 5.3 | Purified water production enhancement for TDO system with size scale up. (a) 

Schematic of the TDO system showing different heat loss mechanisms in the two parts of the 

coupled system. (b) Conduction, convection and radiation losses in the polycarbonate window 

layer and water channels in a 10.3 cm × 50 cm NESMD connected to a 10.3 cm × 50 cm HX 

normalized to input solar power at 20 °C under 1 Sun illumination (1 kW/m2). The normalized 

distillate flux is shown in blue. (c) Distillate flux from a 10.3 cm wide NESMD module with 

length ranging from 10 cm to 200 cm with heat exchanger of the same size, for equal feed and 

distillate flow rates. Dashed lines indicate flux when maximum temperature in the system is 

above the boiling point of water. (d) Optimal matched flow rate values (left y-axis, black) and 

corresponding flux rate (right y-axis, blue) for different module sizes. (e) Schematic of a stacked 

TDO system. (f) Comparison of flux production from NESMD with 10 HX layers during a 9 

hour day with (orange) and without (grey) dynamic control (left axis). Flux rates for the same 

system without HX layers with (red) and without (dark grey) dynamic control. Solar intensity 

variation in green (right axis). 

 
 

Figure 5.4 | Maximum temperature in the system for different lengths. Maximum 

temperature in the TDO system with varying resonant feed and distillate flows for increasing 

NESMD module size from 10 cm to 200 cm with equal length of underlying HX layer. 
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Figure 5.5 | Static and dynamic resonance flows with intensity. The equal feed and distillate 

flows corresponding to the flux values shown in main text Fig. 2F for the static (grey line) and 

dynamic (orange line) flow control with varying incident light intensity (dashed blue curve) over 

a period of 9 hours during a typical sunny day. 

The flux rate dependence on n (from 1 to 10) for different incident intensities, I, (from 

0.1 to 1 Sun) is shown in Fig. 5.6. Flux rates increase with intensity for a given n because more 

power is harvested by the light absorbing nanoparticles. The flux also increases with increasing n 

because the distillate can transfer more heat back to the feed through the longer path length 

provided by more HX layers. To achieve larger fluxes at higher intensities, the matched flows 

need to increase in order to maintain the temperature below the boiling point of water. While 

higher intensities give larger fluxes, efficiency starts dropping above certain intensity (Fig. 5.7). 

The reason is subtle: for a given intensity, the typical flux vs. matched flows curve has a shape of 

the type shown in Fig. 5.3c, featuring a peak flow rate and lower performance for larger or 

smaller flows. However, the constraint         pushes the         edge away from the 

peak, toward higher matched flow regions. This translates into a sub-optimal efficiency.  
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Figure 5.6 | Performance analysis of TDO system with number of layers, intensity and 

losses. Flux production from NESMD system with 1 to 10 underlying HX layers considering 

heat transfer coefficient values of a, 0.01 W/m
2
·K and b, 5 0.01 W/m

2
·K under varying incident 

light intensity of 100 W/m
2
 (grey), 250 W/m

2
 (red), 500 W/m

2
 (blue), 750 W/m

2 
(magenta), and 

1000 W/m
2
 (black). c, Flux production from 1 (dashed lines) and 10 (solid lines) layered TDO 

system under varying solar intensity of 100 W/m
2
 (grey), 250 W/m

2
 (red), 500 W/m

2
 (blue), 750 
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W/m
2 

(magenta), and 1000 W/m
2
 (black) with heat transfer coefficient hHX varying from 0.01-5 

W/m
2
·K. 
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Figure 5.7 | Performance analysis of 1,5,and 10 layered TDO system. Flux (black) and 

efficiency (red) variation with illumination intensity for a, 1 layered and b, 5 layered TDO 

system. c, The flux (black) and corresponding optimized feed and distillate flows (magenta) 

variation with illumination intensity for a 10 layered TDO system. 

 

5.5 Effect of Losses on Optimal Flows in Stacked TDO 

The optimal efficiency conditions also depend on losses. So far we have assumed a small 

combined heat transfer coefficient                   since the HX is not exposed to the 

environment and can be well insulated.  We have also performed an analysis of the impact of HX 

losses on the system performance. Interestingly, we have found that dynamic flow rate control 

can also be applied to mitigate losses (Fig. 5.8).  

