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lination

a  b  s  t  r  a  c  t

Water  desalination  is a  proposed  solution  for  mitigating  the  effects  of  drought,  soil salinization,  and
the  ecological  impacts  of  agricultural  drainage.  In this  study,  we  assess  the  public  and private  costs  and
benefits  of distributed  desalination  in  the  Central  Valley  (CV) of California.  We  employ  environmental
and  economic  modeling  to estimate  the  value  of reducing  the  salinity  of  irrigation  water;  the  value  of
augmenting  water  supply  under  present  and  future  climate  scenarios;  and  the  human  health,  environ-
mental,  and climate  change  damages  associated  with  generating  power  to  desalinate  water.  We  find
that  water  desalination  is  only  likely  to be  profitable  in 4%  of  the CV during  periods  of  severe  drought,
and  that  current  costs  would  need  to decrease  by 70–90%  for  adoption  to  occur  on  the  median  acre.
tion
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Fossil-fuel  powered  desalination  technologies  also  generate  air emissions  that  impose  significant  public
costs  in  the  form  of human  health  and  climate  change  damages,  although  these  damages  vary  greatly
depending  on technology.  The  ecosystem  service  benefits  of reduced  agricultural  drainage  would  need
to  be valued  between  $800  and  $1200  per  acre-foot,  or  nearly  the  full  capital  and  operational  costs  of
water  desalination,  for the  net  benefits  of water  desalination  to be positive  from  a societal  perspective.

© 2017  Elsevier  B.V.  All  rights  reserved.
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in stressors of water scarcity and soil salinization dimin-
ultural yields and grower profitability in arid regions
d Mauter, 2017). Climate models project expansion of arid
nd increased probability of drought in both the western
ates and the majority of agricultural regions worldwide

 al., 2015; Huang et al., 2016; Wang, 2005). In these
essed regions, growers often augment water supply with
e sources including brackish groundwater and agricul-
nage water. The application of these lower quality water
an lead to the accumulation of salts and, in areas with
ntly permeable soil, to the development of shallow saline
les (Ghassemi et al., 1995). Recent studies estimate the
il salinization in California at $1.7 to $7 billion dollars
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rone, and salinizing regions is a high environmental and
iority (Sabo et al., 2010).
ional responses to the diminished yields associated with
ization increase agricultural land area, intensify agricul-
er consumption, and impose downstream environmental
Local land fallowing reduces agricultural production and
d-use change, which is often associated with increased
se gas emissions (Tilman et al., 2011). The second
, salinity leaching from salt-impaired fields via the excess
n of irrigation water, consumes scarce water resources,

vated groundwater tables, and often leads to the discharge
 tile drainage to sensitive environmental ecosystems
s and Oster, 2006). While alternative drainage manage-
emes include re-application of tile drainage to salinity
rops or storage in evaporation ponds, most tile drainage
ged to the environment (Schwabe et al., 2006; Wichelns

r, 2006). Specific contaminants found in this agricultural
, notably selenium and boron, impair reproduction, inhibit
uppress the immune system, and cause mutagenesis in

birds (Chang and Brawer Silva, 2014; Ohlendorf, 1989).
nventional salinity management practices force trade-
ricultural productivity and environmental sustainability

 et al., 2005).
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Nomenclature

List of Symbols
R  Revenues
SS Soil salinity
b  Crop salt tolerance slope parameter
p Prices
YM Theoretical maximum yield
L Leaching fraction
SW Water salinity
WT Water treated
�  Profits
W Applied water
� Prices
Y Production
ı Exponential response function intercept
� Exponential response function elasticity
X Resources use
ω  Resource cost
�  Factor productivity
ˇ  Resource coefficient
�  CES elasticity parameter

Subscripts
g  Region
i SWAP crop group
j  Resource
ws Water source (project water, surface diversion or

groundwater)
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Land resource

 treatment technologies offer a potential remedy to this
y allowing farmers to treat existing irrigation waters or

w impaired water sources, including saline groundwater
ltural tile drainage. Drainage water leached from agricul-

 and discharged through tile drains can be deionized and
lly reused as a source of irrigation water, while the residual
centrate may  be disposed of through subsurface injec-

rystallized and disposed of as solid waste. Desalination
in discharge would simultaneously minimize ecosystem

 limit soil salinization, reduce agricultural water intensity
t/acre-year), and offer a new source of irrigation supply.
ologies  potentially applicable to agricultural water desali-
re distinct from conventional seawater desalination
ies for municipal water treatment in requiring higher

overy, tolerance of highly variable feed streams, and cost-
ess at small to medium scales. The cost-effectiveness

technologies will also be facilitated by limited require-
r pre-treatment, low operator oversight, and resiliency

ittent or variable water quality. Several technolo-
distributed agricultural water desalination have been
r installed commercially, including thermal desalina-

