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Abstract: Across the western US, growing populations and urbanization along with environmental
demands and a changing climate have strained water allocation mechanisms originally designed
to provide water to agriculture. This paper provides a methodology, using Utah as an example,
for examining the options for new water supply via conservation, interpretable by policymakers,
water agencies, and water users. Findings indicate that the largest potential water savings, at the
lowest cost, are in agriculture and outdoor residential water use, where more efficient applications
can maintain the acreage of crops and lawns at current levels while dramatically reducing use.
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1. Introduction

Acquiring sufficient water supply to meet demand has been an ongoing concern in the western US.
Growing urban demand has strained limited water supplies and increased pressure on the institutions
governing transfers to allow more water to move from agriculture to other uses [1]. Additionally,
rising demand for environmental flows and associated protections of riparian ecosystems has placed
constraints on both new and existing supplies [2,3]. The Endangered Species Act (1973), National
Environmental Policy Act (1970), and wetland protections under the Clean Water Act (1972) are
examples of the types of restrictions placed on existing and new water supply options, limiting where,
when, and how much water can be removed from natural systems. Finally, climate change will likely
change the variability, amount and type of precipitation, and subsequently the availability of water [4].

In a well-functioning market, shortages are generally addressed by increasing prices, which
spur conservation and the development of additional supply. However, the allocation of water in
the western United States is determined under the rules of the appropriative rights doctrine, which
assigns property rights to water by the historic order of request. This is referred to as “first-in-time,
first-in-right” because senior appropriators receive their water allocation first in times of shortage.
Agriculture has historically been the primary use of water, and most senior rights rest with irrigators.
Like other western states, a majority of Utah’s developed water supply was and continues to be used
in agriculture.

Market price mechanisms do not generally exist for water as in other goods. The institutional
arrangements associated with the appropriative rights doctrine determine that many water users do
not pay the full scarcity cost of the water they use. Moreover, these institutional arrangements also
generally place restrictions on water sales, especially those which move water out of agricultural
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production [2]. These barriers to the transfer of water rights can lock water resources in low-value
uses, and create scarcity in sectors that would otherwise simply purchase water rights. Given these
institutional restrictions, it is worthwhile to examine to what extent water scarcity can be addressed by
reducing demand and increasing supply, and the relative costs of different approaches.

A lack of water markets with clear price signals creates difficulty in evaluating the cost
effectiveness and social value of water supply development projects and other policy proposals.
For example, in the state of Utah, two proposed development projects, the Bear River Development
Project and the Lake Powell Pipeline, are currently the subject of public debate. Although the costs
of these projects can be estimated via conventional techniques, the lack of price signals from water
markets obfuscates the cost of other policy options that could provide an equivalent supply of water.
Estimating the cost of conserving water, rather than developing new supplies, offers one approach for
examining the opportunity cost of development projects. Furthermore, conservation options may not
be priced into markets where they exist because irrigators are often not able to sell conserved water.
When agricultural irrigators, and to a lesser extent residential irrigators, do not see direct monetary
benefits from conserving water, they have little incentive to do so. In agriculture, conserved water
may not be retained by the irrigator who conserved it, and often cannot be sold into other sectors [5].
Irrigation also represents the two largest categories of water use in the state, with agriculture accounting
for 82% and residential outdoor accounting for 6% of total water use [6]. Therefore, we hypothesize that
the largest conservation savings at the lowest prices will come from agricultural and urban irrigation.

The key contribution of this paper is to provide a “big picture” assessment of the costs associated
with expanding the water supply though various policies and technologies. Although our estimates
for any single conservation method should not be viewed as authoritative, we provide a general
methodology for organizing information on the relative costs of various policies designed to conserve
water supplies in Utah. The estimates provided herein can be easily updated and expanded as better
information becomes available and new policies or technologies are developed. Our methodology is
similar to the approach taken by Granade et al. in their report Unlocking Energy Efficiency in the U.S.
Economy [7]. This report provided a clear graphical representation for a comparative assessment of
different technologies in terms of cost and the amount of energy savings. This paper constructs a
similar representation for a water efficiency supply curve to that of [8]. However, relative to electricity,
water is a more localized commodity due to its high transportation cost, so we chose to focus on a
constrained geographic area by developing estimates for the state of Utah. This is the first paper we
are aware of to provide a direct comparison of conservation measures at the state and sub-state level
interpretable by policymakers, water agencies, and water users.

