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Drought

“In the most general sense, drought originates from a deficiency of
precipitation over an extended period of time (usually a season or
more), resulting in a water shortage for some activity, group, or
environmental sector.”

-- National Drought Mitigation Center, University of Nebraska

Our water use defines drought.
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U.S. Department of Energy, “The Water-Energy Nexus: Challenges and Opportunities” (2014).

Thermal Electric 
Cooling, 25

Water Treatment, 
0.5

Desalination, 
0.07

(Quads/yr)

© 2015-2016 Jeremy A Theil, All Rights Reserved. 3



Water
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Atmosphere, (0.0009%)

Glaciers, (2.4%) Ground Ice
(0.02%)

Aquifer, (1%) Surface Water
(Lakes, Rivers) (0.01%) Oceans (95%)

Earth Water Balance

Adapted from: Korzun, V. I., et al., The Water Balances and Water Resources of the Earth, (1978).. | http://water.usgs.gov/edu/earthhowmuch.html
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At-risk Regions

Roy, S. B., et al.,  Tetratech Report (2010)

20 Tetra Tech, Inc.

Evaluating Sustainability of Projected Water Demands Under Future Climate Change Scenarios

A

B

Figure 16. (a) Projected total water withdrawal as percent of available precipitation in 2050. 2050 
values are based on an ensemble of 16 GCMs and represent conditions between 2040 and 2059. 
(b) Projected total freshwater withdrawal in 2050 as percent of historical (1934‑2000) total available 
precipitation.

It is a nationwide issue.
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US CaliforniaPrecipitation Trend (1895-2009)

Precipitation Supply

McRoberts, B., et al., J. Appl. Met., 50, 1187 (2011).| George Taylor, Oregon Climate Service. | http://www.cpc.ncep.noaa.gov/charts.shtml
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Supply is constant.

Precipitation



California Water Deficit: > 60 years of Overuse 
● In 1955, the CA DWR commented 

that the state was drawing more water 
than was sustainable.

● Since then, water use has been 
consistently above sustainable 
supplies

● Shortfall has been made up with
● Colorado River allotment.
● Groundwater pumping.
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San Joaquin Aquifer Water Volume

● 100 Maf total useable water volume.
Faunt, C. F., et al., USGS Professional Paper 1766, (2009)

Development and Changes to the Hydrologic Budget  77

The	1987–92	drought	was	associated	with	increases	in	
ET	(fig. A18)	and	DR	and	a	decrease	in	surface-water	deliver-
ies	to	the	lowest	prolonged	rate	in	the	study	period	(table B1 
and fig. B6).	As	a	result,	the	CVHM	shows	that	groundwater	
pumpage	increased	dramatically	and	exceeded	surface-water	
deliveries	(fig. B6A).	Ultimately,	pumpage	increased	to	rates	
close	to	the	1970s	levels.	Although	not	as	extreme	as	the	
1970s,	the	CVHM	shows	that	these	high	pumping	rates	con-
tinued	for	an	extended	period	of	time.		During	this	prolonged	
drought,	aquifer	storage	decreased	at	a	dramatic	rate,	water	
levels	declined,	and	subsidence	briefly	increased	(table B3 and 
figs. B3, B8, and B9).	The	CVHM	simulates	the	cumulative	
change	in	storage	reaching	a	maximum	loss	of	47.5	million	
acre-ft in the mid-1990s (fig. B9). 

Between	1993	and	1998,	with	the	return	of	a	relatively	
wet	climate,	the	CVHM	simulates	that	surface-water	deliver-
ies	increased,	groundwater	pumpage	decreased,	and	except	
for	1994	surface-water	deliveries,	exceeded	groundwater	
pumpage	(fig. B6).		Similar	to	the	period	between	the	previ-
ous	droughts,	groundwater	levels	partially	recovered	and	
approximately	24.3	million	acre-ft	of	water	returned	to	
storage	(fig. B9).	During	1999–2003,	with	stable	surface-
water	deliveries,	more	efficient	irrigation	systems,	changes	to	
lower-water-use	crops,	and	overall	relatively	moderate-to-wet	
climate,	the	total	average	agricultural	pumpage	decreased	to	
about 5.7 million acre-ft/yr (fig. B6A).	Despite	the	relatively	
wet	climate	during	this	period,	the	decrease	in	excess	irriga-
tion	water	resulted	in	one	of	the	lowest	landscape	recharge	

"Variable"
to

Dry

"Variable"
to

Dry

"Variable"
to

Wet
Dry

Dry

Wet Wet

EXPLANATION

WATER YEAR

CU
M

UL
AT

IV
E 

CH
AN

GE
 IN

 G
RO

UN
DW

AT
ER

 S
TO

RA
GE

, I
N

 M
IL

LI
ON

S 
OF

 A
CR

E-
FE

ET

Typical

0

-20

-60

-40

-80

20

Representative water year Dry Wet

1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002

Central Valley Overall

By region

Sacramento

Delta and Eastside Streams

San Joaquin Basin

Tulare Basin

Figure B9. Simulated cumulative annual changes in aquifer-system storage between water years 1962 and 2003 for the Central Valley, 
California. 

30Maf left?
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Precipitation Demand

Bureau of Reclamation Report, “Colorado River Basin Water Supply and Demand Study Executive Summary (2012).
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Executive Summary 

FIGURE 2  

1 Water use and demand include Mexico’s allotment and losses such as those due to reservoir evaporation, native vegetation, and 
operational inefficiencies. 

Historical Supply and Use1 and Projected Future Colorado River Basin Water Supply and Demand 

10  

Colorado River 1919-2063 (2008) 
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Water Resource Constraint

USGS SIR2013-5079,  “Groundwater Depletion in the United States (1900–2008) (2013). | Data adapted from USGS Circular 1405 (2014).

50  Groundwater Depletion in the United States (1900–2008)

proportional to the percentage loss of wetlands during the 20th 
century, most of which occurred prior to 1950. The depletion 
volume in 2000 and 2008 would thus be the same as in 1992, 
when it was approximately 55 km3 (fig. 55). This is a small 
change (of 1 km3) from the value of Konikow (2011).
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Figure 55. Cumulative groundwater depletion in the United 
States attributable to agricultural and land drainage projects, 
1900 through 2008.

Discussion of Results
The 41 separate assessments (table 1) provide evidence 

that the long-term (1900–2008) cumulative depletion of 
groundwater in the United States is about 1,000 km3—about 
twice that of the volume of water contained in Lake Erie 
(about 480 km3). The depletion volume had increased from 
about 800 km3 in 2000—an increase of 25 percent in just 
8 years. This large volume of depletion represents a serious 
problem in the United States because much of this storage 
loss cannot be easily or quickly recovered and affects the 
sustainability of some critical water supplies and base flow to 
streams, among other effects. The individual depletion assess-
ments can be lumped into broader categories to help illustrate 
the magnitude of the problem (fig. 56). The three individual 

Figure 56. Cumulative groundwater depletion in the United 
States and major aquifer systems or categories, 1900 through 2008 
(modified from Konikow, 2011).
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systems that represent the largest contributors to groundwa-
ter depletion in the United States from 1900 through 2008 
are principal aquifers—the High Plains aquifer (340.9 km3), 
the Mississippi embayment aquifer system (182.0 km3), and 
the Central Valley aquifer system of California (144.8 km3) 
(table 1). 

The annual depletion volumes (fig. 56) can be used to 
estimate changes in the rate of depletion (fig. 57). The data 
shown in figure 57 represent averages over 10-year periods, 
except for the last period, which is averaged over the final 
8 years of record. Annual rates of total groundwater depletion 
in the United States through 1945 were less than 4 km3/yr, but 
then increased substantially after the mid-1940s. The great-
est rates of depletion occurred during 2001–2002 inclusive, 
when annual depletion rates averaged 34.8 km3/yr. Depletion 
rates during all of this most recent 8-year period averaged 
23.9 km3/yr.
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Figure 57. Decadal scale rate of groundwater depletion in the 
United States, 1900 through 2008. Final value represents average 
rate during an 8-year period, 2001 through 2008.

