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Global Preventable Causes of Death1-3 
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In 2015 World Economic Forum named “Water Crisis” as 
the most likely and most impactful global economic risk 

 

WHO, factsheets 2014 

World Economic Forum, Geneva, Switzerland, “Global risks 2015 10th edition,” 2015. 



http://remf.dartmouth.edu/ 

http://www.water-technology.net/ 

Water-Energy-Food Nexus 
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http://www.agricultureguide.org 

: http://www.nucleartourist.com 

: http://blog.dicksondata.com 

http://www.sustainable-desalination.net 

http://remf.dartmouth.edu/ 

http://www.nanowerk.com 

http://news.mit.edu 

These challenges require: 

•Small scale processes: nanoengineering 

Designed guided by: 

•Large scale processes: thermofluids 

http://managewaste.org http://www.science20.com 

70% water consumed in agriculture 

Produces wastewater 
Adds contaminants  

Energy 

Water                                      Food 

http://montcalm.co.uk 



Options to Provide Water 
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Supply                      Demand 

•Use water more 
efficiency 

 

•Desalination 

 

 

•Reuse of 
sewage or 
agricultural 
water  

 

 

$$ 
 

 

•Reduced economy 

 
•Relocate people 

 

 

•Reduced population 

 



Growing Water Focus 
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Publishers: Two new journals in 2016:  

Example: 
$72 million/year NSF: 
Innovations at the Nexus of 
Food, Energy and Water 
Systems (INFEWS) (2016) 

Government 
     (funding) 
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Sources 
[1] “Global desalination market set to grow 320.3% by 2020 - driven by RO,” Membrane Technology, vol. 2011, no. 10, pp. 7 –, 2011. 
[2] U. E. I. Administration, International Energy Outlook 2016. U.S. Department of Energy, 2015. 
[3] The Water and Food Nexus: Trends and Development of the Research Landscape, Stockholm International Water Institute and Elsevier, 2012 

Water Researchers and Market Growth 



Thermo-nano scientific techniques 
for water 
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Systems 
thermodynamics 

Thermochemistry 

Transport 
phenomena 

Nanomaterial 
fabrication 

Nucleation 
kinetics 

Hydro-phobic/ 
phillic 

Optimization 
Nanomaterial 

characterization 

Novel 
configurations 

Porosity vs 
rejection 

Transport 
phenomena 

Interfacial  
energy 

Transport 
phenomena 
Antifouling 

systems 



Energy 
Efficiency: 
Batch RO 

Energy 
Efficiency: MD 

Desalination 
Component 

Exergy Analysis 

Condensing 
surfaces Membrane 

coatings 

Graphene 
Oxide 

Membranes 

Membrane 
fouling 

prevention 
inventions 

Membrane 
fouling 

thermodynamic 
theory 

Energy in Water 
for Ag. 

Phase-Change 
Thermal 
Storage 

My Research 
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Energy 
efficiency: 
batch RO 

Energy 
efficiency: MD 

Desalination 
component 

exergy analysis 

Condensing 
surfaces Membrane 

coatings 

Graphene 
Oxide 

membranes 

Membrane 
fouling 

prevention 
inventions 

Membrane 
fouling: 

thermodynamic 
theory 

Energy in water 
for Ag. 

Phase-change 
thermal storage 
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Energy in: 

Batch 
Reverse 
Osmosis 

Membrane 
Distillation 
Efficiency 

Food 

Food 
Refrigeration 

Nucleation & 
Filtration 

Other Food & 
Water 

Projects 

Water 

Thermally-
powered 

desalination 

Electrically-
powered  Water 

Treatment 

Energy for 
Food 



Desalination Systems Level 
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Black Box 

Feed (Seawater) Brine 

Permeate (Pure Water) 

  

 Warsinger et al. Entropy 17, 7530–7566 (2015). 

Electricity 
Driven 

Heat 
Driven 

  

Welec 

  



Definitions 

Recovery  

Ratio 

10 

2nd-law 
efficiency 



Desalination Second Law Efficiency ηII 
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Efficiency 

11 Warsinger et al. Entropy 17, 7530–7566 (2015). 

Reverse 
Osmosis 

Thermal 

Other 

GLOBAL DESALINATION 
CAPACITY 

ηII 
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Multistage Flash (MSF) (once through) 

Multistage Vacuum MD Multiple Effect Distillation (MED) 

Reverse Osmosis (RO) 

Key 
heat transfer 

heat exchanger 

liquid 

vapor 
distillate 
feed 
brine 
evaporation 

throttle 
pump 

(no extraction) 

