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ABSTRACT: Municipal water reuse can contribute to a circular 
water economy in different contexts and with various treatment 
trains. This study synthesized information regarding the current 
technological and regulatory statuses of municipal reuse. It provides 
process-level information on cost and energy metrics for three 
potable reuse and one nonpotable reuse case studies using the new 
Water Techno-economic Assessment Pipe-Parity Platform (Water-
TAP3). WaterTAP3 enabled comparisons of cost and energy 
metrics for different treatment trains and for different alternative 
water sources consistently with a common platform. A carbon-based 
treatment train has both a lower calculated levelized cost of water 
(LCOW) ($0.40/m3) and electricity intensity (0.30 kWh/m3) than 
a reverse osmosis (RO)-based treatment train ($0.54/m3 and 0.84 kWh/m3). In comparing LCOW and energy intensity for water 
production from municipal reuse, brackish water, and seawater based on the largest facilities of each type in the United States, 
municipal reuse had a lower LCOW and electricity than seawater but higher values than for production from brackish water. For a 
small (2.0 million gallon per day) inland RO-based municipal reuse facility, WaterTAP3 evaluated different deep well injection and 
zero liquid discharge (ZLD) scenarios for management of RO concentrate. Adding ZLD to a facility that currently allows surface 
discharge of concentrate would approximately double the LCOW. For all four case studies, LCOW is most sensitive to changes in 
weighted average cost of capital, on-stream capacity, and plant life. Baseline assessments, pipe parity metrics, and scenario analyses 
can inform greater observability and understanding of reuse adoption and the potential for cost-effective and energy-efficient reuse. 
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1. INTRODUCTION

1.1. Overview of Municipal Water Reuse. Improving
the security, cost effectiveness, and energy efficiency of water 
treatment and reuse has significant implications for the 
economy, environment, and adaptations to future water 
demands or risks to supply. Integrated approaches to reuse 
of treated municipal wastewater can enable sustainable and 
efficient water management. In this paper, we refer to these 
approaches as “municipal reuse” and to the product they 
produce as “recycled water”. Expanding municipal reuse is 
critical as cities respond to and plan for population growth, 
rising water demands, and climate change and related stressors 
due to declines in or competition for existing water supplies, 
groundwater overuse impacts, increased frequency and 
intensity of droughts, and saltwater intrusion.1,2 Brown et al.3

estimates that by 2071 nearly half of the 204 freshwater basins 
in the United States (U.S.) may not be able to meet monthly 
water demands. In recent years, the deployment of new 
facilities to augment existing water supplies with municipal 
reuse has increased significantly. 

Municipal reuse involves the treatment of municipal 
wastewater for the purposes of potable and nonpotable reuse 
in municipal, electric power, agriculture, industrial, and other 
water end-use sectors.4,5 Potable reuse is the deliberate 
introduction of advanced treated water as part of a drinking 
water supply. Nonpotable reuse (NPR), which represents the 
majority of current and planned reuse, meets end uses that do 
not involve drinking water supply. These uses range from 
irrigation to use by industry and thermoelectric power plants. 
The value of different classifications, including reclaimed water 
for power plant cooling,6,7 and a review of definitions and key 
sustainability performance metrics for reuse are available in 
several reports4 and studies at various scales.8−11 Another
category, de facto reuse, occurs when a drinking water supply 
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contains a significant fraction of treated wastewater dis-
charges,12,13 and it is the most common form of reuse in the 
United States and probably globally. 
Recent California legislation grouped potable reuse into four 

types of applications: (1) groundwater augmentation, (2) 
reservoir water augmentation, (3) raw water augmentation, 
and (4) treated water augmentation.5,14 Treated water 
augmentation is the introduction of advanced treated water 
directly into a public potable water system. Raw water 
augmentation is the introduction of recycled water into a 
raw water supply immediately upstream of a water treatment 
plant. Surface water augmentation and groundwater augmen-
tation occur when recycled water is provided for potable 
purposes using an environmental buffer (lake, reservoir, river, 
or aquifer) before water is treated at a drinking water treatment 
plant.1 Other classifications or applications of potable reuse 
seek to distinguish between direct and indirect use, with 
treated and raw water augmentation being direct potable reuse 
(DPR) and groundwater and reservoir water augmentation 
being indirect potable reuse (IPR). 
Municipal water reuse offers significant untapped water 

supplies in areas experiencing population growth, uncertainty 
in availability of water supplies, and water shortages. While the 
majority of municipal water reuse relies on centralized facilities, 
decentralized NPR treatment systems are an emerging 
approach for collecting, treating, and reusing water within 
the fenceline of a building or campus or among adjacent 
buildings. Fit-for-purpose treatment approaches for municipal 
water reuse have the potential to save water, reduce production 
costs, and decrease energy demands.15 This is due to both the 
introduction of new technologies to provide water at specific 
quality standards for each reuse objective or end-user 
application and also new water and wastewater infrastructure 
system configurations that eliminate unnecessary treatment 
and long-range distribution and conveyance. 
In the U.S., there are over 40 IPR facilities and a handful of 

DRP facilities under study, in design, undergoing approval, or 

already in operation.16 In California, there are currently nine 
permitted groundwater augmentation facilities, with existing 
production estimated at 207,500 acre-feet per year (AFY). 
There are plans for 24 more groundwater augmentation 
facilities (an additional 310,500 AFY), five more reservoir 
water augmentation facilities (119,000 AFY), and three more 
raw water augmentation facilities (∼91,000 AFY). In total, 
California’s planned potable reuse capacity could reach an 
estimated 728,000 AFY, serving ∼5.8 million people, or more 
than ∼1/8 of the 2020 population.17 

Municipal reuse can supply water for nonmunicipal purposes 
as well, including power plants. Using alternative water in 
power plants can bring a reliable source of sufficient water 
quality to power plants, reduce water-related risks, and 
potentially provide regulatory or reputational benefits.18 

Power plants require water for cooling, boiler feedwater, 
scrubber solutions, wastewater treatment, and dilution, among 
other processes. Power plants use a variety of alternative water 
sources to reduce pressure on freshwater or groundwater 
resources. 19−23 In 2015, a reported 203.2 million gallons per 
day (MGD) (227,600 AFY) of recycled water was used for 
thermoelectric power generation.24 Due to limitations in how 
reuse was reported, this may be an underestimate. 
In 2005 and 2015, the thermoelectric power sector 

accounted for 49% and 41% of total water withdrawals, 
respectively, with several case studies emerging as national best 
practices of municipal reuse at electric utilities.24,25 This 
decline is expected to continue with higher penetrations of less 
water-intensive renewable electricity.26 At the same time, the 
economic cost of building or retrofitting existing treatment 
facilities, either at the power plant or wastewater treatment 
plant (WWTP), can be a key determinant in the potential for 
reuse in power plants. Geographic proximity of municipal 
reuse sources to power plants is an important factor in a power 
plant’s use of municipal recycled water for cooling and other 
processes. An estimate of 81% of power plants proposed for 
construction have the potential for use of a municipal effluent 

Figure 1. Current and potential future dispositions of municipal wastewater in the United States. Volumes given in billions of gallons per day. 
Figure prepared using information from the National Water Reuse Action Plan42 and National Database of Water Reuse Facilities Summary 
Report.43 
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supply within a 10-mile radius of the plants.27,28 When 
considering geographical proximity, the cost difference 
between recycled water and conventional freshwater supplies 
for power plants can vary. Often, further treatment at the 
power plant is required to reduce nutrient, microbial, or 
contaminant levels to minimize scaling, corrosion, and 
biofouling that could otherwise occur. 29 One of the main 
drivers for use of municipal effluent in power plants is the 
regulatory requirement for certain levels of water quality.6 

