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ABSTRACT: Zero liquid discharge (ZLD) systems installed at power facilities
with the primary purpose of meeting water discharge regulations have the added
benefit of providing high quality effluent that can be reused in the facility. This
paper provides a review of water use in power sector recirculating cooling towers
and a baseline assessment of on-site water reuse at natural gas combined cycle
(NGCC) power facilities. Two NGCC facilities with reverse-osmosis (RO) or
brine-concentrator processes followed by evaporation ponds were selected as case
studies; data from these facilities were used to quantify the water, energy, and cost
implications of implementing conventional and emerging ZLD technologies. At
one case study facility, model results show that implementation of ZLD would
reduce water withdrawals by 18%, which is less than savings associated with
implementation of dry cooling but comparable to current efforts to reduce water
withdrawals by increasing cycles of concentration. Implementation of ZLD using
high-recovery RO resulted in a doubling of the levelized cost of water (LCOW). LCOW increased more when a brine concentrator
was used. For both case studies, the ZLD system using high-recovery RO required less than 0.1% of a facilitiy's annual electricity
generation and the ZLD system using a brine concentrator process required less than 0.8%. Additionally, increasing the evaporation
pond area to minimize required ZLD system recovery rates and reduce system electricity costs does not reduce the LCOW. Instead,
the LCOW increases because less water is recovered and more water is lost to evaporation. However, if water availability decreases or
water competition/cost increases, facilities may be incentivized to maximize water recovery from ZLD systems.

KEYWORDS: zero liquid discharge, thermoelectric recirculating cooling towers, closed-circuit reverse osmosis, brine concentrator,
levelized cost of water

1. INTRODUCTION

Concurrent with the global transition away from fossil fuels to
meet climate change goals, the fossil fuel power generation mix
is shifting as well: from heavier carbon-emitting and water-
consuming sources, such as coal, to sources that can potentially
reduce climate and water stress, such as natural gas.1−5 Even
though the relative share of fossil fuel generation is generally
declining, there are still new fossil facilities being built, with
many being natural gas.6−8 As of 2020, natural gas generation
accounted for 40.3% of total US electricity generation9 and
natural gas is projected by the U.S. Energy Information
Administration (EIA) to occupy the majority of electricity
production through 2050.10 At the same time as the shift in
power generation mix, cooling systems for thermoelectric
power facilities are shifting from once-through cooling, with
high water-withdrawal requirements to recirculating cooling,
with much lower water-withdrawal requirements but higher
water consumption.11−17

At thermoelectric power facilities with recirculating cooling,
regulations on the water quality of discharges as well as
increased cost and competition for water supplies are
contributing to decreased water withdrawals.1,2,18,19 Regarding
wastewater discharges, facilities are subject to regulations on
constituents in their wastewater such as nutrients (e.g., total
organic nitrogen), metals, and total dissolved solids (e.g.,
chloride and sulfate) that can negatively impact downstream
environments.20 In particular, as more facilities transition from
once-through to recirculating cooling systems, the concen-
tration of dissolved solids in the wastewater will increase.21,22
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Discharge regulations have forced the power industry to take
leadership in zero liquid discharge (ZLD) implementation.
Facilities affected by discharge regulations, the majority of
which are in the western US,23 have implemented ZLD
approaches to eliminate off-site discharge. Though installed for
the main purpose of meeting discharge regulations, ZLD
systems have the added water resource benefit of providing
high-quality effluent that can be reused in the facility,24

perhaps decreasing the volume of water withdrawals.
The objective of this study is to review water-reuse practices

and opportunities for recirculating cooling tower systems in
the thermoelectric power sector, provide a baseline assessment
of on-site water reuse at natural gas combined-cycle (NGCC)
power facilities, and consider water-reuse opportunities
associated with ZLD implementation. In addition, operating
information from two representative NGCC case-study
facilities is assessed using water and energy metrics. The
benefit of on-site water reuse as the result of ZLD
implementation is weighed against the energy and monetary
cost of implementing and operating brine-concentrator (BC)
and high-recovery reverse-osmosis (RO) ZLD systems.

2. REVIEW OF WATER WITHDRAWALS, WATER USE
AND REUSE, AND ZLD APPROACHES FOR
RECIRCULATING COOLING TOWERS IN THE
THERMOELECTRIC POWER SECTOR

2.1. Water Withdrawals. Water withdrawals, which refer
to water taken from surface water, groundwater, or a
municipality’s drinking water or treated wastewater supply
are influenced by water availability, water competition, and
water cost.25−27 Water availability, which may be limited by
physical scarcity or local water rights, is a major issue for power
facilities throughout the US. Although an existing facility may
have secured a legal right to water allocation through riparian
or prior appropriation rights,28 there is still risk of not receiving
allocations because of the physical unavailability of water.29

This is more of a concern for facilities in arid and semiarid
regions that struggle with water scarcity;29−31 however, it also
impacts other regions that are subject to changes in water
rights as water demands from other sectors increase.32

Moreover, water availability can be impacted by intake water
temperatures. If intake water temperatures rise as a result of
discharges from upstream facilities and/or climate change,33−35

the availability of water that is cool enough to maintain optimal
thermal efficiency can become limited.36,37

Competition for water is dictated by the type of water right
(i.e., riparian or appropriative rights and, in some cases,
federal-reserved, adjudicated, or Pueblo rights) and for
appropriative water rights, the effective date of the water
right.38−40 Regulators may also subject facilities to water
supply reductions or reallocations based on regional needs.32,41

Regional needs may include saving water for the environment
(i.e., making water available for surface water and groundwater
ecosystems).42 Finally, by locating thermoelectric power
facilities in regions where competition is lower,43−46 water
prices are also typically lower.47

2.2. Water Use and Reuse. 2.2.1. Water Use. Figure 1
shows a basic water flow diagram of a thermoelectric power
facility with a ZLD system; the ZLD system is described more
in Section 2.3. The two primary purposes for water use at
power facilities are steam generation (the boiler in Figure 1)
and cooling of the steam cycle (the cooling tower in Figure 1).
This paper focuses on the water cooling cycle because cooling
accounts for the majority of water use at power facilities,1,48

and specifically, this paper focuses on systems with
recirculating cooling towers because these are more common
than systems with cooling ponds.49−51

In the cooling cycle shown in Figure 1, heated water leaving
the heat exchanger enters the top of the cooling tower where it
cascades down and is broken into droplets as it contacts the
cooling tower fill. The water droplets are cooled by the lower
temperature of the countercurrent flow of air and heat is
released as water evaporates. The cooled water at the bottom
of the cooling tower is returned to the heat exchanger where
the cooling loop begins again. As water evaporates to release
heat, the dissolved and suspended solids become more
concentrated in the cooling water. Eventually, removal of
solids is necessary to avoid deposition and/or scale formation,
so the cooling water is discharged in a process called
blowdown.
The loss of water to evaporation and blowdown accounts for

the majority of water consumption at thermoelectric power
facilities, and drift, or water carried away as mist, accounts for a
substantially smaller portion of water consumption (less than
1%52,53). With approximately 70% loss to evaporation25,54 and
approximately 30% loss to blowdown,25,54 a recirculating

Figure 1. Water flow diagram of a thermoelectric power facility with a recirculating cooling tower and a ZLD system. Water reuse occurs in the
cycles of concentration of the cooling tower. Water reuse also occurs when ZLD systems typically installed to meet discharge regulations provide
high-quality effluent that is recycled back to the facility.
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cooling tower consumes an average of 4.5 × 106 m3 (1.2 × 109

gal) of water per year.17 Consumed water is replaced by
makeup water that is withdrawn from a surface water,
groundwater, or a municipality’s water supply.
2.2.2. Water Savings via Increasing Cycles of Concen-

tration. The ratio of the total dissolved solids concentration in
the blowdown water to the total dissolved solids concentration
in the makeup water is known as “cycles of concentration”, or
simply as “cycles”.55 Cycles can also be approximated as the
ratio of blowdown water volume to makeup water volume
because total dissolved solids only enter via makeup and exit
via blowdown.55 As the number of cycles increases, blowdown
occurs less frequently and less water is required for makeup.
For example, increasing from three to six cycles reduces
blowdown by 50% and associated makeup water requirements
by 20%; makeup water requirements are reduced less because
makeup water requirements are comprised of evaporation
(which remains constant) and blowdown.21,56 Also, as the
number of cycles increases, concerns for corrosion and scaling
increase.21,22 The number of cycles varies but can generally
range from two to ten cycles.21,56 Cycles are often limited by
the quality of the makeup water;57 if the makeup water comes
from a lower-quality source and does not undergo on-site
treatment,55,58 the number of cycles is lower.
Approaches to increase cycles have been the main path taken

to achieve water savings at thermoelectric power facilities with
recirculating cooling systems.21,59,60 Other approaches, includ-
ing capturing water vapor61−63 or reducing drift loss, windage
loss, and heat loss from the cooling tower, have also been used
to achieve water savings, albeit at lower net savings compared
to that for increasing cycles.22,60,64,65

2.2.3. Water Savings via Dry Cooling. Dry-cooling systems,
which use approximately 95% less water than wet-cooling
systems,66 can also offer substantial water savings.66−68

Currently, there are at least 70 dry-cooling systems throughout
the US, with 40% of them in California, Nevada, New York,
and Virginia. Dry- and hybrid-cooling facilities consume an
average of 7.6 L (2 gallons) of water per MWh.48 Although
dry-cooling systems offer a valuable solution for water-scarce
regions, they have high capital costs68−72 and high energy
requirements.66,73,74 Comparing NGCC facilities in California
with dry and wet cooling, Maulbetsch and DiFilippo71 found
that dry-cooling facilities increase installation costs by 22.1
million dollars ($M). Loew et al.69 found that dry-cooling
facilities in Texas increase capital costs by 23−143 $M. And
Njoku and Diemuodeke72 found that dry-cooling facilities in
dry, hot regions of Nigeria increase annual operating and
maintenance costs by 19−38%.
In general, dry-cooling systems are less efficient than wet-

cooling systems because air does not transfer heat as efficiently
as water does.75 Moreover, dry facilities become less efficient as
ambient air temperatures increase76 because of increased
condensing temperature.36,37 At ambient air temperatures
greater than 25 °C, one study (Hamanaka et al.37) showed that
efficiency decreases even more because of decreased turbine
efficiency in addition to increased condensing temperature.
The efficiency of wet-cooling systems also decreases as
ambient temperatures increase, but the efficiency of wet-
cooling systems typically decreases at a lower rate than dry-
cooling systems due to factors such as humidity.72

2.2.4. Water Reuse. Aside from cycles of concentration,
water reuse in power facilities occurs when water from
upstream processes is used (with or without treatment and/or

dilution) in downstream processes. For example, cooling tower
blowdown water can be used as flue-gas desulfurization (FGD)
makeup water,77,78 FGD blowdown water can be used for ash
sluicing, and ash pond runoff can be used for dust control.79

For example, the Coronado Generation Station (a coal facility
in St Johns, AZ) reuses cooling tower blowdown water as
makeup water for ash system surge tanks and the Springerville
Generating Station (a coal facility in Springerville, AZ) uses
cooling tower blowdown water as makeup water for FGD
scrubber reagents. Cooling tower blowdown water from power
facilities can also be reused for peripheral services (e.g., road
dust suppression).
Upstream water reuse, where lower-quality water from

downstream processes is used in upstream processes, has been
less common because of significant treatment and/or dilution
requirements.80 However, upstream reuse is becoming more
common with ZLD implementation. As shown in Figure 1 and
discussed more in the next section, ZLD facilities treat cooling
tower blowdown for reuse as cooling-cycle makeup water,
steam-cycle makeup water, and/or water for auxiliary services.
Auxiliary services use “service water” for cooling systems that
have small-diameter tubing (as small as 6.35 mm (1/4 in.)).
Higher-quality water is required for auxiliary services than for
the main cooling system (that typically uses 25.4 mm (1 in.)
tubing) because smaller diameter tubing plugs more readily.

2.3. Zero-Liquid Discharge Approaches to Achieve
Discharge Standards and Provide Additional Supply for
Water Reuse. 2.3.1. ZLD Management Strategies. In the
past, blowdown water from the cooling cycle has either been
discharged to a receiving water (e.g., the source water body)
without or with treatment (e.g., a settling pond) or injected
into a deep well (Figure 2a). Now, it is becoming more
common to treat blowdown water with a ZLD system (Figure
2b) to eliminate the need for off-site discharge or, in the case
of deep-well injection, to reduce the volume of water disposed
to the subsurface. ZLD is a wastewater management strategy
where no wastewater is discharged and water recovery is
maximized.81,82 ZLD does not just refer to an additional series
of unit operations but is considered a holistic philosophy that
affects how an entire power facility operates. Given the cost
implications, power facilities do not choose to implement ZLD
freelyfacilities being retrofit for ZLD generally do so only if
necessary to meet more stringent discharge regulations;80,83

facilities being newly designed for ZLD operation intend to
avoid the more extensive permitting processes and monitoring
requirements associated with off-site discharge. Both retrofit
and new ZLD facilites also benefit from reduced requirements
for water withdrawals.
At power facilities, ZLD operation typically refers to the

elimination of wastewater being discharged to an off-site
receiving water, not the elimination of wastewater leaving the
facility. It should also be noted that although the wastewater
injected into on-site deep wells will enter an aquifer that likely
extends beyond the site boundary, power facilities consider
deep-well injection to be a ZLD process. In keeping with this
construct, this paper considers ZLD at power facilities as the
use of high-recovery treatment processes followed by discharge
of the residual stream to an evaporation pond or injection of
the residual stream in a deep well, as shown in Figure 2b.
Evaporation ponds and deep wells are discussed more in
section 2.3.4.84 As mentioned previously, the high-quality
water produced by the ZLD system can be used as cooling-
cycle makeup water, steam-cycle makeup water, and/or service
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water. Because recirculating cooling tower systems consume
70% of water withdrawals on average,25,54 ZLD systems have
the potential to treat and reuse the 30% of water withdrawals
that become cooling tower blowdown (shown in Figure 2b).
2.3.2. ZLD with Conventional Brine-Concentrator Sys-

tems. Conventional thermally driven ZLD systems are
typically bespoke systems supplied by different manufacturers.
Their design depends on influent water quality and discharge
requirements for volumes, flow rates, and water quality.
Thermally driven ZLD systems typically consist of three
steps (Figure 3): (i) pretreatment, (ii) preconcentration, and
(iii) crystallization and/or evaporation.82,85−88 In pretreat-
ment, suspended solids, metals, hardness, and silica are
typically filtered and/or precipitated out. Preconcentration
typically recovers 90−98% of the water86,88 and consists of
either a BC process alone or a BC process that is pretreated
with a desalination process (e.g., RO).89 Finally, a crystallizer
or evaporation pond is used. The resulting solids are typically
mixed salts that cannot be reused and must be disposed in
landfills.31,90 If high-purity salts could be obtained, the
potential exists for reuse or marketing as industrial
materials.91,92 Product water from the preconcentration and
crystallization step can be reused upstream.24,86,88

The BCs in these systems are known to be challenging to
operate and can suffer frequent breakdowns that can create an
unwanted domino effect on other processes of the system.80

Also the BC and crystallizer can be dependent on the steam
cycle and, thus, can be affected by facility pauses and
shutdowns of the facility’s boiler system.84 Moreover, BCs
and crystallizers are energy intensive, which may affect a
facility’s net power output. For example, a BC’s specific energy
consumption ranges from ∼20 to 30 kWh/m3 at salinities of
∼250 000 mg/L while a crystallizer’s specific energy
consumption ranges from ∼50 to 65 kWh/m3 at salinities of
∼300 000 mg/L (values estimated from Tong and Elime-
lech81). To minimize scaling, BCs are typically pretreated with
scale inhibitor.94−96

2.3.3. ZLD with High-Recovery RO Systems. Emerging
high-recovery RO membrane systems are also being used as
part of ZLD systems at power facilities. As of 2016, there were
72 power facilities in the US that employed ZLD systems with
a total combined capacity of 1.19 × 105 m3/day.97 According
to a report by Mordor Intelligence LLP,98 “the market for ZLD
systems is expected to register a compound annual growth rate
of over 9%” from 2020 to 2025. The power industry is
expected to occupy the majority of the ZLD market as

Figure 2. Schematic of water balance at power facilities (a) without a ZLD system and (b) with a ZLD system. A power facility without a ZLD
system can treat cooling tower blowdown with a settling pond before discharge to a receiving water or can discharge directly to a deep well. A
power facility with a ZLD system treats cooling tower blowdown with a high-recovery treatment system. The product water can be reused for
cooling tower makeup (or other upstream uses), which reduces withdrawal requirements. The residual from the high-recovery treatment system
can either be discharged to an on-site evaporation pond or injected in a deep well.