 

Humidification-Dehumidification (HDH) 

Mechanical Vapor Compression  

(MVC) 

 

(single effect) 

 



Stages: membranes, effects, etc 
Heaters in stages 
Regenerators or condensers 
Top heater 
Temperature disequilibrium: brine 
Temperature disequilibrium: distillate 
Chemical Disequilibrium 
Dehumidifier 
Humidifier 

 

 

  

Multistage Flash (MSF) (once through) 

Multistage Vacuum MD Multiple Effect Distillation (MED) 

Reverse Osmosis (RO) 

Humidification-Dehumidification (HDH) 

Mechanical Vapor Compression  

(MVC) 

 

(single effect) 

 

13 
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Energy in: 

Batch 
Reverse 
Osmosis 

Membrane 
Distillation 
Efficiency 

Food 

Food 
Refrigeration 

Nucleation & 
Filtration 

Other Food & 
Water 

Projects 

Water 

Thermal  power 
with desalination 



Membrane Distillation Advantages 
 

3/24/2017 
Lienhard Research Group 

15 

η 99.9% Large  
or 

small 

MEMSTILL 

fouling 

15 



Membrane Distillation Process 
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1 



Heat input 

Warsinger 

1 

Heater 

Membrane Distillation Process 

17 

feed stream 
preheating 

Brine             Pure Water feed 



AGMD  Computational Cell 

boundary layers, 
temperature & 
concentration 

Nu, Sc 
vapor diffusion 
heat transfer 
(vapor advection) 

J flux [kg/m2s] 
B MD membrane permeability m2s/kg 

Heat transfer rate [W] 

Subscript Key 
evap   evaporation 

cond  conduction 
 

hot saline feed 

cool saline feed (Preheating) 

conduction &  
convection 

TC 

TH 

[21] Warsinger et al., IHTC-15, Paper No. IHTC15-9351, (Kyoto, Japan August 2014). 



Jumping droplet condensation 

19 Video recorded by N. Miljikovic 
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1 

1 

3 

2 

2 

3 

Sapphire 
condensing 
plate in front 
of white 
membrane 

O-Rings 
securing 
plate  

4 

4 
4 

CNC Plates for Membrane Module 

Sapphire condensing surface 
(visualization) 

Air-Gap Membrane Distillation 
Experimental Setup 



CuO Superhydrophobic Surface 
Fabrication 
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CuO nanostructures (roughness) w/ silane 
fluoropolymer coating (hydrophobicity) 

1. D. M. Warsinger et al., Journal of Membrane Science, vol. 
492, pp. 578–587, 2015. 

2. N. Miljkovic et al.  Nanoletters, vol. 13, pp. 179–187, 2012. 
 

I

  

    

  

Acetone  

Ultrasonic bath 

Wash: 
deionized water 
ethanol, 
isopropyl alcohol  

  

  

  

NaClO2, NaOH, 
Na3PO4⋅12H2O, and 
deionized water   

polished, copper alloy plate 
(Alloy 110, 99.9% pure)  

  

96°C  

Vapor phase: 

Oven 

Before                                        After 

Before silane coating 

1µm 



CuO Superhydrophobic surface 
desired properties 

• High roughness (hydrophobicity) 

• Low surface energy coating (hydrophobicity) 

• Thin self-limiting layer (thermal conductivity) 

• Materials with high thermal conductivity (CuO) 

• Robustness for long duration operation 

• Scalable to large sizes cheaply (via bath 
process) 

23 



24 24 

parameter 
Spacer 

Orientation 
Surface 

Hydrophobicity 
Spacer 

Hydrophobicity 
Mesh Thermal 
Conductivity 

Tilt Angle 

range/details 
horizontal & 

diagonal 
Contact angle of 

<20° to 164° 
Contact angle of  

~80° to ~150° 
~0.3 to 400 

W/m2K 
Module tilt of -

60° to 85° 
Flux Increase <5% 0-110% -22-2% 21-119% 0-54% 

 Summary of the influence of gap and configuration changes on permeate flux 

 

1 cm 1 cm 

Hydrophobic surface Hydrophillic surface Superhydrophobic surface 

Hydrophobic condensing in MD 

Visuallized through sapphire condensing surface 

1 cm 

After operation, membrane removed 
Small droplets 

Plugflow, 
complex 

trapped fluid 



Jumping Droplet Condensation in Membrane Distillation 

 CuO Coated and silanized surfaces 
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2 
cm 

1. Warsinger et al., Journal of Membrane Science, vol. 492, pp. 578–587, 2015. 
2. Warsinger et al., October 2014. Full Patent Application, US Application No. 14/517,342 

 

Improved Condensate Flux 
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Implications of hydrophobic 
condensing 

• It improves flux substantially, and overall 
efficiency (GOR). Are similar gains possible in 
other thermal desalination technologies? 

