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Abstract 

California is considering ways to stabilize freshwater usage in the residential, 

commercial, and agricultural sectors. Although existing water conservation measures are 

advancing with technology, they won’t be enough to offset future water consumption. 

This thesis examines the potential of Seawater Desalination Reverse Osmosis (SWRO), 

water by rail, and rainwater harvesting as long-term and sustainable sources of fresh 

water. The primary question this research addressed is: Which of these alternatives could 

have the smallest environmental impact, and greatest return on investment for California 

stakeholders? To determine if the water output would be worth the potential negative 

environmental effects, I hypothesized that desalination would be the most cost-effective 

freshwater alternative by volume compared to water by rail or rainwater harvesting from 

a financial appraisal perspective. Additionally, water transport by rail, if limited to avoid 

depleting sources, would be economically sound and environmentally sustainable. I 

further hypothesized that rebuilding the soil and natural water storage through use of 

rainwater harvesting would have positive economic benefits, taking into account 

environmental paybacks.  

A multi-faceted approach was adopted to determine which of these options is 

preferred. The start-up and running costs of each served as the basis for determining the 

average cost of water to the consumer. This information was then used to determine net 

present value, and which stakeholders could assume profitability. A cost benefit analysis 

was then used to weigh the positive and negative impacts on the environment and decide 

which solution would not only be sustainable, but also economically feasible.   



The results showed that water by rail has the potential to be implemented quickly 

while maintaining the flexibility to route water throughout the state based upon greatest 

need. This flexibility makes it an ideal solution for long-term emergency drought relief, 

and could easily fit within California’s $24 million annual drought relief plan. The high 

transportation cost of this solution is the primary limiting factor, which diminished its 

feasibility for everyday use. The second option, desalination, could produce 55,991 acre-

feet of water per year, the largest amount of fresh water, but is extremely expensive to 

build. Desalination is energy intensive, uses thousands of non-recyclable single-use 

membranes, and without careful site planning, can damage the marine environment. The 

last option, rainwater harvesting, would merely supplement the state’s water supply at 

first, producing only an estimated 1136 acre-feet of water in the Ballona Creek 

watershed, but could have the greatest positive impact over time. The value of rainwater 

harvesting is in its ability to restore the natural small water cycle; this has been 

successfully executed in other parts of the world. Large scale implementation and 

monitoring of rainwater harvesting across the state of California may be difficult.  

This outcome of this study showed that a combination of all three sources would 

be most useful in meeting the needs of the state in varying capacities. Further, these 

analyses could aid policy makers in budgeting for long-term alternative water sources and 

emergency drought relief. This work will be significant in progressing California’s ability 

to proactively mitigate drought conditions, without further inciting harmful 

environmental impacts and depleting the supply of groundwater.
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Chapter I 

Introduction 

 

As California struggles to keep up with the water demands of its increasing 

population and water-intensive agriculture industry, the state needs alternative freshwater 

sources. The groundwater supply has historically served as a safeguard for residential and 

industrial use during drought years, but there is a growing possibility that this source 

could be depleted in as few as three decades (Leahy, 2014). According to California’s 

Legislative Analysis’ Office of Emergency Services, the state has not consistently 

planned for long-term drought. The state has taken a reactive approach, “because drought 

conditions required immediate response but were not expected to continue forever, most 

changes were authorized on a temporary basis, primarily by gubernatorial executive order 

or emergency departmental regulations” (p. 1, 2017) California needs to identify new 

water sources to secure sustainability. Such possibilities exist through the use of 

desalination, water by rail, and rainwater harvesting.  

 These alternative freshwater sources have been successful in mitigating drought 

conditions in other parts of the United States, or as a source of water when otherwise 

available in arid regions of the world. Desalination removes salt and other minerals from 

ocean water to make it potable. Water by rail is used to move water from freshwater 

sources to areas that require supplemental fresh water. And rainwater harvesting is the 

process of storing rainwater, usually on a non-industrial scale, for later use. If proven cost 

effective without causing too much harm to the environment, these three options could 
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prevent the state of California from becoming the first in the nation to collapse from lack 

of fresh water. 

 

Research Significance and Objectives 

Although these technologies have proven to be useful in times of drought, it is 

unclear which would be the most environmentally and economically beneficial. Each of 

these options carries risks with start-up costs and potential environmental damages. 

 This research compares the potential cost effectiveness of each alternative and its 

long-term impact on the environment. Dollar amounts will be attributed to each positive 

and negative environmental effect to determine the possibility of drastically diminishing 

California’s reliance on groundwater. 

The primary objectives of this research are: 

• To compare the start-up and running cost of the three potential freshwater solutions to 

determine which is the most cost-effective source of fresh water.   

• To complete a cost-benefit analysis of the negative impacts on the environment from 

each of these alternatives. 

• To understand the economic implications for the affected region, such as the purchase of 

water from out of state rivers, and potential cost of waiting. 

• To inform decision making for California’s consumers, policy makers, and potential 

investors. 
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Background 

 With California just a few decades away from complete depletion of groundwater, 

it is likely that this state would be the first in the nation to have to deal with the fallout of 

a collapse (Leahy, 2014). During ‘normal’ years, Californians use an average of 30% of 

the available groundwater. However, in drought years, up to 60% of the total annual 

water supply is sourced from groundwater (watereducation.org, n.d.). During these 

‘normal’ years, snowpack from the Sierra Nevada Mountains melts, and provides 75% of 

the water that flows into the Sacramento-San Joaquin Delta – the major source of water 

for three million acres of Californian agriculture, and over 25 million residents 

(California’s Primary Watershed, 2017). While water conservation measures have made a 

significant impact on water consumption, they have not been sufficient and extreme 

droughts are still occurring across much of the state (Figure 1). Agriculture in California 

uses “about 80% of the state’s water [and consumes] 20% of the state’s entire energy 

use” (Leahy, 2014, p. 114), making this a major priority for a water solution. During the 

2013-2014 drought, the water allocated to agriculture was cut in half, hurting California’s 

$44.4-billion industry (Leahy, 2014). 

 So far, California has considered and implemented options ranging from 

efficiency measures, to alternative water sources. The efficiency measures specifically 

target consumer items that reduce water consumption. These include using low flow 

showerheads and faucets, changing out urinals and toilets, and converting to urban 

landscapes that don’t depend heavily on water. The agriculture industry is also seeking 

ways in which they can reduce water use. Some agriculturalists are implementing dry 

farming techniques, while innovative ideas like the Tree T-PEE have emerged to help 
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conserve water. Alternative water sources under consideration include stormwater 

capture, desalination, and recycling potable and non-potable water (Cooley & 

Phurisamban, 2016).  

 

 

Figure 1. US Drought Monitor map of areas experiencing drought from December, 27, 

2016 to August 15, 2017 (United States Drought Monitor, 2017).  

 

 

Three Possible Solutions to Increase California Water Supplies 

 Although desalination has already been proposed, water transport by rail, and 

rainwater harvesting on a large scale are also viable freshwater alternatives. A 

combination of these three options could prove to be the most sustainable and cost-

effective measures to fulfill California’s future water needs. 
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Water by Rail 

 This method involves extracting a percentage of a river’s flow, loading it onto 

train cars, and depositing the water in vulnerable areas of California. This solution is 

straightforward, using existing rail lines (Figure 2) to fill train cars with water, and 

transporting the water to areas in greatest need.  

 
Figure 2. Freight rail map of the Union Pacific line, a potential route for water transport 

(Union Pacific, 2017).  

 

Rail is cost-effective compared to moving water by truck, because it is 5-6 times 

less energy intensive (Liu et al., 2015). Water by rail has been successfully used to 

mitigate drought conditions as far back as the 1800s in Australia, and as recently as 2016 

in India (Dallman, Chaudhry, Muleta, & Lee, 2016). In the United States, Illinois utilized 

water by rail in 1905, 1925, and 1945 to supplement their water supply during times of 

extreme drought. The state’s most recent $50,000 shipment from Indiana in 1945 

delivered 4.5 million gallons of treated water (Kelly, 2015). To move water by rail from 
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Washington to southern California, DOT-111 tank cars could be used. These non-

pressurized tank cars are currently being used by the rail industry to transport crude oil. 

The ‘serviceable’ crude oil cars (the ones that would need work in order to continue 

being used for oil), could be converted to transporting water by adding an interior lining 

(Kelly, 2015). This would also have the added benefit of reusing existing cars, rather than 

producing new ones. 

 Through improvements in railway transportation technology, this method of 

shipment remains one of the most cost-effective ways to move heavy material. According 

to the Association of American Railroads (2017), after adjusting for inflation, rail rates 

per ton-mile in 2016 were 45% lower than rates in 1981. The average cost per ton-mile to 

transport by rail has hovered around $0.04 since 2011 (Bureau of Transportation 

Statistics, 2016). These low rates may lead to the feasibility of water by rail as a viable 

water source.  