Variation of heat transfer co-efficient (   ) in the finite element method simulation of 

the system allows us to study the effect of losses on the performance of the thermal desalination 

oscillator (TDO) system. Here we consider a stacked TDO system with 10 HX layers. We 

observe that as the losses in the system increase with increasing     the optimized equal feed 

and distillate flow varies for a given light intensity as shown in Fig. 5.8. For light intensities 

lower than 500 W/m
2
 the optimized flow values increase with losses. This behavior can be 

explained from Fig. 5.3c and 5.4 where the maximum flux in the system is limited with the 

restriction of maximum temperature in the system not exceeding the boiling point of water. The 

maximum temperatures in the system for the varying intensities and losses in the system are 

shownin Fig. 5.8b.  
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Figure 5.8 | Effect of losses on the optimized feed and distillate flow in the system for 

NESMD with 10 HX layers. (a) For a stacked 10 layer TDO system, the optimized feed and 

distillate flows in the system increase with increasing losses for lower intensities (<500 W/m
2
) 

and reduce with increasing losses for higher intensities (>500 W/m
2
). (b) The corresponding 

temperatures in the system for varying intensities and losses. 

5.6 Theoretical Analysis of Heat Flux Dynamics across Resonance  

The concept of resonant heat exchange is quite general and applicable to other thermal 

processes. Let us examine a simple model where two adjacent channels, feed     and 

distillate     of length   and thickness  , are separated by a thin thermal conductor and flow in 

counter-current mode upon entering the system at a temperature      (Fig. 5.9a). Water in the F 

and D channels flows at rates        and        respectively, where    and    denote 

the velocities and   the cross-sectional area. The water density is  , and heat capacity is  . Both 

flows are insulated from the environment and a constant heat source    (W/m
2
) is placed between 

the channels.   and   can exchange heat      (along  ) through an effective heat transfer 
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coefficient     . Phase changes in the fluid are not considered and all parameters are assumed 

temperature independent. We further assume that heat is carried by the flows (advection), 

neglecting conductive heat transfer parallel to flow directions. This assumption is reasonable in 

the case of large Peclet (  ) numbers (     in our case). Heat can leave the system through 

the   and   outlets. These assumptions allow characterizing the interaction between   and   as 

two coupled analytically solvable 1D systems (section 5.7).  

In Fig. 5.9b, we plot      (blue lines) and      (green lines) normalized to the input heat 

source   , for different    values and dimensionless parameters    
     

   

 

  
 which 

conveniently includes all the system parameters and can be tuned simply by changing   . A peak 

in thermal exchange is reached when                     where          . Here heat 

circulates between   and   (Fig. 5.9a) leading to an accumulation of thermal energy. In 

mathematical terms, when       the system becomes symmetric for 180˚ rotations of the    

plane and heat fluxes must be equal in magnitude and with opposite directions. The curves do 

not overlap at different flow velocities (              ) due to the lack of mirror symmetry 

with respect to   (the flow velocities have opposite signs). It can also be understood in simple 

physical terms. If      , the distillate flow is much faster than the feed flow, and the whole   

channel is close to     . Therefore      is positive and      is negative. Vice versa, when    

  , heat transfers are reversed.  

It is possible to describe the flow-dependent heat transfer      as a Lorentzian (Fig. 5.14) 

without fitting parameters. Lorentzian responses are typical of many oscillating phenomena, 

reinforcing our description of this coupled system as one having a resonance. The overlap is 

exact at       where we have: 
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This phenomenon has analogies with resonant systems (e.g., laser cavities, plasmonic 

nanoparticles, ring resonators) where an external source couples to a system (e.g., light incident 

on a metallic nanoparticle) which stores energy (e.g., electromagnetic energy) before releasing or 

dissipating the input power (e.g., scattered radiation or heat). In our case, the system (one of the 

channels) is driven by a flow rate (the opposite, heated channel), the stored energy is thermal, 

and the coupled and released powers are heat fluxes.  

Besides establishing the resonant condition,    plays the role of the heat transfer 

‘enhancement’ (    ) between the channels. With      , longer channels (larger L) will obtain 

stronger coupling for high-velocity flows.  