In addition to widely recognized adverse environmental 
effects of groundwater depletion, the depletion also impacts 
communities dependent on groundwater resources in that the 
continuation of depletion at observed rates makes the water 
supply unsustainable in the long term. However, depletion 
itself must certainly be unsustainable and the observed rates of 
depletion must eventually decrease as economic and physical 
constraints lead to reduced levels of extraction. Yet the data in 
table 2 and figure 57 demonstrate that the rates of depletion for 
some of the major aquifer system and land use categories dur-
ing 2001–2008 are the highest since 1900, and in fact account 
for 25 percent of the total depletion during the 108-year 
period. Nevertheless, the rate of depletion is leveling off or 
becoming self-limiting in a number of areas, most notably the 
western alluvial basins (since 1980) and to a lesser degree the 
Central Valley (since the early 1990s). 

Konikow (2011) also notes that oceans represent the 
ultimate sink for essentially all depleted groundwater. The 
surface area of the oceans is approximately 3.61×108 km2 
(Duxbury and others, 2000). If the estimated volumes of 
depletion were spread across the surface of the oceans, it 
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Reservoirs are depleted.



Water Risk Assessment

World Resources Institute Aqueduct Water Risk Atlas: http://www.wri.org/applications/m aps /aqueduct-atlas | http://www.grida.no/graphicslib/detail/water-desalinati on_11e4

Water Withdrawals / Renewable Supply (Precipitation)
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United States Regional Water Stress

Region Characteristics

CA,NV,AZ Least precipitation.
Experiencing	  severe	  droughts.
Advanced	   long-‐distance	  conveyance.
Built	  desalination	  facilities.

FL,TX Experiencing	  supply	   shortfalls.
Built desalination	  facilities.

UT,ID,NM,CO,OR Have	  experienced	   some	  degree	  of	  
shortfall or	  drought.

MT,	  WY,	  WA Potential	  to	  experience	  shortfalls.

KS,NE Have	  some shallow	  groundwater	  issues.

MS,AR,	  OK Have	  potential	   for	  water	  supply	   short	  
falls.

Adpated from Roy, S. B., et al.,  Tetratech Report (2010).  | Twomey, K. M., et al., Proc. ASME 2011 5th Int’l Conf. on Energy Sust. 1735–48 (2011).

Water Supply Sustainability Index (2050)

Water Supply Sustainability Index (2050) No Climate Change Effects

Extreme (29)

High (271)

Moderate (821)

Low (1988)

Extreme (412)

High (608)

Moderate (1192)

Low (897)

14

5.4

5

4.3
3.6 2.7 3.2

Water Supply Intensity (MWh/Mgal)

US Avg: 3.4 MW/MGal

Southwest

Arid US
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The nation is willing to pay for water supplies.



0%#

10%#

20%#

30%#

40%#

50%#

60%#

Southwest)

)F
ra
c.
on

)a
t)R

is
k)
(%

)) %#Agriculture#
%#Food#
%#Wood#Paper#
%#Chemicals#
%#Health#Care#

Arid)US)

% Industry

What is at Risk for the United States

!"!!!!
!100!!
!200!!
!300!!
!400!!
!500!!
!600!!
!700!!
!800!!

Southwest)

GD
P)
at
)R
is
k)
($
B)
)

Arid)US)

GDP at Risk

© 2015-2016 Jeremy A Theil, All Rights Reserved. 14

9% of Economy ($1.7T)
50% of Food Supply
40% of Population



Arid US
% Water Supply 17%
% Agriculture 83%
Total Water 49,900,000 Mgal/yr

Water Use

Adapted from Google Maps (2015).

Total Annual Volume:
188 km3/yr.+

Lake Tahoe Lake Mead
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Water Depletion Effects

© 2015-2016 Jeremy A Theil, All Rights Reserved. 16

M. J. Cohen et al., Journal of Arid Environments (2001) 49: 35-48 | http://www.gbuapcd.org/ 

• 50 ft elevation drop.
• Towns out of water.
• Empty lakes and rivers.
• Expensive dust hazard.

Colorado RiverOwens LakeCentral Valley E. Porterville, CA



Water

● Deficits
● Costs
● Plan
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WATER SUPPLY AND YIELD STUDY 

 
 
 
FIGURE 1-1 
Major CVP and SWP Storage and Conveyance Facilities 

1-2  

Conveyance Energy Intensity

● State Water Project (SWP)
● Moves 5% of California’s water.
● Uses 3% of state’s electricity.
● World highest water lift. 
● 14,000 kWh/Mgal.

Department of Water Resources Bulletin 132, Oroville dam, State Water project, Capital Public Radio.
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System Invst’t
(2015	  $B)

Length	  
(mi)

Cost
Energy	  
(kWh/Mgal)

Water
($/Mgal)

NWCS	  (OK) $	  14.2B 627 1,600 $1,400	  
SWP	  (So. CA) $	  13.5B 700 14,000 $2,100
CRA	  (So.	  CA) $5.1B 242 6,200 $2,600
CAP	  (AZ) $4.0B 343 7,500 $1,800

Survey of Conveyance Costs

Oklahoma Water Resource Board, OCWP Report (2012). | Smith, K., “Arizona at the Crossroads: Water Scarcity or Water Sustainability?” (2011).,  | USBR CRB Water Supply and Demand Report (2012). | http://www.cap-az.com/index.php/cap-history
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Annual Energy: 1.2 to 2.4 Quads
Annual Cost: $0.3T to $0.6T
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US Desalination Market

Global Forecast. Oxford, UK: Media Analyics Ltd. | Mezher, T., et al., Desalination 266 (2011) 263–273 

© 2015-2016 Jeremy A Theil, All Rights Reserved. 21

Technologies

Reverse	  Osmosis	  (RO)
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Reverse Osmosis Principle

Adapted from: Liu, C., et al., Desalination 276 (2011) 352–358 | Elimelech, M., et al., Science 333, 712 (2011)  

π =
Nslt

Nwater

RTdG =Vdp −SdT + µidNii∑

H2OH2O + Salt H2OH2O + Salt

Osmosis Reverse Osmosis

one or more reverse osmosis passes, adding to the
total energy consumption and capital cost (4, 6).

Can Novel Materials Reduce
Energy Consumption?
At the core of the reverse osmosis desalination
process is a semipermeable membrane capable
of separating pure water from seawater (18).
The first commercially viable membrane with
the ability to effect such a separation was an
asymmetric cellulose acetate membrane devel-
oped in the early 1960s (19). Membranes of this
type were the best available technology until the
1980s when robust thin-film composite mem-
branes were developed (20). Along with the abil-
ity to remain stable over a greater pH range than
cellulose-based membranes, thin-film composite
membranes exhibit much higher intrinsic water
permeabilities because of their extremely thin
(~100 nm) polyamide-selective layers (Fig. 3).
Water and salt transport across such membranes
is governed by a solution-diffusion mechanism,
where species first partition into the polyamide
phase and then diffuse down a concentration
gradient (21).

The fabrication and performance of thin-
film composite membranes have been greatly
improved in the past few decades and today,
nearly all reverse osmosis desalination operations
use such membranes (18). Thin-film composite
membranes exhibit water permeabilities around
3.5 × 10−12 m3m−2 Pa−1 s−1 and can reject 99.6 to
99.8% of the salts dissolved in the seawater feed
(10). Empirical evidence suggests that it is dif-
ficult to further increase the water permeability
of these membranes without sacrificing selec-
tivity (22).

Despite the great improvements in thin-film
composite membranes, there are still shortcomings
that hinder their application. The fabrication tech-
nique has not been successfully extended to hol-
low fiber configurations that offer higher packing
densities. In addition, the surface properties of
thin-film composite membranes (Fig. 3, B and C)
make them prone to fouling, which diminishes
process performance. Biofouling—the growth of
microbes on the membrane surface—could po-
tentially be reduced or even prevented if chlorine
or other oxidants were added to the feed. How-
ever, the amide linkage in polyamide composite
membranes (Fig. 3A) is susceptible to attack by
chlorine, and great care must be taken to prevent
the membrane from being exposed to oxidizing
agents (23). Given the limitations of thin-film com-
posite membranes, along with recent develop-
ments in the fabrication of advanced materials, it
is natural to question whether these advanced
materials can be leveraged to improve the energy
usage, reliability, and environmental impact of
SWRO.