 Assuming water rights could be obtained, the Columbia River in Oregon would 

be the ideal source of fresh water for California’s implementation of water by rail. The 

Columbia River flows at an average rate of 190,000 cubic feet per second (cfs) 

(Department of Ecology State of Washington, 2017). One cubic foot per second is equal 

to 7.48 gallons per second (448.8 gallons per minute), which means the average discharge 

of the Columbia river is 85,272,000 gallons of fresh water per minute. In order for water 

by rail to be a viable long-term solution to supplement California’s water supply, only a 

sustainable amount of water can be taken from the Columbia river on an annual basis. It 

is estimated that taking no more than 20% of the annual rainfall of the region (Table 1) is 

considered sustainable (Leahy, 2014). However, it would be important to ensure that 
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fisheries, especially that of salmon, are not harmed during water intake. This method is 

also dependent upon the hydrological cycle, and therefore regular evaluation of water 

capture may need to be monitored.  

 

Table 1. Water precipitation totals for the Columbia River Basin between October 1, 

2017 and July 6, 2018 (National Oceanic and Atmospheric Administration, 2018).  

 

  

The average freight train has 100 cars, capable of carrying 20,000 gallons of 

water per car (Kelly, 2013). The entire train would draw roughly 2 million gallons in a 

single trip, capturing around 2% of the 85 million gallons per minute of fresh water being 

discharged into the ocean. Kelly (2013) suggested water by rail could, for California, cost 

between 10 to 32 cents per gallon.  Current state subsidies could also make this a more 

affordable source of fresh water for Californians, particularly to get water to inland 

communities that municipal water does not reach. 
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 Transport by rail is currently one of the most efficient ways to move heavy 

freight. On average, one ton of freight can be moved 486 miles on one gallon of diesel 

fuel (Association of American Railroads, 2017). Emissions from rail transport are 

expected to diminish even further in the coming years with the implementation of solar 

rail technology. This development could increase the long-term viability of supplemental 

water by rail. This technology is being developed, tested, and manufactured in countries 

like Pakistan, India, and the United Kingdom. In 2015, Solar Trains LLC opened in 

California, specializing in solar canopies, carports, rooftops, and systems which are 

ground-mounted for electric trains (solar-trains.com, 2015). The California High-Speed 

Rail Authority has recently committed to using 100% renewable energy for rail transport, 

though they have not specified at which date they intend to do so. They anticipate that by 

2022, 58,000 to 118,000 thousand barrels of oil could be saved through the use of 

renewable energy rather than relying on the grid (Association of American Railroads, 

2017). The challenge lies in the ability of solar powered trains to move heavy material. 

As solar rail becomes more commercialized, it is anticipated that this technology will 

advance enough to supply the power needed to move freight trains as well. This 

technology could make solar transport by rail a viable long-term option for California in 

the future.  

 

Seawater Desalination 

 Seawater desalination is already being used on a relatively small scale in 

California. There are currently two types of desalination technologies that serve as 

commercial sources of water – membrane desalination, and reverse osmosis membrane 
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desalination. Unfortunately, both are equally energy intensive, though as reverse osmosis 

technology becomes more widely implemented, energy efficiency and overall costs have 

been steadily improving. The focus for California’s future should be the use of reverse 

osmosis membrane desalination, as the technology’s life and efficiency has been 

advancing since the 1980s. Use of desalination facilities has been steadily climbing since 

2001, as the global demand for freshwater grows. Desalination is also not dependent on 

the hydrological cycle, making its ease of implementation along coastlines extremely 

appealing. As of May, 2016, California had nine active proposals for desalination plants 

on its coastline (Pacific Institute, 2016). One of these proposals is for a massive 

desalination plant in Huntington Beach, which would use renewable energy technology to 

become a net-zero carbon desalination plant. However, economically and 

environmentally, there are still a few issues that need to be worked out before this 

solution becomes a primary long-term source of fresh water.  

 Seawater Desalination Reverse Osmosis (SWRO), forces water from the sea 

through chemical laced membrane filters before dumping the dense, leftover brine into 

the ocean (Barlow, 2013). This highly energy- and water-intensive technology uses nine 

times more energy than surface-water treatment plants. Additionally, it produces almost 

double the amount of emissions as reusing the same amount of fresh water by treating it 

(Barlow, 2013). Current SWRO plants “emit between 1.4 ad 1.8 kg CO2 per cubic meter 

of produced water” (Elimelech & Phillip, 2011, p. 713). Intake of seawater and release of 

concentrated brine is also detrimental to the environment by polluting the oceans and 

harming wildlife, though recent measures have been implemented to reduce these 

impacts. Marine life is harmed at the intake structures of desalination facilities, primarily 
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larval fish, fish eggs, and plankton (Szeptycki et al., 2016). This occurs in two ways: 

impingement and entrainment. Impingement is when larger marine life, such as fish or 

shellfish, get caught against the intake screen. Entrainment is when smaller marine life, 

such as plankton or larval fish, make it through the fine screens and are killed during the 

desalination process.  

The California State Water Resources Control Board completed a multi-year 

study on the intake of 19 power generation plants to gather quantitative data that could be 

used to determine the impacts of similar intake areas on desalination facilities (epa.gov, 

2011). Entrainment from intake areas is slightly more variable, based upon the area in 

which intake is placed. The California State Water Resources Control Board’s multi-year 

study of 19 intake areas showed that larval fish are caught in a much higher volume than 

their adult counterparts.  

To further discuss the viability of long-term projections using desalination, the 

Water Reuse Desalination Committee published reports on the cost of Seawater 

Desalination, using San Diego as a sample city. This report discussed the current 

technology, the falling costs of SWRO (Figure 3), and the additional costs associated 

with medium and large desalination facilities.  

For example, the “typical annualized costs for seawater desalination projects 

[range] from US $2.00/1,000 gallons (kgal) to $12.00/kgal” (The WateReuse 

Desalination Committee, 2012, p. 13). Brine disposal costs (Table 2) vary with each 

desalination plant. Desalination allows for massive amounts of fresh water to be 

produced each day, but the impacts of brine disposal must be mitigated. Depending on 
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the brine’s concentration, it can cause acute and/or chronic toxicity to marine life. The 

California State Water Resources Control Board implemented the Water Quality Control 

 

 

Figure 3. Cost of seawater reverse osmosis compared to the municipal cost of water from 

1972-2010 (The WateReuse Desalination Committee, 2012).  

 

Plan in 1972 to set brine release standards. In 2015, these standards were updated with a 

desalination amendment requiring concentrated brine to be released with wastewater 

effluent. This change limits the amount of water that can be processed, but is quite 

beneficial to the marine ecosystem. The maximum allowable increase from the 

background edge of the effluent mixing zone is 2.0 parts per thousand (ppt), “as 

discharging SWRO brine with a salinity concentration near the ocean’s background 

concentration minimizes the negative effects on marine life” (Rodman et al., 2018, p. 2). 

Despite this new limitation, California has myriad options for brine due to the availability 

of stormwater, municipal, and industrial discharge (Rodman et al., 2018).  
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Table 2. Comparison of average disposal cost options for brine discharge (The 

WateReuse Desalination Committee, 2012). 

 

 

Rainwater Harvesting 

 The process of rainwater harvesting generally involves catching rain, either in a 

simple storage container, or in a larger cistern that captures rainfall. Generally, these 

systems are for household use, though much larger cisterns, or a collection of smaller 

cisterns, are sometimes used for agriculture. Rainwater harvesting can add to freshwater 

supplies, primarily as a means to offset individual and agricultural freshwater use. This 

practice is generally considered to contribute to the small water cycle – simply put, the 

regional process by which water evaporates and condenses – and has the potential to 

naturally restore water to arid regions. Rainwater retention through rainwater harvesting 

systems (RWHS) can aid in reducing soil erosion, making restoration of the small water 
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cycle possible in dry, damaged ecosystems (Kravčík & Lambert, 2012). RWHS could 

benefit all regions of California by treating rainwater as a source of freshwater, rather 

than a waste product to be quickly diverted by infrastructure to streams and rivers. By 

retaining more rainwater and reducing soil erosion, vegetation and healthy soils would 

aid in local water retention. Over time, this would also benefit the state’s agricultural 

sector by increasing crop yields, the supply of fresh water, and biodiversity (Kravčík & 

Lambert, 2012). Urban and rural infrastructure in California could be modified to better 

retain rainwater by including green roofs, vegetated swales, and rainwater storage tanks. 