This general picture is relevant for the specifics of the TDO system, with    representing heat 

generated by the CB nanoparticles and     ,      representing evaporation-condensation and 

recovered heat fluxes respectively. A predicted  
    

  
    translates to a thermal desalination 

efficiency    
     

  
   where             ,              is the water enthalpy of 

vaporization and              represents the distilled flux rate. An efficiency larger than one 

can be associated with the gained output ratio (GOR) which quantifies how condensation heat is 

reused for further distillation. Considering the obtained flux rates with and without HX, we can 

estimate a GOR ~ 5 for the experimental results reported in Fig. 5.1 and a maximum GOR ~ 12 

for the n = 10 stacked configuration (discussed later). The dynamic control also ensures a 

relatively large GOR > 8 for all sunlight intensities typically achieved during a day.  

The analytical model can be extended to explain the effect of losses, expressed by the 

peaks shown in Fig. 5.3c and previously discussed. The model assumes now matched flows 
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(     ) and an effective loss coefficient      which transfers heat to the environment. See 

section 5.7 for details. The exchanged heat fluxes enhancements dependence on matched flows 

for different module sizes are shown in Fig. 5.9c. Consistently with full numerical calculations 

(Fig. 5.3c), a maximum heat transfer exists for a specific value of matched flows and such value 

depends on the channels length (Fig. 5.3d).  

To visualize the oscillating behavior of the coupled channels, we have performed 2D 

numerical simulations for the system in Fig. 5.9a where the heated flows are considered laminar 

and coupled with thermal transport. In Fig. 5.9c-f we plot the temperature maps (colors, 

normalized to the maximum temperature in each case) of the coupled   and   channels far from 

resonance (Fig. 5.9d:            , Fig. 5.9e:             ) and close to resonance (Fig. 

5.9f:           ). To track the heat flux dynamics, we show trajectories (black lines) of 

massless probes inserted close to the origin and propagated by the heat flux field until they leave 

the system (black dots). Far from resonance, probes are transported to the   or   channel outlets 

following relatively direct paths (Fig. 5.9d, e). At resonance, the probe circulates from   to   

and vice-versa multiple times before exiting the channels (Fig. 5.9e). This dynamics well 

describes the ability of the system to re-utilize heat. The cases of slower resonant flows are 

shown in Fig. 5.10.  
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Figure 5.9 | Illustration of the resonant heat transfer concept. (a) Two interacting channels of 

length   and thickness  . Two counter-current flows,    and   , are separated by a heat 

conductor which also serves as planar heat source    (W/m2). The flows transport heat through 

advection along   and heat exchange along   through an effective heat transfer coefficient      

(W/m2/K) which accounts for both water and conductor thermal properties. The net heat 

transfers IF→D and      are calculated in the regions [  –     ] and [     –   ] respectively. The 

system is assumed thermally insulated. Heat exits the system through the outlets. Density and 



 

78 

 

specific heat of the flows (water) are  and  respectively. Red arrows represent the heat flows for 

near resonant condition. (b) Heat transfer enhancements (normalized to   ) for      (solid, blue) 

and      (solid, green) as functions of     with fixed    and     = 200 W/m2/K, L = 24 in,   = 

4.18 kJ/kg/K,   = 1 g/cm3. Flow rates    are 8, 15 and 20 mL/min for a cross section of 

thickness   = 2 mm and width   = 4 in. The horizontal dashed line is         . (c) Heat transfer 

enhancements (normalized to   ) for      as functions of          for varying system lengths of 

10 cm, 20 cm, 50 cm, 100 cm and 200 cm. (d) Calculated temperature map (colors) for     20 

mL/min and     2 mL/min. The black curve is the space-time trajectory of a massless probe, 

inserted at (0,0) until it leaves one of the channels. (e) Same as d but     20 mL/min and      

200 mL/min. (f) Same as d and e with         20 mL/min.  

 
Figure 5.10 | Probe trajectories in the TDO system at different resonant conditions. 

Snapshot of probe trajectories at a fixed time      500 ns for         8 mL/min (magenta), 

15 mL/min (blue) and 20 mL/min (black). 

 

5.7 Numerical Modeling for TDO Systems 

The basic modeling approach has been described and validated in previous works. 

Briefly, Navier-Stokes equation is solved in the channels regions for laminar flows (the device 

operates in a low Reynold number regime). Diffusion equation is solved in the membrane region 

where both the effect of porosity and temperature are taken into account to describe the diffusion 

coefficient of water vapor within the membrane. Thermal transport equation is solved in all 

domains and include convective heat transfer within feed and distillate regions where fluids are 
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present. All the details regarding the solved equations and the utilized temperature dependent 

parameter can be found in ref. Here, we expand on the differences (mainly boundary conditions) 

among the geometries and thermal properties exposed in this work. In the following, Inlet flow 

rates (QF and QD) are considered at ambient temperature unless specified. 