Data is gathered on six potential categories for water conservation: residential indoor, residential
outdoor, commercial, wastewater, agriculture, and water resource development. Within each area,
multiple conservation technologies were selected based on their relevance to Utah water conservation.
While not as comprehensive as other estimates, (e.g., [9]), this work is designed to better illustrate
the economic tradeoffs and barriers to water conservation. Current water use in Utah is estimated at
around 5.15 million acre-feet (AF) per year [6], and in total the measures we consider could provide up
to 1.7 million AF through conservation and new supply development. The cost of providing this water
varies dramatically, from behavioral changes such as watering at night that cost nothing in monetary
terms, to expensive landscape conversion costing around $3508 per AF saved.

Findings indicate that the largest potential water savings, at the lowest costs, are in agriculture
and outdoor residential water use, where more efficient use of water can maintain acreage of crops
and lawns at current levels while dramatically reducing use. Cost estimates for development projects,
such as dams, are higher than many conservation technologies, even as these projects are seriously
considered as viable supply options for the state of Utah. While conservation potential exists in
agriculture, it is important to acknowledge that significant barriers to conservation exist, and even if
conservation methods were adopted, they might not result in the movement of water to high value
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uses. For instance, subsidies for irrigation efficiency may not lead to reduced water usage, as the
conserved water is applied to additional agricultural land and reduces return flows [10].

2. Methodology

We estimate a water efficiency supply curve for various water conservation measures in the
state of Utah. The correct metric for measuring water use efficiency, especially in agriculture, is the
subject of debate [11] and efficiency savings estimates that fail to account for return flows to the
hydrologic system may overestimate actual water savings [12]. To address these issues, we define
water efficiency as any technology, behavior, or system adjustment that conserves water without
decreasing the direct benefits provided by the water in its original use. Thus, when the conservation
of water decreases directly used return flows, savings are adjusted to the consumptive use only.
This definition separates water supplied through conservation from water supplied via sales, transfers,
or reallocations. We offer a comparison of various conservation approaches based on engineering and
behavioral savings estimates. These comparisons can be used as a tool for policymakers to understand
both the options for water conservation and the barriers that raise transaction costs and prevent the
implementation of many seemingly low-cost conservation approaches.

To organize potential conservation measures, we designate six categories: residential indoor,
residential outdoor, commercial, wastewater, agriculture, and development. Within each category we
select a number of important water conservation measures. Table 1 provides a listing of the measures
considered by each category. Overall we estimate the conservation potential and cost savings of
15 measures which were selected from a broader survey of potential measures. The list is not meant
to be comprehensive. Instead, efforts were made to include measures that were widely discussed in
the popular press, by professionals in the field, and in various disciplinary literatures. Because this
project primarily focuses on Utah, some measures are specific to the potential water supply available
in the state.

Table 1. Conservation measures by category.

Category Conservation Measures

Residential Indoor
Low-flow toilets

Low-flow showers
High-efficiency clothes washers

Residential Outdoor

Rainwater harvesting
Watering at night

Irrigation scheduling
Partial turf conversion

Commercial
Landscape watering at night

Landscape irrigation scheduling

Wastewater Secondary wastewater irrigation

Agriculture
Conversion to sprinkler irrigation

Improved irrigation efficiency
Canal piping

Development Bear River Development
Lake Powell Pipeline

Research on each conservation approach was conducted to create an estimate of the quantity
of water that could be conserved, and the cost of conserving that water. In economics, the short
term is characterized by the adjustment of factors to provide the most efficient outcome given a fixed
method of production. In the long term, the production process itself can be modified, changing
the relationship between the factors of production. The majority of the measures considered are
long-run, requiring an up-front capital investment to conserve a quantity of water for some period.
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For consistency, we generate a cost per AF per year. Given a project producing a quantity, Q, per year
for a total cost K, lasting a number of years, t, we apply the annuity formula to find the per-year fixed
cost, C0:

C0 =
r·K

1 − (1 + r)−t (1)

where r is the interest rate assumed across all approaches to be 5%. We add any annual cost, Cp, such
as maintenance, to arrive at the per year cost, C = C0 + Cp. We then define the per AF cost as κ = C

Q .
The project cost is estimated by assessing all direct project expenditures, but excludes the

opportunity cost of using water in a particular way. In general, this is straightforward: an approach to
conserving water may require investment in technology, training, and construction, and all these costs
are included. The alternative uses to which the water could be put, however, are excluded—these are
the uses for which the conserved water can be applied, i.e., the demand curve. Environmental costs
that are directly incurred, like payments made for required environmental mitigation, are included but
costs that will not be directly borne are not. This approach is potentially problematic when conserving
water creates large direct but unpriced environmental costs, for example a large dam development
makes additional water available at the expense of ecological benefits provided by a flowing river.
However, for practical reasons this approach is necessary: unpriced environmental benefits require
empirical estimation beyond the scope of this paper. We return to environmental impact in detail in
the discussion section of the paper.