These three solutions lead to increased natural storage of rainwater retained in the 

landscape and aids in replenishing aquifers over time (Kravčík & Lambert, 2012).  

In urban areas, RWHS can supplement local water supplies, and reduce pollution 

from stormwater runoff (Dallman et al., 2015). Decreasing stormwater runoff and soil 

erosion through the use of rainwater harvesting, combined with the gradual increase in 

organic matter in soil by its use, would lead to an increased ability of the land to hold 

moisture (Kravčík & Lambert, 2012). There is potential for rainwater harvesting (1) to be 

a sustainable alternative for urban and agricultural use, and (2) that such measures could 

result in more available freshwater over time, as the natural small water cycle is restored.  

 If implemented, precipitation data from the geological survey could be used to 

select areas to further test the effectiveness of RWHS as field study based on annual 

precipitation (Figure 4). It will be important for further research to be completed for the 

agriculture industry to fully assess the impacts from reduced storm water runoff, 

increased water retention, and a lessened independence on groundwater.  
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Figure 4. Precipitation map created by the U.S. Department of the Interior and U.S. 

Geological Survey of the state of California (The National Atlas for the United States of 

America, 2005). 

 

A cost benefit analysis of rainwater harvesting in 2015 for the Ballona Creek 

watershed in Los Angeles County, California determined that this area could save 12.74 

million m3 of water per year by implementing RWHS (Dallman et al., 2016). This 

analysis determined that due to the low current price of groundwater, only 208 liter 

cisterns are cost effective enough to justify implementation (Dallman et al. 2016).  The 

RWHS study on the Ballona Creek Watershed served as the basis for this research.  
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Research Question, Hypotheses and Specific Aims 

The primary question this research addressed was: Which groundwater alternative 

would have the greatest return on investment for California stakeholders, provide a 

sustainable long-term alternative to groundwater use, and have the smallest 

environmental impact? This was answered by evaluating three specific hypotheses: 

1. Desalination is the most cost-effective freshwater alternative compared to water import 

by rail or rainwater harvesting from a financial appraisal perspective.   

2. Water transport by rail, if limited to avoid depleting sources, could be a good option 

when comparing environmental effects to mitigate use of groundwater. 

3. Rebuilding the soil and natural water storage through use of rainwater harvesting will 

have positive economic benefits, taking into account environmental paybacks.    

 

Specific Aims 

To test these hypotheses, this study: 

1. Quantified the start-up and running costs of desalination, rainwater harvesting, and water 

by rail. 

2. Determined which option would have the lowest cost to the consumer. 

3. Discussed net present value of each option to analyze the profitability for key 

stakeholders. 

4. Assigned an environmental cost to the positive and negative effects each of these options 

has on the environment. 
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Chapter II 

Methods 

 

The methods for this study addressed the research question and hypotheses by 

first evaluating the capital investments of each option, then comparing these results using 

the proposed Poseidon desalination plant’s 50 million gallons of water per day as a 

baseline. Prospective cost to the consumer was calculated by dividing the operating cost 

of delivering water by rail, desalination, or rainwater harvesting by their respective 

possible outputs. Environmental costs were addressed through a qualitative cost benefit 

analysis of each proposed solution to determine which solution, if any, has the greatest 

overall environmental benefit.  

The Ballona Creek watershed served as the basis for comparing the feasibility of 

water by rail and rainwater harvesting. This area was selected because it falls within an 

area of exceptional drought, and has areas of dense population, as well as open space. 

This study also builds upon a previously conducted study which determined the optimal 

cistern size for RWHS in this watershed.  

 

Project Cost 

 The cost of each of these technologies was comprised of start-up costs, running 

costs, and post-use cost. Data from Seawater Desalination Costs helped determine the 

cost of construction, energy use, and disposal of concentrate (The WateReuse 

Desalination Committee, 2012). The cost of transporting water by rail, including the load 



 

17 

of each car under the AAR safety standards guidelines was sourced from Railway Age 

(Kelly, 2013). This source included case studies of transporting water by rail, and the 

associated costs of converting tank cars used for oil to tank cars used for water. Costs 

associated with rainwater harvesting were derived from Dallman et al. (2016). The costs 

for rainwater collection were determined using data reported by the Texas Water 

Development Board (twdb.texas.gov, n.d.). This board published data on the average cost 

per gallon for each rain barrel size and type, as well as the costs associated with gutters, 

pipes, pumps and pressure tanks. Different equipment sizes were needed for each end-use 

application (residential, commercial, agricultural). This study focused on using 208 liter 

cisterns, as they are considered the most energy efficient, and the size sufficient for the 

water available for collection.  

 

Impact to Stakeholders 

Due to the myriad ways in which each of these options could be used, the impact 

to stakeholders ranges significantly. Water by rail could be used by the state of California 

as a utility, or an independent company could offer this as a service to the state. 

Rainwater harvesting is not likely to become a public utility, nor is there a significant 

space for these systems to be privately owned. Desalination, however, could be offered as 

a utility, or it could be privately owned. For this reason, comparing the net present value 

for different stakeholders did not make sense. Very general assumptions would need to be 

made about annual income generated, and consistency of water availability. It is worth 

noting that a discount rate applied over 30 years would be acceptable should more 

financial information come available as use of these options progresses. Desalination 
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plants generally have a useful life of 25-30 years, though the intake wells usually have to 

be replaced between the first 10 and 20 years (The WateReuse Desalination Committee, 

2011). RWHS are assumed to have a serviceable life around 30 years (Dallman et al., 

2016). Crude oil tank cars built since 1974 are expected to have a 50-year life (Federal 

Railroad Association, 2003). Since this study assumes the use of refurbished cars, a 30-

year lifetime was reasonable to apply. 

Due to the possibility of each of these water delivery systems acting as a utility, 

the prospective cost to the consumer was determined. The price per gallon of water was 

calculated for RHWS, Desalination, and WBR. The current average cost of water per 

gallon (excluding service charges), across the state of California was $0.005 in 2017, and 

served as the baseline for comparing the potential costs to the consumer (Table 3), using 

the data updated on July 7, 2018 from the California Water Service (2017).  

 

Loss of Groundwater 

 An overarching benefit to all three of these freshwater alternatives is the 

avoidance of groundwater use, and thus it will preface the three sections. Although each 

proposed solution had its own section within the CBA model, the benefits of finding 

alternatives to groundwater use was relevant to each of the sections.   

Currently, drought related issues are being addressed at state level. Until recently, state-

level discussion about budgeting accordingly for future droughts was minimal. California 

is just beginning to work drought relief into an annual budget, rather than relying solely 

on the emergency drought relief plan. The value of future water shortages is directly  

  



 

19 

Table 3. California water rates by area (California Water Service, 2017).  

Current California Water Rates 

District Cost per CCF* 

Antelope Valley    

    For 1 - 15 CCF, per CCF (Residential) $4.6503 

    For 16-35 CCF, per CCF (Residential) $4.9346 

    For Over 35 CCF, per CCF (Residential) $5.9166 

  Non-Residential Metered Service $4.9917 

Bakersfield   

    For 1 - 15 CCF, per CCF (Residential) $1.9471 

    For 16-35 CCF, per CCF (Residential) $2.1111 

    For Over 35 CCF, per CCF (Residential) $2.4595 

  Non-Residential Metered Service $1.9060 

East Los Angeles   

    For 1 - 8 CCF, per CCF (Residential) $3.7021 

    For over 8 CFF, per CCF (Residential) $4.5621 

  Non-Residential Metered Service $2.7648 

  Reclaimed Metered Service $4.0959 

Kern River Valley   

  General Metered Service $13.1870 

King City (Monterey Region)   

    For 1 - 6 CCF, per CCF (Residential) $3.1811 

    For 7-17 CCF, per CCF (Residential) $3.3597 

    For Over 17 CCF, per CCF (Residential) $3.7541 

  Non-Residential Metered Service $3.3349 

Rancho Dominguez   

    For 1 - 11 CCF, per CCF (Residential) $3.4172 

    For 12-17 CCF, per CCF (Residential) $3.7049 

    For Over 17 CCF, per CCF (Residential) $4.3162 

  Non-Residential Metered Service $3.7154 

Salinas    

    For 1 - 6 CCF, per CCF (Residential) $3.1811 

    For 7-17 CCF, per CCF (Residential) $3.3597 

    For Over 17 CCF, per CCF (Residential) $3.7541 

  Non-Residential Metered Service $3.3449 

Visalia   

    For 1 - 11 CCF, per CCF (Residential) $1.5240 

    For 12-29 CCF, per CCF (Residential) $1.5514 

    For Over 29 CCF, per CCF (Residential) $1.7302 

  Non-Residential Metered Service   

   Meters up to 6 inches, per CCF $1.6805 

   Meters 8 Inches or larger, per CCF $1.5375 

Average Price Per CCF $3.4734 

* 1CCF = (748 gal) 

** Prices do not include service fees 
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correlated with the consumer’s willingness to pay not to have any interruptions in this 

utility. The ‘consumer’ in this example includes residential, industrial, commercial, 

government and agricultural sectors. Such shortages can disrupt industry, and ultimately, 

the economy. The California Water Fix’s cost benefit analysis modeled financial  

scenarios to evaluate the expected financial losses should the Delta water supply be 

interrupted or ceased due to an earthquake. They concluded that in a “conservative 25% 

outage scenario, losses can exceed $1.4 billion if the earthquake is followed by a series of 

dry years” (Sunding, 2018, p. 28). Should this outage exceed an average of 30 months, 

losses could reach $4.4 billion. If “a 100% outage is followed by a series of dry years, 

then urban losses can exceed $33.2 billion if all mandatory conservation is placed on the 

residential sector” (Sunding, 2018, p. 28-29). Paying a slightly higher price to have 

readily available fresh water will be much preferred to the disruptions this could have in 

the industry.  