Figure 3. Conventional zero liquid discharge (ZLD) treatment scheme with (i) pretreatment, (ii) preconcentration by reverse osmosis and/or a
brine concentrator, and (iii) crystallization/evaporation by crystallizers and/or evaporation ponds. Figure adapted from Global Water
Intelligence.93
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wastewater disposal costs and demand for freshwater resources
are expected to rise.98 Advancements in high-recovery RO
(e.g., high-efficiency RO and closed-circuit RO (CCRO))
processes have made ZLD systems simpler to operate and able
to achieve high water recovery with relatively low energy
consumption.85,99 For example, the average power required by
a typical 1.4 m3/min (300 gallon/min) high-recovery RO
system (160 kW) is generally an order of magnitude less than
that of a BC (1200 kW).100 Water recoveries up to 98% have
been reported for some systems at power facilities.101

The Griffith Energy Facility and Magnolia Power Project are
NGCC facilities that were the first to use a HERO102 system
upon commissioning in 2002 and 2003.103−106 The HERO
system operated at recoveries up to 90%.107,108 Hardness and
carbon dioxide were removed to reduce scaling potential and
retard biofouling prior to operating RO at a higher pH.
Arlington Valley Power Station, an NGCC facility that was
reported as having the largest ZLD system in the US in 2016,97

utilizes HERO to treat 9100 m3 of water per day.109 In 2017,
the power industry’s first implementation of Desalitech CCRO
technology,110,111 a semibatch process, occurred when South-
ern California Edison implemented CCRO systems at five of
its gas-fired combustion turbine facilities.112 CCRO was
implemented with the goals of saving 44 million gallons of
water per year, improving reliability, and cutting annual water
operating costs by more than 1 $M per facility (i.e., 85% of
annual water operating costs). In particular, implementation of
CCRO was expected to reduce water disposal costs because
the CCRO brine could be disposed of at a lower-cost brine-
disposal facility.112

In 2019, Global Water Intelligence113 stated that high-
recovery RO systems are “encroaching on the part of the
treatment train for brine concentration that an evaporator
would traditionally operate in”. Because BCs are known to
suffer frequent breakdowns and are operationally complex,
high-recovery RO systems appear to be a strong compet-
itor.80,114−116 Although other alternatives to brine concen-
trators (e.g., forward osmosis, membrane distillation, and
humidification-dehumidification) have entered the market over
the last 10−15 years, emerging RO processes have the
advantage that they are based on mature, familiar RO
desalination technology.
2.3.4. ZLD On-Site Discharge: Evaporation Ponds and

Subsurface Injection. As mentioned earlier and shown in
Figure 2b, the concentrate stream from high-recovery treat-
ment (either thermally driven or pressure-driven water-
recovery processes) is typically discharged to an evaporation
pond or injected into the subsurface. Evaporation ponds are
relatively simple, low-technology processes to dispose of
residual streams; solar energy evaporates the water while
salts accumulate at the bottom of the pond. Accumulated salts
are periodically disposed of in landfills.31,90 Evaporation ponds
are primarily designed on the basis of the flow rate of water
that will be discharged to the pond and the regional
evaporation rate. Higher flow rates and/or lower evaporation
rates require larger evaporation pond area. Evaporation ponds
are more common in arid and semiarid climates where
evaporation rates are high.117 Although evaporation ponds can
have high capital costs (e.g., to acquire land area and purchase
liner materials),118 the low electricity costs, low operating costs
in general, and simplicity of operation currently give them
treatment primacy over other processes that recover water,
instead of evaporating it.114

Deep-well injection is another low-technology process often
used to dispose of residual streams (e.g., concentrate streams),
particularly in parts of the US that experience heavier
rainfall.119 Residual streams are injected into subsurface porous
rock formations.120,121 Because deep-well injection is not as
limited by discharge flow rate,122,123 facilities may choose to
discharge greater volumes and reduce electricity costs by
operating the upstream ZLD system at a lower recover-
y.Challenges associated with deep-well injection include
earthquakes, scaling, corrosion, and possible pollution of the
groundwater.123−126 Similar to the case for evaporation ponds,
the most significant drawback of deep-well injection is that the
water resource is not recovered and available for reuse.
The second objective of this paper, after the review of water

reuse in the thermoelectric power sector, is to use operating
information from two representative case-study facilities to (i)
quantify the electricity and monetary costs of retrofitting a
non-ZLD facility to ZLD operation, (ii) compare the electricity
and monetary costs of a ZLD system using a pressure-driven
CCRO process with one using a thermally driven BC process,
and (iii) evaluate the opportunity for on-site water reuse when
retrofitting a non-ZLD facility with ZLD. Finally, the role of
evaporation ponds (the more common of the two final disposal
methods118) is considered as well as its impact on water and
electricity metrics.

3. CASE-STUDY ANALYSES
3.1. Methodology. 3.1.1. Natural Gas Combined Cycle

Case-Study Facilities. Two NGCC power facilities with water-
reuse practices were selected as the case-study facilities. As of
2018, NGCC facilities accounted for ∼90% of total natural gas
generation and are expected to be the most prominent source
of electricity generation for the foreseeable future.127,128 Both
of the NGCC case-study facilities are located in semiarid/arid
regions129,130 and face challenges with water availability, water
cost, and discharge regulations; as such, these facilities are
representative of facilities that are most likely to employ ZLD
technologies. In addition, these facilities were chosen as case-
study facilities because of the availability of data from them.

Cherokee Generating Station. The Cherokee Generating
Station (“Cherokee”) is an 886-MW power facility located in
Denver, CO.131 Two-thirds of Cherokee’s 886-MW capacity
(591 MW) comes from NGCC; the remaining capacity is from
a natural gas steam turbine that was converted from a coal-fired
unit in 2017. The shift from coal to natural gas contributed to
the facility’s 15% reduction in water withdrawals in 2016.132

The facility has two combustion engines and two heat-recovery
steam generators supplying one steam-turbine generator. In
2003, Cherokee began using 8400 m3/day (1.8 MGD) of
secondary-treated wastewater from Denver’s Metro Water
Recovery (Denver, CO) for cooling tower makeup in addition
to their 2400 m3/day (0.53 MGD) withdrawal from Clear
Creek and 230 m3/day (0.05 MGD) withdrawal from the
Platte River.
Aside from cooling water, Cherokee uses 1900 m3/day (0.41

MGD) of potable water from Denver Water; half of it for
steam-cycle water and the other half for service water. The
service water is not treated prior to use and is concentrated
approximately twice in the small service water cooling tower
before it is blown down and combined with the main cooling
tower blowdown water. In total, Cherokee discharges
approximately 4100 m3/day (0.9 MGD) to the Platte River.
Due to a 2017 permit, the following limits have been placed on
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discharges to the Platte River: 10 mg/L daily maximum of total
inorganic nitrogen by 2022; 250 mg/L over a 30-day average
of chloride by 2023; and 553 mg/L over a 30-day average of
sulfate by 2023. Because Cherokee could not meet these
discharge regulations with its current non-ZLD system,
Cherokee is currently being retrofit for ZLD operation.
Figure 4 shows the process flow diagram for Cherokee’s

current non-ZLD configuration (Figure 4a) and Cherokee’s
pending ZLD-CCRO configuration (Figure 4b). The Steam-
Cycle Treatment Train, which is the same for both
configurations, treats the steam-cycle water supplied by Denver
Water. Prior to RO, the steam-cycle water passes through
media filtration to remove particulates, then is dosed with
sodium bisulfite and scale inhibitor to remove chlorine and
reduce likelihood of precipitation. RO permeate is passed
through mixed-bed ion exchangers as a final polishing step for
dissolved solids and silica before storage. The treated water in
the storage tank is then available for steam-cycle makeup. The
RO concentrate from the Steam-Cycle Treatment Train is

combined with cooling tower blowdown; the combined stream
is dosed with coagulant and metal precipitator prior to
clarification to remove particulates and metals as part of the
Wastewater Treatment Train. Although the cooling cycle and
hence, Wastewater Treatment Train, are the focus of this
study, the Steam-Cycle Treatment Train is also presented
because its RO concentrate is treated in the Wastewater
Treatment Train. In the non-ZLD configuration (Figure 4a),
the supernatant from the clarifier is discharged to a settling
pond and then the Platte River. The solids from the clarifier
are landfilled. The only water reuse in the current non-ZLD
configuration occurs if the steam-cycle RO (i.e., the boiler RO)
concentrate is of high enough quality to be used for cooling
tower makeup.
In the pending ZLD-CCRO configuration (Figure 4b),

CCRO is added to the Wastewater Treatment Train with
media filtration as pretreatment. The CCRO system will
operate at 98% recovery to maximize the permeate available for
reuse and minimize the concentrate discharged to the

Figure 4. Process flow diagram showing water treatment for Cherokee Generating Station’s (a) current, non-ZLD configuration and (b) pending
ZLD-CCRO configuration. The Steam-Cycle Treatment Train treats Cherokee’s steam-cycle water, and the Wastewater Treatment Train treats
both the steam-cycle RO concentrate and cooling-cycle blowdown water. Flow rates are reported in Table S1, source water constituents are
reported in Table S2, and water-recovery and constituent-removal rates are reported in Table S4.
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evaporation pond. Permeate from the CCRO system will be
reused for either cooling-tower makeup or service−water
makeup. Concentrate from the CCRO system will be collected
in a 28 300 m2 (seven-acre) evaporation pond.
Gila River Power Station. The Gila River Power Station

(“Gila”) is a 2200 MW NGCC power facility located in Gila
Bend, AZ. This facility has been in operation since 2003, is
owned by the Salt River Project and Tucson Electric Power,
and has been operated by the Salt River Project since mid-
2018. Gila has four power blocks, each composed of two
combustion turbine generators, two triple-pressure heat-
recovery steam generators, and one steam-turbine generator.
Unlike Cherokee that was retrofit to become a ZLD facility,
Gila was designed and built as a ZLD facility because of strict
discharge regulations that would have required Gila to treat its
wastewater to a high level prior to discharge. Once high-
recovery treatment became necessary to meet discharge
regulations, it became more economically feasible to pursue
ZLD implementation.
Gila uses groundwater that is stored on-site133 for cooling

tower makeup, service water, and fire protection. The facility
originally operated only with ZLD System A shown in Figure
5. ZLD System A has three BCs that each produce 1.4−1.6
m3/min (300−350 gallons/min) of distillate flow and three
evaporation ponds that are 64 750 m2 (16 acres) each. Before
the cooling tower blowdown is processed through the BCs, pH
is adjusted, scale inhibitor is added to reduce precipitation of
sparingly soluble salts, and antifoaming agents are added to
reduce foam formation. BC distillate is either reused for
cooling tower makeup or can be further treated with mixed-
bed ion-exchange that serves as a final polishing step for
dissolved solids and silica prior to use for steam-cycle makeup.
In the event that one or more BCs in ZLD system A goes
offline, less water is available for steam-cycle makeup and the
volume of cooling tower blowdown water discharged to the
evaporation ponds increases.

In 2013, a water conservation plan was implemented at Gila
to limit the volume of water discharged to the evaporation
ponds. As a result of a water-chemistry program to increase the
number of cycles in the cooling tower, cooling tower
blowdown was reduced by 33% and as a result of new scale
inhibitors and antifoaming agents, the service life of the BCs
was extended by 25%.134 Still, due to unreliable operation of
the BCs, the evaporation ponds were being filled to near-
capacity.
In 2021, an additional system was installed at Gila to treat

cooling tower blowdown and reduce the volume of water sent
to the evaporation ponds. The new treatment system (ZLD
System B in Figure 5) includes ultrafiltration and RO processes
that can be run in single- or double-pass. At the same time the
new system was commissioned, improvements to BC operation
reduced BC downtime so that less blowdown water was being
discharged directly to the evaporation ponds. The new RO
treatment system was no longer needed to solely treat cooling
tower blowdown water but did provide the added capability of
treating raw groundwater for steam-cycle makeup if needed. In
Figure 5, the cooling tower blowdown is split between the
thermal brine concentrators in ZLD System A and the UF/RO
system in ZLD System B. Although the volume of blowdown
split between ZLD Systems A and B varies, this study is
modeled with 91% of the blowdown water sent to ZLD System
A and 9% sent to ZLD System B.