We estimate the cost and useful life of the equipment as well as the amount of water made available
by each conservation method using various sources including the available academic literature,
governmental reports, and interviews with experts. The methodology and sources used for estimating
the cost of each conservation method are described in detail in the Results section. To estimate the
amount of water made available, technologies are scaled based on the total number of potential
adopters. The baseline assumption is that any technology can be supplied at its estimated cost to the
entire population of users who have not yet adopted it. The supply curve is constructed using our
estimates of per-AF cost and the total potential quantity saved: the per-AF cost is plotted on the y-axis
and the quantity conserved on the x-axis. Given n-conservation methods, we order them such that:
κ1 ≤ κ2 ≤ . . . ≤ κn. Then we plot them, such that:

(x, y) =

(
i

∑
j≤i

Qj, κi

)
, i = 1, 2, . . . , n (2)

For the ease of interpretation and calculation, conservation methods in this paper will form a step
function. However, this method is generalizable to methods with upward sloping cost functions, with
Equation (2) modified to sum continuous functions horizontally.

3. Results

For each of the six conservation categories, we describe data sources and the approach for
calculating the cost and expected savings from adoption. Counterfactual scenarios examine adoption
rates at 100%, as a means of showing the full water supply potential for each conservation method.
We provide overall estimates for the state of Utah, and also geographically break the state into three
regions: eastern, northern, and southwestern, as shown in Figure 1. Because water transportation
potential is limited, these regional efficiency curves provide a more accurate projection of potential
savings and costs.



Water 2017, 9, 214 5 of 17
Water 2017, 9, 214  5 of 17 

 

 

Figure 1. Map of the Utah geographic regions used for this paper. 

3.1. Residential Indoor 

Only about 4% of Utah’s water is used in a residential indoor setting [6]. Although water savings 
in this area appear limited, we investigate the potential for water conservation through the use of 
low-flow toilets, reduced-flow showerheads, and high-efficiency clothes washers. We model a 100% 
switchover scenario in which all possible appliances are converted to efficient models. This represents 
a best-case scenario for water savings, and avoids modeling the actual adoption rates under different 
incentive programs. 

The Energy Policy Act mandated in 1994 that all new toilets should not exceed a maximum of 
1.6 gallons per flush (gpf). Utah adopted these measures in 1991 [13]. To calculate the potential for 
water savings via conversion to low-flow toilets, we first assume pre-1990 fixtures use 6 gallons per 
flush [6] (p. 45). We also use data from a nationwide survey, the Residential End Uses of Water 
(REUW), conducted in 1999 by the American Water Works Association [14] and updated in 2016 [15]. 
Housing unit counts, including multifamily residential, are taken from the American Community 
Survey conducted by the US Census Bureau [16]. From the REUW we assume there are 2.27 toilets 
per housing unit [14] (p. 96) and that 37% of homes already have low-flow toilets [15] (p. 10). 
Multiplying these estimates by the total number of housing units gives an approximation of the stock 
of toilets that exist in Utah. 

Applying an average of 5.05 flushes per day, per person [14] (p. 96), we counterfactually estimate 
a 100% switchover scenario where all standard toilets are converted to low-flow. We estimate a total 

Figure 1. Map of the Utah geographic regions used for this paper.

3.1. Residential Indoor

Only about 4% of Utah’s water is used in a residential indoor setting [6]. Although water savings
in this area appear limited, we investigate the potential for water conservation through the use of
low-flow toilets, reduced-flow showerheads, and high-efficiency clothes washers. We model a 100%
switchover scenario in which all possible appliances are converted to efficient models. This represents
a best-case scenario for water savings, and avoids modeling the actual adoption rates under different
incentive programs.

The Energy Policy Act mandated in 1994 that all new toilets should not exceed a maximum
of 1.6 gallons per flush (gpf). Utah adopted these measures in 1991 [13]. To calculate the potential
for water savings via conversion to low-flow toilets, we first assume pre-1990 fixtures use 6 gallons
per flush [6] (p. 45). We also use data from a nationwide survey, the Residential End Uses of Water
(REUW), conducted in 1999 by the American Water Works Association [14] and updated in 2016 [15].
Housing unit counts, including multifamily residential, are taken from the American Community
Survey conducted by the US Census Bureau [16]. From the REUW we assume there are 2.27 toilets per
housing unit [14] (p. 96) and that 37% of homes already have low-flow toilets [15] (p. 10). Multiplying
these estimates by the total number of housing units gives an approximation of the stock of toilets that
exist in Utah.

Applying an average of 5.05 flushes per day, per person [14] (p. 96), we counterfactually estimate
a 100% switchover scenario where all standard toilets are converted to low-flow. We estimate a total
conservation potential of 41,667 AF per year and the cost of a low-flow fixture replacement to be $180,
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plus installation costs of $110 for two hours of labor [9] (pp. 126–127), giving a cost estimate of $673 per
AF. Our cost estimate is similar to the $200 for combined parts and labor found for a low-flow toilet
replacement program conducted in Utah [13]. We chose to use the more expensive estimate because it
was more transparent about the applicability of methods beyond the study at hand.