Ultrahigh-permeability membranes have re-
cently received a lot of attention as potential al-
ternatives to thin-film compositemembranes. It is
argued that increasing the membrane permeabil-
ity will reduce the pressure needed to drive per-

meation, thereby reducing the energy demand of
reverse osmosis desalination. Two such ideas for
ultrahigh-permeability membranes are based on
incorporating aligned nanotubes (24, 25) or aqua-
porins (26) into a barrier matrix. Of these, aligned
carbon nanotube membranes have demonstrated
the most potential so far.

Experiments with aligned carbon nanotubes
have shown water fluxes that are three to four
orders of magnitude higher than those expected
from conventional hydrodynamic theories (24, 25).
These extremely high water fluxes may be due
to the molecular smoothness of nanotube walls,
the structure that water takes within nanotubes
(27), and the smooth energetic landscape inside
nanotubes (28). Notably, none of these mech-
anisms provide a means for selectively rejecting
the dissolved salts. Therefore, chemical function-
alities that reject ions must be added to the mouth
of the nanotube pores or the nanotube diameter
must be small enough to sieve ions from solution
based on size. A nanotube inner diameter of 0.5

to 0.6 nm can theoretically produce a separation
comparable to that of thin-film composite mem-
branes (i.e., 99% rejection) (27). To date, how-
ever, no experimental studies have demonstrated
salt rejection adequate for desalination. If such
nanotubes were incorporated into membranes at
a pore density of 2.5 × 1011 pores per cm2 (24),
the membranes would have water permeabilities
that are four to six times higher than current thin-
film composite membranes (27).

The amount of energy that can be saved by
using nanotube- or aquaporin-based membranes
is likely to be very small. Current SWRO plants
are already operating near the thermodynamic
limit, with the applied pressure being only 10 to
20% higher than the osmotic pressure of the
concentrate,Pc (10, 17). This additional pressure
(PH −Pc) compensates for frictional losses along
the membrane channel and ensures a positive
net driving pressure just before the channel out-
let. Although these membranes might make it
possible to use a smaller membrane area, this
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Fig. 3. (A) A schematic of the interfacial polymerization used to form thin-film composite (TFC) membranes.
The monomers m-phenylenediamine and trimesoyl chloride react to form a highly cross-linked polyamide
layer, which allows for the selective transport of water over salt. Ultrathin films are fabricated by dissolving the
m-phenylenediamine in water and trimesoyl chloride in a water-immiscible organic solvent, such as hexane. A
porous support is soaked in the aqueous solution and then contacted with the organic solution. The resulting
polyamide formation is confined to the region near the interface of the two solutions. One drawback of the
polyamide chemistry is the amide linkage (highlighted in dashed box), which is susceptible to attack by chlorine
and other oxidizing agents. (B) Micrographs displaying the structure of the TFC membranes (48). A trans-
mission electron micrograph of the membrane cross-section shows the extremely thin polyamide layer on top
of a porous polysulfone support. The dark regions on top of the polyamide layer are gold nanoparticles used to
obtain sufficient contrast between the polyamide and polysulfone layers during imaging. (Inset) A scanning
electronmicrograph of the polyamide top surface showing the rough ridge and valley structure typical of these
films. (C) Surface properties of TFC membranes (49, 50). Fouling-resistant membranes would be smooth and
possess surface chemical properties postulated by (30); TFC membranes do not meet all of these constraints,
consistent with their high fouling propensity. (D) Chemistries that have demonstrated the ability to resist
protein or organic macromolecule adhesion: poly(ethylene oxide) (31), zwitterions such as poly(sulfobetaine)
(33), sugar-derived molecules (30), and polyglycerol (34).
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Semi-permeable Membrane

concentration polarization [21], otherwise an extra amount of energy
is needed to overcome concentration polarization.

In the ideal RO process, the osmotic pressure of the retentate is
still described by Eq. (2). However, the driving pressure changes to
the osmotic pressure plus a net driving pressure ΔPnet

ΔP = Δπ + ΔPnet : ð6Þ

The net driving pressure ΔPnet for a given permeate flux decreases
as the membrane resistance decreases.

If a constant ΔPnet is maintained during the operation, going
through similar integration steps as for the reversible RO process,
the specific energy for the ideal RO process to maintain the required
permeate flux is determined as

W2 = 2:05 × 10−5C0
1
R

ln
1

1−R
+ 2:78 × 10−7ΔPnet ð7Þ

where W2 is the specific energy for the idea RO process to maintain
a required permeate flux. The pressure in Eq. (7) is required in the
metric unit of Pa. The first term on the right hand side of Eq. (7) is the
amount of energy required to overcome the osmotic pressure, and the
second term is the amount of energy needed to maintain the required
permeate flux.

2.3. Cross flow RO process

The practical RO desalination processes are dominantly employing
a cross flow configuration with pressure vessels 6–8 m long, in which
6–8 membrane elements are connected in series [22,23]. A cross flow
RO system is schematically presented in Fig. 3. Feed water is supplied
by a high pressure pump into one end of the pressure vessels, and
retentate exits the pressure vessels through the other end. Permeate
comes out of the pressure vessels through the third outlet usually
placed along the central line. More pressure vessels can be arranged in
“Christmas tree” structure for high recoveries. However, a multi-stage
RO process without inter-stage booster pumps can be viewed simply
as a longer pressure vessel. In order to focus on the major mechanistic
points, the pressure drop and the resultant energy consumption in
the membrane channel due to friction are assumed to be negligible in
the following analysis.

The net energy required to pump volume V0 of feed water at
pressure ΔP into a cross flow RO channel is simply determined by
the product of feed water volume and the pressure [20,21]

E = V0ΔP: ð8Þ

The cross flow RO process is fundamentally different from the
reversible and ideal RO processes in that there is a retentate stream
coming out of the RO process in addition to the permeate stream.
With the assumption that the pressure drop in themembrane channel
due to friction is negligible, the energy remaining in the retentate
stream ER is

ER = 1−Rð ÞV0ΔP: ð9Þ

Therefore, the energy used in the cross flow RO process for
permeate production EP is

EP = RV0ΔP: ð10Þ

The specific energy requirement for permeate production in the
cross flow RO process is

W3 = 2:78 × 10−7ΔP ð11Þ

where W3 is the specific energy requirement in the common cross
flow RO processes. The pressure ΔP in Eq. (11) is given in the metric
unit of Pa. The specific energy in Eq. (11) is the net energy spent on
permeate production and does not take account of the energy
remained in the retentate stream. If the retentate is discharged
directly without energy recovery, the gross specific energy require-
ment for permeate production in the cross flow RO process will be
higher accordingly.

Unlike in the case of the reversible RO process, the driving pressure
in some sense is a free variable in the cross flow RO process. Actually,
the driving pressure is a primary design parameter in the cross flow
RO processes. In a cross flow RO process, because the osmotic pressure
increases downstream along the membrane channel, the driving
pressure has to be equal to or greater than the maximum osmotic
pressure in the membrane channel to ensure that the entire channel
contributes to permeate production. The key step for energy calculation
in cross flow RO is the determination of the driving pressure that
will be further elaborated in the following discussions.

3. Discussion

3.1. Pressure-recovery diagram

The energy spent in a cross flow RO process can be analyzed
graphically into different characteristic fractions with the help of a
pressure-recovery diagram. An example of the pressure-recovery
diagram for seawater desalination at a recovery of 40% is shown in
Fig. 4. The driving pressure used in the development of the diagrams
was 4.83 MPa (700 psi). The diagram can be constructed in the shape
of either a square or a rectangle. The horizontal side of the square or
rectangle indicates the volume of feed water pumped into the RO
channel, and the permeate recovery is indicated by a fraction of the
side. The vertical side of the square or rectangle indicates the driving

Pump

Concentrate

Cross flow membrane channel

Permeate

Feed

Fig. 3. Schematic of a cross flow RO desalination process. The membrane splits
continuously the feed stream into permeate (non-pressurized) and concentrate
(pressurized) streams.
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π:     Osmotic pressure
Δπ:  Recovery pressure
ΔP:  Rate pressure

Pappl = π +Δπ +ΔP
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of 5000 mg/L and net driving pressure of 0.34 MPa (50 psi) at the
end of membrane channel. It can be seen that the additional energy
requirement is greater than the thermodynamic minimal energy
requirement for all recoveries.