3.1.2. Evaluation Using Water Techno-economic Assess-
ment Pipe-Parity Platform (WaterTAP3). The Water Techno-
economic Assessment Pipe-Parity Platform (WaterTAP3)135

was used to model the current baseline and two alternative
scenarios for both Cherokee and Gila. Technoeconomic
assumptions and system- and unit-level configuration assump-
tions for Cherokee and Gila are reported in Tables S3 and S5.
For Cherokee, the facility’s current non-ZLD scenario is
compared with the pending ZLD scenario using CCRO (ZLD-
CCRO) and a comparison scenario with a conventional BC
(ZLD-BC). For Gila, the facility’s baseline ZLD operation

Figure 5. Gila River Power Station process flow diagram. The cooling towers use groundwater that is stored on-site. Cooling tower blowdown
water is treated with ZLD System A or ZLD System B before it is reused for cooling tower makeup or steam-cycle makeup. ZLD System A treats
the majority of cooling tower blowdown water (modeled as 91% in this study) and is composed of three brine concentrators followed by mixed-bed
ion exchange. ZLD System B treats a smaller fraction of the cooling tower blowdown water (modeled as 9% in this study) and is composed of
ultrafiltration and reverse-osmosis processes. Concentrate from ZLD System A and ZLD System B is combined in a storage tank before discharge
to on-site evaporation ponds. Flow rates are reported in Table S1, source water constituents are reported in Table S2, and water-recovery and
constituent-removal rates are reported in Table S4.
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utilizing a BC and a supplemental RO (ZLD-BC/RO) is
compared with alternative scenarios of operation with two BC
processes (ZLD-2BC) or with two RO processes (ZLD-2RO).
Additional analysis was performed to determine how
evaporation pond area influences ZLD system design
considerations and costs. The pipe-parity metrics evaluated
include water recovery, levelized cost of water (LCOW),
percent of LCOW attributed to electricity, electricity cost,
electricity intensity, auxiliary electricity consumption, and the
water treatment cost component of the levelized cost of
electricity (LCOEwater). Equations to calculate these metrics
can be found in Miara et al.135 Some equations specific to the
objectives of this paper are shown below.
Water recovery (WR) is the percentage of water recovered

for beneficial use and is calculated using

=
Q

Q
WR 100%out

in (1)

where Qout is flow rate of useful water out of the system (m3/s)
and Qin is flow rate of water into the system (m3/s). Water
recovery can be determined for an individual process (e.g.,
CCRO or BC) or an entire ZLD system.
LCOW is the cost per unit volume of product water from a

wastewater treatment system ($/m3). It is the sum of the
following individual components:

= + +

+

LCOW LCOW LCOW LCOW

LCOW
TCI chem elec

O&M (2)

where LCOWTCI is the portion of LCOW attributed to the
total capital investment (TCI), LCOWchem is the portion
attributed to chemical costs, LCOWelec is the portion
attributed to electricity costs, and LCOWO&M is the portion
attributed to operation and maintenance (O&M) costs.
LCOWTCI is calculated using

=
f

V f
LCOW

TCI
TCI

recov

treat util (3)

where f recov is the capital recovery factor calculated using eq 4
below, TCI is total capital investment ($M) calculated using
eq 5 below, Vtreat is the volume of water treated (m3), and f util
is the percent of facility capacity being utilized. f recov is
calculated using

= +
+ −

f
WACC(1 WACC)

(1 WACC) 1

L

Lrecov (4)

where WACC is the weighted average capital cost (debt
interest rate in percentage) and L is plant lifetime (years). TCI
from eq 3 is calculated using

= + +C CTCI FCI land work (5)

where FCI is fixed capital investment, Cland is land cost, and
Cwork is working capital (all in $M).
LCOWchem from eq 2 is calculated using

=
C

V f
LCOWchem

chem

treat util (6)

where Cchem is annual chemical costs measured in $M/yr. Cchem
is calculated by summing the costs of all chemicals used:

∑=C D C Q f
k

n

k kchem in util
(7)

where Dk is dose of chemical k (up to n chemicals) measured
in mass of chemical per unit volume of water treated (kg/m3)
and Ck is unit cost of chemical k measured in dollars per mass
of chemical ($/kg).
LCOWelec from eq 2 is calculated using

=
C

V f
LCOWelec

elec

treat util (8)

where Celec is the annual electricity cost ($M/yr), which is
calculated by summing the electricity costs for all treatment
processes:

∑=C E Q f P
k

n

kelec in util
(9)

where Ek is electricity intensity of unit k (up to n units) and P
is price of electricity for the facility locale (0.074 $/kWh for
Cherokee and 0.0628 $/kWh for Gila). Ek is modeled
differently for each unit. For example, Ek values for units that
utilize pumps (e.g., chemical dosing systems) are based on
pumping efficiencies and flow rates and Ek values for
desalination units (e.g., RO systems) are based on flow rates,
total dissolved solids concentrations, and water-recovery rates.
LCOWO&M from eq 2 is calculated using

=
C

V f
LCOWO&M

op,an

treat util (10)

where Cop,an is annual operating cost ($M/yr), which is
calculated using

= + +C C C Cop,an chem elec op,tot (11)

where Cop,tot is total fixed operating cost ($M).
The percent of LCOW attributed to electricity (% LCOW

attributed to electricity) does not consider capital costs or the
amount of water treated; it is calculated using

=% LCOW attributed to electricity
LCOW

LCOW
100%elec

(12)

Electricity intensity (Esys) is the measure of electricity
consumed per volume of product water from the entire system
(kWh per m3 of product water) and can be calculated by
summing Ek values for all electricity-consuming units. It can
also be calculated using

=E
C

PVt
sys

elec

reat (13)

Quantification of the electricity required by a ZLD system is
also important because facilities are often interested to know
how much reduction of total electricity generated will result
from ZLD implementation. Auxiliary electricity consumption
(Eaux in MWh) is the electricity required for all treatment
processes and is calculated using

=E E V haux sys treat annual (14)

where hannual is the annual hourly operation. Although power
facilities do not operate at full capacity at all times, full capacity
(8760 h) was modeled in this study to represent cases where
cooling systems are kept operational even when facilities are
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not generating electricity. Alternatively, Eaux can be calculated
using

∑=E h E Q
k

n

kaux annual in
(15)

Finally, the annualized cost of water treatment per unit of
electricity generated by a power facility (LCOEwater in
$/MWh) is calculated using

=LCOE
LCOW V

annual electricity generationwater
treat

(16)

where the denominator is the annual electricity generation of
the facility for a specified scenario measured in MWh.
According to 2020 EIA data, annual electricity generation
values for the baseline scenarios are 3 × 106 MWh for
Cherokee (NGCC portion only) and 11 × 106 MWh for
Gila.136 Annual electricity generation values for the alternative
scenarios were calculated (using annual electricity generation
− (Eaux,alternative − Eaux,baseline)); the differences from the baseline
values were found to be insignificant so the baseline values
were used for all scenarios.
Metrics are compared between scenarios using “variation

from baseline”, which is simply the ratio of the alternative
scenario to the baseline scenario. Variation from baseline was
selected because the values, which ranged from 0.1 to 370
times, could be more easily conceptualized than values of
percent difference, which ranged from 5 to 5000%.
Unit processes in WaterTAP3 achieve mass balance subject

to water-recovery and constituent-removal factors or equations
that represent key physical constraints. In addition, there are
technical and costing parameter options for each unit process
that can be customized for a given treatment train and unit
process. For the reverse-osmosis processes, mass balances
across the membrane, feed and osmotic pressures, and required
membrane areas are calculated on the basis of LCOW
optimization and the known volumetric flows across the
treatment systems. Major costs include capital expenses for
membranes and pumps and variable operating expenses for
membrane replacement and electricity consumption. The BCs
are modeled as thermal evaporative processes and costs are a
function of flow rates, influent total dissolved solids
concentrations, and water-recovery rates. Additional details
on the desalination and other units can be found in
WaterTAP3 documentation (Miara et al.135).
3.2. WaterTAP3 Results. 3.2.1. Summary of results.

Water-Related Metrics for Cherokee. Table 1 summarizes the
water-related metrics for Cherokee’s baseline and ZLD
scenarios. In general, water-recovery, -reuse, and -withdrawal
values for the two ZLD scenarios are similar to each other
because the water recoveries for the CCRO and BC processes
are similar (95 and 90%). In the non-ZLD baseline, no water is
recovered from the cooling tower blowdown. When the CCRO
or BC process is implemented, 93 or 88% of the cooling tower

blowdown is recovered and used as cooling tower makeup
water or service water. The availability of this on-site reuse
water (0.033 or 0.031 m3/s) decreases the amount of source
water that must be withdrawn from Denver’s Metro Water
Recovery, Clear Creek, or the Platte River. In both ZLD
scenarios, 18% less water withdrawal (0.82 times baseline
withdrawals) are required. According to dry-cooling numbers
from Loew et al.,137 if Cherokee’s wet recirculating cooling
system was retrofitted as a dry-cooling system instead of a ZLD
system, it would result in a 35% reduction in water
withdrawals, saving 0.08 m3/s (0.7 billion gal/yr). However,
as discussed in section 2.2, the capital costs, energy
requirements, and ambient air temperatures required for dry
cooling may make dry cooling impractical. For example, Zhai
et al.138 reported a 1.2% average monthly reduction in net
capacity for dry cooling at NGCC facilities, which, if translated
to Cherokee, would reduce NGCC capacity from 591 to 584
MW. On the other hand, reducing water withdrawals by 18%
though ZLD implementation is comparable to efforts to reduce
water withdrawals through increasing cycles of concentration.
According to the Federal Energy Management Program,21 by
increasing cycles of concentration from three to six, water
withdrawals can be reduced by approximately 20%.
The data in Table 1 also show that the ZLD scenarios result

in higher LCOW values (2.1 and 6.3 times higher) than the
non-ZLD baseline scenario. The higher LCOW values for the
ZLD scenarios are attributed to increases in TCI and electricity
costs (Figure 6). Figure 6 shows LCOW broken down by

Table 1. Summary of Water-Related Metrics for Cherokee Generating Station

Cherokee Generating Station

non-ZLD baseline ZLD-CCRO variation from baseline ZLD-BC variation from baseline

water recovery from blowdown (%) 0 93 88
water reuse (m3/s) 0 0.033 0.031
water withdrawals (m3/s) 0.23 0.19 0.82X 0.19 0.82X
levelized cost of water, LCOW ($/m3) 0.47 0.97 2.1X 2.9 6.3X

Figure 6. Levelized cost of water (LCOW) for the two ZLD scenarios
(ZLD-CCRO and ZLD-BC) are compared with LCOW for the non-
ZLD baseline scenario for Cherokee Generating Station. LCOW
values are broken down into general cost categories. Further
breakdown of the cost categories (i.e., detail of the LCOWTCI and
LCOWelec values) is shown in Figure 7.
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general cost category for Cherokee’s Wastewater Treatment
Train. The Steam-Cycle Treatment Train is excluded because
it is the same for the three scenarios. In Figure 6, LCOWTCI
(shown in red) increases approximately 2.7 times in the ZLD-
CCRO scenario (from 0.17 to 0.45 $/m3) and 7.3 times in the
ZLD-BC scenario (from 0.17 to 1.2 $/m3); LCOWelec (in
green) increases approximately 38 times in the ZLD-CCRO
scenario (from 0.003 to 0.12 $/m3) and 370 times in the ZLD-
BC scenario (from 0.003 to 1.2 $/m3). LCOWO&M (in purple)
increases for the ZLD scenarios but still only comprises 13 and
7% of the LCOW for the CCRO and BC scenarios and
LCOWchem (in blue) comprises less than 3% of the three
scenarios.
The increases in LCOWTCI and LCOWelec can be explained

by considering LCOWTCI and LCOWelec for the individual
treatment processes/units in the Wastewater Treatment Train.
In Figure 7, the total values (given at the top of each bar) for
LCOWTCI and LCOWelec increase significantly between the
non-ZLD and ZLD scenarios. In Figure 7a, for the ZLD-
CCRO scenario, LCOWTCI increases by 0.29 $/m

3 because the
settling pond (shown in black) and discharge pumps (in gray)
were replaced with an evaporation pond (in blue); the ZLD-
CCRO system, which includes CCRO (in brown), media
filtration (in green), a filter press (in yellow); storage for
treated water (in orange). The CCRO process accounts for
41% of the increase in LCOWTCI (0.12 $/m

3). The landfill (in
white), coagulation process (in pink), and clarifier (in purple)
have the same nominal contribution to LCOWTCI but at
different percent contributions for each. Similar to results for

the ZLD-CCRO scenario, the increase in LCOWTCI for the
ZLD-BC scenario (1.05 $/m3) is attributed to the replacement
of the settling pond and discharge pumps with a BC (in red)
and an evaporation pond. The BC accounts for 79% of the
increase in LCOWTCI (0.83 $/m3).
In Figure 7b, LCOWelec for the non-ZLD baseline scenario is

composed of the coagulation process (shown in pink) and
discharge pumps (in gray). The pump energy required to
discharge to the Platte River comprises 90% of the non-ZLD
scenario but does not appear in the ZLD scenarios because
there is no off-site discharge in the ZLD scenarios. The
coagulation process comprises approximately 10% of the
LCOWelec in the non-ZLD scenario and although the nominal
value is unchanged (0.003 $/m3), coagulation comprises less
than 0.3 and 0.03% in the ZLD-CCRO and ZLD-BC scenarios.
In the ZLD-CCRO scenario, the CCRO process comprises the
overwhelming majority (99%) and in the ZLD-BC scenario,
the BC comprises essentially 100%.

Electricity Metrics for Cherokee. The data in Table 2 show
the electricity costs for the non-ZLD baseline and ZLD
scenarios at Cherokee (including the Steam-Cycle Treatment
Train). Comparing the ZLD scenarios to the non-ZLD
baseline scenario shows electricity costs increase by 1 order
of magnitude for the ZLD-CCRO scenario (from 0.031 to 0.20
$M/yr) and by 2 orders of magnitude for the ZLD-BC
scenario (from 0.031 to 1.6 $M/yr). It is clear that the CCRO
process offers electricity savings over the BC processand
does this for the higher recovery that was modeled (95 versus
90% for the BC process).

Figure 7. (a) LCOWTCI (as given by eq 3 and shown by the red bars of Figure 6) and (b) LCOWelec (as given by eq 8 and shown by the green bars
of Figure 6) broken down by individual treatment processes/units at the Cherokee Generating Station. The units/processes included in the non-
ZLD baseline configuration are boxed by the red-dashed line in the legend and the units/processes included in the ZLD configurations are boxed
by the blue-dashed line in the legend. LCOW values for the two ZLD scenarios are compared with the non-ZLD baseline scenario. To discern
between the processes/units that have smaller contributions to LCOWTCI and LCOWelec, the y axes are given in percentages (from 0 to 100%). The
total LCOW for each scenario is given at the top of each bar.