 multi-effect distillation), membrane-based desalination
erse osmosis), and electrochemical desalination (e.g.
alysis)(Brame et al., 2011; McCool et al., 2010; Stuber,

 each case, the technology is capable of reducing the total
 solids concentration of the product water to effectively

ng demand for drought mitigation and agricultural
treatment has motivated a number of studies assess-
chnical feasibility and cost of specific agricultural water
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 of water treatment cost, but we are unaware of comple-
work assessing the private benefits of technology adoption
ader consequences of technology adoption for integrated
rgy, and water systems. There remains significant uncer-
out the implications of widespread water desalination for
ral management practices such as soil leaching, the energy
tion of water desalination technologies and any associated
ion impacts, or the ecosystem services benefits of reduced

 salinity. Explicitly quantifying these benefits and costs is
r assessing the likelihood of technology diffusion and the
olicy interventions that maximize public benefits.
resent work quantifies the marginal public and private

 benefits of agricultural water desalination under a range
 precipitation and climate scenarios in the Central Valley
lifornia. We  present the first assessments of the marginal

enefits of water desalination, realized as improved agri-
ields, using high-resolution multi-modal soil salinity and
. We  then assess private adoption at the field-level by
g private benefits to current desalination costs. Next, we
e the first assessment of potential marginal public costs
d with adoption of agricultural water desalination. Pub-
in the form of human health and climate damages are

 for three different desalination technologies that use
le, grid, and fossil energy sources. Finally, we  back out
tive value of human health and environmental benefits
sheds impaired by agricultural drainage that would be
for the technology to have net positive effects from a
erspective.

ds and data sources

antify the public and private costs and benefits associated
alination systems in the CV, a region of high agricultural
vere water scarcity, and impaired air and water quality.

 agriculturally productive region in the US, the CV includes
illion acres of cropped land producing the majority of Cal-
owers’ $46 billion USD of revenue in 2013 (USDA, 2015).
ailability for irrigation is often scarce due to the arid-

 region, persistent drought conditions exacerbated by a
 climate (Cook et al., 2015), unsustainable groundwater
s (DWR, 2015; Medellin-Azuara et al., 2015), and subopti-
et mechanisms for water transfers (Draper et al., 2003). In
o water scarcity, soil salinization has required widespread

on of tile drains that enable salinity leaching. Discharging
rainage into surrounding ecosystems has impaired surface
oughout the CV (Quinn et al., 2010).
plete system analysis that incorporates the regulatory,
nomic, and technical factors that impact water use and

 is beyond the scope of the present work. Instead, this
s framed in marginal terms, and therefore limits the deci-
e by assuming that present-day regulatory environment,
itions, and management practices remain constant. Addi-
n the technological modeling side, we  limit the analysis to
heoretical desalination system capable of reducing water
o 0 ppm TDS with 100% recovery for a cost of $1 per m3

 middle value in the literature range of $0.78–$1.33 per
d. This cost includes the financial costs of brine disposal,
es no environmental externalities associated with brine
ent. While no desalination system is capable of providing
stem design choices. As a result of these assumptions, the
rovides an upper bound estimate on the marginal benefits
desalination systems.
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te costs

 the costs of large-scale seawater desalination have
 to nearly $0.5/m3 (Reddy and Ghaffour, 2007) dis-

inland, brackish water desalination systems do not benefit
same economies of scale or ease of concentrate disposal.
nland desalination systems must combine technologies
nation with those for brine management, which typically
m $0.40 − $1.80 per m3 of concentrate (Johnson et al.,
Cool et al., 2013; Mickley, 2006). Finally, minimizing these
umes requires high water recovery, which can lead to
e scaling and increased maintenance costs. As a result, the

em lifecycle costs of inland brackish water desalination are
ificantly higher than seawater desalination systems.
nalysis utilizes existing estimates of the lifecycle costs
uted inland brackish water desalination costs sourced

 peer-reviewed literature. These estimates include the
ociated with pretreatment, desalination processes, and
te management, as well as amortized fixed costs. Recent

 of lifecycle water desalination costs in the CV by McCool
13) and Stuber (2016) are consistent with an earlier

f small scale desalination system costs ranging between
.33 per m3 of feed (Karagiannis and Soldatos, 2008). When
g the benefit gap, we simplify our calculations by select-
-range value of $1/m3 of feed. The lifecycle system costs
ce as desalination technologies mature (Reddy and Ghaf-
7).

te benefits

rivate benefits of increased agricultural revenue from
soil salinity and additional water supply are developed
ding two existing modeling approaches described else-

edellín-Azuara et al., 2011; Welle and Mauter, 2017).
mates are developed as marginal quantities with units
-ft] or [$/m3], which represent the marginal revenues of

 quantity (an additional unit of water) or quality (a com-
salinated unit of water). Due to the marginal nature of the
ns, these benefits do not account for any potential ben-
ciated with switching from lower value to higher value
heme more fully addressed in the discussion section.
onally, the two models for water quality and water
are performed at different levels of spatial aggregation.