Constituents of potential concern for power plant operations 
include Na, Ca, Mg, alkalinity, Cl, SO4, SiO2, pH, B, NO3, Ba, 
Sr, and total organic carbon.18,30 A joint workshop with 
wastewater and electric utility experts described key character-
istics of successful recycled water use in power plants that 
included active collaboration, clearly defined water quality and 
flow rates, optimal and adaptable system design and regulatory 
compliance, and outreach.25 Case study reviews of municipal 
recycled water use in power plants found that benefits include 
reduction of permitted discharges, elimination of stormwater 
discharge, increased revenue, facilitation of wastewater treat-
ment plant siting, cost reduction, and improving watershed 
stewardship.18 

1.2. Current Status, Emerging Trends, and Principal 
Drivers in Municipal Reuse. U.S. municipal wastewater 
treatment plants (WWTPs) currently treat an estimated 33 
billion gallons per day (BGD); only an estimated 1.8 BGD (or 
6.6%) is recovered for reuse (Figure 1).31 The amount of 
recycled water in the U.S. has been growing at about 5% 
annually from 2013.32 With about half of U.S. cities expected 
to be water stressed by 2050, a municipal reuse rate of 50% 
may represent an upper limit on future reuse. Globally, nearly 
1000 cubic kilometers of wastewater (724 BGD) is generated 
annually, with an estimated $50 billion dollars spent to treat 
only a fraction of wastewater.33 A recent study estimated that 
globally only 1.7% of municipal wastewater is reused.34 The 
estimated breakdown of municipal reuse after advanced 
treatment includes 32% to agricultural end uses, 20% to 
landscaping end uses, 19.3% to industrial uses, 8.3% to 
municipal nonpotable uses, 8.0% to environmental uses, 6.4% 

to recreational uses, 2.3% to IPR, 2.1% to groundwater 
recharge, and 1.6% to other water uses. 35 

Reuse has been developed primarily in regions where new 
freshwater supplies are highly constrained. In some water-
stressed countries, over 80% of wastewater is reused for 
agricultural irrigation.36 In Israel, where freshwater resources 
are expected to decline in the future, about 90% of wastewater 
effluent is currently treated for reuse in the agricultural 
sector.37 In Singapore, the densely populated and land-scarce 
city-state aims to reach 100% municipal reuse for all possible 
uses. Currently, their NEWater scheme supplies up to 40% of 
Singapore’s water use. 15,38,39 The longest running DPR facility 
is in Windhoek, Namibia, where it has been operating since 
1968 and now provides over a quarter of the city’s total supply 
from treatment of secondary treated sewage effluent for reuse 
as raw water.40 In 2007, the Australian federal government 
responded to their extensive drought by mandating 30% reuse 
by 2015. In a review of the implementation of reuse projects in 
Australia, Kunz et al.41 found the deployment of reuse to be 
highly uneven, with individual utilities recycling anywhere from 
0 to close to 100% of wastewater. 
Relative to other alternative water sources, a unique feature 

of municipal reuse is that it ties together water and wastewater 
systems that are often owned, operated, and regulated by 
separate entities. Water providers are generally responsible for 
water supply planning and wastewater facilities for the 
environmental impact of wastewater outflows. Survey data 
from the United States show three primary drivers of reuse 
projects: water scarcity, environmental constraints on waste-
water effluent, and state-level mandates to develop and 
implement integrated water resource plans (IWRPs).44−46 

Depending on the motivation, reuse projects may be initiated 
by either party. Obstacles to reuse include energy require-
ments, cost effectiveness,47−50 lack of consistent regulatory 
frameworks,51 and legal restrictions.52 

Municipal reuse in the United States is still largely 
nonpotable, occurring primarily in California, Florida, and 
Texas. In all three states, experience with drought and 
groundwater depletion have led to guideline development 

Table 1. Relevant Regulatory and Planning Considerations That Influence Municipal Reuse Decisions 

Municipal reuse 

Favorable Neutral Unfavorable Reason 

Federal Safe Drinking Water Act x Avoided effluent discharge 
Clean Water Act x No issue 
National Environmental 
Production Act 

x Reduces raw water withdrawals 

Endangered Species Act x Does not incur environmental review 

State Ocean protection x Avoids effluent discharge 
GW management x Reduces GW withdrawals 
Restrictions on reuse x Limits applications 
Reuse quality standards x Could raise or lower costs 
Water rights x May be complicated if return flows are committed to downstream users 

Local Conservation/Efficiency x Decreases in flows 
Cost recovery x Aligns most closely with existing operations 
Conveyance costs x Requires dual piping for NPR 
Drought proofing x ? Reuse supply will decrease during droughts but may be less impacted than 

surface water sources 
Local control x Locally owned and operated, often in collaboration with wastewater utility or 

regional water district 
Public acceptance x Initial poor image improving 
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and implementation of potable reuse. 53 When considering any 
water supply project, water districts consider a number of 
factors that may vary by state and by region (Table 1). State-
level environmental regulations may create more stringent 
requirements than the federal statute; for example, the 
California Ocean Plan sets water quality requirements for 
ocean waters and mandates that, in case of conflict with other 
statutes, the more stringent provision shall apply.54 Water 
rights are also managed at the state level. Depending on the 
way water rights are allocated, users downstream of a 
wastewater treatment plant discharging into a stream or river 
may have rights to that “return flow” water, which can 
complicate the development of municipal reuse projects. The 
circularity of municipal reuse creates challenges in correctly 
accounting for its role in water supply, particularly when used 
for groundwater recharge. 
Table 1 provides a summary of regulatory and planning 

considerations that influence water supply project decisions 
along with an indication of whether these are overall favorable, 
unfavorable, or neutral for municipal reuse. One of the biggest 
advantages of municipal reuse is that its overall perception is as 
a net environmental benefit. Generally, the municipal waste-
water system is already part of the built environment, so reuse 
projects do not require the burdensome level of environmental 
review that accompanies other new supply options. Water 
districts also place a high value on local control of supply, 
which favors reuse. 
Cost control and cost recovery are challenges for the water 

industry in general. Municipal reuse projects have the 
advantage of offsetting known capital and operating costs 
associated with effluent treatment and disposal and related 
permitting. They also have the possibility of generating 
additional revenues through the sale of recycled water. 
However, current utility practices do not always provide for 
costs to be allocated to specific projects and recovered from 
the beneficiaries of these projects in a coherent way. The 
American Water Works Association (AWWA) recommends 

the use of “cost-based rates that generate revenue from each 
class of customer in proportion to the cost to serve each class 
of customer”; these are considered fair and equitable and lead 
to sustainable financial management.55 Methodologies have 
been developed for conventional supply but are not well 
developed for alternative sources, including reuse. A project 
may be cost effective, but if not all utility customers benefit 
from the project, then cost recovery may not be equitable. 
Onsite municipal reuse faces an additional challenge because 
wastewater bills are often charged as a fraction of the water 
volume supplied on the assumption that a percentage of that 
delivered water ends up in the wastewater collection system. 
Onsite reuse makes the percentage assumed invalid and can 
leave fewer customers to pay for the costs of maintaining the 
collection system. In a recent AWWA survey of 19 utilities that 
had implemented NPR, only two reported definitively that 
revenues from the sale of recycled water covered the costs of 
production.56 