Table 2. Summary of Electricity Metrics for the Cherokee Generating Station

Cherokee Generating Station

non-ZLD baseline
ZLD-
CCRO

variation from
baseline

ZLD-
BC

variation from
baseline

electricity costs, Celec ($M/yr) 0.031 0.20 6.4X 1.6 53X
auxiliary electricity consumption, Eaux (MWh) 420 2700 22000
electricity intensity, Esys (kWh/m3) 0.30 2.0 6.7X 17 57X
levelized cost of electricity for water treatment, LCOEwater ($/MWh) 0.22 0.44 2.0X 1.3 5.8X
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Again comparing the ZLD scenarios to the non-ZLD
baseline scenario shows auxiliary electricity consumption and
electricity intensity increase by 1 order of magnitude for the
ZLD-CCRO scenario and by 2 orders of magnitude for the
ZLD-BC scenario. Comparison of auxiliary electricity con-
sumption values for the ZLD-CCRO and ZLD-BC scenarios
(2700 and 22 000 MWh) with the 3 × 106 MWh annual
electricity generation of Cherokee shows that ZLD imple-
mentation results in 0.09 and 0.7% decreases in total electricity
generated (taken as a percent difference in comparison to the
annual electricity generation). Thus, implementation of either
ZLD process will result in minimal reduction in Cherokee’s
energetic output. In addition, LCOEwater values for the ZLD-
CCRO and ZLD-BC scenarios (0.44 and 1.3 $/MWh) account
for 1.3 and 3.7% of an average LCOE for a combined-cycle
facility (34.51 $/MWh from139) (taken as a percent difference
in comparison to the average LCOE for a combined-cycle
facility). Therefore, retrofitting a non-ZLD combined-cycle
facility to ZLD can decrease water-withdrawal requirements for
a relatively small fraction of the entire facility’s LCOE. In the
interest of electricity savings (regardless of scale), the CCRO
process has lower electricity cost, electricity intensity, and
LCOE than the BC process. Moreover, CCRO processes may
have greater reliability and simpler operation than the BC
process,80,114 which can sometimes be more valued than
electricity and cost savings.80,92

Water-Related Metrics for Gila. Table 3 summarizes the
water-related metrics for Gila’s baseline and ZLD scenarios.

Comparing the ZLD-2BC scenario with the baseline scenario
shows there is little change, if any, in water use and cost
metrics because the BC process is replacing the supplemental
RO process that treats only 9% of cooling tower blowdown
water (System B). Comparing the ZLD-2RO scenario with the
baseline scenario shows water use and cost metrics change
more substantially because the RO process is replacing the BC
process that treats 91% of cooling tower blowdown water
(System A). Water recovery, water reuse, and LCOW decrease
0.72−0.80 times. Although the ZLD-2RO scenario offers
LCOW savings with respect to the baseline scenario (3.5 vs 4.8
$/m3 for the baseline), the ZLD-2RO scenario necessitates 1.2
times greater water withdrawals than the baseline scenario.
This is because the RO process is currently operated at a
relatively low recovery (71%) so the RO process provides less
water for reuse. If RO water recovery cannot be increased, then
more source water would be needed for the ZLD-2RO
scenario to be viable.

In Figure 8, LCOWTCI (shown in red) and LCOWelec (in
green) are lowest for the ZLD-2RO scenario, LCOWchem (in

blue) is highest for the ZLD-2RO scenario, and LCOWO&M (in
purple) is the same (and only a small percentage of total
LCOW) for all three scenarios. Upon comparison of an RO
process instead of a BC process in System A, it can be seen that
the lower chemical costs of the ZLD-2BC scenario are
outweighed by the lower TCI and electricity costs of the
ZLD-2RO scenario.
Differences in LCOWTCI and LCOWelec can be explained by

considering LCOWTCI and LCOWelec for the individual
treatment processes/units. In Figure 9, the total values
(given at the top of each bar) for LCOWTCI and LCOWelec
are significantly lower for the ZLD-2RO scenario than for the
BC scenarios (ZLD-BC/RO and ZLD-2BC). LCOWTCI results
(Figure 9a) are similar for the ZLD-BC/RO and ZLD-2BC
scenarios where the BCs (System A BC in red and System B
BC in orange) comprise the majority of LCOWTCI. In the
ZLD-2RO scenario, the evaporation ponds (in yellow)
comprise 43% of the LCOWTCI and the RO processes (System
A RO in blue and System B RO in brown) comprise 37%.
LCOWelec results (Figure 9b) are also similar for the ZLD-BC/
RO and ZLD-2BC scenarios where the BC processes comprise
almost all of the LCOWelec. In the ZLD-2RO scenario, the RO
processes comprise 88% of LCOWelec. The remaining 22% of
LCOWelec is composed of mixed-bed ion exchange (in green),
pumping energy to transport reuse water (in purple), and
ultrafiltration (in gray); these processes have the same nominal
contribution to LCOWelec in all scenarios but larger percent
contributions in the ZLD-2RO scenario.

Electricity Metrics for Gila. The data in Table 4 show
electricity metrics for Gila’s baseline and alternative ZLD
scenarios. Similar to the water-related metrics, results for the
BC scenarios (ZLD-BC/RO and ZLD-2BC) have similar
values and the ZLD-2RO scenario has lower values. Similar to
the results for Cherokee, comparison of auxiliary electricity
consumption values for the ZLD systems to the 11 × 106

Table 3. Summary of Water-Related Metrics for the Gila
River Power Station

Gila River Power Station

ZLD-BC/
RO

baseline
ZLD-
2BC

variation
from

baseline
ZLD-
2RO

variation
from

baseline

water recovery of
blowdown (%)

87 90 1.0X 69 0.80X

water reuse
(m3/s)

0.071 0.073 1.0X 0.056 0.80X

water withdrawals
(m3/s)

0.65 0.65 1.0X 0.78 1.2X

levelized cost of
water, LCOW
($/m3)

4.8 4.9 1.0X 3.5 0.72X

Figure 8. Levelized cost of water (LCOW) for the two alternative
ZLD scenarios (ZLD-2BC and ZLD-2RO) compared with LCOW for
the ZLD-BC/RO baseline scenario for Gila River Power Station.
LCOW values are broken down into general cost categories. Further
breakdown of the cost (i.e., detail of the LCOWTCI and LCOWelec
values) is shown in Figure 9.
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MWh annual electricity generation shows that the ZLD
systems reduce the total electricity generated by less than 0.5%
(taken as a percent difference in comparison to the annual
electricity generation). In addition, LCOEwater values for the
ZLD systems account for less than 2.9% of an average LCOE
for a combined-cycle facility (34.51 $/MWh139) (taken as a
percent difference in comparison to the average LCOE for a
combined-cycle facility). It is again noted that the RO process
provides substantial electricity cost savings over the BC
process.
3.2.2. Evaporation-Pond Area and Water Recovery

Required from ZLD Technology. Decisions regarding the
water recovery at which the ZLD technology should operate
must consider that operation at lower water recovery reduces
energy requirements but increases capital and O&M costs
associated with larger evaporation pond area. As seen in
Figures 10a (Cherokee) and 10b (Gila), as the evaporation
pond area increases, the required facility water recovery
decreases; this is because more water can be discharged to the
evaporation pond so less water must be recovered. Recovery is
presented as total recovery within the facility, which accounts
for residual water discharged from the RO or BC process and,
also, water lost to evaporation in the cooling tower. For
Cherokee, the facility water recovery of 18.5% (indicated by
the black star) corresponds to a CCRO water recovery of 95%

and for Gila, the facility water recovery of 11% (indicated by
the black star) corresponds to a BC/RO water recovery of
90%. Figure 10 panels c−h show additional metrics as a
function of both increasing water recovery (now on the bottom
axis) and decreasing evaporation pond area (on the top axis).
The data in Figure 10c,d generally show that LCOW

decreases with increasing water recovery (decreasing evapo-
ration pond area) for Cherokee and Gila. On the basis of eq 2,
LCOW considers both energetic costs, which increase with
water-recovery rate, and monetary (capital and operating)
costs, which increase with evaporation pond area. Although
there are energetic savings as water recovery decreases, there is
a lower volume of product water, which results in a higher
LCOW. However, there is an exception for Cherokee (Figure
10c); at facility recoveries greater than approximately 18%
(ZLD CCRO system recovery greater than 93%), higher water
recoveries result in higher LCOWs, indicating that the
increasing costs of LCOW (e.g., membrane area and
electricity) outweigh the increasing volume of product water.
LCOW results for Cherokee below approximately 18%

facility recovery (93% ZLD system recovery) and for Gila over
the entire recovery range show that facilities may be
incentivized to operate at higher recoveries and limit
evaporation pond area. However, on the basis of interviews
with facilities (see ref 80), this is generally not done in practice.
Instead, facilities may prefer to use all evaporation pond area
available to maintain status quo, simplify operation, and limit
auxiliary electricity consumption caused by increased recovery
rates. Especially for facilities that already have evaporation
ponds or own the land (and do not have to make a capital
purchase), this may be the case.
Figure 10 panels e and f show %LCOWelec, which excludes

capital costs for land acquisition. %LCOWelec decreases with
increasing evaporation pond area, even for Cherokee above
18% facility recovery. Thus, if considering only electricity costs
of LCOW, operating at lower recovery rates (with larger
evaporation ponds) is indeed more desirable.
Similar to LCOW, electricity intensity (Figure 10g,h) is

normalized to the volume of product water. For Gila (Figure
10h), electricity intensity decreases with increasing water
recovery or decreasing evaporation pond area due to the

Figure 9. (a) LCOWTCI (as shown in eq 3 and red bars in Figure 8) and (b) LCOWelec (as shown in eq 8 and green bars in Figure 8) broken down
by individual treatment processes/units at Gila River Power Station. LCOW values for the two alternative ZLD scenarios are compared with the
ZLD-BC/RO baseline scenario. To discern between the processes/units that have smaller contributions to LCOWTCI and LCOWelec the y axes are
given in percentages (from 0 to 100%). The total LCOW for each scenario is given at the top of each bar. are still discernible.

Table 4. Summary of Electricity Metrics for Gila River
Power Station

Gila River Power Station

ZLD-
BC/RO
baseline

ZLD-
2BC

variation
from

baseline
ZLD-
2RO

variation
from

baseline

electricity costs, Celec
($M/yr)

3.0 3.3 1.1X 0.15 0.050X

auxiliary electricity
consumption, Eaux
(MWh)

47000 52000 2400

electricity intensity, Esys
(kWh/m3)

21 23 1.1X 1.4 0.067X

levezed cost of electricity
for water treatment,
LCOEwater ($/MWh)

1.0 1.0 1.1X 0.56 0.57X
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smaller volume of product water. For Cherokee (Figure 10g),
at recoveries greater than 16% (evaporation pond areas less
than 142 000 m2 (35 acres)), electricity intensity increases with
increasing water recovery; at recoveries less than 16%,
electricity intensity decreases with increasing recovery. The
reason there is a difference in water recovery at which LCOW
reaches a minimum (18%) and that at which electricity
intensity reaches a minimum (16%) is the nonelectricity costs
that contribute to LCOW (e.g., evaporation pond liners).
To further evaluate the relationship between electricity

intensity and water recovery for Cherokee, the electricity

intensity of the CCRO process alone is shown in Figure 11a
and the electricity intensity of the rest of the ZLD system
(excluding the CCRO process) is shown in Figure 11b.
Electricity intensity of the CCRO process increases as water
recovery increases (Figure 11a) because higher operating
pressures are needed to achieve higher recoveries. The
electricity consumption of the rest of the ZLD system (Figure
11b) remains relatively constant. The slight decrease in
electricity intensity with increasing water recovery is because
of the increasing volume of permeate. Combination of the
curves in Figure 11a,b gives the electricity intensity of the
overall system in Figure 11c, which is the same curve as in
Figure 10g but with a different y-axis range. At water recoveries
less than 16%, the relatively constant electricity intensity of the
system (excluding the CCRO process) dominates and the
system operates with slightly more energy efficiency with
increasing recovery. At water recoveries greater than 16%, the
increasing electricity intensity of the CCRO process dominates
and the system operates with lower energy efficiency with
increasing recovery. Electricity intensity is an important
parameter to identify the minimum that does not appear in
the graph of %LCOW attributed to electricity (i.e., Figure
10e).
However, it should be noted that the electricity needed to

reach consistently high recoveries in ZLD systems varies
between systems and depends on the water quality of the
blowdown.116 Also, power facilities often experience transient
operation and shutdowns (both scheduled and unscheduled)
because of fluctuating demand from the grid and power source
availability;140−143 this results in varying water usage,144

volume of cooling tower blowdown, and water quality, all of
which affect the recoveries of RO and BC processes and ZLD
system performance80,116 In particular, future research should
aim to understand the impact of transient operation on the
performance and lifetime of RO membranes in ZLD systems.

4. CONCLUSIONS AND IMPLICATIONS
Facilities affected by increasingly stringent discharge regu-
lations are implementing ZLD approaches that use thermally
driven or pressure-driven desalination processes along with on-
site evaporation ponds or deep-well injection. WaterTAP3
results show that for a case study NGCC facility,
implementation of a ZLD-CCRO system results in a doubling
(a two-times increase) of LCOW and implementation of a BC
system results in a 6-times increase. Comparison of the
relatively new high-recovery RO process with a conventional
BC process shows that for similar water recoveries, the CCRO
process requires an order of magnitude less electricity than the
BC process. Although decreased costs can be a motivating
factor to opt for high-recovery RO processes over BC
processes, facilities may be more incentivized to implement
RO processes because of their operational simplicity and
reliability. Future research should consider other emerging
high-recovery RO systems, including flow-reversal systems and
others shown in the Water Desalination Report.145 Tech-
nologies that combine semibatch and flow-reversal techniques
may be the best path toward reducing scaling potential and
decreasing reliance on scale inhibitors and other chemicals.
For both case study facilities, auxiliary electricity con-

sumption of the ZLD systems was less than 0.8% of the annual
electricity generation. Knowing that ZLD systems require so
little of the electricity generated, facilities may have greater
motivation to implement these systems and to operate at high

Figure 10. Relationship between required facility water recovery and
evaporation pond area for (a) Cherokee Generating Station and (b)
Gila River Power Station. Analyses evaluating the impact of facility
water recovery and evaporation pond area on (c) Cherokee’s LCOW,
(d) Gila’s LCOW, (e) Cherokee’s percent LCOW attributed to
electricity, (f) Gila’s percent LCOW attributed to electricity, (g)
Cherokee’s electricity intensity, and (h) Gila’s electricity intensity.
The black stars indicate the existing evaporation pond areas for
Cherokee (28 300 m2) and Gila (194 250 m2); the corresponding
facility water recoveries (18.5% for Cherokee and 11.4% for Gila)
were used in the modeling.
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water recoveries. As it is now, facilities may prefer to maximize
available evaporation pond area and operate ZLD processes at
lower recovery rates. Using a high-recovery RO process as the
ZLD technology instead of the BC process results in lower
electricity and monetary costs.
A positive corollary of ZLD implementation is that the

desalinated product water can be reused in the facility and can
decrease required water withdrawals, which could lower costs if
water is purchased from a municipality or reduce the
environmental impact if water is withdrawn from surface or
groundwater sources. However, model results show that
reducing water withdrawals through increased water reuse
does not result in substantial cost savings. At a case study
NGCC facility, where water withdrawals decreased by 18%
with ZLD implementation (which is comparable with current
efforts to decrease withdrawals by increasing cycles of
concentration21), LCOW and electricity supply costs increase
by an order of magnitude. This seeming contradiction is in
large part due to the low cost that the facility pays for its source
water. This is also the experience of other facilities (e.g.,
Southern California Edison that was discussed in the
Introduction) that do not see substantial cost savings as the
result of reducing water use. Thus, discharge regulations are
currently the main driver for increased water-reuse practices at
power facilities; however, as the cost of water increases, the
incentive for water reuse will increase as well. Also, in striving
to build more sustainable power and water systems, power
companies may see corporate−community value in reducing
water withdrawals even though it does not result in electricity
or monetary cost savings.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377.