• Can other condensing and micro-fluidic 
nanotechnologies improve this and others, 
including directional wicking? 

• How will technologies be designed differently 
at the nano and system-level with these 
techniques? 

 26 



Fouling Types in MD 

27 David M. Warsinger, Jaichander Swaminathan, Elena Guillen-Burrieza, Hassan A. Arafat, and John H. Lienhard V. 
Scaling and fouling in membrane distillation for desalination applications: A review. Desalination, in press, 2014. 

          CaSO4                           Iron Oxide 

 

 
 

 

 
 

 

        Streptococcus faecalis                                                        cracking from intermittent operation 

Inorganic scale              Particulate fouling 

 

 

 

 

 

 

 

    Biofouling                                                Membrane degradation 



Polymer thin films deposited using initiated 
chemical vapor deposition (iCVD) 

28 

iCVD chamber 

iCVD polymer film Roll-to-roll iCVD system 

Coclite, A. M., et al. (2013) 

A. Servi 



iCVD for hydrophobic membranes 
 

29 

iCVD parameters to optimize 

1. Chemistry 
     -Safe? 

       -Hydrophobicity? 

       -Stability & performance 

2. Thickness and conformality 
       -Avoids pore blocking 

       -Avoids gaps in surface coverage 

 



1. Superhydrophobic (157°) 2. Hydrophobic (125°) 
 

    

     1  μm                                                                   1  μm                                                    

Top: submerged superhydrophobic MD membrane, visibly shiny 
due to the thin air layer on its surface. 
Bottom: SEM images of MD membrane surface.  PVDF 
membrane coated with PFDA via iCVD for superhydrophobicity 

 
[6]  Warsinger et al. Journal of Membrane Science in June 2015 505, 241–252 (2016). 
[19] Warsinger et al. In Proceedings of ACE15, Anaheim, CA, USA, (2015). 
[29] Warsinger et al. ” Provisional Patent Application Submitted, mit-17920pro, 2015 

 

Fouling Resistant Nanoengineered Membranes 
Superhydrophobicity & Air Layers 

1a 

1b 

2a 

2b 
A

ir bubble 

Wetting Prevention 

Air  
Recharging 

Superhydro- 
phobic  
Membrane 

Salts 
Surfactants 
Micelles 
Hydrophobic  
Membrane 

Wetting Occurrence 



Membrane 
type 

Manufactu
rer 

Trade name Polymer Thickness 
(µm) 

Nominal 
pore size 
(µm) 

IPA 
bubble 
point 
(kPa) 

Air 
flowrate 
(l/min/cm2

@ 0.7 bar) 

Contact 
angle 

Flat sheet Enka Accurel 2E-PP PP 177 0.2 114.5 1.3 113° 
Flat sheet Donaldson Tetratex 6532 PTFE/ PES 130 0.1 200 3 153° 

31 

Properties of polymeric membranes 
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              H   =  hydrophobic 
air vs none =  with air layer recharging or not 

 

Fouling Resistant Nanoengineered Membranes 
Superhydrophobicity & Air Layers 
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Air Area Fraction  

170 
150 
130 
110 
90 

contact angle 

Experiment Membrane 
Feed side Permeate side Maximum SDS 

Conc. before 
wetting 

Air 
recharg-

ing 
Spacer 

Air 
recharg-

ing 
Spacer 

 E1 (Default 1)   PP - - - - 0.2  
 E2   PP - + + + 0.3 
 E3   PP + - - + 0.3 
 E4 (Default 2)   PTFE - - - - 0.4 
 E5   PP + + - + 0.4 
 E6   PTFE + + - + 0.8< (no wetting) 
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Fouling Resistant Nanoengineered Membranes 
Superhydrophobicity & Air Layers 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

VAPOR 

Membrane 
Distillation 

Wetting 
Salty water 

penetrates through 
membrane  

Dry Out 
Salt remains in pores 

Air Backwashing 
Pressurized air forces 
water and salt out of 

pores 

Membrane 
Wets Easily 

Functionality 
Restored  

Or 

~24hr
s 

10 sec 

Concept: providing air at high pressure from the 
backside (from pure permeate) to reverse 
wetting 