1.3. Current Treatment Practices for Municipal Reuse. 
Current treatment for potable reuse is based on five main 
objectives: removal of suspended solids, reduction of dissolved 
chemicals, disinfection, water stabilization, and treated water 
aesthetics (Table S1, Supporting Information). Representative 
treatment trains and illustrative facilities for each are provided 
in Figure 2. Media and membrane filtration have been used for 
removing suspended solids in the effluent from conventional 
wastewater treatment processes. Processes that include reverse 
osmosis (RO), electrodialysis (ED), electrodialysis reversal 
(EDR), nanofiltration (NF), granular activated carbon (GAC), 
ion exchange (IX), and biologically active filtration (BAF) are 
used to remove trace organic compounds, pathogens, dissolved 
chemicals, and total dissolved solids (TDS). Each unit process 
is unique in its capability for removing subgroups of chemicals 
within the different categories of dissolved chemicals in the 
treated wastewater effluent. Without stabilization, the water 
produced from membrane filtration processes of RO and NF 
can be highly corrosive toward metallic plumbing or concrete 

Figure 2. Treatment trains used for municipal wastewater potable reuse: O3, ozone; MF, microfiltration; UF, ultrafiltration; Sand F, sand filtration; 
Media F, media filtration; C/F, coagulation/flocculation; RO, reverse osmosis; GAC, granular activated carbon; BAC, bioactivated carbon; UV, 
ultraviolet; AOP, advanced oxidation process; Cl, chlorination; DAF, dissolved air flotation; PAC, polyaluminum chloride; GW, groundwater; SW, 
surface water. Illustrative facilities in bold are case studies examined in this work. 
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storage tanks. Disinfection technologies include ultraviolet 
(UV) irradiation, chlorination, peracetic acid disinfection, 
pasteurization, chlorine dioxide, ozone, and advanced 
oxidation processes (AOPs) for potable reuse treatment to 
inactivate pathogenic microbes or degrade chemical contam-
inants via oxidation. Aesthetics of the treated water plays a 
crucial role in public perception and acceptance of recycled 
water, especially for DPR. Each treatment process for the five 
treatment objectives has been discussed in detail in the potable 
reuse compendium.1 

1.4. Pipe Parity Framework for Municipal Water 
Planning and Wastewater Reuse. Pipe parity, a concept 
proposed by the U.S. Department of Energy, defines the state 
where a set of new technologies is competitive with 
conventional solutions.57 A water source may be considered 
to have achieved pipe parity when a decision-making body 
considers it to be the next best option (i.e., their marginal 
water source) when compared to sources they might have 
relied on in the past. While a key pipe parity metric is the 
levelized cost of water (LCOW), metrics of pipe parity can also 
include electricity use, renewable energy integration, and 
indicators of resilience and environmental impacts. For 
example, a water user may pay more for a water source that 
is more reliable during droughts or that they expect to be more 
consistently available over the long term, given the expected 
regulatory regime, climate conditions, and/or competition 
from other users. 
Pipe parity can inform municipal water planning by 

providing a range of metrics that utilities may use in their 
decision-making process and a framework for prioritizing them. 
Many utilities use some form of integrated water resource plan 
(IWRP) to craft these long-term strategies. These IWRPs are 
one of the drivers for increased interest in municipal reuse. 
Central to many IWRPs are stakeholder-based weighting of 
quantitative and qualitative factors (e.g., cost, reliability, 
environmental impact) since cost is an important but 
insufficient metric for making a decision. We propose a 
framework for evaluating pipe parity to rate, compare, and 
identify technology solutions that are competitive with existing 
water sources and end-use applications. We present this 
framework initially using two metrics: LCOW and energy use. 
Going forward, we anticipate that the metrics generated by the 
pipe parity framework will map closely to typical factors 
commonly used in IWRPs. It may also provide a basis for more 
utilities to adopt integrated regional water management 
planning at a lower cost. 
1.5. Regulatory Framework. In the U.S., responsibility 

for water resource planning and environmental management 
lies primarily with the state governments. Although the U.S. 
Environmental Protection Agency is ultimately responsible for 
drinking water and wastewater effluent regulatory standards, 
responsibility for their implementation is delegated to the 
states. We review the laws governing water planning and 
potable reuse in California, Texas, and Virginia. In all cases, 
state regulations mandate the development of a state-wide 
water plan with required input from local water districts. The 
core of this exercise is to project future demand and assess the 
sufficiency of future supplies, including under possible drought 
scenarios. In cases where traditional freshwater supplies are 
forecast to be insufficient or unsustainable, the state may make 
recommendations on which water management strategies are 
preferred. In general, these recommendations are not binding, 
and local water districts are free to decide on which projects 

they implement. However, financial and other support may be 
available to incentivize the implementation of preferred 
strategies. 
The responsibility for monitoring and enforcing these 

regulations is generally delegated to various state agencies, 
including departments of public health, environmental 
protection, and fish and wildlife management. States may 
also impose additional requirements. For example, California 
has enacted regulations governing NPR and IPR, with rules for 
groundwater and surface water augmentation effective in 2014 
and 2018, respectively. DPR is still being reviewed with a 
statutory deadline for regulating raw water augmentation in 
2023. No timeline exists yet for regulating treated water 
augmentation. Another important state-level function is 
groundwater basin management. Municipal reuse can be 
used to offset groundwater depletion through augmentation. 
The existence of a state-level legal requirement to manage 
groundwater levels (e.g., California’s Sustainable Groundwater 
Management Act) can indirectly incentivize reuse. 

1.6. Study Scope and Objectives. This study focused on 
quantifying and analyzing data associated with the current 
status of technology for treated municipal wastewater as a 
nontraditional source of potable municipal water supply and 
building-scale reuse. For building-scale reuse, we focused on 
systems that treat mixed wastewater (or black water) as 
opposed to gray water systems. Centralized municipal reuse for 
nonpotable uses (e.g., landscape irrigation) or in the 
agricultural sector was beyond the scope of this study. A set 
of focused case studies was developed that is representative of 
these end uses and that includes a range of treatment trains. 
We used the case studies and additional review of the literature 
to quantify the current range of cost and energy metrics. 
Examination and analysis of the data sought to synthesize 

and build on previous research, while also making novel 
contributions through the use of the newly developed Water 
Techno-economic Assessment Pipe-Parity Platform (Water-
TAP3). Through the analysis of case studies, application of 
WaterTAP3, and review of previous literature we aimed to (a) 
identify the impacts of treatment train selection and facility size 
on pipe parity metrics, (b) compare the pipe parity metrics 
from WaterTAP3 with the data assets and metrics currently 
used by reuse facilities to validate the model and identify needs 
for model refinement, and (c) compare pipe parity metrics for 
potable reuse from different alternative source waters using a 
common analysis platform. As novel contributions initiated as 
part of this work, our objectives were to (1) assess the 
sensitivity of cost and energy metrics to specific input variables 
for the facilities, (2) perform a robust TEA for building-scale 
NPR, and (3) evaluate the cost and energy of implementing 
deep well injection or zero liquid discharge, options that might 
be required for an inland RO-based facility. The outputs of this 
baseline study can be used to identify opportunities for 
improving costs and performance that can be addressed 
through early stage research so municipal reuse can achieve 
pipe parity more broadly. 