The Energy Policy Act mandated maximum flow rates for showerheads at 2.5 gallons per minute
(gpm) while older models use between 3.5 and 8 gpm. We use an estimate of 5 gpm for the older
models. Data from the REUW indicates that the average shower duration is 6.8 and 8.5 min long for
older and newer models, respectively [14] (p. 171). We assume a shower frequency of 0.75 showers
per person per day and 1.95 showerheads per home [15] (p. xxvii and 70). Eighty percent of homes
are estimated to have already installed efficient showerheads [15] (p. 10). If 100% of high-flow
showerheads were converted to low-flow, and adjusting for the fact that showers with low-flow heads
are longer, we estimate a potential of 5693 AF per year of water savings. Average costs were estimated
from a range of 25 different models to be $24.50 per showerhead and installation required 30 min of
labor [9] (p. 128), leading to an estimate of $241 per AF.

Unlike toilets and showerheads, which were required to be upgraded under the Energy Policy Act,
there have been no mandated technology standards for residential clothes washers. However, in 1992,
the United States Environmental Protection Agency established the Energy Star program to promote a
standard for energy efficient products. Gleick et al. [9] (p. 53), estimated that about 73% of households
in California own washing machines and, based on industry information, estimated a useful life of
12 years for new washing machines. These estimates are applied to Utah due to a lack of specific
state estimates in the literature. Forty-six percent of homes are estimated to have already installed
high-efficiency (HE) washers [15] (p. 10). Standard flow washers were estimated at 36.1 gallons per
load and HE at 24.2 gallons per load, with each house doing 0.96 cycles per day [9] (p. 52). We calculate
a potential water savings of 4,804 AF for the state under a 100% switchover scenario. For HE washing
machines, the replacement cost on average is about $587 and applying 2 h of installation at $55 per
hour [9] (p. 125), gives a cost of implementation of $6145 per AF. Table 2 shows the number of fixtures
or appliances changed, along with estimates of the cost and water savings.

Table 2. Indoor Residential Conservation.

Type of Replacement Number Replaced Acre-Feet (AF) Conserved Average Cost per Acre-Foot (AF)

Toilets 1,361,984 41,667 $673
Showers 371,424 5693 $241

Washing Machines 375,424 4804 $6145

3.2. Residential Outdoor

We examine four methods for conserving residential water used for irrigating turf and other plants:
rainwater harvesting, watering at night, irrigation scheduling, and partial turf conversion. Rainwater
harvesting utilizes barrels to collect and store water for residential irrigation. Water collection estimates
for April–October were created using rain collection studies for Utah cities by the Utah State University
Extension [16]. The average water gathered was then multiplied by the number of houses [17]. A wide
range of costs and options exist for water barrels, ranging from $50 to over $1000 [16]. Because there
are not clear conservation benefits to acquiring more expensive barrels, we use the lowest cost of a
50-gallon barrel and the relevant parts of $75 found at Home Depot. A 20-year useful life for the barrel
was assumed. The average cost per AF across Utah was estimated at $482.

The other conservation measures in this category all build on each other by reducing losses in
irrigating outdoor turf: subsequent methods only save water remaining after implementation of the
methods adopted prior. Total water use estimates for residential irrigation come from the Utah Division
of Water Resources [18]. Around 11.2% of Utah homes are estimated to use an alternative, non-turf,
groundcover [19] (p. 24). The remaining homes could first switch to watering at night, a step that
46% of homes have already undertaken [19] (p. 28) and which saves around 5% of total irrigation [20].
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This is a costless measure expected to save 12,666 AF per year. Homes also have the potential to
utilize irrigation scheduling controllers, provided they are one of the 73.3% of Utahans with in-ground
irrigation systems [19] (p. 27); users who hand water, colloquially referred to as hose-draggers, often
irrigate much more efficiently already. We assume 10% of homes already use the scheduling feature of
their irrigation controller and scheduling to irrigate less in wetter months is estimated to save 30%
of total irrigation water over the season [21]. Controller costs are estimated at between $40 and $250,
based on commercially available systems, with a useful life of 20 years. Turf can also be converted to
less water intensive plants. We estimate the savings of turf conversion at 28.6%, which provides overall
savings of a turf conversion and scheduling project consistent with an estimate of 50% from [21], and is
similar to an estimate of net 30% water savings for conversion from [22] (p. 60). The cost of conversion
is estimated at $1.37–$1.93 per square foot [22] (p. 51), with the assumed conversion being around
2126 square feet [22] (p. 11). Table 3 shows the potential savings and costs of outdoor conservation
aggregated over all of Utah.