 improved water quality is highly dependent on local esti-
f crop types and soil salinity, and so this model is resolved

 pixel (referred to in this paper as field-scale) resolution.
 the value of improved water supply is performed over
ic regions (referred to as regional-scale) with an average
40 km2. This approach allows estimation of a use value of
ent detailed water pricing data.

proved water quality
ing  the total dissolved solids (TDS) concentration of irri-
ter reduces the soil salinity, increases agricultural yields,
rs higher revenues to the producer. Revenues are assessed
ly, according to Eq. (1).

dR

SS
· dSS

dSW
· dSW

dWT
(1)

alue dR
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T on the margin, which is further decomposed into three

T
tivel

dR

dSS

dSS

dSW

dSW

dWT

E
mod
The 

crop
yield
are c
imu
whe
ative
0%.

T
ity o
pres
a sin
the f
and 

the a
F

late 

wate
disso
ity o
In th
volu
to cr
that
desa
(app
vide
wate
tion
chan
amo

E
acro
crop
coun

2.2.2
W

mod
duce
(Me
Mat
nom
that
men
step
basi
gram
on a
nts − (1) the change in revenue per change in soil salinity
e change in soil salinity per change in salinity of applied

S
, and (3) the change dSW

dWT in salinity of applied water per
 quantity of water treated

paramete
duction f
multiplie
non-linea
194 (2017) 192–203

 three components are represented in Eqs. (2)–(4) respec-

0; SS ≤ t1 or SS ≥ t2

b · p · YM; SS > t1 and SS < t2

(2)

+ 0.2
L

·  ln (L + (1  − L)) e−5 (3)

SW
0

W
(4)

) is developed through differentiating the yield reduction
esented in Maas and Hoffman (Maas and Hoffman, 1977).

eter b, which is negative for all crops in the study, is the
cific sensitivity parameter, which determines how quickly
reases as salinity increases. The two parameters p and YM
specific county level values of price and theoretical max-
ld (for non salt-affected crops). The expression dR

dSS is zero
inity is less than the salinity threshold (t1) at which rel-
d is 100% or above the threshold (t2), where the yield is

uilibrium relationship between soil salinity and the salin-
plied water is provided in Eq. (3). The model, originally
d in Hoffman and Van Genuchten (1983), is calculated as
unction of the leaching fraction, L. The leaching fraction is
on of total water that percolates through the soil column,
mines how quickly soil salinity changes as the salinity of

ed water shifts.
,  we  employ a simple dilution model in Eq. (4) to calcu-

alinity of the applied water when mixed with desalinated
ich throughout this analysis is modelled as water with no

 solids. The two  parametersSW
0 and W represent the salin-

 applied water and the total water applied, respectively.
sence of high-resolution data on the salinity or relative
of surface water, groundwater, and precipitation applied
during the growing season, the present analysis assumes
salinity of the irrigation water before being mixed with
ed water is constant at an average value of 490 ppm TDS

ated in dS/m by assuming TDS = 640·EC). Appendix C pro-
ther detail on the estimation of the salinity of the applied

 well as sensitivity to final results of changing assump-
hich this estimation is based. Eq. (4) thus represents the

 water salinity from 490 ppm that results when a marginal
f 0 ppm TDS desalinated water is introduced.
f these equations is resolved at a 30 m pixel resolution

e CV. Crop type is detected according to a satellite-based
sifier, and all other parameters are measured locally at the
vel (Welle and Mauter, 2017).

gmented water supply
mploy the Statewide Agricultural Production (SWAP)

 estimate the economic value of water to agricultural pro-
der historical and future warm and dry climate scenarios
-Azuara et al., 2011). SWAP uses the deductive Positive
tical Programming (PMP) technique to estimate the eco-
lue of irrigation water over hydrologic regions assuming
ers seek to maximize net returns to land and manage-

irrigating crops (Howitt, 1995). PMP  consists of a four
edure described in detail in Howitt et al. (2012). The

thodology can be outlined as follows: (1) a linear pro-
h Leontief technology is solved to obtain marginal values
ration constraint; (2) a PMP  exponential cost function is

rized; (3) a constant elasticity of substitution (CES) pro-
unction is calibrated which makes use of the Lagrange
r on the calibration constraint in the first step; and (4) a
r program that includes the CES production function and
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cost function is solved. The model specified by this four
edure calibrates exactly to the base dataset. SWAP uses
uction inputs (land, water, labor, and supplies) and a 20-
p set compatible with the California Department of Water
s classification. The fully calibrated program is provided by