5.7.1 Model 1: Utilized for Theoretical Data Reported in Fig. 5.1  

Model 1 is utilized to replicate indoor experimental conditions. Feed and distillate enter 

the device at a temperature of 25 C. Inflow boundary conditions have been utilized to take into 

account the heat flow through the inlet boundaries. The heat exchanger (orange region) is heavily 

insulated and, for simplicity, perfect insulation is assumed for this region. The experimental 

device is located on a cart made of steel which, given its high thermal conductivity can be 

considered as a heat sink with its temperature fixed at room temperature, 20 C, used as 

boundary condition.  The bottom surface of the polycarbonate case is fixed to the membrane with 

screws which hold the device at 5 mm from the top of the cart. The LEDs illuminate the device 

from a 10 cm distance but the glass of the LED lamp is placed at 5 cm from the top of the 

polycarbonate and it is heated by LEDs dissipation at a measured temperature of 40 C which is 

used as boundary condition. Additional convective and radiative losses from the top 

polycarbonate surface have been included. Since LEDs are placed relatively close to the device a 

reduced convective contribute is expected and a convective coefficient                has 

been chosen. An emissivity      , similar to a black body, has been chosen to evaluate 

radiative losses. Convective and radiative losses have been neglected in the bottom region as the 

bottom surface of the polycarbonate layer reaches a temperature close to the heat sink fixed 20 

C boundary condition. All the lateral boundaries are considered thermally insulating since any 
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loss can be neglected given the limited thickness of the domains compared to the lateral 

extension of the device. 

 

 

Figure 5.11 | Schematic of the model utilized for Fig. 1 simulations 

5.7.2 Model 2: Utilized for Theoretical Data Reported in Fig. 5.3a-d 

The idea behind Fig. 5.3a-d was to estimate the performance of the experimental device 

outdoor and for different sizes. Therefore the model is the same as in the previous section with 

the exception of the varying size and boundary conditions. In particular, LEDs are replaced by 

sunlight intensity and the top polycarbonate surface now exchanges heat with the environment: a 

thick layer of air is considered ending with infinite elements to mimic outdoor conditions. 

Convective and radiative losses are referred to 20 C outdoor temperature and 

              is employed to simulate unforced natural convection. 
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Figure 5.12 | Schematic of the model utilized for Fig. 2a-d simulations 

5.7.3 Model 3: Utilized for Theoretical Data Reported in Fig. 5.3e-f 

The optimized model considered in Fig. 5.3e-f is based on the same principles of Model 1 

and Model 2 with the following differences. The device is considered now placed on an aerogel 

base (more insulating than polycarbonate:                     compared to       

            . In order to minimize radiative losses, an infrared mirror is assumed to be 

placed on top of the polycarbonate top layer with an emissivity       . Finally, to investigate 

the impact of potential losses in the heat exchanger region, a varying heat transfer coefficient 

                     has been chosen for both HX surfaces which are now assumed to 

dissipate heat with the environment at 20 C.   
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Figure 5.13 | Schematic of the model utilized for Fig. 2e-f simulations 
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5.8 Analytical Solutions for Resonant Heat Transfer in Counter-Current 

Flows 

Referring to Fig. 5.9a, the temperatures difference       and       along x in the 

channels (F and D) can be obtained by solving the following differential equations: 

 
 
 

 
       

  
 

 

       
                                     

      

  
  

 

       
                                    

  

With     
 

 
     

 

 
      . The terms on the right-hand side express the conditions of heat 

transfer between the channels (i.e. the coupling or interacting term) and heat accumulation from 

the source respectively. Despite the apparent simplicity of the equation, the explicit analytical 

solutions of       and       are relatively complex (see Supplementary Materials for details). 

However, these solutions can be utilized to calculate the heat transfers      and      pictured in 

Fig. 5.9a. For reasons that will become clear soon, we define: 

 
 
 

 
      

 

 
            
   

 

     
 

 
             
 

    

  

Here,      and      are the net heat transfers between feed and distillate for positive and 

negative x respectively (see Fig. 3b) and                    . 