 

Cost Benefit Analysis of Environmental Impacts 

 The final aim of this research was to determine the cost to the environment by 

identifying each negative output from desalination, rainwater harvesting, and water by 

rail. This analysis used a qualitative approach, using present data to make assumptions on 

current ecological and social trends. These variables were determined using a formula 

that took into consideration the impact of using non-renewable resources, anthropogenic 

impacts, and the degradation of natural resources (Fenichel & Abbott, 2014).  
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Chapter III 

Results 

 

 A baseline of start-up and operating costs for each alternative to groundwater was 

first established for economic comparison. Then, the positive and negative benefits of 

each proposed solution were studied before moving on to a final comparison.  

 

Start-Up and Operating Costs 

 The price for used DOT-111 tank cars with a 31,200 gallon capacity was 

estimated as $31,000, with a minimum of 50 tank cars purchased (Sterling Rail Inc., 

2018). Each rail car can transport up to 20,000 gal of water, or about 76.86 tons. An 

initial capital investment for a 100-unit train for water transport by rail is roughly $3.7 

million. Using an average of $0.04 per ton-mile, it would cost roughly $121 million to 

operate an electric train annually (Table 4).  

 

Table 4. Capital investments and annual operating costs of water by rail. 

Water By Rail Capital Investment 

Price Per DOT-111 Car (31,200 gal capacity) $31,000 

New Lining Retrofit (Per Car) $6,000 

Number of Cars per Train 100 

Total Initial Investment $3,700,000 
  

Water By Rail Operating Costs 

Average Cost per 1000-ton mile $0.04 

Tons per Unit Train (100 Cars, 74.86 tons/car) 7,486 

Distance Travelled per Day from Washougal, WA to San Diego, CA 1104 

Distance Travelled per Year from Washougal, WA to San Diego, CA 402960 

Annual Operating Costs $120,662,342 
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The preliminary cost for rainwater harvesting varied greatly between residential, 

commercial, and agricultural use. RWHS pricing for cisterns, including installation and 

any additional equipment, was based upon the average 2015 pricing data in southern 

California (Table 5). The equipment specified solely for outdoor use are systems that rely 

upon gravity to move water, so no pumps or maintenance would be required (Dallman et 

al., 2016). This study assumed the installation of cisterns in residential and commercial 

settings occurred within the Ballona Creek Watershed, which is made up of roughly 75% 

of total land use; an 50% adoption rate with a single cistern on each building was 

assumed (Dallman et al., 2016). It was also assumed that the cost per cistern remained the 

same for this study, regardless of purchase volume.  

 

Table 5. RWHS capital investments and operating costs (Dallman et al., 2016).   

 
 

 

Land use for the Ballona Creek watershed is subdivided into 64% residential, 8% 

commercial, 4% industrial, and 17% open space (LACDPW, 2005). Average roof size, 
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percent of impervious surfaces, and the number of buildings were examined to determine 

that 449,752 buildings in this watershed have the potential for RWHS, but that the 

participation rate would be 50% (Dallman et al., 2016). To best compare the initial 

capital investment and running costs for each option (Table 6), the $200 pump 

replacement every 10 years was annualized, then added to the $27 per year energy cost, 

for a total of $47 per unit.  

 

Table 6. A comparison of RWHS capital investments and running costs in the Ballona 

Creek Watershed.  

Rainwater Harvesting Capital Investment* 

  
Price Per 

Unit Number of Cisterns** 

Initial Capital 

Investment 

208 Liter Storage Capacity 

Outdoor Use Only  $200 224,876 $44,975,200 

208 Liter Storage Capacity 

Outdoor and Indoor 

Potable Use $950 224,876 $213,632,200 

Additional Annual 

Running Costs Associated 

with Indoor/outdoor use  $47 224,876 $10,569,172 

*Based on 2016 pricing presented in Dallman et al. (2016) 

** Assuming 50% adoption rate of the total available buildings   
 

The capital expenses and running costs for desalination were significantly higher 

than the other two freshwater solutions, but are expected to produce a greater volume of 

potable freshwater (Cooley & Phurisamban, 2016). The Carlsbad desalination plant 

officially closed its financing at $734 million to complete construction (San Diego 

County Water Authority, 2016). Due to Carlsbad’s co-location with a power plant, and 

use of long-lasting RO membranes, 2016 cost estimates for water ranges from $2,131 and 

$2,637 per acre-foot up to 48,000 acre-feet of water annually (San Diego County Water 
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Authority, 2016). Carlsbad’s intended output is 50 million gallons (153.4 acre-foot) of 

fresh water per day. At an average rate of $2,384 per acre-foot, the daily operating cost 

was estimated as $365,706, and roughly $133.5 million annually (Table 7). It is worth 

noting that running costs are expected to decrease over the next 30 years, up to $125 per 

acre foot, and incentives may also be awarded if more than 48,000 acre-ft of water are 

produced, saving close to $7 million per year (San Diego County Water Authority, 2016).   

 

Table 7. Capital investment and expected operating costs for the Carlsbad desalination 

plant in Southern California.   

Desalination Capital Investment And Operating Costs 

Capital Investment  $734,000,000 

Average cost per acre foot $2,259.00 

Output (acre foot per day) 153.4 

Daily Operating Costs $346,531 

Annual Operating Costs $126,483,669 

*1 acre foot = 325,851 gallons   
 

Of the three possible solutions, water by rail would have the lowest initial 

investment, but the second- highest annual operating costs (Table 8); desalination is the 

most expensive option to implement and maintain. Meanwhile, rainwater harvesting has a 

moderate initial investment for the cisterns specifically intended for outdoor use, and a 

significant capital investment plus running costs if being utilized for indoor and outdoor 

applications (Table 8). 
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Table 8. A comparison of capital and operating costs of freshwater projects.  

Capital and Operating Cost of Freshwater Projects 

  
Water By 

Rail 
Desalination  

RWHS - 

Outdoor Use 

RWHS - 

Indoor/Outdoor 

Use 

Estimated Capital 

Investment  
$3,700,000 $734,000,000 $44,975,200 

$213,632,200 

Annual Operating 

Costs 
$120,662,342 $133,482,544 $0 $10,569,172 

 

 

Evaluating Comparative Cost for the Consumer  

 The potential annual output of RWHS is straightforward, but does not include any 

fees that may be associated with intake from the Columbia river, as they would likely 

need to be negotiated.  

 The maximum average annual capture of rainfall is 12,740,000 m3 (3,365,551,947 

gal.). 208 liter cisterns can, on average, capture only 11% of rainfall (370,210,714 

gallons) (Dallman et al., 2016). The Carlsbad desalination facility’s expected output is 

55,991 acre feet per year (18,244,723,341 gallons), by far the highest output of the three 

options (Carlsbad Desalination Plant, 2017). The output of water by rail was determined 

by averaging the 18.3 round trip hour travel time for a single 100-car train between the 

Portland, OR area, and Los Angeles, determining that 239 potential trips could be made 

per year. 734.52 acre-feet (239,344,262 gallons) of water could be transported annually, 

but assuming the train is down at least 15% of the time for loading and maintenance, the 

total potential for water by rail is 624.34 acre-feet (203,442,623 gallons).  

 Using the data gathered in the previous step, production prices for each method 

were compared by adding the start-up and running costs, and dividing by the potential 

output in gallons (Table 9).  
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Table 9. Comparison of the total potential water production (gallons), and the potential 

price per gallon of each water potential freshwater source.  