 Eqs. (5) through (7):∑
g

∑
i

(�giYgi) − ıgie
�giXgi,land −

∑
j /=  land

ωgijXgij (5)

∑
j

ˇgijX
�
gij

⎞
⎠

�/�

(6)

d ≤
∑

ws

Wg,ws (7)

is the set of regions, i is the set of crops, and j is the set of
n factors. The decision variable is Xgij, which is the amount
ces j allocated for production of crop i in region g. The
rs �gi and Ygi are prices and yields in region g and crop i.

 is represented by an exponential area response function
rcept and elasticity parameters ıgi and �gi. Resource costs
sented as ωgij.

 represents the CES production function which models Ygi
ameters �, �, �, �. Eq. (7) is the resource constraint that
e boundary for applied water W in region g according to a

r water source ws (local diversions, state or federal water
and groundwater).
nducted three SWAP model runs to obtain shadow values
rom the water resource constraint (Eq. (7)). We  employed
rved water availability for the pre-drought year of 2010,
ht year of 2014, and a climate scenario for 2050 with a

y form of climate change following Medellín-Azuara et al.

ic costs

ing responsible brine management, the human health
onmental externalities of agricultural water desalination
minated by the air emissions associated with powering

ion technologies. To quantify these damages, we esti-
ergy consumption and associated criteria pollutant and
se gas emissions of three desalination technologies: (1)
ered, grid supplemented, multi-effect distillation (MED)

ermal or ST); (2) natural gas powered, grid supplemented
s Thermal or GT); and (3) grid powered reverse osmosis

 estimated the energy consumption of MED  desalination
/m3 supplemented with 1.5 kWh/m3 of grid energy, and
y consumption of membrane pretreatment and RO of 5

 These energy estimates are sourced from the literature for
le systems with high (>90%) recovery and are constructed

 pretreatment, treatment, and brine disposal (Karagiannis
tos, 2008; McCool et al., 2013; Stuber, 2016). Using these
ies, we then estimate the emissions associated with grid

 using CA state-level average emissions factors for CO2,
SO2 in 2012 derived from the EPA’s Emissions & Gener-
ource Integrated Database (eGRID) (EPA, 2016b). eGRID
monitor PM2.5, so we instead used CA state-level average
s factors in 2011 from the EPA’s National Emissions Inven-
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timate the damages for NOx, SO2 and PM2.5 associated
missions from primary fuel and electricity consumption

 Air Pollution Emissions Experiments and Policy Version
odel for each county in California (Muller, 2011; Muller
elsohn, 2007). Damages from emissions sourced from pri-

l are placed in the county which they occur, while damages
d with emissions sourced from grid locations are localized
ing generation to each plant in proportion to their esti-
lative contribution to the California grid (see Appendix
ges to human health are typically high in those locations
e populations and poor existing ambient air quality. For
sions, we assumed a social cost of carbon of $41.10 per
n in 2014 USD based on estimates from the US Envri-
l Protection Agency (IWG, 2013). This estimate is similar
9.70 per metric ton in 2014 USD estimated by the Orga-
for Economic Cooperation and Development (Smith and
, 2015).

ic Benefits

ltural drainage water desalination and concentrate dis-
uld reduce the amount of selenium, boron, nitrate, TDS
r contaminants in environmental systems. The diversity
ds for valuing ecosystem services, however, makes esti-
he public benefits highly uncertain (Young and Loomis,
stead, we select environmentally sensitive areas (ESAs)

 that are highly impaired by agricultural drainage and
ecosystem valuation that would be required for drainage
alination to confer positive net benefits at a societal level.
ired valuation is termed the “benefit gap.”
imate the benefit gap, we subtract private and public

 private benefits of water desalination within the ESAs.
 selected using EPA’s Healthy Watershed program (EPA,
y first selecting those HUC12 watersheds that contain
culture and artificial drainage areas, and sub-selecting the
ds with rank normalized median summer conductivity
an 0.8 (Appendix B Figure B.1). The at-risk zone is deter-

 include 88 watersheds, or 21% of the cropped area in the
vate costs are likely to vary depending on local electricity
ine disposal options, and regulations. In this analysis, we
niform midpoint estimate of 1 $/m3 for all systems. Pri-
fits and public costs are determined at the field level or
vel as described above.

