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The Drought Monitor focuses on broad-
scale conditions. Local conditions may 
vary. See accompanying text summary for 
forecast statements.
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Intensity:
D0 Abnormally Dry
D1 Moderate Drought
D2 Severe Drought
D3 Extreme Drought
D4 Exceptional Drought

Author: 
David Miskus

Drought Impact Types:

S = Short-Term, typically less than 
6 months (e.g. agriculture, grasslands)

L = Long-Term, typically greater than 
6 months (e.g. hydrology, ecology)

Delineates dominant impacts

NOAA/NWS/NCEP/CPC

“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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California

Precipitation Supply
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Precipitation Trend (1895-2009)

Climate Service. | http://www.cpc.ncep.noaa.gov/charts.sht ml
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California Water Deficit: 60 years of Overuse 
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● 1955: California noted water use is unsustainable.
● 50% water deficit

● Need a combination of water reduction and sourcing.

© 2016 Jeremy Theil, All rights reserved.



Water Supply

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

© 2016 Jeremy A Theil, All Rights Reserved. 5

 

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

Central Valley Cumulative Pumping



World Water Risk Assessment

World Resources Institute Aqueduct Water Risk Atlas: http://www.wri.org/applications/maps/aqueduct-atlas | http://www.grida.no/graphicslib/detail/water-desalination_11e4

Risk: Water Withdrawals / Precipitation

© 2016 Jeremy A Theil, All Rights Reserved. 6



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.

United States Water Risk

Region Issues

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

FL,TX Experiencing supply shortfalls. 
Aquifer depletion.
Use desalination.

UT, ID, NM,
CO, OR, MT

Low precipitation.
Experienced some shortfall.

KS, NE Shallow groundwater issues.
Aquifer depletion.

WY, WA High potential to experience 
shortfalls.

AR, OK, IL, 
LA, PA, MI

Potential for water supply shortfalls.

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).

© 2016 Jeremy A Theil, All Rights Reserved. 7

Regional Risk Characteristics



United States Economic Risk

● Water dependent sectors
● Food/Agriculture
● Healthcare
● Power generation
● Wood/paper
● Chemical/petrochemical
● Utilities
● … ?
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California Crop % of Domestic 
Production

Artichokes, Dates, Figs, Kiwifruit, Olives, 
Almonds, Pistachios, Walnuts, Garlic

100%

Garlic, Plums, Broccoli, Celery, Lemons, 
Apricots, Tomatoes, Grapes, 
Strawberries

90 - 99%

Cauliflower, Lettuce, Avocados, Carrots 80 - 89%
Head Lettuce, Honeydew 70-79%
Tangerines, Spinach, Chili Peppers 60-69%
Raspberries, Bell Peppers 50-59%
Asparagus, Oranges, Onions, Pears, 
Cabbage, Sweet Cherries, 

20-49%

• 50% of Food Supply, ($33B in CA).
• >9% of Directly related GDP, ($1.7T).
• 40% of Population (Indirectly-related).



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

Colorado RiverOwens LakeCentral Valley E. Porterville, CA
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Santa Clara Valley Groundwater Levels
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Potential Groundwater Impacts Due to Extended Drought

Projected Continued Drought
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Integrated Water Management

California State Water Plan 2013.

Integrated Water Management 

© Copyright 2016 Jeremy A Theil. All rights reserved. 12



Integrated Water Management

© Copyright 2016 Jeremy A Theil. All rights reserved.

Conservation

Loss Prevention

Recharge

Wastewater Recycling

Groundwater

Water Conveyance

Water Purification

Cost (Energy, Capital)0

Intermittent

Predictable

Key

Fixed
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WATER SUPPLY AND YIELD STUDY 

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

1-2  

Conveyance Resources 

● 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.

© 2016 Jeremy A Theil, All Rights Reserved. 13



Survey of Water Sourcing 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

Sourcing 
Method

System Invst’t
(2015 $B)

Length 
(mi)

Cost
Energy 
(kWh/Mgal)

Water
($/Mgal)

Water/Trtm’t SCVWD (CA) 5 1,500 $1,100
TWR GWRS (CA) $0.48B 5 2,000 $1,900

Conveyance

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

Desalination Carlsbad (CA) $0.96B 10 13,600 $4,000

© 2016 Jeremy A Theil, All Rights Reserved. 14



Types of Water Sourcing

Water Source Technologies

Thermal

Multi-Stage 
Flash

Multi-Effect 
Distillation

Vapor 
Compression

Water Still

HDH

Membrane

Reverse 
Osmosis

Electro-
dialysis

Forward 
Osmosis

Membrane 
Distillation

Alternatives

Directional 
Solvent

Shock 
Electrodialysis

Moisture 
Harvesting

Efficiency

System Loss 
Remediation

Residential

Industrial

Agricultural

© 2016 Jeremy A Theil, All Rights Reserved.
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Reverse Osmosis Plant 

Adapted from Fukuoka District Waterworks Agency

© 2016 Jeremy A Theil, All Rights Reserved. 16

Reverse Osmosis           Post-Treatment
Pretreatment                         Filtering .  
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Reverse Osmosis Budgets

© 2016 Jeremy A Theil, All Rights Reserved. 17



Water Sourcing Opportunities

Park, K.-C., et al., Langmuir 2013, 29, 13269−13277 | http:// | van Eekelen, M. W., et al., Agriculture, Ecosystems and Environment 200 (2015) 126–142

© 2016 Jeremy A Theil, All Rights Reserved.

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.

134 M.W. van Eekelen et al. / Agriculture, Ecosystems and Environment 200 (2015) 126–142

Water Loss Analysis

18(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.

Langmuir Article

dx.doi.org/10.1021/la402409f | Langmuir 2013, 29, 13269−1327713272

Moisture Harvesting

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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containing three transmembrane spanning α–helices (TM1-3), see
Fig. 1. Each repeat contains a loop between TM2 and TM3 with an
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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
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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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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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Conservation: “Use Less”

1960 USPS

https://http://www.sacbee.com/news/state/california/water-and-
drought/article18303734.html

http://msue.anr.msu.edu/news/irrigation_and_disease_d
evelopment_in_michigan_vegetables

http://www.americanstandard-‐us.com/urinals/flowise-‐flush-‐free-‐
waterless-‐urinal-‐large/
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Water Efficiency: “Use Different”

● Develop techniques that preserve the value of water 
while using less.

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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Summary

● We have man-made water shortages.
● California has a 50% water deficit.
● Large sections of society at-risk.

● Need integrated water management.
● Could be done while maintaining quality of life.

● Desalination/TWR cost dropping.
● 50-65% reduction possible.
● More predictable than natural sources.

● This is a solvable problem!
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