3.3. Configuration associated energy

The osmotic pressure in cross flow RO increases along the
membrane channel [23,25] due to the accumulation of the rejected
salt and the driving pressure has to be greater or equal to the osmotic
pressure (peak value) at the exit end of the membrane channel. The
osmotic pressure and driving pressure along a membrane channel
are schematically depicted in Fig. 8. The requirement of a certain
permeate flux or recovery of a practical cross flow RO process sets the
final salt concentration or equivalently the osmotic pressure at the
exit end of the membrane channel. For instance, when a 50% recovery
is required for a membrane channel, the salt concentration or osmotic
pressure by the exit end of the channel doubles its initial values of
the feed water. An equivalent requirement for average permeate flux
can be determined from the recovery with the total membrane area
and feed cross flow velocity of the membrane channel [26].

The accurate determination of driving pressure for a cross flow RO
process for a given average permeate flux or recovery is a challenging
task because it is a heterogeneous system. However, for most practical
designs, the required pressure can be estimated by homogenizing the
RO system as

ΔP = Δπ + vRm = Δπ0
2−R

2 1−Rð Þ + ΔPnet ð12Þ

where v is the average permeate flux, Rm is the membrane resistance,
Δπ is the average osmotic pressure, and Δπ0 is the osmotic pressure of

the feedwater. The specific energy of cross flow RO can be obtained by
combining Eqs. (11) and (12)

W3 = 2:05 × 10−5C0
2−R

2 1−Rð Þ
+ 2:78 × 10−7ΔPnet : ð13Þ

The validity pressure range of Eqs. (12) and (13) is ΔPNΔπ0/(1−R),
which is the osmotic pressure of the retentate.

As indicated in Fig. 8, the required pressure for a given permeate
recovery (or average permeate flux) decreases with increasing
membrane permeability. The lowest required driving pressure is the
pressure (a horizontal line) that meets the osmotic pressure at the
exit end of the membrane channel. The energy requirement at this
point is the minimum value for cross flow RO that cannot be reduced
by further improvement in membrane permeability. The shaded
area between the lowest driving pressure and the curve of the osmotic
pressure represents (not in proportion) the energy requirement
associated with the cross flow configuration of the RO process.

The configuration associated energy was relatively a small fraction
of the additional energy requirement for the low permeability RO
membranes of previous generations because high net driving pressure
was needed to produce the required permeate flux. The net driving
pressure decreased substantially in the last two decades primarily
because of the marked improvements on membrane permeability.
This configuration associated energy can become a major part of the
additional energy requirement for highly permeable RO membranes.

3.4. Energy requirement under thermodynamic restriction

When thermodynamic restriction occurs in cross flow RO, the
driving pressure for the RO process with a given recovery is equal to
the osmotic pressure at the exit end of the membrane channel. The
driving pressure can be easily determined from the initial feed salt
concentration and the required recovery as

ΔP =
fosC0
1−R

: ð14Þ

The ultimate energy requirement in the cross flow RO process is
determined by substituting Eq. (14) for ΔP in Eq. (11)

W4 = 2:05 × 10−5 C0
1−R

ð15Þ

The thermodynamic minimum energy, ideal energy for a required
flux, and energy consumptions in cross flow RO before and after
thermodynamic restriction (TR) for seawater desalination at different
recoveries are listed in Table 2.

Table 2 shows that the specific energy in the ideal RO process was
constantly higher than that in the thermodynamic minimum at the
same recovery by 0.278 kWh/m3. It can be seen that the cross flow RO
process was controlled by thermodynamic restriction for recovery
greater than 45%. Therefore, the specific energy of cross flow RO could
be calculated with Eq. (13) for recovery smaller than 45%, but with
Eq. (15) for recovery greater than 45%. The specific energy in the
cross flow RO before thermodynamic restriction was only slightly
higher than the ideal RO. However, the specific energy increased
much faster in the regime of thermodynamic restriction. For example,
at a recovery of 75%, the energy requirement of ideal RO was
1.585 kWh/m3, but the energy requirement in the cross flow RO could
be as high as 2.829 kWh/m3.

It should be pointed out that the energies presented in the tables
and discussed in this paper were the net energies consumed by the
RO units. When the data are compared with the actual electricity
consumption in a desalination plant employing RO process, the
conversion efficiencies of motors and pumps and energy consumption
other than RO units have to be considered. For example, the high

Table 1
Percentages of three energy categories spent in a cross flow RO processa.

Energy component Recovery (%)

50.0 60.0 70.0 80.0 90.0 95.0

Minimum energy requirement 23.6 26.7 28.2 27.1 21.1 14.3
Additional energy requirement 26.4 33.3 41.8 52.9 68.9 80.7
Energy remained in retentate 50.0 40.0 30.0 20.0 10.0 5.0
a Conditions: salt concentration is 5000 mg/L and the net driving pressure at the end

of the membrane channel is 0.34 MPa (50 psi).
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Fig. 8. The driving pressure and osmotic pressure profiles along a pressure vessel. The
required driving pressure decreases with increasing membrane permeability. The
shadowed area indicates the configuration associated energy of cross flow RO.
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Curre t Desaliantion Cost: $7500/Mgal
AVG US Wholesale: $3300/Mgal
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Potential Desaliantion Cost: $3000/Mgal
AVG US Wholesale: $3300/Mgal
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High Permeability Membranes- Aquaporins

● Naturally occurring proteins very selective to water.
● Potential for 80x throughput increase w.r.t. commerical membranes.

2.1. Functional characterization

Water permeability and solute rejection of single aquaporins is
not easily measured. Molecular dynamics simulations of aquaporins
reveal diffusional water permeabilities corresponding to the trans-
port of 108 to 109water molecules/s [28]. In terms of the number of
transported molecules this is about an order of magnitude higher
than for typical ion channels where single channel pA currents on
a ms time scale corresponds to the transmembrane displacement
of ~107 ions [29]. While currents in the pA range are measurable
by standard patch-clamp methods, the movement of 108 to 109

water molecules is not experimentally accessible by current methods.
However the macroscopic transport mediated by an ensemble
of aquaporins is measurable. Then by measuring osmotic transport
arising from a large (known) number of aquaporins, single aquaporin
permeabilities can be estimated. Two methods are currently used in
this respect: Xenopus oocyte volume change and light scatter from
proteoliposomes/proteopolymersomes.

In the Xenopus oocyte expression, frog oocytes (~1 mm diameter)
are cytoplasmically injected with mRNA that has been transcribed in
vitro from a cDNA clone [30]. In the case of aquaporins the resulting
expression renders the oocytemembrane significantlymore permeable
to water compared to control oocytes [13]. Upon an osmotic challenge
the oocyte will change size (diameter) and by employing small osmotic
gradients for short periods of time (e.g. 2.5 mosM for 5 s) the transport
parameters (water permeability and solute rejection) can be deter-
mined from the initial rate of oocyte volume changes in both swelling
and shrinkage experiments [31].

Water permeabilities of proteoliposomes/proteopolymersomes
can also be measured by detecting the light scattering of the prepara-
tions in a stopped-flow apparatus (see reference [32] and Fig. 2a).
Thus if a suspension of aquaporin containing vesicles with initial
diameters around 200 nm is rapidly mixed with the same volume
of a hyperosmolar solution with membrane impermeant solutes
(e.g. sorbitol, sucrose or mannitol) for proteoliposomes, the resulting
transmembrane osmotic gradient will generate water efflux, and the
consequent reduction in vesicle volume can be measured as an in-
crease in the intensity of scattered light. The rate constant k of the
normalized light intensity increase indicates the rate constant of
water efflux, which is proportional to the water permeability coeffi-
cient. The light intensity increases exponentially as a function of k
with time (Fig. 2b). The response from protein free controls is fitted
to a single exponential whereas a double-exponential function is
used for proteoliposomes/proteopolymersomes (vesicles) reflecting
the dual pathways for water transport (membrane mediated and
protein mediated). The k values can then be used to calculate osmotic
permeability Pf :

Pf ¼
k

S
V0

⋅Vw⋅Δosm
ð1Þ

where S/V0 is the surface area to initial volume ratio of the vesicle, Vw

is the partial molar volume of water (18 cm3/mol), and ∆osm is the dif-
ference in osmolarity between the intravesicular and extravesicular
aqueous solutions. Based on stopped-flowmeasurement, thewater per-
meability of AqpZ is estimated to be in the range of 2–10×10−14 cm3/s
[33–35], which is in reasonable agreement with reported molecular
dynamics simulation results (3–30×10−14 cm3/s).