ts

stimate the private and public costs and benefits of
ral water desalination to assess independent technology

 as well as the potential role for policy intervention. Desali-
option is determined by the net private benefits of the

gy for the grower, estimated as the additional revenues
d with lower irrigation water salinity and augmented
pply, minus the additional costs associated with system

 variable costs. In addition to the benefits and costs of
ion for agricultural producers, the adoption of widespread
ion confers benefits and imposes costs to the public at
e balance of these public costs and benefits determine
lly optimal level of technology adoption and the policy
ions that may  be warranted to encourage or discour-

lination. We  explore the role for policy by quantifying
n health impacts of reduced air quality associated with
ergy use and exploring the requisite breakeven benefits
d drainage on downstream ecosystems.
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Fig. 1. Marginal value of improved water quality and additional water supply. A) Marginal value of removing dissolved solids from a cubic meter of irrigation water, while
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ic benefits of agricultural drainage treatment
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stem damages associated with current leaching practices.
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hnologies can be energy intensive and may lead to human
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at a quarter of the agricultural water applied to most
ally beneficial 10% of the CV, annual air emission damages
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ystem location explain this variation in the magnitude of
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 the human health and climate damages associated with
ions from water desalination, considerable ecosystem ser-
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ly entirely offset by public air emission damages. For tech-
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ineated in the methods section. First, the benefits of
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itch from low value to high value crops is complex − for

 while we  observe that 42% of the land area in our study
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nity below the threshold where yields of salt-sensitive
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portant for crop selection, a wide variety of other variables
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e us to underestimate the value of desalinated water in
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d, we assume that growers are rational agents with good
on on water resources. In reality, many perennial crop
ere surprised by the drought and paid significantly more

average costs for water modelled in this study.
 agricultural water is assumed to have a fixed concentra-
issolved solids of 490 ppm, estimated in previous work.
d Mauter, 2017) We  make this assumption in the absence
ly resolved data on the salinity of the applied irrigation
ich is dependent upon the site-specific mix  of groundwa-

ce water, rainwater, and tile drainage water that a grower
o apply. A grower using higher salinity sources may  realize
tly greater value from implementing desalination tech-
than reported in this study. On the other hand, growers
less saline sources would realize even less value.
,  each desalination system is assumed to have amortized
1 per m3, regardless of desalination technology, energy
r system recovery. In reality, there may  be a tradeoff
public and private costs of different technologies, a trade-
ould be explored with further research into theoretical
quirements and more precise cost estimation. Finally, the
nalysis does not value the human health, environmental,
e damages associated with brine disposal technologies or
onmental externalities associated with manufacturing the
uipment for water desalination.
e the absence of strong economic or policy drivers for

ral water desalination, there are several technological,
, regulatory, and climate factors likely to evolve over
two decades that may  increase the net benefits of agri-

ater desalination for growers in the CV. The costs of
salination could decrease as a result of research, devel-
deployment, and standardization of distributed brackish
alination technologies. In addition, CV growers are transi-
ward high value, perennial tree crops with higher capital

 longer payback periods on the order of 30 years (Lobell
, 2011). These crops reduce the elasticity of water demand
ought years, and may  increase grower willingness to pay
ure drought conditions. Recent regulatory action limiting
ater withdraws, which currently provide ∼40% of the Cal-
ater supply in a non-drought year and much more in a
ear (DWR, 2014), may  further increase the price of water

 above the SWAP predictions and thereby encourage on-
er reuse efforts. At the same time, restricting state-issued

 permits and the provision of in-basin drainage manage-
y  limit the discharge of agricultural drainage to vulnerable

s. Finally, recent climate models predict that the western
ates will become drier and more drought prone. Despite
ected changes in water availability, we find that desalina-
ll not likely to offer significant net benefits to growers in
e, non-drought year circa 2050. Since system capital costs
tized over decades, economic assessments based upon
s from short drought periods may  be overly optimistic.

 makers will need to consider a range of environmental,
, and sociological factors when evaluating policy inter-
affecting agricultural desalination in the CV. Examples
lterative water sourcing costs; the value of the agricul-
or outputs; technology impacts to marginalized groups;

 changes in ecological impacts; and the hydrological impli-
f pumping saline groundwater (Haddad, 2013). Policy
ions could take the form of a subsidy or a tax, with taxes
entivizing adoption or forcing farm closure.
clusion, we find that the primary private benefits of

ral water desalination are derived from increased water
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x  A. : Air Emission Damage Analysis

er to quantify public costs we  value the damages asso-
ith additional energy use, arriving at a value with units
r [$/acre-ft]. We  quantify the damages for three hypo-
ystems − (1) solar powered, grid supplemented thermal
ion (ST); (2) gas powered, grid supplemented thermal
ion (GT); and (3) grid powered reverse osmosis (RO). The

al systems are assumed to use 125 MJ/m3 for driving the
ion process and 1.5 kwh/m3 of auxiliary grid electricity.
se osmosis system is assumed to be powered by 5 kwh/m3

ectricity. In this study we  focus on four key air pollutants:
, PM 2.5 (criteria air pollutants) and CO2.
rst step of the valuation methodology is to quantify the
s associated with unit energy use. For grid electricity,
der in state generation as well as imports from other
California generates roughly 66% of its energy use in-
ile 13% come from the northwest region (Alberta, British
, Idaho, Montana, Oregon, South Dakota, Washington,
ming) and 21% comes from the southwest region (Ari-
a California, Colorado, New Mexico, Nevada, Texas, and
C, 2016). We  assume each plant contributes to emissions
rtion to its share of annual generation by using a series
ts (Eqs. (A.1) and (A.2)). Generation from out of country
Alberta and British Columbia) are omitted due to their

 small contribution and limits in data availability.