Their complete analytical solutions can be written as: 
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The temperature difference can be then written in the relatively compact form as: 

      
  
 
 
 

 
 

        

            

           
  

where, for clarity, we have defined:   
     

     
,         ,         ,        

We can calculate now the net heat transfers as: 

 
 
 

 
      

 

 
                    
   

 

     
 

 
                    
 

    

  

The complete analytical solutions (shown in Fig. 3b) are: 

 
 
 
 
 

 
 
 
 

       

     
      

 
 
                 

           

     

       

 

                             
  

   
 
 
                    

        

 

      

  

 

5.9 Comparison with Lorentzian Response 

In order to proceed with the comparison with a typical Lorentzian response, it is 

convenient to recast the solutions using meaningful dimensionless parameters which describe the 

system: 
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It is now possible to express the heat transfers as: 

 
 
 
 
 

 
 
 
 

        

      
      

     
               

            
     

                           

       

 
 
  

 
 
  

 
 

    
 

 
  
  

 
  
 
 
  

 
     

  
 
  
    

 
  

 
 
  
 

 
  

       
 
  

 
  

 
 
  

  

By considering now a Lorentzian curve         : 

         
 

 
  

  
 

           
 

At ‘resonance’, the maximum temperature of the systems is reached at its center and can be 

written as: 

                  
 

 
       

 

  

 

 
 
 

 
 

 
   

 

  

 

 
                   

In fact, because of the symmetry of the system, the maximum increase (with respect to 

    ) is placed at the     and depends on two terms. One regards the coupled system and 

depends on the interaction between the channels,    . The other one, intrinsic of the separate 

channels, depends on the heat source,   .  While the former term scales with the inverse of the 

square of the velocity, the latter has an inverse dependence only. The relationship is consistent 

with what we found for heat transfers, since large circulating heat fluxes induce large stored 

thermal energy and thus high temperatures. 

We can now compare it, for example, with the net heat transfer     : 
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Figure 5.14 | Heat transfer enhancements (normalized to   ) of net heat transfers from F to 

D,      (solid, blue) depending on the velocity of D channel,   ,  parametrized as    
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 is fixed. Utilized values are        

 

   
             

    
  

    
     

 

                         
 

 
  The value of    corresponds to a flow 

value               for a cross section of thickness   and width       .  The overlap 

with a Lorentzian curve, typical of resonant systems, for     ,         , is presented (dashed, 

blue). 

 

Following up on the comparison with oscillating systems, we can also introduce an 

equivalent Q-factor ( ) of the system as the ratio between the total thermal energy (    ) and the 

lost heat (  ) for the coupled channels. The total thermal energy increase in the system (    ) and 

the losses (  ) can be written as: 

 
                      

   

    

      

  

At ‘resonance’,      , we obtain: 
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Again, one term of   (which has time units) depends on the extrinsic coupling parameter 

    ,      
 

 
    

 

   
 
 

  
 
 

  and scales as the inverse of the squared velocity. The other term is 

intrinsic of the channels,          , and expresses the time it takes to the flow to go through 

the system, i.e. the natural heat accumulation time of the uncoupled system (dwell time). We can 

thus consider the coupling as a technique to enhance the natural accumulation of thermal energy 

and write: 

    

    
 

 

 
  with         

Moreover, being      , this finding suggests the use of longer channels (larger L) to 

obtain stronger coupling for high-velocity flows ( ). Intuitively, this can be understood from the 

fact that the heat vector field is less curved for large   values (when convection becomes 

dominant) and thus longer modules are needed for the spiral orbits to form. 

5.10 Analytical Solutions for the Effect of Losses on Optimal Matched Flows 

The presence of the peak in Fig. 5.3c is explained by the presence of losses of the 

systems. Here we show how a simplified analytical model explains this behavior. The linear 

trend between optimal matched flows and size of the system can be also obtained and it is 

included in the analytical solutions below. Referring to the system of Fig. 5.9a, the temperatures 

in the channels are difference             along x in the channels (F and D) can be obtained by 

solving the following differential equation: 
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Where               represents the matched flows (as it is in the cases shown in Fig. 5.3) 

and      is an effective coefficient which identifies the external losses of each channels such as 

conduction and convection. While      does not take into account losses non-linearly dependent 

with temperature (e.g. radiation losses), we will show that these simplified loss mechanisms are 

sufficient to explain the peak shown in Fig. 2c. 