Table 3. Outdoor Residential Conservation.

Conservation Measure AF Conserved Average Cost per AF

Rainwater Harvesting 11,886 $482
Watering at Night 12,666 $0

Seasonal Scheduling 90,335 $109
Turf Conversion 104,708 $3508

3.3. Commercial

We considered three categories for commercial water use: commercial, institutional, and industrial.
In Utah, commercial uses were 97,000 AF per year, institutional uses were 85,000 AF per year, and
industrial uses were 26,000 AF per year [6] (p. 4). Industrial savings were excluded because they
amounted to little water spread across many disparate industries. For commercial and institutional,
we consider only efficiency improvements from outdoor landscaping: watering at night and improved
scheduling. Commercial users are assumed to use 20.06% of water for landscaping, an estimate for
office buildings, and institutional users are assumed to use 36.77%, an estimate for schools [23] (p. B-5
and B-7). Institutional savings for the two measures total 9054 AF for the state, and commercial
conversion saves 5637 AF. Per AF cost estimates for scheduling, taken from residential estimates,
average $111 per AF for the state as a whole.

3.4. Wastewater

We estimate the potential for increased supply through wastewater reuse in Utah.
Stonely et al. [24] (p. 35) estimate that about 50% of water from wastewater treatment plants (WWTP)
that have total containment pools can be reused while about 40% from all other types of WWTPs
can be reused. Recycled wastewater directly reduces return flows because a portion is consumed
consumptively and does not return to the stream. We assume that wastewater is used for outdoor
irrigation where the consumptive rate is estimated to be between 31% and 57% [25] (p. 42). We apply
these rates to the water available for reuse from plants that do not have total containment pools.
Plants with total containment pools have no return flows and therefore 100% of the water available for
reuse was assumed to be a new supply.

We estimate the potential for water savings under both a high (57%) and low (31%) assumption
for the consumptive rate of cities. Applying these rates to the estimates of current volumes available for
reuse in Stonely et al. [24] (p. 35), we find the potential savings for Utah from water reuse is between
53,115 AF and 85,230 AF, of which we use a simple mean for display on the efficiency curves.

Due to confidentiality concerns expressed by Utah wastewater treatment plants, we estimate the
costs associated with water reuse using the case of the Denver Water Recycling Project: the cost of
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the facility was approximately $80 million, and the cost of water distribution infrastructure was an
additional $40 million, with yearly maintenance costs estimated to be $2.3 million [26] (p. 6). Assuming
a useful life of 25 years [26], the fixed costs were amortized and then added to the yearly maintenance
figure. Applying these costs to the yearly capacity of the plant, 19,027 AF, yields an estimate of
$568/AF, consistent with the cost estimates reported in Stonely et al. [24] (pp. 73–74). Assuming an
approximately constant return to scale production technology for water treatment facilities enables us
to apply this cost estimate to the potential for water treatment plants in Utah.

3.5. Agriculture

In 2012 more than 67% of cropland in Utah was irrigated, and nearly 69% of harvested acres were
hay or alfalfa [27]. Water use and potential savings vary across Utah based on climate and irrigation
technology. Total agricultural water use by county from the United States Geological Survey [28]
includes the amount of water used in surface and sprinkler irrigation. Surface, or flood, irrigation
is typically less efficient than sprinkler irrigation. While northern Utah produces a wider variety of
crops than southern Utah, there is no consistent pattern across the state in terms of irrigation method.
Only 42% of agricultural water in Cache County is applied via surface irrigation while neighboring
Box Elder County in the same watershed and with similar climate and crops applied 68% of water
via flood irrigation [28]. These differences guided our decision to calculate agricultural water savings
estimates on a per-county basis.

We estimate the costs and water availability of three types of agricultural conservation: conversion
of surface irrigation to sprinklers, improved irrigation scheduling, and canal piping. Based on
conversations with Utah State University extension specialists, we used estimates from the literature
that flood irrigation is 70% efficient, center-pivot sprinklers are 80% efficient [29] (p. 52), and that the
change in return flows is negligible. Thus, the potential savings from the conversion to sprinklers
depend on the total irrigation water use for each county, as well as the method of application. The cost
of a pivot system actually implemented by the USU extension was $716 per acre, with total amortized
cost plus maintenance at around $58.29 per year [30]. These costs are similar but less than estimates
in North Dakota ($1144/acre) [31] and Alabama ($1223/acre) [32]. We use the Utah estimate for the
Utah efficiency curves, but note that the estimates from the literature would likely be more suitable
for constructing curves elsewhere in the United States. Cost per AF of savings ranges from $67 in
Washington County to $241 in Daggett County. Savings exceed 247,000 AF for all of Utah.