WaterTAP3 model inputs specific to the case studies
presented in the main text, including source water flow
rates, source water constituent levels, technoeconomic
assumptions, recovery rates, and system configuration
assumptions (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Amy E. Childress − Sonny Astani Department of Civil and
Environmental Engineering, University of Southern

California, Los Angeles, California 90089, United States;
orcid.org/0000-0002-7829-9861; Email: amyec@

usc.edu

Authors
Sophia L. Plata − Swarthmore College, Swarthmore,
Pennsylvania 19081, United States

Connie L. Devenport − Sonny Astani Department of Civil
and Environmental Engineering, University of Southern
California, Los Angeles, California 90089, United States

Ariel Miara − National Renewable Energy Laboratory, Golden,
Colorado 80401, United States; orcid.org/0000-0001-
7089-4765

Kurban A. Sitterley − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Anna Evans − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Michael Talmadge − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Kurt M. Van Allsburg − National Renewable Energy
Laboratory, Golden, Colorado 80401, United States

Parthiv Kurup − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Jordan Cox − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Samuel Kerber − Colorado School of Mines, Golden, Colorado
80401, United States

Andrew Howell − Electric Power Research Institute, Palo Alto,
California 94304, United States

Richard Breckenridge − Electric Power Research Institute,
Palo Alto, California 94304, United States

Cheyenna Manygoats − Salt River Project, Tempe, Arizona
85281, United States

Jennifer R. Stokes-Draut − Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States

Jordan Macknick − National Renewable Energy Laboratory,
Golden, Colorado 80401, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestengg.1c00377

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This material is based upon work supported by the National
Alliance for Water Innovation (NAWI), funded by the U.S.

Figure 11. Relationship between electricity intensity and facility recovery for Cherokee Generating Stations’ (a) CCRO process and (b) all
processes/units in ZLD system aside from CCRO (c) the overall ZLD system.

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00377
ACS EST Engg. 2022, 2, 508−525

521

https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00377/suppl_file/ee1c00377_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+E.+Childress"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7829-9861
https://orcid.org/0000-0002-7829-9861
mailto:amyec@usc.edu
mailto:amyec@usc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophia+L.+Plata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Connie+L.+Devenport"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariel+Miara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7089-4765
https://orcid.org/0000-0001-7089-4765
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kurban+A.+Sitterley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Evans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Talmadge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kurt+M.+Van+Allsburg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Parthiv+Kurup"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+Cox"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Kerber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Howell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Breckenridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheyenna+Manygoats"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+R.+Stokes-Draut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+Macknick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00377?fig=fig11&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Department of Energy, Energy Efficiency and Renewable
Energy Office, Advanced Manufacturing Office under Funding
Opportunity Announcement DE-FOA- 0001905. This work
was authored in part by the National Renewable Energy
Laboratory, operated by Alliance for Sustainable Energy, LLC,
for the U.S. Department of Energy (DOE) under Contract No.
DE-AC36-08GO28308. The views expressed in the article do
not necessarily represent the views of the DOE or the U.S.
Government. The U.S. Government retains and the publisher,
by accepting the article for publication, acknowledges that the
U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form
of this work, or allow others to do so, for U.S. Government
purposes.

■ REFERENCES
(1) Peer, R. A. M.; Sanders, K. T. The water consequences of a
transitioning US power sector. Appl. Energy 2018, 210, 613−622.
(2) Kondash, A. J.; Patino-Echeverri, D.; Vengosh, A. Quantification
of the water-use reduction associated with the transition from coal to
natural gas in the US electricity sector. Environ. Res. Lett. 2019, 14
(12), 124028.
(3) Replacing coal with gas or renewables saves billions of gallons of
water. Science Daily 2019. [Online]. Available: https://www.
sciencedaily.com/releases/2019/10/191021171333.htm (accessed
May 21, 2021).
(4) de Gouw, J. A.; Parrish, D. D.; Frost, G. J.; Trainer, M. Reduced
emissions of CO2, NOx, and SO2 from U.S. power plants owing to
switch from coal to natural gas with combined cycle technology.
Earth’s Future 2014, 2 (2), 75−82.
(5) Lueken, R.; Klima, K.; Griffin, W. M.; Apt, J. The climate and
health effects of a USA switch from coal to gas electricity generation.
Energy 2016, 109, 1160−1166.
(6) Tsao, S.; Martin, R. Overpowered: Why a US gas-building spree
continues despite electricity glut; S&P Global Market Intelligence, 2019.
[Online]. Available: https://www.spglobal.com/marketintelligence/
en/news-insights/latest-news-headlines/overpowered-why-a-us-gas-
building-spree-continues-despite-electricity-glut-54188928 (accessed
June 28, 2021).
(7) Proctor, D. The Natural Gas Flame Continues to Burn Bright.
Power Magazine 2021. [Online]. Available: https://www.powermag.
com/the-natural-gas-flame-continues-to-burn-bright/ (accessed May
21, 2021).
(8) Spector, J. Almost All New US Power Plants Built in 2021 Will
Be Carbon-Free. Green Technology Media 2021. [Online]. Available:
https://www.greentechmedia.com/articles/read/almost-all-new-us-
power-plants-in-2021-will-be-carbon-free (accessed May 21, 2021).
(9) What is U.S. electricity generation by energy source? U.S. Energy
Information Administration, 2021. https://www.eia.gov/tools/faqs/
faq.php?id=427&t=3 (accessed May 02, 2021).
(10) Annual Energy Outlook 2021 with Projections to 2050; EIA:
Washington, DC, 2021. [Online]. Available: https://www.eia.gov/
outlooks/aeo/ (accessed May 02, 2021).
(11) Massoudi, M.; Cerha, M. Converting Once-Through Cooling
to Closed-Loop. Power Engineering 2013. [Online]. Available: https://
www.power-eng.com/coal/converting-once-through-cooling-to-
closed-loop/#gref (accessed June 28, 2021).
(12) National Pollutant Discharge Elimination System-Final Regu-
lations To Establish Requirements for Cooling Water Intake Structures at
Existing Facilities and Amend Requirements at Phase I Facilities;
Environmental Protection Agency: Washington, DC, 2014; pp
48300−48439.
(13) Ocean Standard - CWA §316(b) Regulation; California Water
Boards, 2021. [Online]. Available: https://www.waterboards.ca.gov/
water_issues/programs/ocean/cwa316/ (accessed May 28, 2021).

(14) Thermoelectric Power Water Use; U.S. Geological Survey, 2019.
https://www.usgs.gov/mission-areas/water-resources/science/
thermoelectric-power-water-use (accessed May 01, 2021).
(15) Dorjets, V. Many newer power plants have cooling systems that
reuse water; U.S. Energy Information Administration, 2014. https://
www.eia.gov/todayinenergy/detail.php?id=14971 (accessed June 28,
2021).
(16) Park, B. Water withdrawals by U.S. power plants have been
declining; EIA: Washington, DC, 2018. [Online]. Available: https://
www.eia.gov/todayinenergy/detail .php?id=37453#:~:text=
The%20water%20intensity%20of%20total,gallons%20per%20kilowat
thour%20in%202017 (accessed May 21, 2021).
(17) Thermoelectric cooling water data; EIA, Oct 2019. Accessed: Sep.
21, 2020. [Online]. Available: https://www.eia.gov/electricity/data/
water/ (accessed June 28, 2021).
(18) Macknick, J.; Sattler, S.; Averyt, K.; Clemmer, S.; Rogers, J. The
water implications of generating electricity: water use across the
United States based on different electricity pathways through 2050.
Environ. Res. Lett. 2012, 7 (4), 045803.
(19) Grubert, E. A.; Beach, F. C.; Webber, M. E. Can switching fuels
save water? A life cycle quantification of freshwater consumption for
Texas coal- and natural gas-fired electricity. Environ. Res. Lett. 2012, 7
(4), 045801.
(20) Environmental Assessment for the Effluent Limitations Guidelines
and Standards for the Steam Electric Power Generating Point Source
Category; EPA: Washington, DC, 2015.
(21) Best Management Practice #10: Cooling Tower Management;
Office of Energy Efficiency & Renewable Energy: Washington, DC.
[Online]. Available: https://www.energy.gov/eere/femp/best-
management-practice-10-cooling-tower-management (accessed May
21, 2021).
(22) Water Efficiency Management Guide Mechanical Systems; EPA:
Washington, DC, 2017. [Online]. Available: https://www.epa.gov/
sites/default/files/2017-12/documents/ws-commercialbuildings-
waterscore-mechanical-systems-guide.pdf (accessed June 28, 2021).
(23) Bornhoft, M. Considerations for implementing a zero liquid
discharge program. Water Technology 2018. https://www.
watertechonline.com/wastewater/article/15550690/considerations-
for-implementing-a-zero-liquid-discharge-program (accessed June 11,
2021).
(24) Bennett, A.; Awerbuch, L.; Pankratz, T. M.; Rothaermel, J.;
Sharma, M. Desalination technology in power generation. Filtration +
Seperation 2016, 53, 30.
(25) Macknick, J.; Newmark, R.; Heath, G.; Hallett, K. C.
Operational water consumption and withdrawal factors for electricity
generating technologies: a review of existing literature. Environ. Res.
Lett. 2012, 7 (4), 045802.
(26) Steam Electric Power Generating Effluent Guidelines - 2015 Final
Rule; U.S. Environmental Protection Agency, 2015.
(27) National Pollutant Discharge Elimination System-Final Regu-
lations To Establish Requirements for Cooling Water Intake Structures at
Existing Facilities and Amend Requirements at Phase I Facilities;
Environmental Protection Agency: Washington, DC, 2014; pp
48300−48439. [Online]. Available: https://www.federalregister.gov/
documents/2014/08/15/2014-12164/national-pollutant-discharge-
elimination-system-final-regulations-to-establish-requirements-for (ac-
cessed June 28, 2021).
(28) Saxer, S. R. The fluid nature of property rights in water. Duke
Envtl. L. Pol’y F. 2010, 21, 49.
(29) Smyth, J. Coal and water conflicts in the American West; Energy
and Policy Inistitute, 2020. [Online]. Available: https://www.
energyandpolicy.org/wp-content/uploads/2020/07/Coal-and-water-
conflicts-in-the-American-West-.pdf (accessed June 28, 2021).
(30) Cook, B. I.; Ault, T. R.; Smerdon, J. E. Unprecedented 21st
century drought risk in the American Southwest and Central Plains.
Sci. Adv. 2015, 1 (1), e1400082.
(31) Muhammad Yaqub; Lee, W. Zero-liquid discharge (ZLD)
technology for resource recovery from wastewater: A review. Sci. Total
Environ. 2019, 681, 551−563.

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00377
ACS EST Engg. 2022, 2, 508−525