Potential Annual Output (Acre Feet) 

Water By Rail (single train) RWHS (Outdoor) RWHS Indoor/Outdoor Desalination  

624.34 1136.14 1136.16 55991.01 

Potential Price Per Gallon - Including Capital Investment 

$0.611 $0.121 $0.606 $0.048 

Potential Price Per Gallon - Excluding Capital Investment 

$0.593 $0.000 $0.029 $0.007 

 

 

 Comparing these results to the average cost of water in California, only rainwater 

harvesting and desalination are relatively cost effective, at $0.029 and $0.007 

respectively (Table 9). However, if water by rail was used only to transport over short 

distances, or if solar technology is able to be implemented to reduce operating costs, the 

price per gallon could decrease significantly from the current $0.593/gal.  

Analyzing Water by Rail 

 Among the myriad benefits of water by rail to be sampled, this analysis focused 

primarily on four. The first, emergency relief in drought and fire situations; the second, a 

reduction in carbon emissions if water is moved by rail instead of trucks, and further 

reductions in emissions if solar rail technology is implemented; third, the reuse of rail 

cars; and fourth, the avoidance of groundwater use, especially in the agriculture industry.  

 Since California declared a State of Emergency in 2014 due to extended drought, 

the state’s Office of Emergency Services (OES) was asked to provide assistance for such 

necessities as sanitation and drinking water. Without the federal government also 

declaring this state of emergency, the necessary funding remained the state’s obligation. 

State Legislature has since worked with the OES to support drought related efforts (Table 
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10). The 2018 budget remains the same, at $56.7 million for drought related claims and 

related operations (Legislative Analysis Office, Office of Emergency Services, 2017).  

 

Table 10. Amount of assistance allotted to the OES for drought relief (Legislative 

Analysis Office, Office of Emergency Services, 2017).  

 

 

The governor’s 2017-18 $177.7 million Drought Response Spending Proposal 

includes an additional $5 million for temporary and permanent water supplies to address 

drinking water shortages (Legislative Analysis Office, Office of Emergency Services, 

2017). This brings the total to address drinking water shortages alone, to $27.2 million. 

Just as pressing as the need for drinking water during dry periods, is the need to have 

water to address wildfires. The money apportioned to CalFire for this purpose is $121 

million, $91 million of which is for expansion and enhancing wildfire protection (Table 

11).  
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Table 11. Governors proposal for 2017-18 drought response (Legislative Analysis Office, 

Office of Emergency Services, 2017).  

 
 

Wildfire treatment impacts water supplies, aquatic ecosystems, and diminishes 

reservoir capacity, as the fire retardants used consist of roughly 85% water. WBR could 

be utilized as the main source of water in such emergency situations, therefore mitigating 

the usage of water derived from reservoirs. 

 To illustrate this, consider a 100-unit train transporting water the 436 miles from 

Washougal, WA to Shasta Lake, the reservoir just north of the 2018 Carr fire. This single 

train has the potential to transport 6.14 acre-feet of water for $130,556 (Table 12). The 
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challenge is determining whether this expense justifies the social benefit of potentially 

having more water available in the future. The amount of water needed will vary for 

every wildfire, based upon topography, wind conditions, plant material (in regard to heat 

release) and wind condition (Hansen, 2012).  

 After emergency response is addressed, the state is focused on building drought 

resilience, and eventually finding ways to eliminate the need for emergency funds based 

on hydrologic needs. WBR could remain a potential emergency source of water, or be 

built into a long-term budget.  

 

Table 12. Amount of water to be transported from Washougal, WA to Shasta Lake, CA, 

and total cost for the single transport.   

Water By Rail - Emergency Relief Sample 

Average Cost per 1000-ton mile $0.04 

Tons per Unit Train (100 Cars, 74.86 tons/car) 7,486 

Travel Distance 436 

Total water transported (acre-feet) 6.14 

Single Day Transport Cost $130,556 

*Distance Assumed from Washougal, WA to Shasta Lake, CA 

** 20,000 Gallons of water (.0613 acre-feet) per car = 74.86 tons  
  

 Currently, rail emissions are predicted to decrease between 20%-50% by 2050 

(Liu et al., 2015). Rates for rail emissions depend on many factors in order to be 

calculated, including the age of the engine, idling time, engine type, and weight of 

transported goods. Data from the EPA’s Emission Factors for Greenhouse Gas 

Inventories Worksheet states that rail emissions can be calculated at 26g/ton-mile (2014). 

Greenhouse gas calculations for this research will use the following formula: 

        GHG Emissions = Distance X Weight X Emissions Factor  
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 Using the Washougal, WA to Shasta Lake, CA example, moving 7,486 tons of 

water over 436 miles, 84.86 metric tons of CO2 would be produced (Table 13). Since 

water is a heavy substance, this may not be the most feasible option for day-to-day 

transport. Depending on the severity of the need for water, the social benefits may 

outweigh the negative environmental impacts. 

 

Table 13. Metric tons of CO2 produced moving water from Washougal, WA to Shasta 

Lake, CA. 

Rail CO2 Emission Example 

Tons per Unit Train (100 Cars, 74.86 tons/car)  7,486  

Travel Distance 436 

Total ton-miles  3263896 

Emissions Per ton/mile (grams) 26 

Total Emissions (grams of CO2) 84861296 

Total Metric Tons of CO2 84.86 
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Chapter IV 

Discussion 

 The results from the start-up and operating costs show that each scenario is 

context sensitive. Initially, it was expected that one scenario would prove to be more 

cost-effective than another, and able to provide enough freshwater if scaled appropriately 

to fit the water demands. The results instead show that each alternative groundwater 

source would be best suited for different circumstances.  

 

Cost and Benefits of Water by Rail 

Social and financial factors determine the feasibility of using water by rail as a 

long-term drought relief solution. With high running costs, the environmental benefits 

must provide a great enough value for further consideration as an alternative water 

source.  

 

Best Uses of Water by Rail 

 As California works to integrate long-term emergency drought relief planning into 

the annual budget and policy, water by rail should be considered as a solution. Of 

California’s $177 million 2017-18 drought response-spending proposal, $24 million was 

proposed for emergency drought response, and $27.2 million was proposed to address the 

shortage in drinking water. At $3.7 million for a 100-unit train, the start-up costs for 

water by rail are not unreasonable, and would be well with-in the state’s proposed budget. 

Working this into an annual budget would also reduce the uncertainty and variance in 
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cost year over year, as this would be a reliable, long-term solution. To use water by rail 

every day of the year is not cost-effective. When used for emergency drought relief, it 

becomes a consistent, cost-effective source of water. The estimated operating costs for 

water by rail were quite high, based on the estimated daily 1000-mile distance the train 

would need to travel. But, because a need exists for drought relief farther north and 

operation would only be required part of the year, the $120.6 million total annual 

operating costs would be a gross over-estimate for this scenario.  

 Unlike other drought-relief alternatives, a rail system offers flexibility in transport 

to high-priority areas. Routing based upon high-priority needs is possible. Additionally, 

water by rail has a low cost-per mile rate, compared to moving water by truck. The 

greatest limiting environmental factor for this scenario is that removing only 20% of 

annual rainfall totals from the Columbia River would be considered sustainable. Using 

water by rail for emergency relief only would greatly reduce the amount of water 

required on an annual basis, and reduce the risks associated with water intake. Using this 

in conjunction with rainwater harvesting and desalination would limit the need to 

transport to coastal and urban areas, as water demands would already be reduced.  

The environmental impact of emissions produced by rail could also decrease over 

time, as technological advancements in solar rail and freight technology improve. The 

Byron Bay Railroad Company in Australia retrofitted an older diesel train with solar 

panels in 2017, creating the first fully solar train in the world. On sunny days, the train 

can run completely from the energy generated from panels atop the train, but has a 

charging station set up at either end of the railway as a back-up Byron Bay Train, 2018). 

During sunny days when there is surplus energy, it is fed into the grid, providing an 
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additional benefit to the energy sector. However, improvements on this technology will 

be required for it to ever be a viable option for freight and long-haul transportation.  

 Solar panels still have a carbon footprint due to the extraction and processing of 

raw materials required, but the overall reduction in greenhouse gas emissions would be 

significant. Mitigating the required upfront energy and long-term emissions using 

improved technology could make solar water by rail a viable source of fresh water. 

Reduced cost and emissions could also expand its use beyond emergency relief.  