We estimate that improved irrigation scheduling can increase efficiency by 13% [33] via [34]
(p. 46), and assume that 20% of irrigators have already adopted this technology [34] (p. 47). Both these
estimates come from California and will be conservative in terms of efficiency gains; Utah is likely to
have more gains from better scheduling and less current adoption due to lower valued agriculture.
Savings are calculated after assuming the conversion to sprinkler technology has taken place: sprinkler
savings are not available to be saved through scheduling. Costs of implementation are estimated at $15
per acre yearly [35] via [34] (p. 48) and the technological cost of the system itself is $20–30 per acre [34]
(p. 48). Costs range from $63-$228/AF saved and total savings exceed 349,000 AF for all of Utah.

Canal piping saves water by reducing leakage and evaporation. Costs and savings are estimated
after assuming that both conversion and efficiency investments have taken place. Currently projects
in Utah apply for federal funding from the Bureau of Reclamation for canal piping funding. We use
water savings from these projects, which range from 20% to more than 40%, as a basis for estimating
the additional conservation available. Data shows each project’s estimated cost, the length of canal
being piped, the flow of water through the pipe, and its estimated savings [36]. The state of Utah has
approximately 1500 canal companies, and they are generally private; to our knowledge there is not a
complete accounting of Utah’s canals and ditches. Thus, we estimate water diversions by taking the
agricultural diversions by county, after assuming both conversion and efficiency investments have
taken place, and divide by the number of canal companies [37]. We assume each canal company has
a single ditch that preliminarily diverts its water before moving it into smaller ditches, feeders, and
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laterals. We estimate the water savings and canal length by running a linear regression on the BOR
data [36], to estimate the relationship between water savings and quantity of diversion, and canal
length and quantity of diversion. Total estimated water savings for the state exceed 459,000 AF, at costs
ranging from $43–$78 per AF saved.

Figure 2a shows the potential savings for each county in Utah. The full column represents total
current water use, which is the sum of the savings and projected new water use after the conservation
savings are implemented. Figure 2b shows the per-acre savings in the same manner. The contrast
between the figures shows that counties with the most potential savings per acre are not necessarily
the highest water savers. Per-acre water savings are determined by per acre water use, which is a
function of the type of irrigation used as well as other county specific factors. Overall water savings
are related both to per-acre savings as well as the number of acres in production. Washington County
has the largest potential per-acre savings, but because its agriculture base is limited, the total volume
of potential savings is lower. Agricultural savings are not evenly distributed across the state, with the
largest overall volumes in the far north and east, where there is more irrigated agriculture.
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3.6. Development

We examine two large potential development projects to bring water to Utah cities and farmers:
the Lake Powell Pipeline in southwestern Utah and the Bear River Project in northern Utah. For each
estimate we used cost reports commissioned by engineering firms [38] (p. 12-6); [39] (p. 5-3 and
5-5). These costs may underestimate construction budget overruns and typically only provide present
value costs, which obscures assumptions about cost escalation and discounting. However, because the
projects are still in the early planning stages, these reports represent the best available information.
To these costs we add environmental costs where construction was expected to lead to direct payments
for environmental mitigation. For the Bear River Project, environmental mitigation costs were not
included in project costs, but were estimated in the consultant report and are included using the
“typical” wetland mitigation cost estimates [38] (pp. 10–27). These estimates were then used to calculate
a mitigation to capital expenditure ratio to apply to the Lake Powell Pipeline; to our knowledge,
mitigation cost estimates do not exist. Land acquisition costs for the Lake Powell Pipeline were not
estimated and are not included. For the Bear River Development the capital estimates include pipeline
right-of-way land acquisition costs, and our estimate adds reservoir land acquisition costs as well [38]
(pp. 10–31). For both projects, an 8% operation and maintenance budget and 30-year life were assumed.
Table 4 shows the expected water generated by each project, and estimated overall costs by category
and per AF.

Table 4. Development project present value costs.

Project Annual AF Capital Cost Maintenance Net Power Environ. Mitigation Cost per AF

Lake Powell (Low) 62,996 $1163 M $93 M $37 M $75 M $1414
Lake Powell (High) 62,996 $1798 M $143 M $108 M $560 M $2697
Bear River B 220,000 $1682 M $133 M $97 M $801 M $803
Bear River M 220,000 $1823 M $144 M $97 M $117 M $646

3.7. Water Efficiency Supply Curves

Figure 3 shows the water efficiency supply curve for the state of Utah. The curve shows savings
totaling nearly 1.7 million AF. With costs ranging from $0 to over $6000 per AF conserved. The largest
savings come from agriculture, due in part to its large proportion of water use in Utah. The curve
provides a good visual representation of where water supply could come from via conservation.
Another useful application is in examining regional conservation potential within Utah. We separate
Utah into three geographically distinct regions (shown in Figure 1): northern Utah, fed by tributaries
to the Great Salt Lake; eastern Utah, in the Green River/Colorado River basin; and southwestern
Utah, which is supplied by the Virgin River and Sevier Lake systems. Table 5 provides a detailed
breakdown of the savings and cost estimates for each measure, for Utah as a whole and for each of the
three regions.