2. METHODS 
2.1. Case Study Selection. Baseline case studies were 

down selected from a list of candidate case studies curated 
based on the location, history, size of facility, data available on 
influent water to facility, treatment trains, and their unique 
aspects for municipal reuse. A total of four U.S. case studies 
were chosen where readily available data could be collected for 
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TEA, modeling, and metric benchmarking. Data were collected 
and analyzed to understand variations in the contexts of reuse 
for four case studies (Table 2). The Orange County Water 
District-Groundwater Replenishment System (OCWD-
GWRS) in California and the Hampton Roads Sanitation 
District−Sustainable Water Initiative for Tomorrow (HRSD-
SWIFT) in Virginia are representative cases of RO-based and 
O3/BAF/GAC-based treatment trains, respectively, the two 
dominant categories of treatment trains used for potable reuse. 
The Colorado River Municipal Water District Raw Water 
Production Facility (RWPF) in Big Spring, Texas, is a raw 
water augmentation facility with an RO-based treatment train 
that is the only currently operating DPR facility in the U.S. 
Finally, the Solaire in-building water reuse system in Battery 
Park City, New York, is an example of a decentralized 
nonpotable reuse facility. Two additional case studies of 
municipal reuse for electric power applications were profiled 
but not examined with TEA due to the main focus of this study 
on reuse in the municipal sector. These are Alliant Energy’s 
Emery Generating Station in Iowa and the Palo Verde Nuclear 
Generating Facility in Arizona (Section S1, Supporting 
Information). 
2.2. Techno-Economic Analysis. WaterTAP3 simulates 

steady-state water treatment train performance and costs 
including flow and constituent mass balance across unit 
processes, based on source water conditions, configurations of 
treatment technologies, and system-level techno-economic 
assumptions.58 Case study performance was evaluated using 
the LCOW (cost per unit of treated water, $/m3), energy 
intensity (energy consumption per unit of treated water, kWh/ 
m3), and water recovery (percentage of water recovered for 
beneficial use relative to the source water). Costs estimated by 
the model include capital investment and annual operating and 
maintenance costs, consisting of variable (e.g., energy, 
chemical) and fixed (e.g., labor, maintenance) operating 
costs. These costs are represented at the unit-process level 
(i.e., per treatment technology within the train) and aggregated 
to the system level. The results from WaterTAP3 can identify 
trade-offs among the different system performance metrics and 
provide insight into how particular technologies or systems 
promote pipe parity. 
We used WaterTAP3 to simulate four treatment trains that 

are representative of the OCWD, HRSD, Big Spring, and 
Solaire case studies. Details of unit-specific configurations and 
system-level techno-economic assumptions for each train are 
discussed below and provided in Tables S3 and S4 of the 
Supporting Information. We simulated an additional five 
scenarios for the Big Spring treatment train to provide insight 
into deep well injection (DWI) and zero liquid discharge 
(ZLD) costs and impacts on system performance for an RO-
based treatment trains in a semiarid inland context. 

3. RESULTS AND DISCUSSION 
3.1. Municipal Reuse Case Studies. 3.1.1. Hampton 

Roads Sanitation District. HRSD is an independent political 
subdivision of the Commonwealth of Virginia that operates 
nine major and seven smaller WWTPs in southeastern 
Virginia, serving a population of more than 1.7 million 
residents with a total capacity of about 250 MGD. Given the 
sensitivity of the Chesapeake Bay ecosystem, HRSD has faced 
challenges with nutrient discharges and sanitary sewer overflow 
management. To address these challenges, HRSD initiated the 
Sustainable Water Initiative for Tomorrow (SWIFT). T
ab
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Supported by an ongoing research and development program, 
HRSD’s ultimate goal with SWIFT is to apply advanced water 
treatment to up to 100 MGD of its already highly treated 
wastewater. The resulting SWIFT water meets drinking water 
standards and is used to replenish the overdrawn Potomac 
aquifer. SWIFT is a unique example of IPR in a region with 
abundant surface water supply. 
The Hampton Roads metropolitan region is part of the 

Eastern Virginia Groundwater Management Area (EV-
GWMA). Upon passage of the Ground Water Management 
Act in 1992, the Virginia Department of Environmental 
Quality (VDEQ) began regulating groundwater withdrawals in 
designated GWMAs to address the long-term decline of 
groundwater levels and potential saltwater intrusion. The 
Virginia Water Control Law was amended in 2000 to promote 
the reclamation and reuse of wastewater. Legislation enacted in 
2003 for state entities, and 2005 for local entities, requires the 
development of long-term water supply plans incorporating 
demand projections, assessment of supply adequacy, and 
drought response plans. In this context, the Hampton Roads 
Planning District Commission published a regional water 
supply plan in 2011 that identified potential problems with 
overuse of groundwater in the Coastal Plain Region and 
underlying Potomac Aquifer, including land subsidence and 
tightening of permitted withdrawals by the VDEQ due to 
falling groundwater levels. 
HRSD established a 1 MGD demonstration facility in 2018 

that is co-located with the 30 MGD Nansemond Treatment 
Plant. The demonstration facility, known as the SWIFT 
Research Center (SRC), consists of advanced water treatment 
processes that produce water that meets drinking water 
standards.59 A network of monitoring wells monitor the 
progress of the SWIFT water through the aquifer.60 

SWIFT started out with a pilot-scale facility at the York 
River Treatment Plant in 2016. At pilot scale, a side-by-side 
comparison of carbon-based (Ozone/BAF/GAC) and mem-
brane-based (MF/RO/AOP) treatment trains was conducted 
for 7 months.61 Both treatment trains met all primary 
maximum contaminant levels (MCLs) and most secondary 
MCLs of the Safe Drinking Water Act, as well as additional 
total nitrogen (TN; 5 mg/L-N) and total organic carbon 
(TOC; 4 mg/L) limits.61 The carbon-based train does not 
remove total dissolved solids (TDS), resulting in a TDS of 
500−600 mg/L, which is above the secondary MCL. However, 
a high TDS is favorable for compatibility with the Potomac 
aquifer because it avoids metal mobilization and clay 
dispersion in the aquifer that could potentially clog the 
recharge wells. While both treatment trains met HRSD’s water 
quality goals, the carbon-based system had benefits of potential 
capital and operating cost savings and the elimination of a 
brine stream. On the basis of these advantages, HRSD selected 
to move forward with the carbon-based system for the SRC. A 
higher TDS influent or different effluent standards could have 
resulted in a different choice of treatment train. The full SRC 
advanced treatment process consists of coagulation, floccu-
lation and sedimentation, ozone oxidation, biologically active 
filtration (BAF), granular active carbon (GAC) adsorption, 
ultraviolet disinfection, and pH adjustment (Figure 3).59 The 
figure includes the WaterTAP3 cost and energy estimates for 
each component of the HRSD SWIFT system, and those 
results are discussed further in a subsequent section. As of 
October 2020, the aquifer has been recharged with 300 million 
gallons of water since the SRC’s opening in May 18, 2018. The 
groundwater hydraulic response and the effect on land 
subsidence are monitored by an extensometer installed by 
the U.S. Geological Survey. 

Figure 3. Process flow diagram for a SWIFT advanced treatment plant of HRSD with cost and energy intensity estimates for a 14.5 MGD facility 
predicted by WaterTAP3. 
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HRSD plans to install up to 100 MGD of SWIFT water 
capacity by adding full-scale SWIFT treatment facilities at up 
to five wastewater treatment plants by 2032. The funding for 
the full-scale program is supported by funds from the Water 
Infrastructure Finance and Innovation Act. HRSD is 
collaborating with federal, state, and regional entities by 
sharing research and operational data to mitigate challenges for 
the implementation of the program. 
3.1.2. Orange County Water District: Groundwater 