 The greatest benefits of refurbishing existing DOT-111 crude oil tank cars for re-

use is that extraction of raw materials would be limited. It is worth noting that other tank 

cars could be refurbished as well, including vegetable and general-purpose oil cars of the 

same size. Due to transportation regulations, these cars have a relatively short (30 year) 

life transporting crude oil before they are decommissioned. It is estimated that many of 

these DOT-111’s could be used for up to 50 years, with proper maintenance. This study 

focused on these cars to extend the use of existing materials. Fiberglass insulation inside 

a thick thermal blanket are necessary materials for the production of these tank cars, in 

addition to steel, which is notoriously energy intensive to produce (The Greenbrier 

Companies, 2018). Reusing these rail cars won’t reduce emissions, but it would prevent a 

large amount of additional resources from bring extracted and processed to build brand 

new rail cars. For this reason, this study focuses on the re-use of existing cars to extend 

the usable life and reduce the extraction and production of raw materials.  

 Conversely, four major factors that could negatively impact the environment 

include impingement and entrainment and the effects on the marine ecosystem; the 

negative effects associated with the lining used in rail cars; ecological damage to intake 
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areas and possible displacement of fauna; as well as the carbon emissions produced 

through the use of moving water by rail.  

 

Costs of Water by Rail 

 For water by rail to be a viable alternative, some environmental issues will need 

to be addressed. The first of which involves extracting water from the Columbia River, 

which could lead to ecological damage at intake areas. There is also a threat to local 

fisheries due to the possible impingement and entrainment of marine life, especially the 

Sockeye and Chinook salmon. These are the most commonly regulated fish by the 

Washington Department of Fish and Wildlife, though, impingement and entrainment 

could impact other marine life such as shellfish and trout (Washington Department of 

Fish and Wildlife, 2018). The fish stocks within the river are constantly monitored by the 

Washington Department of Fish and Wildlife to ensure the continued success of the 

fishing industry. Risking these fish stocks at the expense of drought relief could result in 

environmental and financial losses to these fisheries. Establishing intake areas would 

require proper evaluation. If the area is too large or too loud, this could adversely impact 

the local ecology. The emissions associated with building the required platforms at which 

the trains would stop should also be factored into the environmental appraisal for a land 

use assessment. Further cost benefit analyses would reveal the total financial impact this 

could have on the economy, and evaluate the ecological damage this could have on 

marine life.  

The environmental costs of reusing of existing crude oil tank cars also include a 

thorough cleaning and relining of the rail car interior, processes that also produce 
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emissions. The Greenbrier Companies (2018), the leading rail car supplier, outlines the 

crude oil cleaning process in six basic steps. The first step, ventilating the tank, 

contributes to annual greenhouse gas emissions, as the vapors are generally routed to a 

flare for disposal. Next, a technician empties the interior of the tank car, scraping the 

residual crude. This scraped material is hauled to a treatment facility. Third, these cars 

get a four-hour steam bath to loosen any particulates that may have stuck to the walls of 

the interior, before being scraped down again. The fifth and sixth steps include a final 

water rinse, followed by “blow-drying” the car for about an hour. The cleaning process 

produces waste, both in the forms of vapor and leftover crude, and is water and energy 

intensive (Greenbriar Companies, 2018). However, the overall environmental impact of 

the rail car cleaning and re-lining process has not been fully assessed.  

The next process required for crude oil tank car reuse involves relining, which is 

also energy intensive. This involves grit blasting the interior before either spraying on a 

new lining, or fitting a plastic or rubber lining in place. To do a full ecological analysis 

on this particular portion of the project, the optimal type of lining would need to be 

determined before the environmental impacts could be fully realized. Overall, there is 

room for future environmental and economic analysis to assess emissions, water use and 

energy use. 

 

Benefits of Rainwater Harvesting 

 Rainwater Harvesting Systems (RWHS) in this study do not act as a traditional 

utility; therefore, they are complex to compare against water by rail and desalination. 

Price of water plays a huge part in the economic viability of these systems, but the benefit 
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of reducing erosion and emissions make them useful in the scope of long-term 

environmental benefits. Water managers are often looking for viable long-term water 

sources that are low risk, and have a low cost. RWHS could be California’s solution 

based on cost, but variable precipitation increases the risk that California would take.  

 

Benefits of Rainwater Harvesting for Local Small Water Cycle 

 The benefits of rainwater harvesting are more difficult to quantitatively measure 

than desalination and water by rail. Perhaps the greatest potential benefit, with 

considerable room for further research, is the potential for RWHS to contribute to the 

local small water cycle. The water pumped from deep underground generally has a short 

life on the surface before making its way to the oceans, meaning this water is doesn’t 

return to the small water cycle. It is estimated that this has had a marginal impact on 

rising sea levels, at a rate of 3.3 ± 0.4 mm5 annually (Nicholls & Cazenave, 2010). The 

weight of this drained water from the continents could affect the geological structure, 

resulting in increased earthquake activity, an issue particularly relevant to California 

(Kravick & Lambert 2012). Recent scientific papers are re-thinking the relationship of 

the small water cycle’s effect and contribution to greenhouse gases and CO2 emissions, 

relating these issues instead to the damaged and lessened available vegetation (Kravick & 

Lambert, 2012). Since hydrologic cycles go hand-in-hand with vegetative growth, it is 

estimated that poor land management has significantly impacted the water cycle, and thus 

the ability of vegetation to aid in GHG absorption. Reversing this trend by focusing on 

rebuilding the soil would build water retention, in turn increasing vegetative growth and 

aiding in the reduction of GHG levels, while at the same time increasing crop yield. A 
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holistic approach is ultimately needed, combining RWHS with soil regeneration, and 

limiting runoff and use of groundwater (Petit-Boix et al., 2018). Comprehensive field 

research is needed to fully gauge cost and viability of this combined system if it were to 

be extended across the state of California. 

 

Reduction in Storm Water Runoff  

 California’s municipalities could benefit from RWHS as a means to ease storm 

water runoff, especially in urban and suburban areas. Implementation of cisterns reduces 

the volume of runoff, thus also reducing the environmental impacts caused by stormwater 

treatment (Petit-Boix, 2018). Runoff easement is an added benefit during periods of 

flooding. Having these systems in place has the dual effect of benefiting drought and 

flood conditions at the planning level. RHWS “might also reduce the economic costs and 

environmental impacts of adapting urban sanitation to increased water flows and 

replacing damaged properties after flooding” (Petit-Boix et al., 2018, p. 435). The 

Ballona Creek watershed has a maximum capture capability of 12.74 million m3 of water 

per year (Dallman et al., 2016) (Figure 5). Multiplied across additional regions of 

California, this could tremendously offset the damage caused during flood periods. When 

the infrastructure is overwhelmed, sanitary sewer overflows can occur, threatening 

human health, wildlife, and limit recreational use of the waters affected (California Water 

Boards, 2018). By preventing such overflow, toxins would be reduced, as would 

eutrophication of the surrounding bodies of water, limiting the negative impacts on 

marine life. There is room for a holistic assessment of the benefits of limiting storm water  

 



 

38 

runoff, including a valuation of the environmental and social benefits that have been 

presented.   

 

Figure 5. Water savings and capture with various cistern sizes from the Ballona Creek 

watershed analysis. Annual water savings represented by bar graph, maximum capture 

percentage represented by line graph (Dallman et al., 2016).  

 

 

Energy Savings 

 The strain on water municipalities in California would be reduced with the 

installation and use of RHWS. Municipal water efficiency would then increase, 

diminishing the energy needed to pump, treat, and process water. Annual energy savings, 

valued at the 2016 average of $0.21/kWh for the Ballona Creek example, increase 

relative to cistern capacity (Figure 6) (Dallman et al., 2016). The carbon equivalence 

saved by use of RWHS also increases relative to cistern size, using “Executive Order 
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12,866 Interagency Working Group’s 2013 estimate of the Social Cost of Carbon (SCC), 

which is US$40.45 per metric ton of carbon” (Dallman et al., 2016, p. 4421).  

 

 

Figure 6. Ballona Creek watershed analysis presenting energy (bar graph) and carbon 

savings (line graph) potential relative to cistern size (Dallman et al., 2016). 

 

One limiting factor in this scenario is the consumer cost of RWHS for indoor use, 

as the energy required would not be cost effective unless the price for water increased. 

While energy and carbon savings would still have a positive net benefit, consumer 

pricing could limit the use of such systems. In an effort to make this a viable option, the 

payback period should be evaluated. Consumer mindset would reflect positively if a solid 

return on investment was substantiated. If water prices were to increase, RWHS would 

have a greater value to the consumer based on potential money saved. Especially if 
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RWHS were deemed to have a net benefit to the community, subsidies or credits could be 

issued to offset initial cistern or energy costs. Additionally, being able to plan for a 

reduction in municipal water could reduce (and hopefully eliminate) the need for annual 

emergency funds based on hydrologic needs. Having water reserves the public can fall 

back on would prove to be a huge benefit during emergency drought scenarios.  