Figure 4a–c show the water conservation potential of each of the three regions. All areas see
large potential savings from agricultural efficiency measures and relatively low costs. Northern
Utah has the most potential savings, and due to its relatively high urban population, has more
savings from residential conservation measures relative to the other regions. Eastern Utah has a small
population and no potential supply development projects; water conservation in this region will
come almost exclusively from agriculture. Southwestern Utah also has relatively low potential for
residential conservation, leaving the region with a choice between low-cost agricultural conservation
and high-cost supply development. Due to physical barriers, potential water transfers between basins
are limited, and southwestern Utah is likely to look regionally, rather than to northern Utah, for
conservation savings.
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Table 5. Regional and statewide savings (in AF) and cost estimates.

Eastern Northern Southwestern Utah

Technology Cost Savings Cost Savings Cost Savings Cost Savings

Resident. night $0 1123 $0 10,278 $0 1266 $0 12,666
Commer. night $0 22 $0 451 $0 52 $0 525
Instit. night $0 35 $0 725 $0 83 $0 844
Ag piping $44 121,474 $74 208,478 $70 129,474 $58 459,425
Resident. schedule $65 8007 $112 73,301 $126 9028 $109 90,335
Commer. schedule $65 215 $112 4392 $126 505 $111 5112
Instit. schedule $65 345 $112 7054 $126 811 $111 8211
Ag schedule $156 102,283 $158 145,011 $142 102,056 $153 349,351
Ag sprinklers $168 64,013 $171 122,070 $160 61,130 $167 247,213
Showers $303 239 $233 4891 $283 562 $241 5693
Rain barrels $879 345 $442 10,777 $870 764 $482 11,886
Water reuse $568 2158 $568 61,972 $568 5042 $568 69,173
Toilets $847 1751 $651 35,798 $789 4116 $673 41,667
Bear River $724 220,000 $724 220,000
Lake Powell $2055 62,996 $2055 62,996
Turf conversion $3508 9281 $3508 84,963 $3508 10,464 $3508 104,708
Washers $6145 254 $6145 3993 $6145 557 $6145 4804
Total 311,545 994,153 388,908 1,694,608
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4. Discussion

Our results indicate that large potential water savings are achievable at a reasonable cost in
Utah via conservation. Much of these potential savings come from agricultural and to a lesser extent
urban irrigation, confirming our hypothesis that these sectors offer low-cost alternatives for water
supply. As discussed in the introduction, growing urban demand is placing significant pressure on
western water supplies, and high population growth and urbanization in Utah make understanding
urban water supply options important to both policymakers and the general public [19]. Table 6
explores the growing urban demand in Utah’s six most populated counties. Current water use
in these counties ranges from .24-37 AF per person annually (authors’ calculations based on data
from [18,40]). Current water rates for representative cities are also included in the table [41–46].
Increases in population are expected to lead to increased demand for water supply. The added demand
column calculates an upper bound estimate of future water demand based on current per capita water
consumption and projected population growth. These calculations are likely to be overestimates of
future urban water demand as per capita water use has been steadily decreasing in western states over
the past few decades [47].

One potential use of a water efficiency supply curve is for policy makers and the public to examine
the full range of options for providing water to growing urban areas. All the counties in the table
except Washington are located in northern Utah. By 2060, these northern counties are projected to see
population increases totaling 2,241,230 [40]. This increase will require 564,213 additional AF of water
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at current per capita use rates. Using the cost curve for northern Utah, Figure 4a, the upper bound
estimate of required urban supply could be met by undertaking only water conservation measures up
to installing agricultural sprinklers. This water could be made available at or below a cost of $171 per
AF, less than what most urban water users in these counties are currently paying, and substantially
less than the per-AF cost of the Bear River Development Project.

Table 6. Projected population and water demand.

County
(Water Rate City)

Water Use
(AF per Person)

Urban Rate
per AF Population 2010 Population 2060 Added Demand

2060 1 (AF)

Utah (Orem) 0.24 $296 516,564 1,398,074 215,343
Salt Lake (Salt Lake City) 0.24 $434 1,029,655 1,812,891 187,964

Weber (Ogden) 0.29 $638 231,236 449,053 62,331
Cache (Logan) 0.29 $378 112,656 273,817 46,798
Davis (Layton) 0.26 $98 306,479 503,985 51,778

Washington (St. George) 0.37 $67 138,115 581,731 164,307

Note: 1 At current per-person water use rate.