Fouling Resistant Nanoengineered Membranes 
Superhydrophobicity & Air Layers 

Warsinger et al. Provisional Patent Application Submitted, mit-18467Kpro (2016). 
Warsinger et al. , MTC16, February 1-5, 2015, San Antonio, Texas, February (2016). 
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Energy in: 

Batch 
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Membrane 
Distillation 
Efficiency 

Food 

Food 
Refrigeration 

Nucleation & 
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Other Food & 
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Projects 

Water 
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36 36 

Reverse Osmosis (RO) 
Pressure 

Salt Water 

Fresh 
Water 

Feed Membrane 

Brine 

   

Many elements to an 
RO membrane module 

aquanext Inc. URL: http://www.aquanext-inc.com/en/product/desalination02.html  
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Batch 
Savings 

Work in RO 
RO Energy Modeling 

Friction 

Overcoming Membrane 
Permeability 

Osmotic 
pressure 

Terminal 
Overpressure 

Viscous 
losses each 

pass 

Pump 
efficiency 

Recovery 
Ratio 

Instantaneous recovery ratio  

Pr
es

su
re

 (b
ar

) 

D. M. Warsinger et al., Water Research, vol. 106, pp. 272-282, 2016. 



What is Batch? 

• A set volume of liquid is concentrated 

• Pressure varies over time 

38 
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Brine Feed 
 

Pure 
Water 

Main 
Pump 

Standard RO 
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Pressure energy can be 
recovered from brine 

RO membrane modules 



Feed, single fill 
 

Variable 
volume 
high 
pressure 
tank 

Brine reject 
after each cycle 

Pump 

Pure Water 

RO module 

Batch RO: High Pressure Tank 
Concept 

40 

Pros 
• Efficiency 
Cons 
• Tank is 

Infeasible? 

Brine 
Recirculation 



How to make a high pressure 
tank Batch Process? 

41 



Feed, single fill 
 

Brine 
Recirculation 

Variable 
volume 
high 
pressure 
tank 

Brine reject 
after each cycle 

Pump 

Pure Water 

RO module 

Batch RO: High Pressure Tank 
Concept 

42 

Pros 
• Efficiency 
Cons 
• Tank is 

Infeasible? 



Analysis details 

43 

  

  

Volume discretization of membrane module for 
batch models.  
The module is divided into unequal volumes, and in each step, equal amounts of 
permeate are removed from each section and the remaining liquid moves to the 
next section. 

Salinity profiles in the membrane module as recovery 
increases during each cycle for the batch process with 3 
ppt at 75% recovery.  
Dimensionless distance (The abscissa) is defined as the fraction of the module 
recovery achieved as the fluid traverses the module (equivalently, i/n). Lines are 
equally spaced by permeate production; arrows indicate the direction of cycle 
progression. 

Which is discretized across the membrane module for 
spatial effects, and also calculated over time 



Batch Improvement 

Percent reduction in energy requirements of batch RO systems 
compared to continuous, single-stage RO with pressure recovery.  44 
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D. M. Warsinger et al., Water Research, vol. 106, pp. 272-282, 2016. 



Applications 

45 

 

• Household disinfection for India 
etc. 70% water savings   

• Agricultural water use: more 
efficient, cheaper, water savings  

• Large-scale desalination 

 

 

• Mining Water treatment   



Batch Cost Savings 
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Batch RO in the News 

   TECH IDOL 
 



Commercialization Strategy 
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Simulations 
proving concept 

(complete) 

Optimization & 
analysis for 

industry 
Pilot Plant 

IP  
development 

Co-design 

Commercialization and additional funding implementation plan of batch desalination 
research 

           (Young company)              (Startup)             (World Leader)     
       Industrial wastewater           Beverage         Large-scale water 



Brine 
Recirculation 

Variable 
volume 
high 
pressure 
tank 

Pump 

Pure Water 

RO module 

Can we get big benefits too from improving 
not just the process, but its nanomaterials? 

49 



Ultrapermeable RO Membranes: 
Graphene Oxide (GO) 

• Reduces membrane area ($↓) 

• Energy savings: less overpressure 

• Potentially fouling resistant 

• Emerging contaminants (PFOA) 
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GO Oxidation 
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C. Amandei D. M. Warsinger et al. (in progress)  

GO Membrane Fabrication 

D. M. Warsinger et al. (in progress)  
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                                 Visualizing Water Stress 



53 



Phase-change thermal storage 
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Vision & Collaboration 
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Thermofluids Nanoengineering 