 

Value of Saved Water  

 There is both an economic and environmental value to using RHWS, based on 

reductions of costs related to pumping and transporting groundwater, treating and 

distributing municipal water, and providing groundwater reserves. There are multiple 

means of comparison for determining these values, including direct-market replacement 

costs, municipal water cost reductions, and a complete cost-benefit analysis based on 

environmental factors (Dallman et al., 2016).  In the Ballona Creek CBA example, where 

208-liter cisterns were found to have the most benefits, irrespective of increases in water 

prices, water savings presented the greatest benefit. Water collected and only used 

outdoors in the Ballona Creek CBA presented annual water savings of $4.3 million, 

which represents 70% of the total benefit. Energy savings are expected to amount to 

roughly $1.7 million (27% of total benefits), while carbon savings will amount to 

$230,000 (3% of total benefits) (Dallman et al., 2016).  A reduction in emergency relief 

could provide additional financial savings statewide. Additionally, this scenario is based 

upon an increase in water prices of only 5% per year. With even a slight increase over 5% 

to annual water prices, the net economic benefits increase tremendously, and could place 

a greater benefit on the larger cistern sizes. Extending the initial payment period for 
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purchase of cisterns over time (financing options), or a reduction in price for bulk 

purchases, would make indoor use economically viable. The price of water is the most 

significant variable in these analyses.  

 The environmental value of saved water includes a reduction in groundwater use, 

energy reduction in water treatment, more water availability for agricultural use, and 

reduced river flow impacts which benefits recreation, local ecology, and fish hatcheries. 

Each of these factors financially and ecologically benefit the state of California.  

 

Costs of Rainwater Harvesting 

 Evaluating the negative impacts of rainwater harvesting systems is complex. 

Federal regulations are minimal at best, leaving guidelines and decisions to each 

individual state. A complete analysis is also difficult, because many variables factor into 

the disadvantages of RWHS. These variables include machine efficiency, the financial 

and environmental cost of construction materials, impervious surfaces, and location of 

study.   

 

Energy Requirements Related to Indoor Use  

 RWHS will require energy to function when collected water is meant to be used 

indoors. Overall energy efficiency and volume of water consumed will improve in the 

future as appliances, such as washing machines and dishwashers, become more efficient. 

The less water used, the more stable the future availability of existing water becomes. A 

thorough sensitivity analysis would better show how much indoor use would be affected 

by energy pricing. If groundwater prices stay the same, RWHS should not be adopted for 
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indoor use. But should the price increase at a minimum of 5%/year, larger cisterns and 

indoor use would be cost effective. Depending on the type of RHWS systems used, it’s 

possible to be more energy intensive than local water supply systems. Energy intenisty 

for indoor use of RWHS is estimated to range from 0.20kWh/m³ in theoretical studies, to 

1.40kWh/m³ in empirical studies (Vieira, Beal, Ghisi, & Stewart, 2014). The discrepancy 

is most likely due to variance in mechanical efficiency, pump start-up and stand-by 

energy use, and design and operation of RHWS (Vieira, Beal, Ghisi, & Stewart, 2014).  

 

Environmental Impacts from Producing Cisterns  

 Large cisterns for collecting rainwater are generally made of plastic, specifically, 

of food-grade high-density polyethylene (HDPE). The life cycle and emissions of the 

plastic cisterns alone will vary based upon location and transport of material, 

manufacturing processes, and end use (Figure 7). At a melting temperature between 380 

°F and 430 °F, production of this plastic releases many adverse compounds, including 

VOCs, heavy and light hydrocarbons, aldehydes, ketones and organic acids (Barlow et 

al., 1996).  

However, determining the exact amount of emissions released during cistern production 

would depend on the manufacturing process. Particulate matter (PM) and VOC emissions 

for blow molding cistern processing can be calculated using the following formula (U.S. 

Environmental Protection Agency, Emission Inventory Improvement Program and for 

Roy Huntley of the Emission Factor and Inventory Group, 1998): 

 Ehr,x= EFx * AF 
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Figure 7. Life cycle of rainwater harvesting systems (Petit-Boix, et al., 2018). 

 

where Ehr,x = Hourly emissions of pollutant x (lb/hr); EFx = Emission factor for pollutant 

x (lb/units); and AF =Activity factor (units/hr). 

Roughly 1,478 lbs of CO2 are created per 1,000 lbs of HDPE; 79% of these 

emissions are fuel related, the remaining 21% is related to processing (Dordan 

Manufacturing Co. Inc., n.d.). Although this type of plastic can be reclaimed, about 10% 

is typically recovered. Once a cistern size and manufacturer is determined, these 

equations would be used to calculate the full environmental production impact.    

 Cisterns require cleaning and general maintenance, which often involve the use of 

chemicals. The Centers for Disease Control and Prevention recommends cleaning with 

bleach. Microbial growth can be prevented in catchment systems used for drinking water 

by maintaining residual chlorine levels between 0.2 ppm and 2.0 ppm (cdc.gov, 2018). 

The end-user should be aware that chlorine could cause short-term irritation of the nose, 
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eyes, and throat at low exposure levels. At high exposure levels, especially in the air, 

coughing, difficulty breathing, chest pain, vomiting and lung damage could occur, 

although household bleach is not pure chlorine, and the likelihood of this level of 

exposure for this purpose is extremely low (U.S. National Laboratory of Medicine, 2017). 

Environmental impacts from such chemicals are negligible, as chlorine dissipates with 

exposure to sunlight, and does not bioaccumulate in the food chain.  

 More harmful substances of concern are the potential pollutants from roofing 

materials. Cheap roofing materials can leach chemicals, which could end up in cisterns 

depending upon how the catchment system is set up (Clark, et al., 2008). Roofing runoff 

has the highest volume of toxins, including polycyclic aromatic hydrocarbons (PAHs), 

and the highest levels of heavy metals (Clark et al., 2008). PAHs are known to cause 

dermal, hepatic, and immunological issues, and the effects of heavy metals can vary 

greatly depending on the levels of toxicity (Agency for Toxic Substances and Disease 

Registry, 2011). Galvanized and pressure treated roofing have the highest level of these 

dangerous toxins, while cedar shingles, waterproofed wood, fiberglass, and some plastic 

roofing materials have the least (Clark et al., 2008). Using RHWS for potable use would 

require water treatment, and further investigation into the type of roof and its material 

before allowing this water to be used for certain applications. Furthermore, plants could 

absorb these toxins if this water is used for agriculture, which could then accumulate in 

the human body once ingested.  

 Groundwater replenishment is an oft-debated topic when discussing rainwater 

harvesting systems. The primary public concern is that water will not have the 

opportunity to penetrate and replenish aquifers. In places like the Caribbean, rainwater 
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collection systems that penetrate the earth have been used to collect rainwater and pump 

it underground. This is known as a manual aquifer recharge (MAR). While this could be 

a method that California uses, the focus of this analysis is on systems that collect, store, 

and use water above ground. Groundwater levels and quality were decreasing in Chennai, 

India before implementation of RHWS, but use of these systems dramatically increased 

groundwater storage, and the quality of the available water also improved over a 10-year 

period (Jebamalar, Ravikumar, & Meiyappan, 2012). RWHS can be effective in this way 

because water released by cisterns for outdoor use between storm events allows for better 

groundwater recharge, as this is water isn’t ending up in storm drains. Instead, it is being 

gradually released. This collected water, when used for landscaping, is consumed as 

needed, and any excess water that could not be absorbed filters down to replenish 

groundwater supplies. In areas with natural groundcover and no impervious surfaces, 

roughly 25% of the total rainfall penetrates deep enough into aquifers, and only 10% is 

runoff; of the remaining, 25% is accounted for shallow infiltration, and 40% by evapo-

transpiration (Ruby, n.d.). In urban areas, which can have between 75%-100% 

impervious surfaces, only 5% of rainwater can deeply penetrate aquifers. Using the 

Ballona Creek watershed example, if RHWS were able to simply double the urban 

percentage with a slow release of water for landscaping, this could mean the difference 

between restoring 637,000 m3 of water to aquifers (5% of the 12.74 million m3 of rain 

water available for capture), and restoring 1.274 million m3 at 10% deep infiltration. 

 Additional RHWS considerations include the improved stream quality when 

water has more time to filter through soil. Healthier water in streams in turn benefit local 

flora and fauna. It is worth noting that if buildings cannot accommodate cisterns on roofs, 
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other location possibilities include open areas like parking spaces. Social appraisals, 

however, must be completed to determine if the benefits outweigh the cost in such 

instances, as parking in dense, urban areas is often a commodity.  