Replenishment System. The Orange County Water District 
(OCWD) is a wholesale water agency responsible for 
sustainable management of the Orange County Groundwater 
Basin. OCWD provides groundwater to cities and water 
districts that serve drinking water to 2.5 million residents of 
north and central Orange County. To replenish and maintain 
the groundwater supply, OCWD conducts managed aquifer 
recharge using local Santa Ana River water, purified (recycled) 
water, and imported water. The advanced treatment facilities 
and related recharge infrastructure are known as the Ground-
water Replenishment System (GWRS), a joint project with the 
Orange County Sanitation District (OC San). This project was 
conceived in the mid-1990s when OC San was faced with the 
costly need to build a second ocean outfall to discharge treated 
wastewater and OCWD needed to expand Water Factory 21 
(GWRS’s predecessor) and address challenges with seawater 

intrusion. Given that drought conditions, in general, are 
expected to worsen in California, the decision was made to 
collaborate to build the state-of-the-art Advanced Water 
Purification Facility (AWPF) to purify OC San wastewater 
and send it to OCWD recharge basins. 
The California Water Code requires urban water suppliers to 

prepare an Urban Water Management Plan (UWMP) every 
five years. The UWMP for the OCWD service area is prepared 
by the Metropolitan Water District of Orange County 
(MWDOC). In the latest plan, MWDOC notes that 
groundwater supplies 45% of Orange County water needs in 
a normal year, approximately 200,000 acre-feet in 2020.62 The 
GWRS facility, when operated at its current full capacity (100 
MGD), supplies approximately 35% of the OCWD service 
area’s groundwater replenishment needs. 
On January 10, 2008, OCWD commissioned the initial 70 

MGD GWRS that replaced the 5 MGD Water Factory 21 that 
had begun service in October 1976. The facility was expanded 
in 2015 to 100 MGD, and a final expansion to 130 MGD is to 
be completed in 2023. It is currently the largest potable reuse 
facility in the world. The treated water from the AWPF is 
directly injected into a seawater intrusion barrier as well as 
gravity percolated for groundwater recharge. The treatment 
train is based on MF, RO, and advanced oxidation with UV/ 

Figure 4. Process flow diagram of the Advanced Water Purification Facility of the OCWD Groundwater Replenishment System with cost and 
energy estimates for the 100 MGD facility predicted by WaterTAP3. 
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H2O2 (Figure 4), and the cost and energy estimates presented 
in Figure 4 are discussed further in the next section. 
3.1.3. Colorado River Municipal Water District’s Raw 

Water Production Facility in Big Spring, Texas. The 
Colorado River Municipal Water District (CRMWD) was 
formed in 1946 to manage the construction and operation of a 
reservoir on Texas’ Colorado River to meet the water needs of 
West Texas.63 In subsequent years, additional surface storage 
was constructed along with a number of smaller side storage 
and evaporation reservoirs. The latter were needed to help deal 
with increasing salinity levels in local surface and groundwater. 
The district currently provides water to 600,000 users across 
36 counties. CRMWD is a member of “Region F”, one of 21 
designated water planning groups that contribute to the 
development of the Texas State Water Plan. Within this region, 
the largest sectoral demand is for irrigation; municipal demand 
represents about 20% of total demand.64 

Coincident with a severe drought in West Texas from 2008 
to 2012, CRWMD initiated the construction of the Big Spring 
Raw Water Production Facility (RWPF), the first DPR facility 
in the U.S. In May 2013, CRMWD began augmenting raw 
water supplies with 2 MGD of advanced treated water from its 
$14 million RWPF in Big Spring, Texas. Water produced from 
this facility is blended with CRMWD’s surface water and 
distributed to five drinking water treatment plants.65 The Big 
Spring RWPF capacity represents about 1.5% of municipal 
demand; although this is a small number, it continuously 
provides critical local supplies, even under drought conditions. 

At the RWPF, filtered secondary effluent is treated with MF, 
RO, and UV-AOP (Figure 5). The advanced treated water 
derived from the wastewater effluent is then added to a raw 
water pipeline that is transmitting water from a source water 
lake. The cost and energy estimates from WaterTAP3 
presented in Figure 5 are discussed further in the next section. 
The treated water is blended with raw water in a transmission 
line. The blended water is then treated in one of several 
drinking water treatment facilities before distribution.66,67 

3.1.4. Solaire Building. The Solaire building system was the 
first high-rise residential decentralized NPR project in the U.S.; 
the building itself received LEED Gold certification. The many 
water-saving design features qualified the project for a 25% 
reduction in water and sewer rates from New York City as well 
as tax credits from the state.68 Since beginning operation in 
2003−2004, it has demonstrated consistent performance in 
reducing potable water demand by 50% and reducing 
wastewater flows 60%. 
The Solaire water treatment system handles an average daily 

flow of 25,000 gallons per day (0.025 MGD) of blackwater and 
graywater. Blackwater and graywater are blended and have 
anticipated loads typical of domestic wastewater: biochemical 
oxygen demand 250−280 mg/L, total suspended solids 220− 
250 mg/L, and total N 40−50 mg/L. This water is collected in 
an aerated feed tank where it is held for processing. Any excess 
wastewater is discharged by gravity to sewers. Principal 
treatment is via a membrane bioreactor (MBR), which 
includes an anoxic reactor to reduce nitrate and nitrite, 

Figure 5. Process flow diagram of the Raw Water Production Facility in Big Spring, Texas, together with cost and energy estimates predicted by 
WaterTAP3. 
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followed by an aerobic reactor for carbonaceous oxidation and 
nitrification, and a hollow-fiber filter membrane for 0.04 μm 
ultrafiltration. The MBR is followed by UV and ozone 
oxidation. Treated water is stored, passes through a heat 
recovery system, and then reused for toilets, cooling towers, 
and irrigation. A separate rooftop system collects rainwater 
through a media filter and then uses it for irrigation; this 
rainwater system is not included in the modeled results. The 
energy recovery system provides the equivalent of up to ∼400 
kWh/day of domestic water heating and thus can completely 
offset the ∼350 kWh/day energy needs of the treatment 
system, resulting in a payback of 3−10 years for the energy 
system depending on the building energy source. The 
treatment process is illustrated in Figure 6 together with cost 
and energy estimates for the process that are discussed further 
in a later section. 
Solaire has demonstrated the technical and economic 

viability of decentralized NPR in multiple ways: (1) Waste-
water is treated to the specific level needed for the selected 
reuse options. (2) Energy costs of pumping water to and from 
the site are avoided. (3) Heat recovery from the wastewater 
has offset overall building energy use for producing hot water. 
The modeled overall LCOW of the system at just over $2.73/ 

m3 also compares favorably to the current combined rate of 
$3.65/m3 for water and wastewater in New York. 

3.2. Comparison of Model Outputs with Facility Data. 
The comparison of model output and facility data is a means of 
identifying areas of the model that could benefit from future 
refinement. The energy intensity data for OCWD are very 
close for the model output (1.18 kWh/m3) and 2019 facility 
data (1.17 kWh/m3). The electricity intensity of specific unit 
processes are also very close for the model output and facility 
data (Table S5). For comparison of modeled and actual costs, 
we focused on operating and maintenance costs since the 
levelization of capital costs is subject to numerous assumptions 
that may not align perfectly between the model and the facility 
(e.g., land costs). For the OCWD GWRS, the total operating 
and maintenance cost in 2019 of $68.3 million is about 50% 
higher than the model output of $48.6 million. However, if the 
debt service is removed from actual operating and maintenance 
costs, then the facility data are $44.0 million. The annual 
operating and maintenance costs of OCWD from WaterTAP3 
and from the facility are compared in Table S6. WaterTAP3 
estimates a higher cost associated with electricity ($0.17/m3) 
than is reported for the facility ($0.13/m3). Chemical costs are 
quite similar between the facility and the model. 