i · EFi,p (A.1)

i

r
(A.2)

(A.1), EFCal
i,p

is the California specific emission factor which
 the additional quantity of pollutant (subscript p) is emit-
particular plant (subscript i) given an additional unit of
ed in California. This is calculated by multiplying the plant
mission pifactor EFi,p by the share of California’s consump-
uced at plant i,
are of generation (pi) is calculated in Eq. (A.2), where Gi

neration that occurs at plant i, Gr is the generation that
 region r, and fr is the fraction of generation in region r
ported to California. We  use plant data for all plants in

thin the northwest, southwest, and Californian regions.
 annual generation and emission factors for NOx, SO2, and
ll available through CEMS, PM 2.5 is not included in this

 Data is instead incorporated from US EPA National Emis-
entory (NEI)(EPA, 2012). NEI reports gross emissions in

ree year intervals. We  acquire separate data for biomass,
ral gas, and oil at the state level for 2011. The gross emis-

 divided by the total generation of each plant type in each
stimate the emission rate. Once the emission rate for each
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ir damages from a gas-powered, thermal desalination unit varies
on location. Damages from solar-powered, thermal desalination and
ed reverse osmosis (not shown) do not vary spatially.

etermined, the weighting structure specified in Eqs. (A.1)
 are applied.
ition to grid emission, emissions from local natural gas
n for the GT system must be calculated. We  estimate these
s by using the US EPA AP-42 Compilation of Air Pollution

 Factors, which reports that 120,000 lb/million standard
 (mscf) of CO2, 7.6 lb/mscf PM,  0.6 lb/mscf SO2, 100 lb/mscf
mitted by small boilers in the generation process (EPA,

cond step in valuation is converting emissions to damages.
a social cost of carbon of $36/metric ton (2007 dollars) is
or the three criteria air pollutants, damages depend on the
n which the pollutants are emitted. The emission rates are
d from the plant to the county level, and damages rates

 Air Pollution Emission Experiments and Policy (APEEP)
e applied (Muller and Mendelsohn, 2007). APEEP quanti-
n health impacts from air pollutants based on where the
s are emitted − areas with high population density report
regate damages than sparsely populated zones.
missions therefore have constant damages, since the

s profile is identical regardless of the location of the
ion unit. For the GT system, however, the location of the
ion system is important. The closer the emissions are to
n centers, the greater the estimate damages. Table A.1

e magnitude of damages per unit of water treated for each
ith a range reported for the GT system depending on

unty the unit is located. Fig. A.1 shows the spatial vari-
amages of the GT system for counties with agricultural
n included in this analysis.

 B. : Defining Environmentally Sensitive Areas
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ng  agricultural drainage at the farm level provides a
m for preventing harmful pollutants from arriving at
entally sensitive areas (ESAs). This public benefit, while

tion that 

approach
We then 

our resul
o quantify, may  be an important driver of adoption for
ion technologies. In the main text we analyze how large
ic benefit would need to be in order to reap a net positive
enefit.
re chosen using data from EPA’s Healthy Watersheds Pro-
A, 2016a). This mission of this program is to generate a
aggregated indices that indicate watershed health, and
h these indices in GIS format. ESAs are chosen by first

 HUC12 watersheds that contain agriculture and artificial
 areas, and from those selecting the watersheds with rank
ed median summer conductivity greater than 0.8. This
elects 88 watersheds which define our selected at-risk

ether accounting for 21% of the cropped area in the study.
ows the selected areas for the analysis.

x C. : Irrigation Salinity Data

f the key data limitations in our study is the lack of high-
n data on the salinity of the applied water. This parameter
r from field to field, pursuant to the grower’s usage of
ater and surface water as well as the quality of the avail-

 sources. Additionally, the quality of each of these sources
o vary on annual time scales. As such, no data exists at

 resolution to quantify this parameter, and it must be esti-
he main analysis uses a single point estimate of water
f 490 mg/L. In this Appendix we both detail the calcula-
lead to this point estimate as well as discuss other possible
es for estimating salinity of the applied irrigation water.
use each of these estimates to analyze the sensitivity of

ts to modeling choices surrounding this parameter.



200 P.D. Welle et al. / Agricultural Water Management 194 (2017) 192–203

Table  A.1
Estimated public damages of desalination in $/acre-ft.