522

https://doi.org/10.1016/j.apenergy.2017.08.021
https://doi.org/10.1016/j.apenergy.2017.08.021
https://doi.org/10.1088/1748-9326/ab4d71
https://doi.org/10.1088/1748-9326/ab4d71
https://doi.org/10.1088/1748-9326/ab4d71
https://www.sciencedaily.com/releases/2019/10/191021171333.htm
https://www.sciencedaily.com/releases/2019/10/191021171333.htm
https://doi.org/10.1002/2013EF000196
https://doi.org/10.1002/2013EF000196
https://doi.org/10.1002/2013EF000196
https://doi.org/10.1016/j.energy.2016.03.078
https://doi.org/10.1016/j.energy.2016.03.078
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/overpowered-why-a-us-gas-building-spree-continues-despite-electricity-glut-54188928
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/overpowered-why-a-us-gas-building-spree-continues-despite-electricity-glut-54188928
https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/overpowered-why-a-us-gas-building-spree-continues-despite-electricity-glut-54188928
https://www.powermag.com/the-natural-gas-flame-continues-to-burn-bright/
https://www.powermag.com/the-natural-gas-flame-continues-to-burn-bright/
https://www.greentechmedia.com/articles/read/almost-all-new-us-power-plants-in-2021-will-be-carbon-free
https://www.greentechmedia.com/articles/read/almost-all-new-us-power-plants-in-2021-will-be-carbon-free
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3
https://www.eia.gov/outlooks/aeo/
https://www.eia.gov/outlooks/aeo/
https://www.power-eng.com/coal/converting-once-through-cooling-to-closed-loop/#gref
https://www.power-eng.com/coal/converting-once-through-cooling-to-closed-loop/#gref
https://www.power-eng.com/coal/converting-once-through-cooling-to-closed-loop/#gref
https://www.waterboards.ca.gov/water_issues/programs/ocean/cwa316/
https://www.waterboards.ca.gov/water_issues/programs/ocean/cwa316/
https://www.usgs.gov/mission-areas/water-resources/science/thermoelectric-power-water-use
https://www.usgs.gov/mission-areas/water-resources/science/thermoelectric-power-water-use
https://www.eia.gov/todayinenergy/detail.php?id=14971
https://www.eia.gov/todayinenergy/detail.php?id=14971
https://www.eia.gov/todayinenergy/detail.php?id=37453#:%7E:text=The%20water%20intensity%20of%20total,gallons%20per%20kilowatthour%20in%202017
https://www.eia.gov/todayinenergy/detail.php?id=37453#:%7E:text=The%20water%20intensity%20of%20total,gallons%20per%20kilowatthour%20in%202017
https://www.eia.gov/todayinenergy/detail.php?id=37453#:%7E:text=The%20water%20intensity%20of%20total,gallons%20per%20kilowatthour%20in%202017
https://www.eia.gov/todayinenergy/detail.php?id=37453#:%7E:text=The%20water%20intensity%20of%20total,gallons%20per%20kilowatthour%20in%202017
https://www.eia.gov/electricity/data/water/
https://www.eia.gov/electricity/data/water/
https://doi.org/10.1088/1748-9326/7/4/045803
https://doi.org/10.1088/1748-9326/7/4/045803
https://doi.org/10.1088/1748-9326/7/4/045803
https://doi.org/10.1088/1748-9326/7/4/045801
https://doi.org/10.1088/1748-9326/7/4/045801
https://doi.org/10.1088/1748-9326/7/4/045801
https://www.energy.gov/eere/femp/best-management-practice-10-cooling-tower-management
https://www.energy.gov/eere/femp/best-management-practice-10-cooling-tower-management
https://www.epa.gov/sites/default/files/2017-12/documents/ws-commercialbuildings-waterscore-mechanical-systems-guide.pdf
https://www.epa.gov/sites/default/files/2017-12/documents/ws-commercialbuildings-waterscore-mechanical-systems-guide.pdf
https://www.epa.gov/sites/default/files/2017-12/documents/ws-commercialbuildings-waterscore-mechanical-systems-guide.pdf
https://www.watertechonline.com/wastewater/article/15550690/considerations-for-implementing-a-zero-liquid-discharge-program
https://www.watertechonline.com/wastewater/article/15550690/considerations-for-implementing-a-zero-liquid-discharge-program
https://www.watertechonline.com/wastewater/article/15550690/considerations-for-implementing-a-zero-liquid-discharge-program
https://doi.org/10.1016/S0015-1882(16)30255-5
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/7/4/045802
https://www.federalregister.gov/documents/2014/08/15/2014-12164/national-pollutant-discharge-elimination-system-final-regulations-to-establish-requirements-for
https://www.federalregister.gov/documents/2014/08/15/2014-12164/national-pollutant-discharge-elimination-system-final-regulations-to-establish-requirements-for
https://www.federalregister.gov/documents/2014/08/15/2014-12164/national-pollutant-discharge-elimination-system-final-regulations-to-establish-requirements-for
https://www.energyandpolicy.org/wp-content/uploads/2020/07/Coal-and-water-conflicts-in-the-American-West-.pdf
https://www.energyandpolicy.org/wp-content/uploads/2020/07/Coal-and-water-conflicts-in-the-American-West-.pdf
https://www.energyandpolicy.org/wp-content/uploads/2020/07/Coal-and-water-conflicts-in-the-American-West-.pdf
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1016/j.scitotenv.2019.05.062
https://doi.org/10.1016/j.scitotenv.2019.05.062
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Whited, M.; Ackerman, F.; Jackson, S. Water Constraints on
Energy Production: Altering our Current Collision Course; Synapse
Energy Economics, Inc.: Cambridge, MA, 2013. [Online]. Available:
https://www.synapse-energy.com/sites/default/files/SynapseReport.
2013-06.CSI_.Water-Constraints.13-010.pdf (accessed August 01,
2021).
(33) Miara, A.; Vörösmarty, C. J. A dynamic model to assess
tradeoffs in power production and riverine ecosystem protection.
Environ. Sci. Process. Impacts 2013, 15 (6), 1113−1126.
(34) Macknick, J.; Zhou, E.; O’Connell, M.; Brinkman, G.; Miara,
A.; Ibanez, E.; Hummon, M. Water and Climate Impacts on Power
System Operatoins: The Importance of Cooling Systems and Demand
Response Measures; NREL: Golden, CO, 2016. [Online]. Available:
https://www.nrel.gov/docs/fy17osti/66714.pdf (accessed May 01,
2021).
(35) van Vliet, M. T. H.; Wiberg, D.; Leduc, S.; Riahi, K. Power-
generation system vulnerability and adaptation to changes in climate
and water resources. Nat. Clim. Chang. 2016, 6 (4), 375−380.
(36) Miara, A.; Vörösmarty, C. J.; Macknick, J. E.; Tidwell, V. C.;
Fekete, B.; Corsi, F.; Newmark, R. Thermal pollution impacts on
rivers and power supply in the Mississippi River watershed. Environ.
Res. Lett. 2018, 13 (3), 034033.
(37) Hamanaka, B.; Zhao, H.; Sharpe, P. Comparison of Advanced
Cooling Technologies Efficiency Depending on Outside Temperature; INL:
Idaho Falls, ID, 2009. [Online]. Available: https://inldigitallibrary.inl.
gov/sites/sti/sti/5394122.pdf (accessed June 20, 2021).
(38) Water Rights; California Water Boards, 2021. https://www.
waterboards.ca.gov/waterrights/board_info/faqs.html#toc178761079
(accessed May 01, 2021).
(39) The Water Rights Process; California Water Boards, 2020.
https://www.waterboards.ca.gov/waterrights/board_info/water_
rights_process.html (accessed May 01, 2021).
(40) Burch, M. A. Water rights: Supply issues for local agency
formation commission; CALAFCo: Monterey, CA, 2005.
(41) Andersen, G.; Cleveland, M.; Shea, D. Water for Energy:
Addressing the Nexus between Electricity Generation and Water
Resources; NCSL, 2019. [Online]. Available: https://www.ncsl.org/
Portals/1/Documents/energy/Energy_Water_Nexus_v04_33640.
pdf (accessed June 28, 2021).
(42) Bardeen, S. What it Means to Store Water for the Environment;
Public Policy Institute of California, 2021.
(43) Lee, U.; Chou, J.; Xu, H.; Carlson, D.; Venkatesh, A.; Shuster,
E.; Skone, T. J.; Wang, M. Regional and seasonal water stress analysis
of United States thermoelectricity. J. Clean. Prod. 2020, 270, 122234.
(44) Ganguli, P.; Kumar, D.; Ganguly, A. R. US Power Production at
Risk from Water Stress in a Changing Climate. Sci. Rep. 2017, 7 (1),
11983.
(45) Miara, A.; Macknick, J. E.; Vörösmarty, C. J.; Tidwell, V. C.;
Newmark, R.; Fekete, B. Climate and water resource change impacts
and adaptation potential for US power supply. Nat. Clim. Chang.
2017, 7 (11), 793−798.
(46) Tidwell, V. C.; Zemlick, K.; Klise, G. Nationwide Water
Availability Data for Energy-Water Modeling; OSTI: Albuquerque,
NM, 2013. [Online]. Available: https://www.osti.gov/servlets/purl/
1121917/.
(47) Walton, B. The Price of Water: A Comparison of Water Rates,
Usage in 30 U.S. Cities; Circle of Blue, 2010.
(48) Macknick, J.; Newmark, R.; Heath, G.; Hallett, K. C.
Operational water consumption and withdrawal factors for electricity
generating technologies: a review of existing literature. Environ. Res.
Lett. 2012, 7 (4), 045802.
(49) Peer, R. A M; Sanders, K. T. Characterizing cooling water
source and usage patterns across US thermoelectric power plants: a
comprehensive assessment of self-reported cooling water data.
Environ. Res. Lett. 2016, 11 (12), 124030.
(50) Stiegel, G. L. Estimating Freshwater Needs to Meet Future
Thermoelectric Generation Requirements; National Energy Technology
Laboratory, 2006.

(51) Cooling Power Plants; World Nuclear Association, 2020.
https://world-nuclear.org/information-library/current-and-future-
generation/cooling-power-plants.aspx (accessed May 01, 2021).
(52) Zhai, H.; Rubin, E. S.; Versteeg, P. L. Water Use at Pulverized
Coal Power Plants with Postcombustion Carbon Capture and
Storage. Environ. Sci. Technol. 2011, 45 (6), 2479−2485.
(53) Vengateson, U. Cooling towers: Estimate evaporation loss and
makeup water requirments. Chemical Engineering 2017. [Online].
Available: https://www.chemengonline.com/cooling-towers-estimate-
evaporation-loss-and-makeup-water-requirements/?printmode=1 (ac-
cessed June 28, 2021).
(54) Grubert, E.; Sanders, K. T. Water Use in the United States
Energy System: A National Assessment and Unit Process Inventory of
Water Consumption and Withdrawals. Environ. Sci. Technol. 2018, 52
(11), 6695−6703.
(55) Best Management Practice and Guidance Manual for Cooling
Towers; JEA: Jacksonville, FL, 2005. [Online]. Available: https://
www.iwa-network.org/filemanager-uploads/WQ_Compendium/
Database/Future_analysis/087.pdf (accessed May 01, 2021).
(56) What is Cooling Tower Bleed-Off/Blowdown; Terlyn Industries,
2021.
(57) Practical Methods for Achieving Cooling Tower Water Savings;
Wo r d P r e s s , 2 0 1 5 . [On l i n e ] . A v a i l a b l e : h t t p s : / /
watertechnologyreport.wordpress.com/tag/cycles-of-concentration/
(accessed June 02, 2021).
(58) Conserve Water by Improving Cooling Tower Efficiency. Power
Magazine 2009. [Online]. Available: https://www.powermag.com/
conserve-water-by-improving-cooling-tower-efficiency/ (accessed
May 01, 2021).
(59) Cooling Tower Water Treatment - Cycles of Concentration;
Aquaclear, 2021. [Online]. Available: https://aquaclearllc.com/
technical-info/cooling-tower-cycles-of-concentration-and-efficiency/
(accessed May 21, 2021).
(60) 7 Water Saving Measures for Cooling Towers; HydroPoint, 2021.
[Online]. Available: https://www.hydropoint.com/7-water-saving-
measures-cooling-towers/ (accessed May 21, 2021).
(61) Taylor, M. C. Cooling tower vapor recovery unit. US4249391A,
1981. [Online]. Available: https://patents.google.com/patent/
US4249391A/en (accessed June 28, 2021).
(62) Deziani, M.; Rahmani, K.; Mirrezaei Roudaki, S. J.; Kordloo, M.
Feasibility study for reduce water evaporative loss in a power plant
cooling tower by using air to Air heat exchanger with auxiliary Fan.
Desalination 2017, 406, 119−124.
(63) Mortensen, K. Improvement in Air2Air Technology to Reduce
Fresh-Water Evaporative Cooling Loss at Coal-Based Thermoelectric
Power Plants; OSTI: Overland Park, KS, 2011. [Online]. Available:
https://www.osti.gov/servlets/purl/1055763 (accessed May 21,
2021).
(64) Ghorbani, B.; Ghashami, M.; Ashjaee, M.; Hosseinzadegan, H.
Electricity production with low grade heat in thermal power plants by
design improvement of a hybrid dry cooling tower and a solar
chimney concept. Energy Convers. Manag. 2015, 94, 1−11.
(65) Shublaq, M.; Sleiti, A. K. Experimental analysis of water
evaporation losses in cooling towers using filters. Appl. Therm. Eng.
2020, 175, 115418.
(66) Ray, S. Some U.S. electricity generating plants use dry cooling; U.S.
Energy Information Administration, 2018.
(67) Conradie, A. E.; Kröger, D. G. Performance evaluation of dry-
cooling systems for power plant applications. Appl. Therm. Eng. 1996,
16 (3), 219−232.
(68) Zhai, H.; Rubin, E. S. Performance and cost of wet and dry
cooling systems for pulverized coal power plants with and without
carbon capture and storage. Energy Policy 2010, 38 (10), 5653−5660.
(69) Loew, A.; Jaramillo, P.; Zhai, H. Marginal costs of water savings
from cooling system retrofits: a case study for Texas power plants.
Environ. Res. Lett. 2016, 11 (10), 104004.
(70) Grol, E.; Lewis, E.; O’Connell, A. Cost and Performance Impacct
of Dry and Hybrid Cooling on Fossil Energy Power Systems; US DOE:
Pittsburgh, PA, 2018. [Online]. Available: https://netl.doe.gov/

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00377
ACS EST Engg. 2022, 2, 508−525

523

https://www.synapse-energy.com/sites/default/files/SynapseReport.2013-06.CSI_.Water-Constraints.13-010.pdf
https://www.synapse-energy.com/sites/default/files/SynapseReport.2013-06.CSI_.Water-Constraints.13-010.pdf
https://doi.org/10.1039/c3em00196b
https://doi.org/10.1039/c3em00196b
https://www.nrel.gov/docs/fy17osti/66714.pdf
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1088/1748-9326/aaac85
https://doi.org/10.1088/1748-9326/aaac85
https://inldigitallibrary.inl.gov/sites/sti/sti/5394122.pdf
https://inldigitallibrary.inl.gov/sites/sti/sti/5394122.pdf
https://www.waterboards.ca.gov/waterrights/board_info/faqs.html#toc178761079
https://www.waterboards.ca.gov/waterrights/board_info/faqs.html#toc178761079
https://www.waterboards.ca.gov/waterrights/board_info/water_rights_process.html
https://www.waterboards.ca.gov/waterrights/board_info/water_rights_process.html
https://www.ncsl.org/Portals/1/Documents/energy/Energy_Water_Nexus_v04_33640.pdf
https://www.ncsl.org/Portals/1/Documents/energy/Energy_Water_Nexus_v04_33640.pdf
https://www.ncsl.org/Portals/1/Documents/energy/Energy_Water_Nexus_v04_33640.pdf
https://doi.org/10.1016/j.jclepro.2020.122234
https://doi.org/10.1016/j.jclepro.2020.122234
https://doi.org/10.1038/s41598-017-12133-9
https://doi.org/10.1038/s41598-017-12133-9
https://doi.org/10.1038/nclimate3417
https://doi.org/10.1038/nclimate3417
https://www.osti.gov/servlets/purl/1121917/
https://www.osti.gov/servlets/purl/1121917/
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1088/1748-9326/aa51d8
https://doi.org/10.1088/1748-9326/aa51d8
https://doi.org/10.1088/1748-9326/aa51d8
https://world-nuclear.org/information-library/current-and-future-generation/cooling-power-plants.aspx
https://world-nuclear.org/information-library/current-and-future-generation/cooling-power-plants.aspx
https://doi.org/10.1021/es1034443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1034443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1034443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.chemengonline.com/cooling-towers-estimate-evaporation-loss-and-makeup-water-requirements/?printmode=1
https://www.chemengonline.com/cooling-towers-estimate-evaporation-loss-and-makeup-water-requirements/?printmode=1
https://doi.org/10.1021/acs.est.8b00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.iwa-network.org/filemanager-uploads/WQ_Compendium/Database/Future_analysis/087.pdf
https://www.iwa-network.org/filemanager-uploads/WQ_Compendium/Database/Future_analysis/087.pdf
https://www.iwa-network.org/filemanager-uploads/WQ_Compendium/Database/Future_analysis/087.pdf
https://watertechnologyreport.wordpress.com/tag/cycles-of-concentration/
https://watertechnologyreport.wordpress.com/tag/cycles-of-concentration/
https://www.powermag.com/conserve-water-by-improving-cooling-tower-efficiency/
https://www.powermag.com/conserve-water-by-improving-cooling-tower-efficiency/
https://aquaclearllc.com/technical-info/cooling-tower-cycles-of-concentration-and-efficiency/
https://aquaclearllc.com/technical-info/cooling-tower-cycles-of-concentration-and-efficiency/
https://www.hydropoint.com/7-water-saving-measures-cooling-towers/
https://www.hydropoint.com/7-water-saving-measures-cooling-towers/
https://patents.google.com/patent/US4249391A/en
https://patents.google.com/patent/US4249391A/en
https://doi.org/10.1016/j.desal.2015.12.007
https://doi.org/10.1016/j.desal.2015.12.007
https://www.osti.gov/servlets/purl/1055763
https://doi.org/10.1016/j.enconman.2015.01.044
https://doi.org/10.1016/j.enconman.2015.01.044
https://doi.org/10.1016/j.enconman.2015.01.044
https://doi.org/10.1016/j.applthermaleng.2020.115418
https://doi.org/10.1016/j.applthermaleng.2020.115418
https://doi.org/10.1016/1359-4311(95)00068-2
https://doi.org/10.1016/1359-4311(95)00068-2
https://doi.org/10.1016/j.enpol.2010.05.013
https://doi.org/10.1016/j.enpol.2010.05.013
https://doi.org/10.1016/j.enpol.2010.05.013
https://doi.org/10.1088/1748-9326/11/10/104004
https://doi.org/10.1088/1748-9326/11/10/104004
https://netl.doe.gov/projects/files/CostAndPerformanceImpactofDryandHybridCoolingSystemsFinalReport_061919.pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