Yet there are barriers to the use of water conservation savings to meet growing demand.
In the short term, some of the potential water efficiency projects may not be feasible. For instance,
a ditch-lining project would not address intra-year urban water shortfalls. This suggests the efficiency
cost curve would be most useful in a long-term planning process, which would also enable planning
for issues surrounding the potential environmental impact of the conservation measures. If efficiency
savings are transferred out-of-basin, return flows and overall environmental water availability could
decrease. This would be the case in northern Utah, where the highest water-use counties are not in the
same basin as the highest demand-growth counties. A potential solution would be to introduce rules
that limit transfer volumes to prior consumptive use [48].

Development projects such as dam and pipeline construction also have large environmental
impacts that are not fully accounted for in the efficiency cost curves. Where possible, we include
environmental mitigation costs. For instance, the Bear River Project would require substantial wetland
mitigation, and this cost was included in the per AF cost estimates. However, other impacts are not
included, for instance the effect of additional water diversions on the level of the Great Salt Lake, which
in turn degrades ecosystems and can result in dust storms and other environmental problems [49].

Planning for how conservation savings can be moved to high-demand sectors is also an important
aspect of using the efficiency curve. In some cases, new transportation infrastructure may be required,
and construction and energy costs should be added to the per acre foot estimates when relevant.
By examining the efficiency curves of more confined geographic regions, the impact of transportation
costs will be reduced. Even when these costs are relatively low, rules against waste and third-party
damages in most western states may limit the ability of right holders to transfer conserved water [50].
Farmers may fear partial forfeiture of their water right if conserved water cannot be put to immediate
beneficial use on their farm [51]. Furthermore, their ability to transfer the water to a different sector
may be opposed by other irrigators or environmental advocates [2]. Regulations locking water into
agriculture can significantly depress water right value [52], making investments in even low-cost
conservation projects uneconomical. Alternatives like development projects have high relative costs,
but may be partially or fully publicly funded, delivering benefits to key interest groups [53,54].
Although the efficiency curve suggests water savings at low prices in agriculture, calls for farmers
to increase efficiency without a mechanism to pay for conservation investments are unlikely to be
successful. Economists have argued that the ability to transfer water makes each user account for
the opportunity cost of its use—a necessary, although not sufficient, condition for improving water
allocations [55].

Individual perceptions and behavior can also limit the adoption of water conservation.
A nationwide study into individual perception of water use indicated that, on average, Americans
underestimate the water use of common activities by a factor of two [56]. The same study found
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that when asked about ways to conserve water, people incorrectly considered behavioral changes
to be more important to water conservation than upgrades. Another concern surrounds consumer
acceptance of HE fixtures [57]. Though HE appliances have been around for over a decade and have
benefited from continued innovation and national standards, there may be some lingering concerns
over the effectiveness and durability of the fixtures. A 1999 survey of 1300 Ultra Low-Flush (ULF)
toilet buyers in California concluded that “overall most consumers prefer their new ULF toilets to their
old toilets [58],” while data on showerheads show a slight negative correlation between flow rate and
customer satisfaction [59]. Other conservation areas are also affected by preferences and knowledge.
Water reuse requires consumer buy-in, and there are potential obstacles in terms of environmental and
human safety, and especially the social perceptions about the cleanliness of reused water [24]. Finally,
the lack of knowledge about irrigation scheduling is likely a key barrier to its greater adoption [60].

The presence of barriers to effective implementation of the conservation measures discussed
in this paper indicate that the efficiency curve is likely to be most beneficial as a tool in identifying
conservation opportunities as part of a long-term planning process. This would provide time to
overcome political, environmental, and educational barriers to conservation and provide adequate
time for implementation of projects requiring longer leads.

5. Conclusions

Water conservation offers the potential to increase the supply of water in Utah at a relatively low
cost. Agriculture and urban irrigation are the largest water users in the state of Utah and offer the
largest potential to conserve water at relatively low prices. The water efficiency supply curve seeks to
visually demonstrate what low-cost options exist and compare them across sectors. To meet demand
through conservation, water conserved in high use sectors such as agriculture must be made available
to high-demand sectors. Although there are barriers to the creation of mechanisms where entities with
unmet demand can pay for conservation, doing so could create “win-win” outcomes where conservers
and those paying for the water both benefit. The efficiency supply curve suggests that doing so could
allow Utah to meet future water demands at low prices and in a way that is beneficial to all water users.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/3/214/s1:
spreadsheet of the data used in the paper and calculations.
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