2.2. Production

Until now, most recombinant aquaporins have been expressed
only in lab-scale quantities for screening, functional, regulatory or
structural studies [36,37]. One of the main obstacles in protein pro-
duction is that membrane protein overexpression in vivo is hampered
by their complex structure, hydrophobic transmembrane regions,

host toxicity, and the time consuming and low efficiency refolding
steps required. Recent developments of high-expression systems
may however provide insights into how large-scale AQP production
may be realized. These include E coli, Saccharomyces cerevisiae,
Pichia pastoris, and baculovirus/insect cell based systems, for a recent
review see [38].

E. coli expression methods providing milligram quantities of pro-
tein have been successfully employed to solve the X-ray structure
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Fig. 2. Stopped-flow characterization. (a): Schematics of stopped-flow measurement;
(b): Typical stopped-flow results for lipid vesicles with (i.e., proteoliposomes) and
without aquaporin incorporated (i.e., liposomes).

Fig. 3. Comparison water permeability of polymer vesicles with AqpZ (AqpZ-ABA)
or without AqpZ (ABA) to those of polymeric membranes. FO is a commercial forward
osmosis membrane; RO is a commercial reverse osmosis membrane, and EE-EO is a
polyethylethylenepolyethylene oxide diblock polymer. Permission for reprint of figure
will be obtained after the paper is accepted for publication.
Reproduced from Ref. [5].
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membranes that benefit from biomimicry to achieve better selectivity
and higher permeability. Shortly after that Kumar et al. published a
paper that proposed the idea of incorporating aquaporin properties
into desalinationmembranes [5]. Aquaporins are pore-forming proteins
and ubiquitous in living cells. Under the right conditions they form
‘water channels’ able to exclude ionic species. In a series of simple char-
acterization experiments Kumar showed the exceptional water perme-
ability of aquaporins and extrapolated his observations to postulate
desalinationmembraneswith vastly improved performance. In a recent
review [6] of membrane nanotechnologies, bio-inspired membranes,
such as aquaporin-based, were judged to offer the best chance for
revolutionary performance but were also seen as the furthest from
commercialization. In fact there has been a surge of activity in the last
half-decade attempting to develop practical biomimetic desalination
membranes incorporating aquaporins, and it is timely to review the
status of this new direction in desalination.

In this paper we first review the properties of aquaporins, their
preparation and characterization. We then review the various at-
tempts to exploit the remarkable properties of aquaporin in mem-
branes for desalination; including an overview of our own recent
developments in aquaporin-based membranes. Finally we discuss
future prospects of this type of biomimetic membrane for desalina-
tion and water reuse.

2. Aquaporins: special properties, characterization and means
of production

Several recent reviews have nicely summarized many fascinating
aspects of aquaporin protein structure and function [7–11]. Here we
will present only the basic features and discuss the permeability
properties pertaining to biomimetic water transporting membranes.
Aquaporins constitute a family of 24–30 kDa pore forming integral

membrane proteins. Since the purification of a red blood cell mem-
brane protein: channel-forming Integral membrane protein of 28 kDa
(CHIP28) [12] and subsequent expression of this protein in Xenopus
oocytes [13] and liposomes [14] revealing rapid water diffusion along
osmotic gradients, much has been discovered about this class of pro-
teins for which the term aquaporins soon was coined [15].

The canonical aquaporin sequence reveals two repeats each
containing three transmembrane spanning α–helices (TM1-3), see
Fig. 1. Each repeat contains a loop between TM2 and TM3 with an
asparagine–proline–alanine (NPA) signature motif. The aquaporin
protein folds as an hour-glass-shaped structure where the six TM
segments surrounds a central pore structure defined by the two
opposing NPA motifs, see Fig. 1a and b. (for a structural and chrono-
logical review see [7]). A conserved aromatic/arginine (ar/R) region
defines a constrict-ion site or selectivity filter — the narrowest part
of the channel lumen. Each six TM AQP unit functions as a pore and
the predominant unit-assembly in biological membranes is a tetra-
meric arrangement [16], see Fig. 1c and d. Based on their permeability
properties mammalian homologs can be classified into two groups:
aquaporins and aquaglyceroporins. The Escherichia coli model system
offers both variants [17]: the orthodox (i.e. ‘water only’) channel
AqpZ [18,19] and the aquaglyceroporin GlpF also permeable to
glycerol [20]. Although some can be classified as strictly water channels
(e.g. AQP0, AQP4, and AqpZ), it is becoming increasingly clear that
many aquaporins may have additional permeability properties [10].
In addition to the apparently complex permeability profile, several
aquaporins display various forms of gating, e.g. as in [21] — analogous
to the opening and closing of ion channels induced by external stimuli.
Although many aspects of aquaporin gating and regulation of their
permeability are still unknown, the function of some aquaporins has
been demonstrated to depend on calmodulin [22,23], phosphorylation
[24,25], and pH [22,26,27].

Fig. 1. Aquaporin protein structure. (a): Sideview of AqpZ monomer. Protein backbone (deep teal) with the two terminal asparagines from the NPA motifs shown in stick repre-
sentation and the ar/R selectivity filter residues shown in spacefill representation. For stick and spacefill representations atoms are colored as carbon (green), oxygen (red) and
nitrogen (blue). (b): Top view illustrating the selectivity filter (or constriction site) created by the four amino acids: F43, H174, R189 and T183. (c–d): Side and top view of the
tetrameric AqpZ complex with the four monomers shown in deep teal, violet purple, pale green, and yellow. All renderings were generated using PyMol 1.5.0.2 using AqpZ PDB
coordinates 2ABM.
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membranes that benefit from biomimicry to achieve better selectivity
and higher permeability. Shortly after that Kumar et al. published a
paper that proposed the idea of incorporating aquaporin properties
into desalinationmembranes [5]. Aquaporins are pore-forming proteins
and ubiquitous in living cells. Under the right conditions they form
‘water channels’ able to exclude ionic species. In a series of simple char-
acterization experiments Kumar showed the exceptional water perme-
ability of aquaporins and extrapolated his observations to postulate
desalinationmembraneswith vastly improved performance. In a recent
review [6] of membrane nanotechnologies, bio-inspired membranes,
such as aquaporin-based, were judged to offer the best chance for
revolutionary performance but were also seen as the furthest from
commercialization. In fact there has been a surge of activity in the last
half-decade attempting to develop practical biomimetic desalination
membranes incorporating aquaporins, and it is timely to review the
status of this new direction in desalination.

In this paper we first review the properties of aquaporins, their
preparation and characterization. We then review the various at-
tempts to exploit the remarkable properties of aquaporin in mem-
branes for desalination; including an overview of our own recent
developments in aquaporin-based membranes. Finally we discuss
future prospects of this type of biomimetic membrane for desalina-
tion and water reuse.

2. Aquaporins: special properties, characterization and means
of production

Several recent reviews have nicely summarized many fascinating
aspects of aquaporin protein structure and function [7–11]. Here we
will present only the basic features and discuss the permeability
properties pertaining to biomimetic water transporting membranes.
Aquaporins constitute a family of 24–30 kDa pore forming integral

membrane proteins. Since the purification of a red blood cell mem-
brane protein: channel-forming Integral membrane protein of 28 kDa
(CHIP28) [12] and subsequent expression of this protein in Xenopus
oocytes [13] and liposomes [14] revealing rapid water diffusion along
osmotic gradients, much has been discovered about this class of pro-
teins for which the term aquaporins soon was coined [15].

The canonical aquaporin sequence reveals two repeats each
containing three transmembrane spanning α–helices (TM1-3), see
Fig. 1. Each repeat contains a loop between TM2 and TM3 with an
asparagine–proline–alanine (NPA) signature motif. The aquaporin
protein folds as an hour-glass-shaped structure where the six TM
segments surrounds a central pore structure defined by the two
opposing NPA motifs, see Fig. 1a and b. (for a structural and chrono-
logical review see [7]). A conserved aromatic/arginine (ar/R) region
defines a constrict-ion site or selectivity filter — the narrowest part
of the channel lumen. Each six TM AQP unit functions as a pore and
the predominant unit-assembly in biological membranes is a tetra-
meric arrangement [16], see Fig. 1c and d. Based on their permeability
properties mammalian homologs can be classified into two groups:
aquaporins and aquaglyceroporins. The Escherichia coli model system
offers both variants [17]: the orthodox (i.e. ‘water only’) channel
AqpZ [18,19] and the aquaglyceroporin GlpF also permeable to
glycerol [20]. Although some can be classified as strictly water channels
(e.g. AQP0, AQP4, and AqpZ), it is becoming increasingly clear that
many aquaporins may have additional permeability properties [10].
In addition to the apparently complex permeability profile, several
aquaporins display various forms of gating, e.g. as in [21] — analogous
to the opening and closing of ion channels induced by external stimuli.
Although many aspects of aquaporin gating and regulation of their
permeability are still unknown, the function of some aquaporins has
been demonstrated to depend on calmodulin [22,23], phosphorylation
[24,25], and pH [22,26,27].