p r o j e c t s / fi l e s /
CostAndPerformanceImpactofDryandHybridCoolingSystemsFinalRe
port_061919.pdf (accessed June 28, 2021).
(71) Maulbetsch, J. S.; DiFilippo, M. N. Evauating Cost, Perform-
ance and Water Conserving Capability of Hybrid Cooling; California
Energy Commission, 2018.
(72) Njoku, I. H.; Diemuodeke, O. E. Techno-economic comparison
of wet and dry cooling systems for combined cycle power plants in
different climatic zones. Energy Convers. Manag. 2021, 227, 113610.
(73) Reducing water consumption for cooling of thermal generation
plants; European Environment Agency European Commission, 2021.
(74) Cooling Power Plants; World Nuclear Association, 2020.
(75) He, S.; Gurgenci, H.; Guan, Z.; Hooman, K.; Zou, Z.; Sun, F.
Comparative study on the performance of natural draft dry, pre-
cooled and wet cooling towers. Appl. Therm. Eng. 2016, 99, 103−113.
(76) Sun, Y.; Guan, Z.; Gurgenci, H.; Wang, J.; Dong, P.; Hooman,
K. Spray cooling system design and optimization for cooling
performance enhancement of natural draft dry cooling tower in
concentrated solar power plants. Energy 2019, 168, 273−284.
(77) Borgwardt, R. H. Combined flue gas desulfurization and water
treatment in coal-fired power plants. Environ. Sci. Technol. 1980, 14
(3), 294−298.
(78) Mohsen, M. S. Treatment and reuse of industrial effluents: case
study of a thermal power plant. Desalination 2004, 167, 75−86.
(79) Coal Ash Pond Remediation; WesTech Engineering, https://
www.westech-inc.com/en-usa/industry-solutions/industrial-
overview/coal-ash-pond (accessed June 03, 2021).
(80) Childress, A.; Giammar, D.; Jiang, S.; Breckenridge, R.; Howell,
A.; Macknick, J.; Sedlak, D.; Stokes-Draut, J.. Power Sector Technology
Roadmap; National Alliance for Water Innovation, 2021.
(81) Tong, T.; Elimelech, M. The Global Rise of Zero Liquid
Discharge for Wastewater Management: Drivers, Technologies, and
Future Directions. Environ. Sci. Technol. 2016, 50 (13), 6846−6855.
(82) Shaw, W. A. Fundamentals of Zero Liquid Discharge System
Design Power Magazine 2011.
(83) Weimer, L. The Global Push for Zero. Water Technology Online
2015. https://www.watertechonline.com/process-water/article/
16201736/the-global-push-for-zero (accessed June 03, 2021).
(84) Charisiadis, C. Brine Zero Liquid Discharge (ZLD) Fundamentals
and Design; Lenntech, 2018. [Online]. Available: https://www.
lenntech.com/Data-sheets/ZLD-booklet-for-Lenntech-site-min-L.pdf
(accessed May 21, 2021).
(85) Mickley, M. Emerging Technologies for High Recovery Processing;
Bureau of Reclamation, 2021. [Online]. Available: https://www.usbr.
gov/research/dwpr/reportpdfs/report208.pdf (accessed December 7,
2021).
(86) Charisiadis, C. Brine Zero Liquid Discharge (ZLD) Fundamentals
and Design; South Miami, FL, 2018.
(87) Wastewater Treatment for Power Plants: Considering Zero Liquid
Discharge; WeesTech Engineering: Salt Lake City, UT, 2017.
(88) How much will a zero liquid discharge system cost your facility?;
Samco Technologies, Inc., 2017.
(89) Pankratz, T. M. Evaporation: A wastewater treatment
alternative. Water Eng. Manag. 1994, 141 (9), 42−47.
(90) Panagopoulos, A.; Haralambous, K.-J. Minimal Liquid
Discharge (MLD) and Zero Liquid Discharge (ZLD) strategies for
wastewater management and resource recovery − Analysis, challenges
and prospects. J. Environ. Chem. Eng. 2020, 8 (5), 104418.
(91) Proven ZLD Systems Designed to Meet Today’s Demands; Veolia
Water Technologies, 2020. https://www.veoliawatertech.com/en/
publications/articles/proven-zld-systems-designed-meet-todays-
demands (accessed June 28, 2021).
(92) Mickley, M. Survey of High-Recovery and Zero Liquid Discharge
Technologies for Water Utilities; WateReuse Foundation: Alexandria,
VA, 2008. [Online]. Available: https://www.waterboards.ca.gov/
water_issues/programs/grants_loans/water_recycling/research/02_
006a_01.pdf (accessed June 28, 2021).
(93) Sustainable wastewater treatment with reverse osmosis ZLD/MLD;
Global Water Intelligence, 2019. https://www.globalwaterintel.com/

sponsored-content/sustainable-wastewater-treatment-with-reverse-
osmosis-zld-mld-danfoss (accessed June 03, 2021).
(94) ZLD operation & maintenance - problems and solutions; Modern
Power Systems, 2009. [Online]. Available: https://www.
modernpowersystems.com/features/featurezld-operat ion-
maintenance-problems-and-solutions/ (accessed June 03, 2021).
(95) Walker, T. Brine/Concentrate Management Technologies and
Trends; Hazen and Sawyer, 2013. [Online]. Available: https://
onewaterohio.org/docs/Troy_Walker_Brine_Technologies.pdf (ac-
cessed May 01, 2021).
(96) Fundamentals of Zero Liquid Discharge System Design. Power
Magazine 2011. [Online]. Available: https://www.powermag.com/
fundamentals-of-zero-liquid-discharge-system-design/ (accessed May
01, 2021).
(97) Casey, E. B. U.S. Power Profile Shift Sparks Water Opportunity.
Water Online 2016. [Online]. Available: https://www.wateronline.
com/doc/u-s-power-profile-shift-sparks-water-opportunity-0001 (ac-
cessed June 28, 2021).
(98) Zero Liquid Discharge (ZLD) Systems Market - Growth, Trends,
and Forecast (2020−2025); ReportLinker, 2020. [Online]. Available:
https://www.reportlinker.com/p05865866/Zero-Liquid-Discharge-
ZLD-Systems-Market-Growth-Trends-and-Forecast.html?utm_
source=GNW (accessed June 21, 2021).
(99) Warsinger, D. M.; Tow, E. W.; Nayar, K. G.; Maswadeh, L. A.;
Lienhard V, J. H. Energy efficiency of batch and semi-batch (CCRO)
reverse osmosis desalination. Water Res. 2016, 106, 272−282.
(100) Como, V. A.; Cannon, T.; Mueller, M. Operating a ZLD, What
Does it Take?; EPA, 2013. [Online]. Available: https://www3.epa.
gov/region1/npdes/merrimackstation/pdfs/ar/AR-982.pdf (accessed
June 28, 2021).
(101) Charisiadis, C. Brine Zero Liquid Discharge (ZLD)
Fundamentals and Design; Lenntech B. V., 2018.
(102) Mukhopadhyay, D. Method and apparatus for high efficiency
reverse osmosis operation. US20020125191A1, 2012. [Online].
Available: https://patentimages.storage.googleapis.com/ba/82/19/
352c701917640f/US20020125191A1.pdf (accessed September 04,
2021).
(103) Magnolia Power Project; California Energy Commission.
https://www.energy.ca.gov/powerplant/combined-cycle/magnolia-
power-project (accessed Jan. 02, 2022).
(104) Peltier, R. 2005 Plant of the Year Power Magazine 2005, 149,
no. 7.
(105) Project Profile; https://www.aquatech.com/wp-content/
uploads/1.-Griffith-HERO.pdf.
(106) Carmen. Griffith Energy Facility, US; Power Technology, 2022.
(107) High Efficiency Reverse Osmosis (HERO); Samco Technologies,
Inc., 2021. https://www.samcotech.com/technologies/ro-nf/hero-
tm/ (accessed November 10, 2021).
(108) High Efficiencey Reverse Osmosis (HERO); Aquatech:
Canonsburg, PA. [Online]. Available: https://www.aquatech.com/
innovations/high-efficiency-reverse-osmosis/ (accessed November 10,
2021).
(109) Duke Energy selects HERO Membrane Process for ZLD
Application; Aquatech: Canonsburg, PA. [Online]. Available: http://
vertassets.blob.core.windows.net/download/1bbdebdd/1bbdebdd-
26bc-4a83-b055-735a0a8845c3/002.pdf (accessed June 03, 2021).
(110) Efraty, A. Continuous closed-circuit desalination apparatus
without containers. US7695614B2, 2010. [Online]. Available:
https://patents.google.com/patent/US7695614.
(111) Efraty, A. Apparatus for continuous closed circuit desalination
under variable pressure with a single container. US7628921B2, 2009.
[Online]. Available: https://patents.google.com/patent/
US7628921B2/en.
(112) Closed Circuit Reverse Osmosis System Squeezes Money
Savings Out of Water Management. Power Magazine 2017. [Online].
Available: https://www.powermag.com/closed-circuit-reverse-
osmosis-system-squeezes-money-savings-out-of-water-management/
(accessed May 01, 2021).

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00377
ACS EST Engg. 2022, 2, 508−525