Figure 6. Process flow diagram of the on-site water treatment system at Solaire together with cost and energy estimates for the facility predicted by 
WaterTAP3. 
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Because the HRSD SWIFT full-scale facilities have not yet 
been constructed, there are no facility data for comparison, but 
electricity and operating and maintenance cost estimates from 
engineers involved in the design of the full-scale facilities were 
available. The estimated electricity demand for the facility is 
85% higher than the calculated output from WaterTAP3 

(Table S7). This difference is largest for UV treatment, 
which is estimated to require much more electricity (0.30 
kWh/m3) than is modeled in WaterTAP3 (0.10 kWh/m3). The 
facility estimate is also much higher than the reported facility 
value for OCWD (0.07 kWh/m3) (Table S5), which may 
either indicate greater electricity demand for the properties of 
the HRSD water than for OCWD or that the facility value for 
HRSD is overestimated. Facility estimates of operating and 
maintenance costs are also higher ($0.50/m3) than modeled in 
WaterTAP3 ($0.38/m3) (Table S8). The biggest differences 
are for coagulation/flocculation, ozone, and chlorination, 
which are higher for facility estimates, and for biofiltration, 
which is lower for facility estimates. 
For Big Spring, the facility value (1.4 kWh/m3) is about 30% 

lower than the model value (1.73 kWh/m3), which may be due 
to facility electricity costs being less than assumed in the 
model. The Big Spring facility has not reported operating and 
maintenance costs, so a comparison of modeled and actual 
costs was not possible. 
Before accounting for energy recovery, the energy intensity 

reported for Solaire of 3.67 kWh/m3 is 5% larger than the 
model value of 3.50 kWh/m3 . Solaire reported annual 
operating and maintenance costs of $2.84/m3 , while the 
model output was $0.62/m3; this underestimate of the model 
appears to be due at least in part to the small scale of the 
Solaire system. While the Solaire system treats 25,000 gallons 
per day, the Water-TAP3 model was built using flows on the 
order of millions of gallons per day. A separate set of cost 
curves tailored to the small Solaire flows was generated for the 
model to address this issue of scale. However, cost data at this 
scale are limited, and the discrepancy was not fully resolved for 
this study. 
3.3. Discussion and Analysis of Pipe Parity Results. 

3.3.1. Comparison of Pipe Parity Metrics for RO-Based and 
BAF/O3/GAC-Based Treatment Trains. Energy and cost 
factors from WaterTAP3 can be broadly grouped into two 
groups: those stemming from acquisition, distribution, and 
storage and those from treatment. Cost factors for acquisition 
and distribution can be influenced by pumping efficiency and 
the specific geographic context of the facility relative to the 

municipal wastewater source and the final distribution 
locations. On the basis of the results already presented for 
the three case studies (Figures 3−5), acquisition, storage, and 
distribution contribute from 14.4% to 28.9% of the total 
LCOW and from 20.7% to 36.9% of the electricity demand. 
Because the energy requirements and costs of conveyance can 
be specific to a given location, we focused just on the 
components of treatment when comparing the treatment trains 
of the three cases studies. 
When focusing on treatment, principal treatment is the 

largest cost for all three case studies (Figure 7). The overall 
LCOW of treatment is lowest for the O3/BAF/GAC-based 
treatment train of HRSD at $0.40/m3 . The two RO-based 
treatment trains are higher, $0.54/m3 for OCWD and $0.61/ 
m3 for Big Spring; the higher LCOW for Big Spring is likely 
due to its smaller scale such that it does not benefit as much 
from the economy of scale as the OCWD facility does. For 
water reuse facilities, the choice of treatment train will be 
influenced by factors beyond those of cost and electricity 
demand. For systems with influents that will require removal of 
TDS, an RO-based treatment train will be required, and RO 
also provides an effluent of overall higher quality. The Solaire 
onsite NPR system has a higher LCOW (about $2.73/m3) 
than the three centralized potable reuse systems. This higher 
LCOW is expected due to the absence of economies of scale 
and because the cost of wastewater treatment upstream of the 
potable reuse facilities was not included in their LCOW values. 
The Solaire’s MBR is the largest cost factor for both capital and 
operating expenses. 
For the three potable reuse facilities, the total capital 

investment is the largest piece of the LCOW when broken 
down by type of cost (Figure 8). Membrane processes drive 
both the capital costs and operating and maintenance costs of 
the OCWD and Big Spring facilities. Reverse osmosis is the 
single largest capital cost for those two facilities, and it is 
followed by MF. At HRSD, where there are no RO or MF 
membranes, the capital costs are more evenly distributed 
among the various unit operations. Of the operating and 
maintenance costs, electricity is the largest portion for OCWD. 
HRSD has more operating costs for chemicals due to the 
replacement of activated carbon for the GAC process. At 
HRSD, the dominant operating and maintenance costs are 
associated with BAF and GAC treatment; however, the BAF 
costs predicted by WaterTAP3 are 25 times higher than 
estimates made by personnel associated with the facility. This 
identifies BAF as a unit process in need of further refinement 

Figure 7. WaterTAP3 estimated cost and electricity intensity breakdown by treatment category type for three potable reuse case studies. These 
values do not include costs or energy associated with acquisition, storage, and distribution of water or of management of byproducts. 
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in future versions of WaterTAP3. All three facilities have UV 
irradiation as either part of an AOP process or for disinfection. 
Only at Big Spring is the UV cost among the top three most 
expensive unit processes. 
The two RO-based facilities (OCWD and Big Spring) have 

total electricity demands (i.e., not just treatment) of 1.18 and 
1.73 kWh/m3 , which are substantially higher than that of 
HRSD (0.47 kWh/m3) (Figures 3−5). When focusing just on 
the electricity demand of treatment, HRSD has an electricity 
demand of 0.30 kWh/m3 that is less than half that of the two 
RO-based facilities (0.84 kWh/m3 for OCWD and 1.26 kWh/ 
m3 for Big Spring) (Figure 7). For OCWD and Big Spring, the 
largest component of electricity use is principal treatment, 
which includes RO and MF. For HRSD, both principal 
treatment (includes BAF and GAC) and post-treatment 
(includes UV and chlorination) are substantial electricity uses. 
Reverse osmosis can be used to remove TDS concentration 

in a range from 1000 to 45,000 mg/L to concentrations below 
500 mg/L. Electrical energy spent in this process varies 
between 0.4 and 7 kWh/m3 depending on the volume and 
quality of water being treated.69 The pressure applied in RO 
for brackish and seawater desalination varies between 15 and 
80 bar depending on the TDS. For municipal water 

desalination, pressure applied is lower than 15 bar due to the 
relatively low TDS concentration. RO can efficiently remove 
most of the colloidal material, including bacteria, viruses, 
proteins, and smaller compounds, along with dissolved salts 
from water. 
O3/BAC is less expensive than RO in terms of initial capital 

and operations and maintenance costs because of the reduced 
energy requirements, elimination of concentrate and waste 
management costs, and higher water recovery. For example, in 
the study by Herman et al.,70 the initial capital cost (for 20-
year plant life with 25 MGD capacity) for RO was higher by 60 
MM$ than that for O3/BAC. Similarly, the operating and 
maintenance cost for RO was higher by 6 MM$/yr than that 
for O3/BAC. However, the equipment replacement costs for 
O3/BAC are higher (by 40 MM$) due to the higher cost UV 
system and replacement cost of O3 equipment.4 The 
combination of O3 and BAC can significantly transform or 
biodegrade effluent organic matter,71 trace organic contami-
nants oxidation,72 microbial pathogens, and indicators.48,73 

The primary limitations of O3/BAC include potential 
formation of bromate and N-nitroso-dimethylamine during 
ozonation, the inability to reduce TDS, and practical limits on 
TOC removal.74 

GAC can remove TOC, pathogens, and contaminants of 
emerging concerns. The capital, operation and maintenance, 
and environmental costs for RO and other membrane-based 
treatment are generally higher than that of the carbon-based 
treatment. Even with ocean discharge of the RO concentrate, 
the membrane-based treatment has higher capital and 
maintenance costs compared with those of the carbon-based 
treatment.75 In addition, the concentrated brine solution 
generated by RO needs further treatment in inland locations 
where direct discharge to the sea is not feasible. In a study by 
Schimmoller et al.,76 the triple bottom line cost was compared 
for treatment trains with RO and GAC. The capital cost 
incurred for the GAC train was lowest (90 MM$ for 20 
MGD), and the capital costs for trains with RO producing 20 
MGD varied from 120 to 300 MM$ depending on the 
concentrate handling techniques. With increasing capacity, the 
cost incurred for GAC became proportionately less expensive 
than RO. The annual operating and maintenance cost varied in 
a similar pattern as capital cost. For a 20 MGD plant capacity, 
an average of 3.6 MM$ was incurred for a GAC-based train 

Figure 8. WaterTAP3 estimated cost and electricity intensity 
breakdown by cost type for the overall production of water, which 
includes treatment as well as acquisition, storage, and distribution of 
water and management of byproducts. 