Fig. 1. Aquaporin protein structure. (a): Sideview of AqpZ monomer. Protein backbone (deep teal) with the two terminal asparagines from the NPA motifs shown in stick repre-
sentation and the ar/R selectivity filter residues shown in spacefill representation. For stick and spacefill representations atoms are colored as carbon (green), oxygen (red) and
nitrogen (blue). (b): Top view illustrating the selectivity filter (or constriction site) created by the four amino acids: F43, H174, R189 and T183. (c–d): Side and top view of the
tetrameric AqpZ complex with the four monomers shown in deep teal, violet purple, pale green, and yellow. All renderings were generated using PyMol 1.5.0.2 using AqpZ PDB
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2.1. Functional characterization

Water permeability and solute rejection of single aquaporins is
not easily measured. Molecular dynamics simulations of aquaporins
reveal diffusional water permeabilities corresponding to the trans-
port of 108 to 109water molecules/s [28]. In terms of the number of
transported molecules this is about an order of magnitude higher
than for typical ion channels where single channel pA currents on
a ms time scale corresponds to the transmembrane displacement
of ~107 ions [29]. While currents in the pA range are measurable
by standard patch-clamp methods, the movement of 108 to 109

water molecules is not experimentally accessible by current methods.
However the macroscopic transport mediated by an ensemble
of aquaporins is measurable. Then by measuring osmotic transport
arising from a large (known) number of aquaporins, single aquaporin
permeabilities can be estimated. Two methods are currently used in
this respect: Xenopus oocyte volume change and light scatter from
proteoliposomes/proteopolymersomes.

In the Xenopus oocyte expression, frog oocytes (~1 mm diameter)
are cytoplasmically injected with mRNA that has been transcribed in
vitro from a cDNA clone [30]. In the case of aquaporins the resulting
expression renders the oocytemembrane significantlymore permeable
to water compared to control oocytes [13]. Upon an osmotic challenge
the oocyte will change size (diameter) and by employing small osmotic
gradients for short periods of time (e.g. 2.5 mosM for 5 s) the transport
parameters (water permeability and solute rejection) can be deter-
mined from the initial rate of oocyte volume changes in both swelling
and shrinkage experiments [31].

Water permeabilities of proteoliposomes/proteopolymersomes
can also be measured by detecting the light scattering of the prepara-
tions in a stopped-flow apparatus (see reference [32] and Fig. 2a).
Thus if a suspension of aquaporin containing vesicles with initial
diameters around 200 nm is rapidly mixed with the same volume
of a hyperosmolar solution with membrane impermeant solutes
(e.g. sorbitol, sucrose or mannitol) for proteoliposomes, the resulting
transmembrane osmotic gradient will generate water efflux, and the
consequent reduction in vesicle volume can be measured as an in-
crease in the intensity of scattered light. The rate constant k of the
normalized light intensity increase indicates the rate constant of
water efflux, which is proportional to the water permeability coeffi-
cient. The light intensity increases exponentially as a function of k
with time (Fig. 2b). The response from protein free controls is fitted
to a single exponential whereas a double-exponential function is
used for proteoliposomes/proteopolymersomes (vesicles) reflecting
the dual pathways for water transport (membrane mediated and
protein mediated). The k values can then be used to calculate osmotic
permeability Pf :

Pf ¼
k

S
V0

⋅Vw⋅Δosm
ð1Þ

where S/V0 is the surface area to initial volume ratio of the vesicle, Vw

is the partial molar volume of water (18 cm3/mol), and ∆osm is the dif-
ference in osmolarity between the intravesicular and extravesicular
aqueous solutions. Based on stopped-flowmeasurement, thewater per-
meability of AqpZ is estimated to be in the range of 2–10×10−14 cm3/s
[33–35], which is in reasonable agreement with reported molecular
dynamics simulation results (3–30×10−14 cm3/s).

2.2. Production

Until now, most recombinant aquaporins have been expressed
only in lab-scale quantities for screening, functional, regulatory or
structural studies [36,37]. One of the main obstacles in protein pro-
duction is that membrane protein overexpression in vivo is hampered
by their complex structure, hydrophobic transmembrane regions,

host toxicity, and the time consuming and low efficiency refolding
steps required. Recent developments of high-expression systems
may however provide insights into how large-scale AQP production
may be realized. These include E coli, Saccharomyces cerevisiae,
Pichia pastoris, and baculovirus/insect cell based systems, for a recent
review see [38].

E. coli expression methods providing milligram quantities of pro-
tein have been successfully employed to solve the X-ray structure
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Fig. 2. Stopped-flow characterization. (a): Schematics of stopped-flow measurement;
(b): Typical stopped-flow results for lipid vesicles with (i.e., proteoliposomes) and
without aquaporin incorporated (i.e., liposomes).

Fig. 3. Comparison water permeability of polymer vesicles with AqpZ (AqpZ-ABA)
or without AqpZ (ABA) to those of polymeric membranes. FO is a commercial forward
osmosis membrane; RO is a commercial reverse osmosis membrane, and EE-EO is a
polyethylethylenepolyethylene oxide diblock polymer. Permission for reprint of figure
will be obtained after the paper is accepted for publication.
Reproduced from Ref. [5].
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molecule consisting of CH2 and CH3 segments is hydropho-
bic. Fatty acids with very small chain lengths are miscible
with water because the hydrophilic COOH group outplays
the hydrophobic feature of the carbon backbone. However,
as the chain length increases, the solubility of both substan-
ces in each other decreases significantly due to the more pro-
nounced effect of the hydrophobic carbon backbone. In
order to use a solvent for directional solvent extraction pur-
pose, a balance among the solubility of solvent in water, the
solubility of water in solvent and the solubility of salt in sol-
vent must be met so that the solvent can effectively extract
water while leave as little as possible residue in the recov-
ered fresh water.

In this work, we carry out free energy calculations and
molecular dynamics simulations to demonstrate that deca-
noic acid [CH3(CH2)8COOH] has these directional features.
This atomistic modeling provides guidance of searching for
other directional solvents that could be used for DSE desali-
nation technology.

II. COMPUTATIONAL MODEL

In the present work, molecular dynamics simulations are
performed using GROMACS (Groningen machine for chem-
ical simulations).23 The optimized potential for liquid simu-
lation (OPLS)24 together with the TIP5P25 water potential
model is used to simulate the decanoic acid and water,
respectively. A cutoff of 0.9 nm for the van der Waals
(vdW) and short-range electrostatic interaction is used. For
the long-range electrostatic interactions, we used the fast
particle-mesh Ewald (PME) 26 method with a 0.12 nm spac-
ing for the fast-Fourier transformation (FFT) grid and a 6th-
order interpolation scheme. The bonds are constrained by the
parallel linear constraint solver (P-LINCS).27 A time step of
2 fs is used. More detailed descriptions of the simulation
setup and procedures for different cases are described in the
following sections.

III. FREE ENERGY CALCULATION

To characterize the solubility of materials in different
solvents, we calculate the free energy of salvation using the
thermodynamics integration (TI) with the coupling parame-
ter method. Details of this method can be found in different

sources such as Ref. 28. Here, a brief description of the TI
method is presented.

In the TI method, to calculate the free energy difference
between two states, the Hamiltonian of a system, H, is artifi-
cially changed through a coupling factor k using the soft-
core method.29 The free energy difference, DG1!2, can be
calculated using the coupling factor method:

DG1!2 ¼
ðk2

k1

@H kð Þ
@k

" #
dk: (1)

Since free energy is a state parameter which does not depend
on the path of state change, we can take any arbitrary route
to perform the integration.