524

https://netl.doe.gov/projects/files/CostAndPerformanceImpactofDryandHybridCoolingSystemsFinalReport_061919.pdf
https://netl.doe.gov/projects/files/CostAndPerformanceImpactofDryandHybridCoolingSystemsFinalReport_061919.pdf
https://netl.doe.gov/projects/files/CostAndPerformanceImpactofDryandHybridCoolingSystemsFinalReport_061919.pdf
https://doi.org/10.1016/j.enconman.2020.113610
https://doi.org/10.1016/j.enconman.2020.113610
https://doi.org/10.1016/j.enconman.2020.113610
https://doi.org/10.1016/j.applthermaleng.2016.01.060
https://doi.org/10.1016/j.applthermaleng.2016.01.060
https://doi.org/10.1016/j.energy.2018.11.111
https://doi.org/10.1016/j.energy.2018.11.111
https://doi.org/10.1016/j.energy.2018.11.111
https://doi.org/10.1021/es60163a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es60163a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.desal.2004.06.115
https://doi.org/10.1016/j.desal.2004.06.115
https://www.westech-inc.com/en-usa/industry-solutions/industrial-overview/coal-ash-pond
https://www.westech-inc.com/en-usa/industry-solutions/industrial-overview/coal-ash-pond
https://www.westech-inc.com/en-usa/industry-solutions/industrial-overview/coal-ash-pond
https://doi.org/10.1021/acs.est.6b01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.watertechonline.com/process-water/article/16201736/the-global-push-for-zero
https://www.watertechonline.com/process-water/article/16201736/the-global-push-for-zero
https://www.lenntech.com/Data-sheets/ZLD-booklet-for-Lenntech-site-min-L.pdf
https://www.lenntech.com/Data-sheets/ZLD-booklet-for-Lenntech-site-min-L.pdf
https://www.usbr.gov/research/dwpr/reportpdfs/report208.pdf
https://www.usbr.gov/research/dwpr/reportpdfs/report208.pdf
https://doi.org/10.1016/j.jece.2020.104418
https://doi.org/10.1016/j.jece.2020.104418
https://doi.org/10.1016/j.jece.2020.104418
https://doi.org/10.1016/j.jece.2020.104418
https://www.veoliawatertech.com/en/publications/articles/proven-zld-systems-designed-meet-todays-demands
https://www.veoliawatertech.com/en/publications/articles/proven-zld-systems-designed-meet-todays-demands
https://www.veoliawatertech.com/en/publications/articles/proven-zld-systems-designed-meet-todays-demands
https://www.waterboards.ca.gov/water_issues/programs/grants_loans/water_recycling/research/02_006a_01.pdf
https://www.waterboards.ca.gov/water_issues/programs/grants_loans/water_recycling/research/02_006a_01.pdf
https://www.waterboards.ca.gov/water_issues/programs/grants_loans/water_recycling/research/02_006a_01.pdf
https://www.globalwaterintel.com/sponsored-content/sustainable-wastewater-treatment-with-reverse-osmosis-zld-mld-danfoss
https://www.globalwaterintel.com/sponsored-content/sustainable-wastewater-treatment-with-reverse-osmosis-zld-mld-danfoss
https://www.globalwaterintel.com/sponsored-content/sustainable-wastewater-treatment-with-reverse-osmosis-zld-mld-danfoss
https://www.modernpowersystems.com/features/featurezld-operation-maintenance-problems-and-solutions/
https://www.modernpowersystems.com/features/featurezld-operation-maintenance-problems-and-solutions/
https://www.modernpowersystems.com/features/featurezld-operation-maintenance-problems-and-solutions/
https://onewaterohio.org/docs/Troy_Walker_Brine_Technologies.pdf
https://onewaterohio.org/docs/Troy_Walker_Brine_Technologies.pdf
https://www.powermag.com/fundamentals-of-zero-liquid-discharge-system-design/
https://www.powermag.com/fundamentals-of-zero-liquid-discharge-system-design/
https://www.wateronline.com/doc/u-s-power-profile-shift-sparks-water-opportunity-0001
https://www.wateronline.com/doc/u-s-power-profile-shift-sparks-water-opportunity-0001
https://www.reportlinker.com/p05865866/Zero-Liquid-Discharge-ZLD-Systems-Market-Growth-Trends-and-Forecast.html?utm_source=GNW
https://www.reportlinker.com/p05865866/Zero-Liquid-Discharge-ZLD-Systems-Market-Growth-Trends-and-Forecast.html?utm_source=GNW
https://www.reportlinker.com/p05865866/Zero-Liquid-Discharge-ZLD-Systems-Market-Growth-Trends-and-Forecast.html?utm_source=GNW
https://doi.org/10.1016/j.watres.2016.09.029
https://doi.org/10.1016/j.watres.2016.09.029
https://www3.epa.gov/region1/npdes/merrimackstation/pdfs/ar/AR-982.pdf
https://www3.epa.gov/region1/npdes/merrimackstation/pdfs/ar/AR-982.pdf
https://patentimages.storage.googleapis.com/ba/82/19/352c701917640f/US20020125191A1.pdf
https://patentimages.storage.googleapis.com/ba/82/19/352c701917640f/US20020125191A1.pdf
https://www.energy.ca.gov/powerplant/combined-cycle/magnolia-power-project
https://www.energy.ca.gov/powerplant/combined-cycle/magnolia-power-project
https://www.aquatech.com/wp-content/uploads/1.-Griffith-HERO.pdf
https://www.aquatech.com/wp-content/uploads/1.-Griffith-HERO.pdf
https://www.samcotech.com/technologies/ro-nf/hero-tm/
https://www.samcotech.com/technologies/ro-nf/hero-tm/
https://www.aquatech.com/innovations/high-efficiency-reverse-osmosis/
https://www.aquatech.com/innovations/high-efficiency-reverse-osmosis/
http://vertassets.blob.core.windows.net/download/1bbdebdd/1bbdebdd-26bc-4a83-b055-735a0a8845c3/002.pdf
http://vertassets.blob.core.windows.net/download/1bbdebdd/1bbdebdd-26bc-4a83-b055-735a0a8845c3/002.pdf
http://vertassets.blob.core.windows.net/download/1bbdebdd/1bbdebdd-26bc-4a83-b055-735a0a8845c3/002.pdf
https://patents.google.com/patent/US7695614
https://patents.google.com/patent/US7628921B2/en
https://patents.google.com/patent/US7628921B2/en
https://www.powermag.com/closed-circuit-reverse-osmosis-system-squeezes-money-savings-out-of-water-management/
https://www.powermag.com/closed-circuit-reverse-osmosis-system-squeezes-money-savings-out-of-water-management/
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(113) RO systems make their case for brine concentration
applications. Global Water Intelligence 2019, 20, no. 6. [Online].
Available: https://www.globalwaterintel.com/global-water-
intelligence-magazine/20/6/market-map/ro-systems-make-their-case-
for-brine-concentration-applications (accessed June 28, 2021).
(114) Brine-Concentrate Treatment and Disposal Options Report;
Bureau of Reclamation, 2009. [Online]. Available: https://www.usbr.
gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_
part2.pdf (accessed May 01, 2021).
(115) Drake, M.; Wise, S.; Charan, N.; Venkatadri, R. ZLD
Treatment of Cooling Tower Blowdown with Membranes. Water
Technology Online 2012. [Online]. Available: https://www.
watertechonline.com/process-water/article/16211541/zld-treatment-
of-cooling-tower-blowdown-with-membranes (accessed June 28,
2021).
(116) Laughlin, J. Examining ZLD Options for Electric Power
Facilities.Water Technology Online 2012. [Online]. Available: https://
www.watertechonline.com/process-water/article/16211578/
examining-zld-options-for-electric-power-facilities (accessed August
03, 2021).
(117) Treatment and Disposal of Brine Concentrate Report; Bureau of
Reclamation, 2009. [Online]. Available: https://www.usbr.gov/lc/
socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
(accessed May 01, 2021).
(118) Poulson, T. K. Strategic Alternatives for Brine Management in
the Valley of the Sun; Bureau of Reclamation, 2010. [Online].
Available: https://www.usbr.gov/lc/phoenix/programs/cass/pdf/
SABMVS.pdf (accessed June 28, 2021).
(119) Mickley, M. Review of Concentrate Management Options; Texas
A&M University. [Online]. Available: https://texaswater.tamu.edu/
readings/desal/concentratedisposal.pdf (accessed May 12, 2021).
(120) Markley, M. Deep Well Injection; SCS Engineers, https://www.
scsengineers.com/services/liquids-management/deep-well-injection/
(accessed June 28, 2021).
(121) General Information about Injection Wells; U.S. Environmental
Protection Agency. https://www.epa.gov/uic/general-information-
about-injection-wells (accessed May 21, 2021).
(122) Goodin, M. Deep Well Injections; Geo Engineer, 2017.
[Online]. Available: https://www.geoengineer.org/education/web-
class-projects/cee-549-geoenvironmental-engineering-fall-2017/
assignments/deep-well-injections (accessed August 03, 2021).
(123) Charisiadis, C. Brine Zero Liquid Discharge (ZLD)
Fundamentals and Design; Lenntech: South Miami, FL, 2018.
[Online]. Available: https://www.lenntech.com/Data-sheets/ZLD-
booklet-for-Lenntech-site-min-L.pdf (accessed June 28, 2021).
(124) Brine-Concentrate Treatment and Disposal Options Report;
Bureau of Reclamation. [Online]. Available: https://www.usbr.gov/
lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part1.pdf
(accessed May 01, 2021).
(125) Mackey, E. D.; Seacord, T. Regional Solutions for Concentrate
Management; WateReuse Foundation: Alexandria, VA, 2008. [On-
line]. Available: https://www.waterboards.ca.gov/water_issues/
programs/grants_loans/water_recycling/research/02_006d_01.pdf
(accessed May 12, 2021).
(126) Water Desalination Report. Global Water Intelligence, 2022,
58, no. 4.
(127) Dubin, K. U.S. natural gas-fired combined-cycle capacity
surpasses coal-fired capacity; U.S. Energy Information Administration,
2019. https://www.eia.gov/todayinenergy/detail.php?id=39012 (ac-
cessed May 01, 2021).
(128) Jones, J.; Martin, L. Future U.S. electricity generation mix will
depend largely on natural gas prices; U.S. Energy Information
Administration, 2019. https://www.eia.gov/todayinenergy/detail.
php?id=38252 (accessed May 01, 2021).
(129) Climate; Metro Denver EDC, 2021. http://www.metrodenver.
org/lifestyle/climate/ (accessed September 14, 2021).
(130) Meadow, A.; LeRoy, S.; Small, V. A.; Weiss, J.; Black, M.;
Crimmins, A.; Ferguson, D. B. Climate Profile. Native Nations Climate
Adaptation Program; University of Arizona, 2017. [Online]. Available:

http://www.gricdeq.org/view/download.php/wildlife-program/
climate-change/user_file_1 (accessed June 28, 2021).
(131) One Energy Electricity Rate Data Tool; One Energy: Findlay,
OH, 2019. [Online]. Available: https://oneenergy.com/wp-content/
uploads/2020/06/One-Energy-Electricity-Rate-Data-Tool.xlsm (ac-
cessed June 04, 2021).
(132) Thermoelectric cooling water data; U.S. Energy Information
Administration, 2020. https://www.eia.gov/electricity/data/water/
(accessed May 01, 2021).
(133) Gila River Power Station; Energy Justice Network. http://
www.energyjustice.net/map/displayfacility-68801.htm (accessed May
01, 2021).
(134) Rethinking water cycle yields big savings at Gila River.
Combined Cycle Journal 2014. https://www.ccj-online.com/1q-2014/
best-practices-gila-river/ (accessed May 01, 2021).
(135) Miara, A.; Talmadge, M.; Sitterley, K.; Evans, A.; Huang, Z.;
Macknick, J.; McCall, J.; Kurup, P.; Akar, S.; Van Allsburg, K.; Stokes-
Draut, J.; Bartholomew, T.; Lee, A.; Gingerich, D. E. E. O. A. M. O.
USDOE Office of Energy Efficiency and Renewable Energy (EERE).
WaterTAP3 (The Water Technoeconomic Assessment Pipe-Parity
Platform); OSTI, 2021; DOI: 10.11578/dc.20210709.1.
(136) Form EIA-923 detailed data with previous form data (EIA-906/
920); EIA, 2020; https://www.eia.gov/electricity/data/eia923/ (ac-
cessed June 28, 2021).
(137) Loew, A.; Jaramillo, P.; Zhai, H. Marginal costs of water
savings from cooling system retrofits: a case study for Texas power
plants. Environ. Res. Lett. 2016, 11 (10), 104004.
(138) Zhai, H.; Rubin, E. S.; Grol, E. J.; O’Connell, A. C.; Wu, Z.;
Lewis, E. G. Dry cooling retrofits at existing fossil fuel-fired power
plants in a water-stressed region: Tradeoffs in water savings, cost, and
capacity shortfalls. Appl. Energy 2022, 306, 117997.
(139) Levelized Costs of New Generation Resources in the Annual
Energy Outlook 2021; EIA: Washington, DC, 2021. [Online].
Available: eia.gov/outlooks/aeo/pdf/electricity_generation.pdf (ac-
cessed September 14, 2021).
(140) Callaway, D. S.; Fowlie, M.; McCormick, G. Location,
Location, Location: The Variable Value of Renewable Energy and
Demand-Side Efficiency Resources. J. Assoc. Environ. Resour. Econ.
2018, 5 (1), 39−75.
(141) Kroposki, B.; Johnson, B.; Zhang, Y.; Gevorgian, V.; Denholm,
P.; Hodge, B.; Hannegan, B. Achieving a 100% Renewable Grid:
Operating Electric Power Systems with Extremely High Levels of
Variable Renewable Energy. IEEE Power Energy Mag. 2017, 15 (2),
61−73.
(142) U.S. nuclear plant outages increased in September after remaining
low during summer; U.S. Energy Information Administration, 2018.
(143) Fakhry, R. The Myth of the 24/7/365 Power Plant; National
Resource Defense Council, 2019.
(144) Tidwell, V.; Shaneyfelt, C.; Cauthen, K.; Klise, G.; Fields, F.;
Clement, Z.; Bauer, D. Implications of Power Plant Idling and Cycling
on Water Use Intensity. Environ. Sci. Technol. 2019, 53 (8), 4657−
4666.
(145) Water Desalination Report. Global Water Intelligence 2021, 57,
no. 21.

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00377
ACS EST Engg. 2022, 2, 508−525

525

https://www.globalwaterintel.com/global-water-intelligence-magazine/20/6/market-map/ro-systems-make-their-case-for-brine-concentration-applications
https://www.globalwaterintel.com/global-water-intelligence-magazine/20/6/market-map/ro-systems-make-their-case-for-brine-concentration-applications
https://www.globalwaterintel.com/global-water-intelligence-magazine/20/6/market-map/ro-systems-make-their-case-for-brine-concentration-applications
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
https://www.watertechonline.com/process-water/article/16211541/zld-treatment-of-cooling-tower-blowdown-with-membranes
https://www.watertechonline.com/process-water/article/16211541/zld-treatment-of-cooling-tower-blowdown-with-membranes
https://www.watertechonline.com/process-water/article/16211541/zld-treatment-of-cooling-tower-blowdown-with-membranes
https://www.watertechonline.com/process-water/article/16211578/examining-zld-options-for-electric-power-facilities
https://www.watertechonline.com/process-water/article/16211578/examining-zld-options-for-electric-power-facilities
https://www.watertechonline.com/process-water/article/16211578/examining-zld-options-for-electric-power-facilities
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part2.pdf
https://www.usbr.gov/lc/phoenix/programs/cass/pdf/SABMVS.pdf
https://www.usbr.gov/lc/phoenix/programs/cass/pdf/SABMVS.pdf
https://texaswater.tamu.edu/readings/desal/concentratedisposal.pdf
https://texaswater.tamu.edu/readings/desal/concentratedisposal.pdf
https://www.scsengineers.com/services/liquids-management/deep-well-injection/
https://www.scsengineers.com/services/liquids-management/deep-well-injection/
https://www.epa.gov/uic/general-information-about-injection-wells
https://www.epa.gov/uic/general-information-about-injection-wells
https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-fall-2017/assignments/deep-well-injections
https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-fall-2017/assignments/deep-well-injections
https://www.geoengineer.org/education/web-class-projects/cee-549-geoenvironmental-engineering-fall-2017/assignments/deep-well-injections
https://www.lenntech.com/Data-sheets/ZLD-booklet-for-Lenntech-site-min-L.pdf
https://www.lenntech.com/Data-sheets/ZLD-booklet-for-Lenntech-site-min-L.pdf
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part1.pdf
https://www.usbr.gov/lc/socal/reports/brineconcentrate/6TreatmentandDisposal_part1.pdf
https://www.waterboards.ca.gov/water_issues/programs/grants_loans/water_recycling/research/02_006d_01.pdf
https://www.waterboards.ca.gov/water_issues/programs/grants_loans/water_recycling/research/02_006d_01.pdf
https://www.eia.gov/todayinenergy/detail.php?id=39012
https://www.eia.gov/todayinenergy/detail.php?id=38252
https://www.eia.gov/todayinenergy/detail.php?id=38252
http://www.metrodenver.org/lifestyle/climate/
http://www.metrodenver.org/lifestyle/climate/
http://www.gricdeq.org/view/download.php/wildlife-program/climate-change/user_file_1
http://www.gricdeq.org/view/download.php/wildlife-program/climate-change/user_file_1
https://oneenergy.com/wp-content/uploads/2020/06/One-Energy-Electricity-Rate-Data-Tool.xlsm
https://oneenergy.com/wp-content/uploads/2020/06/One-Energy-Electricity-Rate-Data-Tool.xlsm
https://www.eia.gov/electricity/data/water/
http://www.energyjustice.net/map/displayfacility-68801.htm
http://www.energyjustice.net/map/displayfacility-68801.htm
https://www.ccj-online.com/1q-2014/best-practices-gila-river/
https://www.ccj-online.com/1q-2014/best-practices-gila-river/
https://doi.org/10.11578/dc.20210709.1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.eia.gov/electricity/data/eia923/
https://doi.org/10.1088/1748-9326/11/10/104004
https://doi.org/10.1088/1748-9326/11/10/104004
https://doi.org/10.1088/1748-9326/11/10/104004
https://doi.org/10.1016/j.apenergy.2021.117997
https://doi.org/10.1016/j.apenergy.2021.117997
https://doi.org/10.1016/j.apenergy.2021.117997
http://eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://doi.org/10.1086/694179
https://doi.org/10.1086/694179
https://doi.org/10.1086/694179
https://doi.org/10.1109/MPE.2016.2637122
https://doi.org/10.1109/MPE.2016.2637122
https://doi.org/10.1109/MPE.2016.2637122
https://doi.org/10.1021/acs.est.9b00627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b00627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