Similarly to what was done in Supplementary Note 2, we can calculate the exchanged heat fluxes 

(now equal, due to symmetry) as: 

          

            
         

   
 

 

              
         

   
 

 

              
         

   
  

 

The curves      with (           ) are reported in the main text in Fig. 3c. The 

utilized parameters are:             ,       with            ,      and   

         ,        ,                   ,                   ,       

with              and                . 
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Figure 5.15 | Heat transfer enhancements (normalized to   ) of net heat transfers from F to 

D as a function of module lengths of 10 cm, 20 cm, 50 cm, 100 cm, 200 cm and fitting 

parameter gamma for the system. 

 
Figure 5.16 | Heat transfer enhancements (normalized to   ) of net heat transfers from F to 

D as a function of losses (geff values) in the system and equal feed and distillate flows for an 

analytically solved 1m system. 

5.11 Calculation of GOR 

The water production from solar driven desalination can be expressed as specific water 

productivity (SWP) in terms of each of the underlying phenomena mentioned in the earlier 

section as: 
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Where,  

    is the purified water flux in volume of water purified per unit time per unit area,  

      is the latent heat of vaporization,  

  is the incident light intensity,  

     is the percentage of the light energy converted into heat through absorption,  

     is the percentage of the generated heat used for the evaporation of water,  

    is the gained output ratio and it is a measure of degree to which the heat released in 

the condensation of the water vapor is reused further for water evaporation.     is the ratio of 

the water distilled generated from condensation to the water evaporated in the first cycle. 

According to the definition utilized in the flux rate or SWP (Specific Water Productivity) can be 

defined as: 

      
 

     
       

Where   is the solar irradiation,       is the latent heat of evaporation,             is the 

solar utilization efficiency which includes the thermal efficiency      and the solar absorptivity 

    . Regarding the experimental setup reported in Fig. 5.1, the limit for a perfect single stage 

(no heat recovery, GOR=1) thermal desalination system is            
  

     
                

with                  and            . Given that, for the case without HX, we obtain 

                       , we can deduce a       . By assuming the same   for the case 

where heat recovery is employed, we can estimate our         given by the ratio between 

                      and           . Similarly, for the proposed stacked system of Fig. 

5.3e,f the calculated flux rates, solar utilization efficiency and GOR are reported in the following 
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figure. It should be noted that carbon black nanoparticles utilized here are extremely efficient 

light-heat converters, therefore we can argue that       . Future studies should also explore 

how to improve thermal efficiency. 

 

 
Figure 5.17 | Efficiency analysis and GOR calculation for stacked system. (a) Left y-axis: 

flux rates in the case of no heat recovery (blue, dashed), heat recovery (blue, solid) and 

theoretical limit for thermal desalination without heat recovery (black, solid) depending on 

incident irradiation for a n=10 stacked system, as analyzed in Fig. 2e,f. Right y-axis: extracted 

solar utilization efficiency obtained by taking the ratio between the calculated flux rates without 

heat recovery (blue, dashed) and the corresponding theoretical limit (black, solid). (b) Calculated 

Gain Output Ratio (GOR) (red, solid) by taking the ratio between flux rates with (blue, solid) and 

without heat recovery (blue, dashed) assuming the solar efficiency.  

5.12 Outlook 

We have shown that strong flux enhancement can occur when a heat exchanger is 

introduced between the distillate and feed in a membrane-based solar thermal desalination 

device. The mutual interaction between the evaporation-condensation and the heat recovery 

regions can be described as a coupled oscillator where heat fluxes recirculate. The flux is 

maximal at the resonant condition of equal feed and distillate flow rates. Fresh water fluxes can 

be dramatically increased by this resonant behavior: in our experiments, a fivefold flux increase 

(from ~0.2 kg/m
2.

h to ~1 kg/m
2.

h) was achieved in a small system. To achieve this high-
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performance behavior not only do feed and distillate flows have to be matched, but they need to 

be matched at a value that also depends upon the size of the system, the solar intensity, and the 

thermal losses of the system. For an optimal performance during a whole day, dynamic control 

of the input flow as a function of solar illumination intensity leads to further increase in the water 

flux. This analysis provides a roadmap for the design of compact modular systems that 

efficiently balance the input energy with system losses to achieve optimal performance for 

general types of solar- or heat- driven processes. 
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