[$/acre-ft] Thermal (solar) Reverse Osmosis Thermal (natural gas)

CO2 Damages $31.00 $103.00 $363.00
SO2 Damages (county range) $21.60 $71.90 $22.70

($21.90 − $24.40)
NOx Damages $3.15 $10.50 $39.90
PM  2.5 Damages (county range) $2.75 $9.10 $23.40
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 Water Salinity

rst approach for estimating the salinity of the applied
s high-resolution data on soil salinity and converts this to

rrigation water salinity using the same model presented
in manuscript (Hoffman and Van Genuchten, 1983). The
n from soil salinity to water salinity can be accomplished
q. (C.1).

SS

0.2
L · ln (L + (1  − L)) e−5

(C.1)

(C.1), SW is the salinity of the applied water, SS is the soil
nd L is the crop-specific leaching fraction.
plied irrigation water salinity can be seen in Fig. C.1A.

ils report salinity values of 0.0 mg/L total dissolved solids
e model implies that the grower is applying water with
TDS. This is likely an underestimate, as all irrigation water
some quantity of dissolved solids. It can also be seen in
that certain areas purport to use water salinity values of
m. These are likely overestimates which result from vio-

 a fundamental assumptions built into the model, namely
oil be well-drained. Much of the saline areas of California,

 are plagued by shallow groundwater tables (see Fig. C.1B).

 Modeling Results

the first approach likely overestimates the salinity of
ater in areas with high salinity and underestimates in

h low salinity, an approach that avoids these shortcom-
ld be to use the average of the estimated modeling results
in the previous section. Applying this technique causes
e a loss of spatial heterogeneity in the modeling of this
r, but avoids error being introduced by outliers.
n be accomplished in two ways. The first is averaging the

 results across all pixels, which yields an estimate of TDS
/L. Since the model is known to be inaccurate in areas with
roundwater tables, however, a second approach would be
spatial average of all areas outside of the shallow ground-
ne (Fig. C.1B). This second average yields an estimate for
0 mg/L, and is the baseline approach taken in the main

ater and Groundwater Estimates

ernative to deriving water salinity estimates from mod-
lts is to use information about the salinity of available

nd groundwater. While 38% of the California’s net human
e is groundwater, this number varies drastically by year
ion (DWR, 2014). As such, we perform a bounding analy-
lating reasonable point estimates by assuming that farms
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ich supply irrigation water to much of the San Joaquin and
ke Basins, typically report salinity values between 300 and

 (Medellín-Azuara et al., 2008). While these values repre-
ge portion of the surface water imports in the south, other

 sources may  have higher levels of salinity (USGS, 2016b).
 the upper side of this range (350 ppm) to represent a
nsuming surface water.
ality of groundwater is much more variable. The Ground-
bient Monitoring and Assessment (GAMA) program

water quality across the state and produces publications
state of groundwater quality (USGS, 2016a). In reviewing
ts from three such studies in the Sacramento, Tulare, and
uin Basins it was found that groundwater quality could

een 123 and 2670 �S/cm (78 and 1708 mg/L), though
ges for all the wells in each study were in the range

00 mg/L (Bennett et al., 2017; Bennett et al., 2009; Bur-
elitz, 2008). Since our earlier approaches already contain

 in the range of the averages, and in the interest of con-
s broad of a sensitivity analysis as possible, we use the

d lower range for groundwater conductivity (78 mg/L and
L, respectively) as two  additional approaches. It should be
wever, that these are aggressive ranges. The upper range
/L) in particular, assumes that the entire state applies

 levels well in excess of the 1000 mg/L upper secondary
 contaminant level (SMCL-CA) set by the state of Califor-

on and Belitz, 2008).

y of Results to Modeling Choices

linity of the applied irrigation water enters the analysis
deling the private benefits of improved water quality, Eq.

 main manuscript. Since the salinity of applied water term
early, for each approach we  can calculate the change in the
mproved water quality relative to the baseline scenario by

 a simple ratio between the salinity of the new approach
alinity of the baseline.
ved  water quality, however, does not make up the entirety
vate benefits. The second component is the value of aug-
upply, which is not affected by the quality of existing

 water.
le C.1, we report the percentage change from the base-
ario for improved water quality, total private benefits
g 2010 pre-drought values of water), as well as the share
d area with private benefit above the estimated cost of
ion, $1/m3. The more moderate assumptions of 350 and

 show modest adjustments to total private benefits, but do
t the result that no land is available that exceeds the cur-
s of desalination. While the more aggressive assumptions
/L and 1708 mg/L change the computed private benefits
stically, they still do not meaningfully adjust the amount
 which total benefits exceeding system cost.
ercentage change from baseline cannot be computed for
lled water salinity results, as it will be different depend-

e in the distribution it is being assessed. Fig. C.2 shows the
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Fig. C.1. Modelled salinity results (A) and locations affected by shallow groundwater table (B). The y-axis in A shows the percentage of total observations in each bin. For
example, 54% of observations have salinity between 0 and 250 mg/L. Data for B from https://water.ca.gov/drainage.