Figure 9. WaterTAP3 estimated cost and electricity intensity breakdown across different components of the overall production of water for 
facilities producing water from municipal supply from municipal wastewater, brackish water, and seawater. 
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and 6.0−10.8 MM$ for an RO-based train. When considering 
just the treatment train, BAF/O3/GAC-based treatment is less 
expensive and less energy intensive than RO-based treatment, 
but additional considerations of needs for removal of specific 
constituents, including TDS, and options for concentrate 
management can factor heavily into the choice of treatment 
train for a given location. 
3.3.2. Comparison of Pipe Parity Metrics for Potable 

Supply from Municipal Reuse, Brackish Water, and Sea-
water. A comparison of pipe parity metrics was made using the 
same WaterTAP3 platform for the three largest U.S. facilities 
practicing RO-based treatment of municipal wastewater, 
brackish water, and seawater for potable water supply. The 
OCWD GWRS already described here is the largest plant 
practicing municipal reuse with a current production capacity 
of 100 MGD. Supply from a brackish water treatment plant 
was modeled based on the Kay Bailey Hutchinson Desalination 
Plant (KBHDP) in El Paso, Texas, which has a production 
capacity of 27.5 MGD and uses RO to produce potable water 
from brackish water with a TDS of approximately 2500 mg/L. 
The largest seawater desalination plant is the Carlsbad Plant in 
California, which has a production capacity of 50 MGD using 
RO. For this comparison, brackish water has the lowest LCOW 
and seawater desalination the highest (Figure 9). These 
differences are consistent with the literature.49,77−80 Individual 
facility ranges depend on a variety of localized factors, 
including labor and electricity costs, composition of source 
water quality (e.g., higher TDS, more complex contaminants); 
acceptance, siting, and permitting for new projects; and 
willingness to invest in emerging technologies, processes, or 
systems upgrades (e.g., energy efficiency/demand response, 
energy recovery/generation, efficient membranes).81 These 
results are in line with other existing literature for energy or 
electricity intensity per m3 of water treated. Despite brackish 
water having a higher TDS (∼2500 mg/L) than the treated 
wastewater that is the influent to the municipal reuse facility 
(∼990 mg/L), the LCOW was lower for brackish water 
treatment, which is probably due to differences in the 
pretreatment processes prior to RO for the facilities. KBHDP 
uses 15 μm cartridge filters,82 and OCWD uses membrane 
microfiltration (<1 μm pore sizes) because of differences in the 
concentrations and nature of the suspended solids in brackish 
groundwater and treated municipal wastewater effluent. 
Membrane microfiltration is both more expensive and more 
energy intensive than the use of cartridge filters. Another 
finding was that pretreatment for municipal reuse is a 

significantly larger contribution in terms of LCOW relative 
to brackish and seawater. 
Figure 10 presents a synthesis of the WaterTAP3 results, 

specific facility values, and estimated ranges of the electricity 
intensity of potable water production from different sources in 
the U.S. The estimated ranges from previous studies for 
seawater83 and for the other sources shown in Figure 1084 

encompass the values generated by WaterTAP3 . For waste-
water reuse, they are also consistent with facility comparisons 
across the U.S.,8,85 including for the OCWD GWRS, Big 
Spring CRMWD, and West Basin, CA.8,86 Comparisons of the 
electricity intensity for treatment of different source water 
options in California noted a kWh/m3 range; the energy 
requirements for seawater desalination could be at least two to 
three times greater than municipal reuse, 87 and up to 25% 
higher in terms of costs, with both being significantly more 
cost and energy intensive than traditional surface water 
treatment. Some forecasts are anticipating roughly half these 
intensity levels within 20 years, and perhaps faster rates of 
change are possible.1,79,86 

3.3.3. Semi-Arid Inland RO-Based Treatment Concentrate 
Management Scenarios. ZLD uses advanced water treatment 
technologies to eliminate liquid waste from produced treated 
water and to increase water recovery. To achieve high water 
recoveries of greater than 99%, some ZLD systems use 
membrane technologies to manage the wastewater effluent, 
and this leads to high energy consumption and high costs.88 In 
a pilot-scale study of ZLD (100 L/h) to achieve high recovery 
(>99%), surface water was treated sequentially with a fluidized 
weak acid cation exchange resin, UF, NF, and GAC combined 
with marble filtration. In the same study, the treatment train 
for groundwater included precipitation at high pH followed by 
sedimentation, weak acid cation exchange, and NF. These 
trains were designed to increase the recovery rate of membrane 
installations such as NF or RO by removing the scaling 
components from the feedwater.89 

Management of high salinity residual streams is often the 
limiting factor for municipal reuse in semiarid inland settings 
where discharge to the ocean is not an option. The deployment 
of water reuse in Big Spring was largely possible because of the 
ability to discharge RO concentrate to Beals Creek, which is 
naturally brackish due to the local geology. The most cost-
effective method of managing concentrated brine is to 
discharge it to surface water as seen in the case of Big Spring. 
In the absence of such a naturally brackish surface water for 
discharge, DWI, evaporation in large pond systems, or ZLD 
systems can be considered. Five such scenarios, two with DWI 

Figure 10. Energy intensity of production of potable water from treatment of different source water options including the model estimates from 
WaterTAP3 and specific values for two water reuse facilities. 
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and three with ZLD, are presented below with results for the 
cost, energy intensity, and water recovery. These scenarios 
were implemented in WaterTAP3 for a facility with the 
production capacity of Big Spring (2 MGD) as well as its 
influent from treated wastewater and its inland context. 
Scenarios DWI-A and DWI-B are deep well injection. DWI-
B included ozonation, BAF, lime softening, and a second stage 
of RO to recover additional water prior to injection. The three 
ZLD scenarios all include ozonation, BAF, lime softening, and 
a second stage of RO. ZLD-A involves an evaporation pond 
and landfill. ZLD-B involves a brine concentrator prior to the 
evaporation pond. ZLD-C has a brine concentrator and 
crystallizer prior to the landfill. 
The deep well injection unit model in WaterTAP3 assumes 

the water is transported via pipeline. The capital costs are 
scaled to those for a deep well injection site used for the Kay 
Bailey Hutchison Desalination Plant located in El Paso, Texas. 