Membrane 
nanomaterials 

Thermodynamic 
systems design 

Integration 
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Energy-Water Nexus  
Funding Ecosystem 
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Federal Industry Foreign Gov  University 
• >$627,000 raised in grant applications and pitch competitions in last 2.5 

years 

• ~$1 million in submitted proposals 

Institutions 

 

 

Funding sources used so far 
Future funding sources 



Water-Energy-Food Nexus 
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Water                                                         Food 

Coolify refrigeration unit with Phase-Change thermal 
storage 

Phase-
change 
material 

  

Heat 
Pump 

  

Fan 
Coil 

Food 
crates 

  

Water-Food-Energy Nexus: Energy 
use of desalinating groundwater for 
agriculture, by salinity and water table 
depth26 

     1  μm                                                                 
1  μm                                                    SEM of super-hydrophobic MD 

membrane created with iCVD of 
PPFDA on PVDF [24] 

Evaporation 

UV LED 

Copper Mesh 
Thermoelectric 
Device 

Rnat.conv.water 
Rnat.conv.water 

v. air 
Revap 

Revap 
Rcond.copper 

Rnat.conv.air 

Rcond.TE 

              Powering UV disinfection with evaporation 

Energy 
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Can we save lives with thermodynamics?  
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Reduce 
toxins in 

water 

Reduce energy/ 
emissions 

Water for 
agriculture 

Disinfection 

Intermittent 
refrigeration 

Thermofluids  

Nanoengineering 
+ 



Questions? 
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Feed Modeling  

61 



Air Gap & Condensate 

62 



Cooling Channel Modeling 

63 



Efficiency Definitions 
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Flux                                   2-10 L/m2hr 

  
Energy Efficiency             1.5-15 

   
MD Thermal Efficiency   .5-.93 

   
Dimensionless size           4-35 

   
Heat transfer effectiveness   0.3-0.95 

J 

NTU 

Parameter                                 Typical Value        Definitions 



Model Validation 
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η and ɛ 
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GOR vs Flux 
Seawater salinity 

67 



GOR vs Flux 
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High salinity 



GOR vs Flux 
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High salinity 



Impact of salinity 
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AGMD 



Dimensionless framework 
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Maximum Performance 

 

72 


	Can we save lives with thermodynamics? �Nanoengineering and Thermofluids for the Water-Food-Energy Nexus
	Global Preventable Causes of Death1-3
	Water-Energy-Food Nexus
	Options to Provide Water
	Growing Water Focus
	Thermo-nano scientific techniques for water
	My Research
	Energy in:
	Desalination Systems Level
	Definitions
	Desalination Second Law Efficiency ηII
	Untitled: Slide 12
	Untitled: Slide 13
	Energy in:
	Membrane Distillation Advantages�
	Membrane Distillation Process
	Membrane Distillation Process
	AGMD Computational Cell
	Jumping droplet condensation
	Slide Number 20
	Air Gap Membrane Distillation Experimental Setup
	CuO Superhydrophobic Surface Fabrication
	CuO Superhydrophobic surface desired properties
	Hydrophobic condensing in MD
	Jumping Droplet Condensation in Membrane Distillation� CuO Coated and silanized surfaces
	Implications of hydrophobic condensing
	Fouling Types in MD
	Polymer thin films deposited using initiated chemical vapor deposition (iCVD)
	iCVD for hydrophobic membranes�
	Superhydrophobicity & Air Layers
	Slide Number 31
	Superhydrophobicity & Air Layers
	Superhydrophobicity & Air Layers
	Superhydrophobicity & Air Layers
	Energy in:
	Reverse Osmosis (RO)
	RO Energy Modeling
	What is Batch?
	Standard RO
	Batch RO: High Pressure Tank Concept
	How to make a high pressure tank Batch Process?
	Batch RO: High Pressure Tank Concept
	Analysis details
	Batch Improvement
	Applications
	Batch Cost Savings
	Batch RO in the News
	Commercialization Strategy
	Can we get big benefits too from improving not just the process,
	Ultrapermeable RO Membranes:�Graphene Oxide (GO)
	Energy in:
	Slide Number 52
	Slide Number 53
	Phase-change thermal storage
	Vision & Collaboration
	Energy-Water Nexus �Funding Ecosystem
	Water-Energy-Food Nexus
	Acknowledgements
	Can we save lives with thermodynamics? �
	Questions?
	Feed Modeling 
	Air Gap & Condensate
	Cooling Channel Modeling
	Efficiency Definitions
	Model Validation
	η and ɛ
	GOR vs Flux
	GOR vs Flux
	GOR vs Flux
	Impact of salinity
	Dimensionless framework
	Maximum Performance