Table C.1
Sensitivity to Assumed Water Salinity Values. The total private benefits includes improved water quality as well as the value of augmented supply for 2010 (pre-drought
conditions).

Percentage Change, Improved
Water  Quality

Percentage Change, Total
Private  Benefits

Percentage Cropped Area with
Private Benefit >$1/m3

Baseline (490 mg/L) – – 0%
Modeled  Salinity see Fig. C.2A see Fig. C.2B 0%
Average  with Shallow Groundwater (585 mg/L) 19.3% 6.7% 0%
Surface  Water (350 mg/L) 28.6% −9.8% 0%
Groundwater, Low Estimate (17 mg/L) −96.5% −29% 0%
Groundwater, High Estimate (1708 mg/L) 249% 86% 1.1%

Fi te Ben

respectiv
Since the
the highe
g. C.2. Cumulative Density Function of Improved Water Supply (A) and Total Priva
e cumulative density functions with the modelled data.
 baseline results use an average of the modelled results,
r values are larger for the modelled results and the lower

values  ar
than the 

cost of d
efits (B) for baseline (490 ppm) and spatially modelled output.
e smaller. Despite being the higher values being larger
baseline, 0% of the benefits exceed $1/m3, the estimated
esalination. We  thus find, across a broad range of mod-

https://water.ca.gov/drainage
https://water.ca.gov/drainage
https://water.ca.gov/drainage
https://water.ca.gov/drainage
https://water.ca.gov/drainage
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Table  C.2
Typical Constituents in Tile Drainage, Groundwater and Surface Water Sources.

pH Boron mg/L Chloride mg/L Nitrate mg/L Sodium mg/L Alkalinity mg/L TDS mg/L EC �S/cm SAR mg/L

Tile Drainage 6.2–8.4 10.87 1,040.60 116.76 1,597.7 283.1 6517 7,790.20 16.06
Groundwater 6.3–9.8 0.35 92.04 4.90 76.52 162.64 495.27 – –
Surface  Water 6.9−8.2 – – 2.70 – – – 399.43 –

Fig. D.1. M
indicate sys

eling assu
reasonab

Lastly
of variou
Alkalinity
Absorptio
water. Fo
from wel
Program 

we avera
within th
Dawson e
Burton et
taken fro
WaterQu

Appendix
Associate

In the 

incorpora
costs from
ration po
emission
lizer to th
the benefi

Fig. D
benefit g
mented s
change in
employed
lizer, we 

feed volu

.2. Ge
system

r com
). In

0.10-
ig. D
cryst
as-p

mal o
ot va
vers
linat

renc

ett, G.
aliforn
aquin

ett, P.A
orthe
rogram
ett, G.
hallow
riority
e, J., L
use: e

ood Sc
n,  C.A
aquin
eolog
odified benefit gap for the GT, RO, and ST systems. GT-C, RO C, and ST-C
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mptions, that our major conclusions are unaffected for
le values of the salinity of applied irrigation water.
,  for reference, we include the typical concentrations
s constituents for Boron, Chloride, Nitrate, Sodium,
, Total Dissolved Solids, Electrical Conductivity, Sodium
n Ratio and pH in tile drainage, groundwater, and surface

r tile drainage, we average the constituent concentrations
ls sampled in the San Joaquin Valley Drainage Monitoring
during 2011–2012 (Laird et al., 2015). For groundwater,
ge the constituents from the GAMA program for all reports
e study area (Bennett et al., 2006; Bennett et al., 2009;
t al., 2008; Landon and Belitz, 2008; Shelton et al., 2008;

 al., 2008; Schmitt et al., 2008). Surface water data were
m a current assessment of constituent levels from USGS
alityWatch (USGS, 2016b) (Table C.2).

 D. : Modeling the Air Emissions Damages
d with Brine Disposal

main analysis the costs of brine disposal are assumed to be
ted in the private costs. However, there are likely public

 the air emissions damages of brine disposal if evapo-
nds are not used. In this Appendix D we  model the air
s damages of brine management by adding a brine crystal-
e trains of the GT, RO, and ST systems. We  then reanalyze
t gap with these losses included.

.1 plots CDF of private benefits minus social cost (the
ap) for GT, RO and ST systems for 2010 values of aug-
upplies for GT, RO, and ST systems, and demonstrates the
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pression crystallizer is 66 kW h/m3 feed volume (Mickey,
cluding brine crystallization costs widens the benefit gap
$0.30 per m3.
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allizer use for brine management depending on location
owered thermal brine crystallization. Damages for solar
r grid powered brine crystallizers are not mapped as they
ry spatially. Air damages from brine crystallizer addition
hadowed by air damages from the gas-powered thermal
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