Capital costs are a function of the piping distance ($35,000 per 
mile) and the well pump construction. Unless otherwise 
specified, the pipe distance from the treatment facility to the 
deep well injection site is assumed to be 10 miles. If the brine 
were to be trucked from the treatment facility, transportation 
in Texas is less expensive (up to $5.2/m3) than in other states 
like Pennsylvania (up to $31.4/m3) due to the higher number 
of injection sites and thus closer proximity to a suitable site 
according to an estimate for trucking costs of produced 
water.90 Electricity costs are a function of the total dynamic 
head (TDH) of the well pump that is assumed to be 400 ft if 
not otherwise specified. A full description of the costing 
method for deep well injection in WaterTAP3 is available in 
the model documentation.58 

The two DWI scenarios have a lower LCOW than the three 
ZLD scenarios (Figure 11). The two-stage RO system used in 
ZLD-B concentrates the brine in the waste stream further, is 

Figure 11. WaterTAP3 estimated (a) cost and (b) energy intensity for zero liquid discharge scenarios for semiarid inland settings. The sizes of the 
facility and baseline treatment train are those of the Big Spring Raw Water Production Facility. 
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more energy intensive, and increases the LCOW, despite an 
increase in the system’s recovered water from the second stage 
RO. The disadvantages of DWI are lower overall water 
recovery relative to ZLD, an increase in the salinity of 
groundwater if the aquifer is not well isolated, and potential 
contamination of the aquifer due to lack of a post-treatment 
step as in DWI-A. 
Scenarios ZLD-B and ZLD-C use thermal systems that 

include pretreatment of wastewater that reduces its scaling 

potential and then goes through a brine concentrator and brine 
crystallizer or an evaporation pond. The most common 
technology used for brine concentration is mechanical vapor 
compression (MVC). This technology has a high capital cost 
due to the use of materials such as titanium or stainless steel 
that prevents corrosion. MVC is also energy intensive and can 
consume 20−25 kWh/m3 of treated water to reach TDS below 
10 mg/L in finished product water and maintain a high-water 
recovery rate of greater than 98%. The brine concentrator 

Figure 12. Sensitivity analysis of LCOW, water recovery, and electricity intensity for three potable reuse facilities. Values are shown for uniform 
increments in variation of a specified input parameter within the range shown in parentheses in the right-hand column. Analyses were performed in 
WaterTAP3. 
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consequently represents more than half of the electricity 
intensity for the ZLD-B and ZLD-C scenarios (Figure 11). 
The LCOW values in ZLD-B and ZLD-C are higher than in 
ZLD-A due to the presence of a brine concentrator before the 
evaporation pond. With brine concentrators, the distillate 
generated can be reused, whereas the water evaporated in an 
evaporation pond cannot be reused, and the evaporation pond 
also has a relatively high capital cost. The evaporation ponds 
simulated in this train use natural solar energy, with no 
electricity consumption. 
3.3.5. Sensitivity Analysis. The sensitivities of LCOW, 

energy intensity, and water recovery to factors such as capacity, 
weighted average cost of capital (WACC), plant life, and on-
stream time were assessed (Figure 12). This sensitivity analysis 
suggests that the LCOW for these systems is dominated by 
capital costs. For OCWD, Big Spring, and HRSD, capital costs 
drive the LCOW, with the top three sensitivities being either 
capital related or a function of capacity (WACC, plant life, and 
capacity utilization). Results indicate the greatest opportunity 
across these three systems to reduce LCOW may be through 
financing and WACC, whereas plant downtime is the greatest 
risk to increasing LCOW. In almost all cases, operational 
strategies (including electricity cost) show small potential 
returns, with the key exception being OCWD, which shows a 
much higher sensitivity to electricity costs than the other two 
plants due to the higher baseline cost of electricity in Southern 
California. 
3.3.6. Implications for Use of Renewable Energy. The 

current analysis has implications for the use of renewable 
energy in municipal reuse. These treatment facilities are often 
considered potentially attractive locations for siting of 
renewable energy installations because they are nodes in 
regional infrastructure, may have available resources (land for 
solar photovoltaics or wind, biogas from anaerobic digesters, or 
hydropower), and may be operated by organizations with 
decarbonization goals. Given the current findings that these 
systems are dominated by capital costs and show minimal 
sensitivity to electricity cost, LCOW would show limited 
impact from using more (or less) expensive electricity from 
renewables. Therefore, among the various factors that might 
contribute to a decision to deploy renewables at a facility, 
including the cost of electricity, concerns about the impact on 
LCOW  would likely be only a minor factorneither 
significantly positive or negative. The current finding that the 
LCOW is very sensitive to capacity factors suggests that 
running treatment plants intermittently is unlikely to be cost 
effective; therefore, any use of renewable energy would require 
sufficient on-site storage or a grid connection so treatment 
facility operations would not be dependent on the availability 
of renewables. 
3.4. Future of Treatment for Municipal Reuse. The 

examination of the pipe parity metrics for the case studies and 
other relevant data highlight opportunities for research that can 
enable greater municipal reuse for different end uses in 
geographically distinct regions using a variety of treatment 
trains to meet future water demands. These research 
opportunities align with recently published technology road-
maps for the municipal and power end-use sectors.91,92 For 
systems involving RO and membrane filtration, these 
operations are both the most expensive and energy intensive; 
consequently, research that enables the development of 
processes with longer lifetimes, lower production costs, and 
that are more resilient to fluctuations in influent water quality 

can have major benefits. Research that advances the 
modularity, autonomy, and electrification (e.g., substitution 
of electricity for chemicals) of treatment trains has the 
potential to make potable reuse of municipal wastewater a 
viable option for small systems as well as for the large systems 
where they are currently deployed. These features can also be 
central to greater development of building- and district-scale 
municipal reuse for nonpotable uses as well as upgrading that 
water for potable use. It appears likely that RO-based 
treatment trains are both the present and future of municipal 
reuse in regions where salinity management is an inherent 
challenge or where it is required by regulations. In contrast, a 
more diverse range of treatment trains will be deployed in low 
salinity regions with the final selection based on a range of 
driving factors, as illustrated by HRSD. The Big Spring facility 
is an anomaly of an inland facility where RO concentrate can 
be discharged to surface water, and technologies that improve 
intensified brine management will be critical to increasing 
municipal reuse in these regions. Technologies that can lower 
the cost and electricity intensity of brine concentrators and 
crystallizers for zero liquid discharge could enable broader 
deployment of water reuse in semiarid inland contexts. 
Treatment technologies that enable municipal reuse for 

thermoelectric power plants have already enabled the 
decoupling of electricity demand and water resource 
availability in the siting of power plants. Reuse of municipal 
wastewater and ZLD operations have allowed the nation’s 
largest nuclear power plant to operate in arid central Arizona. 
Municipal reuse has also expanded potential locations for the 
construction of new natural gas combined cycle plants. These 
trends are anticipated to continue. Research that enables lower 
cost ZLD operations has the potential to substantially lower 
pipe parity metrics for municipal reuse, especially in inland 
areas. 

4. CONCLUSIONS 
The four case studies represent different treatment trains and 
different contexts with region-specific drivers of reuse and 
regulatory frameworks. The WaterTAP3 TEA tool enabled the 
determination of cost and energy metrics for these facilities 
using a common platform. Principal treatment is the 
component of overall water supply with the  greatest  
contribution to LCOW. Overall treatment processes contrib-
ute significantly more to LCOW than do acquisition, storage, 
and distribution. The total capital investment is the largest 
single cost type. The treatment trains based on O3/BAF/GAC 
has a significantly lower LCOW than RO-based treatment 
trains, and the electricity demand O3/BAF/GAC is less than 
half that of the RO-based treatment trains. When using 
WaterTAP3 to compare the production of potable municipal 
water from different alternative sources by RO-based 
processes, municipal reuse has both a lower LCOW and 
electricity demand than desalination of seawater. However, 
production from the largest brackish desalination facility in the 
U.S. has an even lower LCOW and electricity intensity than 
the largest municipal reuse facility. The management of RO 
concentration for inland reuse facilities poses substantial cost 
and energy barriers. 
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