The solvation free energy can be regarded as the work
required to extract a solute molecule from its bulk phase and
insert it into a solution. It can also be regarded as an energy
difference which indicates the relative stability between
states. The free energy can be calculated using a certain ther-
modynamic cycle. Figure 2 shows an example of such ther-
modynamic cycle which describes a decanoic acid molecule
dissolving in water. As depicted in Fig. 2, the dissolution of
a decanoic acid molecule in water is equivalent to the fol-
lowing three steps: (1) The decanoic acid molecule is
changed from the real entity to its dummy in vacuo (DG1);
(A “dummy” molecule is a fictitious molecule which has no
nonbonded interactions within itself and with its environ-
ment.) (2) The dummy decanoic acid is inserted into the
water solution (DG2); (3) The dummy decanoic acid recovers
the non-bonded interactions within itself and with the sur-
rounding water molecules in the solution (!DG3), changing
into its real state. Since the dummy decanoic acid does not
interact with the environment, putting a dummy molecule to
the solution does not require any work, meaning DG2 ¼ 0.
As a result, the solvation free energy is expressed as:

DGsolv ¼ DG1 ! DG3: (2)

FIG. 1. (Color online) Illustration of hydrogen bonds between water and
decanoic acid.

FIG. 2. (Color online) Thermodynamic cycle describing a decanoic acid
molecule dissolving in water. (DA¼decanoic acid)
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By calculating DG1 and !DG3 separately using Eq. (1)
through molecular dynamics simulations, the free energy of
salvation can be calculated.

In a GROMACS free energy calculation, changing a
molecule from its real entity to dummy is achieved by gradu-
ally switching off its nonbond interactions, including van der
Waals (vdW) and electrostatic interactions. This is done
through appropriate formulation of the k dependent non-
bonded interactions with k ¼ 0; 1 corresponding to the real
state and the dummy state, respectively (see Ref. 29 for
details of the k dependent Hamiltonian).

A number of discrete k points are chosen between 0 and
1, and @H kð Þ=@kh i is evaluated analytically in each molecu-
lar dynamics simulation with different k values. In each sim-
ulation, the simulation system is firstly equilibrated for 100
ps followed by a 25 ns production run where the derivative
@H kð Þ=@kh i is evaluated and time averaged. After collecting

all the derivatives at each k point, trapezoidal numerical inte-
grations are then performed to obtain the free energy differ-
ence according to Eq. (1). Due to the hydrogen bonds
between the solvent and solute, a very dense k point grid is
needed near k ¼ 0. In our calculations, 60–80 k points are
used for each free energy calculation. According to tests,
even denser k gridshave no improvement on the calculated
free energy. Errors are analyzed using block averaging. All
simulations are performed at 300 K.

The calculated values of solvation free energy depicted
in Fig. 3(a) show that a water molecule is more stable in a
decanoic acid solution (!8.46 Kcal=mol) than in its bulk
phase (!6.33 Kcal=mol), suggesting that water is likely to
dissolve into decanoic acid. However, as the concentration

of water in the acid increases, it becomes difficult for succes-
sive water molecules to dissolve as seen from the increasing
free energy values (4% water in acid: !7.44 Kcal=mol and
7% water in acid: !5.90 Kcal=mol). Such a trend will lead
to an equilibrium state in which a water molecule has the
same solvation free energy in bulk water as that in decanoic
acid. This equilibrium corresponds to the water solubility
limit in decanoic acid. We calculated solvation free energy
of a water molecule in decanoic acid with a series of water
concentrations [see Fig. 3(b)], and we predicted the water
solubility limit in decanoic acid at 300 K to be 5.3% [black
cross in Fig. 3(b)] through polynomial interpolation.

A water molecule in a saline solution (3.5% NaCl w=w)
has lower solvation free energy (!7.13 Kcal=mol) than in
pure water (!6.33 Kcal=mol) [see Fig. 3(a)] because of the
extra Columbic interactions among water molecules and salt
ions. As water diffuse into decanoic acid from the saline so-
lution, the salinity of the saline phase will increase, and a
water molecule will be more stable in the saline phase. Due
to the change of the relative stability of water in saline water
and in decanoic acid, water molecules from the saline phase
are expected to dissolve into decanoic acid until equilibrium
is attained when the free energy of water in saline solution
becomes equal to that of water in decanoic acid. To have
more water molecules dissolve into decanoic acid from the
saline water, additional energy is required. An increase in
temperature can supply this energy and allow further dissolu-
tion of water, and thus increase the solubility.

Another important feature of the directional solvent is
that there should be negligible residue in the recovered fresh
water. This feature requires the solvent not being able to

FIG. 3. (Color online) Solvation free
energy of (a) water in different solvents;
(b) water in decanoic acid solvent with
different water concentrations (circles—
calculated values; solid line - polynomial
fit; cross—interpolated water solubility
limit in DA); (c) decanoic acid in water
and decanoic acid; and (d) ions in water
and decanoic acid. [DA¼decanoic acid.
(a)—Ref. 36].
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Directional Solvents- Desalination in a Beaker

● Membrane-free 
process for water 
separation.

Lou, T., et al., J. Appl. Phys., 110, 054905 (2011)
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sugarcane farms in the Komatipoort region and found an average
irrigation depth of 779mm. For these same farms the irrigation
depth according to remote sensing computations was 704mm,
hence a difference of less than 10%, that can be explained by the
fixed irrigation efficiency of 75%. Note that different periods were
considered, and that this is a qualitative check only. Jarmain et al.
(2012) collected flow measurements at different points during
the growing period, which is farm specific. Yet the results are
encouraging, especially when one considers that also the
evaporation estimations were in agreement with field observa-
tions. This increases the consistency of the entire spatial data set.

Banana and macadamia plantations are found in the Hazyview
area. Although the evaporation from these plantations is about the
same as from the sugarcane plantations the average irrigation
depth is lower because the area of Hazyview receivesmore rainfall.

3.3. Indirect withdrawals by forested areas

The forest area is split into two categories: natural forest
(199,065ha) called the forest/woodland class and commercial
forest plantations (371,931ha) or the plantation class. The spatial
variability of indirect withdrawals to forested areas is presented in
Fig. 9. The natural forests generally have a lower incremental
evaporation (Eincremental = 391mm/yr) than the afforested areas
(Eincremental = 433mm/yr). The tapping of deep soil water reserves is
confirmed by Clulowet al. (2011) in a study of the long term impact
of Acacia trees on the stream flow and the groundwater resources
in Kwazulu-Natal. In their study the observed groundwater level
dropped by one meter between the dry season of 2007 and
2008 although 2008 was a wetter year with 819mm of rainfall
compared to 689mm of rainfall in 2007. Deep roots can withdraw

water either direct from groundwater or by suction and capillary
rise. Due to deep unsaturated zones, trees can store water carried
over from above-average rainfall years.

3.4. Stream flow reduction by afforestation

The classical definition in South Africa of reduction of runoff is
expressed as a difference from the virgin conditions and not a
difference from rainfed E as discussed in the previous section. The
remote sensing estimates of the evaporation due to rainfall is
718mm/yr, and all extra evaporation above this threshold value is
attributed to indirect withdrawals. If the virgin conditions have a
lower natural evaporation than 718mm/yr, then the estimated
stream flow reduction activity should increase further.

The influence of afforestation on stream flow reduction from
the catchments can be determined by paired catchment studies
(e.g. Bosch and Hewlett, 1982; Smith and Scott, 1992; Brown et al.,
2005), or by measuring evaporation, and consequent runoff
reduction, using direct energy balance and other techniques
(Savage et al., 2004), which are mostly complex, expensive,
long term, and only provides localized catchment information.
According to Bosch andHewlett (1982) pinus and eucalyptus forest
types reducewater yield of a catchment by about 40mmper 10% of
land use change. This is amaximum reduction of 400mm if 100% of
the natural vegetation is replaced by forests. The incremental E of
Table 3 (that is not based on land use changes but on non-rainfed E)
suggest an average value of 392mm and 433mm for natural and
plantations respectively, being in harmony with the findings of
Bosch and Hewlett (1982).

Scott et al. (2000) in a re-analysis of the South African
catchment afforestation experimental data found that the peak

[(Fig._8)TD$FIG]

Fig. 8. Gross water withdrawal for the irrigated area around Komatipoort.
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Water Loss Analysis

(or SC) and then maximizing R*. Our chart can be employed
to estimate the maximum fog-collection efficiency and evaluate
the amount of collected water expected for a specific mesh
surface if the characteristic wind speed of the fog (v0), liquid
water content, total mesh area, and collection time are known.
It is clear from Figure 2c that a Raschel mesh is far from the

optimal mesh design for high fog-collection rates. The
efficiency of a square-planar mesh can be increased to about
5.5% by optimizing the effective mesh opening D* using
multiple overlapping layers of meshes, for example. However,
for a given value of rfog, further gains in efficiency are possible
only by using meshes with smaller wire radii R (to achieve
higher values of R*).

■ RESULTS AND DISCUSSION
The theoretical collection efficiency anticipated from this
design framework for meshes can be adversely affected in
actual performance by two issues that depend on the surface
wettability: (i) convective loss of deposited droplets (or re-
entrainment), as shown schematically in Figure 3a, and (ii)
clogging of the mesh with pinned droplets that modifies the
local aerodynamics (Figures 3b and S2).
Re-entrainment arises from the aerodynamically-induced

detachment of deposited water droplets back into the air
stream before they can reach the critical volume at which
gravitational drainage dominates. As the small deposited water
droplets coalesce, the growing droplets are influenced by the
competition between aerodynamic drag forces (Fdrag) and
surface adhesion forces (Fadhesion).

28−30 When the drag force
overwhelms the adhesion force, the droplets are re-entrained in
the fog flow, leading to a decrease in the fog collection
efficiency (Figure 3a).

In Figure 3b, we identify a second problem that occurs on a
mesh when the deposited liquid volume becomes large. In the
clogging region, the hysteretic wetting force pinning a droplet
in the interstices of the mesh exceeds the gravitational draining
force when the deposited water droplet size is less than a critical
volume. The void area between mesh elements can thus
become occluded by these pinned (nondraining) drops,
depending on the spacing of the individual fibers that form
the porous mesh structure. Such clogged parts of the mesh are
impermeable and deflect the local air flow, significantly
hampering the overall fog-harvesting ability of the grid. The
effective void fraction of the porous mesh approaches zero (or
Deffective* → 1) as the mesh becomes increasingly clogged and
the aerodynamic collection then becomes zero.
To overcome these two challenges and to design fog-

collection mesh surfaces with high efficiency in practice, we
consider the two critical water drop radii, denoted re and rc in
Figure 3c,d, that control these phenomena and how they vary
with the physico-chemical surface properties of the meshes. In
Figure 3c, the right-most shaded region represents the range of
parameter space where the aerodynamic drag force (which
grows as Fdrag ≃ ρairv0

2rdrop
2) exceeds the adhesion force (which

grows as Fadhesion ≃ γLV(1 + cos θrec)rdrop). Droplet re-
entrainment is expected in this region when the drag force
Fdrag > Fadhesion. A detailed force balance (derivation in
Supporting Information) on a spherical cap gives a critical
droplet radius at which these two forces balance each other

πγ θ θ
ρ θ θ θ

≃
+

−
r

v C
4 sin (1 cos )

( sin cos )e
LV

2
rec

air 0
2

D (2)

where γLV is the surface tension of water, θ = (θadv + θrec)/2 is
the mean contact angle of the droplet on the surface, and θadv
and θrec are the advancing contact angle and receding contact

Figure 3. Two factors that reduce the collection efficiency and the surface-modification design space that depicts the relative resistance to re-
entrainment and drainage. These factors affecting fog harvesting and reducing the collection efficiency are (a) the re-entrainment of collected
droplets in the wind and (b) blockage of the mesh. (c) Plot identifying the range of droplet sizes where the forces of adhesion dominate the drag
forces and establish a criterion for a threshold droplet size for re-entrainment. (d) Second constraint arising from comparing the weight of the
droplet with the surface pinning force arising from contact angle hysteresis. The threshold size where gravity dominates hysteretic pinning can be
decreased by minimizing CAH = cos θrec − cos θadv.
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Focus on Membrane distillation 

COST-WssTP Joint Strategic Conference – april, 2013 

Like any distillation-
based technique, MD 
requires that the latent 
heat of vaporization be 
supplied to achieve the 
phase  change.

Part of the water evaporates and 
passes through the porous 
membrane as vapor before 
condensing.

The latent heat of 
condensation can 
be recovered 
internally to 
enhance the 
overall heat 
efficiency.

Operating pressure: 1-1,5 bar
No pressure drop across the 
membrane (*)

Operating pressure: 1-1,5 bar
No pressure drop across the 
membrane (*)

Membrane Distillation (MD) is a thermal-driven, membrane 
process that permeates water vapor and rejects other non-
volatile constituents. 

Note: ⋆) LEP = Liquid Entry Pressure
NB: Usual membrane materials include PP, PVDF, PTFE (Teflon) or PDVF-PTFE composite. Ceramic membranes and carbon nanotube membranes are 
also used but to a lesser extent than polymeric membranes.

Vapor

Vapor flux
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Ti

Saline 
feed

Conduction

Conduction

Conduction
Membrane wetting:

Foulant deposits, organics or 
surfactants can lower the surface 
tension and/or reduce the 
hydrophobicity of the membrane 
via adsorption and lead to 
membrane wetting.

Hydrophobic property: 
Water is held back by surface 
tension as the hot fluid forms a 
meniscus on the small pores, 
provided the pressure is kept 
below the LEP(*). 

Volatile compounds: 
Non-volatile compounds cannot enter the 
membrane but low-boiling volatile 
compounds pass through the membrane. 

Temperature polarization: The 
thermal boundary layer on both 
sides of the membrane reduces 
the temperature difference 
between the hot feed side and the 
condensing side, resulting in a 
suboptimal mass transfer.

Sensible heat loss: 
Thermal conductivity through the 
membrane causes heat loss.

Flux loss: 
Vapor diffusion is limited by the resistance 
of air within the pores of the membrane 
and by the membrane’s tortuosity, which 
increases the diffusion length.

Water vapor has a very short diffusion length (50-
100 µm) inside the membrane, thus enabling the 
use of a low-temperature heat source (50-80°C).

Hydrophobic microporous membrane
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Membrane wetting:

Foulant deposits, organics or 
surfactants can lower the surface 
tension and/or reduce the 
hydrophobicity of the membrane 
via adsorption and lead to 
membrane wetting.

Hydrophobic property: 
Water is held back by surface 
tension as the hot fluid forms a 
meniscus on the small pores, 
provided the pressure is kept 
below the LEP(*). 

Volatile compounds: 
Non-volatile compounds cannot enter the 
membrane but low-boiling volatile 
compounds pass through the membrane. 

Temperature polarization: The 
thermal boundary layer on both 
sides of the membrane reduces 
the temperature difference 
between the hot feed side and the 
condensing side, resulting in a 
suboptimal mass transfer.

Sensible heat loss: 
Thermal conductivity through the 
membrane causes heat loss.

Flux loss: 
Vapor diffusion is limited by the resistance 
of air within the pores of the membrane 
and by the membrane’s tortuosity, which 
increases the diffusion length.

Water vapor has a very short diffusion length (50-
100 µm) inside the membrane, thus enabling the 
use of a low-temperature heat source (50-80°C).

Hydrophobic microporous membrane

The use of thin, microporous 
non-wettable (i.e. hydrophobic) 
membranes allows for the 
selective permeation of vapor at 
low temperature. 

Membrane Distillation
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Low-water Techniques

● Develop techniques to preserve uses of water while 
using less water.

http://www.seriouseats.com/2010/05/how-to-c ook- pasta-s alt-water-boil ing-tips-the-food-lab.html
http://www.engineering.com/DesignerEdge/DesignerE dgeArticles/ArticleID/7163/Dry-Bath-Gel--Less-Water-B etter-Hygiene-for-S outh-Afric a.aspx
https://www.headboy.org/drybath/?v=7516fd43adaa
http://www.xeroscleaning.com/

Low water laundry Optimized Cooking Optimized Bathing
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Conservation
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http://www.mhcustom.com/saving-‐water-‐toilet/
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Summary

● Drought: Wanting more water than is available.
● We can no longer mask it in many regions of the United States.

● A large section of society and economy is at risk.
● Desalination is as efficient as some water conveyance.

● Cost should drop by at least 60%.
● Multiple methods required to stabilize supply.

● Could be done while maintaining quality of life.

● This is a solvable problem!
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