 

Rainwater Harvesting Potential Outcome 

 Rainwater harvesting was expected to have the greatest environmental impact in 

my analysis, while having the lowest cost to the consumer. The long-term environmental 

benefit could be significant. With an estimated capacity to collect 1136 acre-feet a year 

for the Ballona Creek watershed area, this freshwater alternative would moderately 

reduce the annual consumption of groundwater. This solution could be scaled statewide 

to further lessen the strain on the groundwater supply. Rainwater harvesting is limited by 

the hydrological cycle, so annual water collection totals will vary.  

 Implementation of RWH systems may be limited by the significant start-up cost 

for outdoor use. If systems need to be installed for indoor use, this cost is then more than 

quadrupled. The feasibility of relying on the consumer to implement these systems 

without any incentives to do so, is low. In order to achieve widescale adoption and 

implementation of RHWS, public policy may have to be adopted requiring their use, as 

this type of system wouldn’t be considered a public utility. Incentives in the form of tax 

credits or grants could also be used to motivate residential and commercial consumers 

into action. These systems have the lowest operating costs of the three options, and will 

last for a very long time, making them ideal for independent use. If water prices are going 

to stay the same, the cost for indoor use will not be justified. But if the price increases at 
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a minimum of 5% per year, it would be cost-effective to use larger cisterns, and 

implement indoor use.  

 

Costs and Benefits of Desalination  

 Desalination offers the ability to produce massive amounts of freshwater in a very 

short period of time. This is the only option thus far that is independent of the 

hydrological cycle, is reliable, and provides the largest social benefit of the three 

alternatives in this study. The massive water output desalination offers aids in the most 

significant avoidance of groundwater use, but is limited by location and consumes 

massive amounts of energy.  

 

Benefits of Desalination 

 The most significant benefit to using desalination as a source of fresh water is the 

ability to produce a massive amount of clean, potable water in a very short period of time. 

The Carlsbad desalination facility is able to produce about 50 million gallons of water per 

day (56,000 acre-feet per year), fulfilling roughly 10% of San Diego’s water needs. 

Socially, this provides a stable source of freshwater, unimpeded by the hydrological 

cycle. Preserved freshwater sources means more protection for reservoirs, which are used 

for water as well as recreation.  Environmentally, many habitats are dependent on this 

freshwater, and securing this water for continual, future use has ecological value. 

Desalination would be able to significantly reduce Southern California’s dependence on 

groundwater.  



 

48 

 Using the latest RO technology, desalination has become more cost effective. It 

currently costs Poseidon Water less than 0.7 cents to produce a gallon of water at the 

Carlsbad facility (carlsbaddesal.com, 2017). This is still more expensive than the current 

average cost of water, and if the price of groundwater were to increase at a steady rate of 

only 3% per year, desalination would remain an expensive water alternative. However, 

the future cost of water is uncertain. A 2014 financial analysis prepared for the 

Metropolitan Water District (MWD) predicted a 4% increase in the price of water due to 

the two-tunnel California WaterFix project approved at the beginning of 2018 

(Metropolitan Water District of Southern California, 2017). At just 4%, Poseidon Water 

is expected to become the most cost-effective option for consumers by 2048. Taking into 

account emergency water needs, this rate could increase to 6%. At this latter rate, 

Poseidon Water should be the least expensive option for consumers by 2037 (Clean 

Energy Capital, 2014). Despite the large upfront expense of desalination facilities, they 

will be cost-effective for consumers long-term.  

 Job creation is an additional social benefit to the implementation of desalination 

facilities. The Carlsbad desalination plant is expected to spend $50 million annually, 

employ 36 full-time workers, and create over 150 new, indirect regional jobs 

(carlsbaddesal.com, 2017). This is in addition to the 2,500 jobs created and $350 million 

spent during construction (San Diego County Water Authority, 2018).  

 

Costs of Desalination 

 The ability of desalination facilities to have such a significant output comes at a 

substantial cost to the environment. Impingement and entrainment issues, membrane 



 

49 

disposal, brine reintegration, emissions, and the emissions associated with construction 

are among the most significant environmental factors. Now that desalination plants are 

being constructed all over the world, environmental issues are being brought to the 

forefront. Technologies are being implemented and improved to address some of the 

major issues, such as energy use and membrane disposal. Many newly built facilities 

have monitoring programs that evaluate impacts associated with brine discharge.  

 Land use impacts need to be assessed to ensure desalination plants are located in 

areas that do not significantly impact tourism and ecology, among other social, economic, 

and environmental impacts. This must be done on a case-by-case basis for any future 

desalination facility developments. Using the Carlsbad facility as an example, aesthetics, 

noise and vibration levels, air quality, and transportation are all issues that were 

considered in the development plan (carlsbaddesal.com, 2017). In addition to these 

factors, an evaluation was done to place this facility in a location that limits the impacts 

of brine reintegration.  

 Brine is the waste stream that is continually produced during the desalination 

process, and must be properly reintegrated with ocean water after processing. High brine 

concentration can kill local marine life. The other major waste stream is the chemical 

cleaning solution, which is used in much smaller quantities during the cleaning process to 

reduce the contaminants within the desalination system. Temperature of the disposal 

water is also something that will need to be considered, though reverse osmosis 

technology causes less of a temperature change than other desalination processes.    

 Intake areas for desalination plants have been known to affect water exchange and 

transport. However, the much larger issue is the impingement and entrainment of marine 
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life. According to the California State Water Resources Control Board’s multi-year study 

on power generation intake areas, annual fish impingement ranges from 0.31 lb of fish 

per million gallons of water per day (MGD), to 52.29 lb/MGD, with an average of 6.63 

lb/MGD. Dividing this annualized impact by 365 days, the daily average impingement 

rate is 0.018 lb/MGD (epa.gov, 2011). A large desalination facility typically has a daily 

intake rate of 110 MGD to produce 50 MGD of fresh water. At 0.018 lb/MGD x 110 

MGD, the impact of impingement would be 1.98 fish per day, or about 730 fish/year 

(epa.gov, 2011).  

 This same study determined that the number of larval fish caught each year 

(entrainment) ranges from 0.08 million (MM)/MGD to 5.8MM/MGD, with an average of 

2.14 million fish larvae per MGD. Using the 110MGD desalination example, the annual 

entrainment is 235.4 MM larval fish per year (epa.gov, 2011).  Larval fish have a 98.5% 

mortality rate, meaning the average number of fish that could potentially survive to the 

adult phase ranges between 32,100 and 35,310 fish per year (White, Morgan & Fisher, 

2014). With multiple desalination plants, the effects of impingement and entrainment 

could have a significant impact on fish population. In turn, this could impact marine 

ecologies, as well as fisheries and the corresponding market. However, several California 

regulatory agencies use a method called Area Production Forgone (APF) to ensure more 

habitat is created for fish (Pacific Institute, 2016). The goal of the APF is to have a net 

neutral impact on marine populations, offsetting the losses during construction and during 

use the life of the desalination plant.  

 Construction, although a one-time consideration, has a significant environmental 

impact. Beginning with building materials, the overall environmental footprint of 
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building involves the use of thousands of yards of concrete, a material which is linked to 

high CO2 emissions due to extraction of raw materials, as well as during the production 

of the finished product. When looking at the entire life cycle of the desalination facility, 

carbon emissions from shipping construction materials must also be factored into the 

assessment. An environmental impact assessment was completed for Carlsbad, and new 

habitat was created to account for the initial disturbance of the seabed at intake areas, 

where marine life was disturbed. Lastly, the major social concern during construction of 

such a large operation, is the noise level. Noise issues during construction may disturb 

surrounding areas. 

 Energy use can be quite significant at desalination facilities, like Carlsbad. 

Although facilities using RO technology are considered to be the most energy efficient, 

they still consume, on average, 2.46 kWh/m3 (Dashtpour & Al-Zubaidy, 2012). At 

189,270.6 m3 (50 million gallons) per day, the Carlsbad facility uses 465,605.6 kWh per 

day, and 169,946,044 kWh annually. The carbon emissions associated with this will vary 

based on the types of energy being generated where each desalination plant is built. 

Using renewable energy, such as solar or wind, would help offset the energy 

requirements and carbon emissions. Energy demands increase respective to the distance 

that water is transported from the desalination facility.  

Reverse Osmosis (RO) membranes can typically be used for several years in large 

commercial desalination facilities before they are disposed of. Currently, disposal means 

they head directly to a landfill. Research is currently being conducted to find ways to re-

use RO membranes. One such study found that using degrading agents, such as NaOCl, 

can increase the permeability of the polyamide layer and make them possible for re-use 



 

52 

low pressure systems, which use more porous membranes for filtration (Lawler, Wijaya, 

Antony, Leslie & Le-Clech, 2011).  Other membrane components could also be re-

purposed. The spacers (used between membrane sheets) could be used in the agriculture 

industry as netting for birds, nest windbreakers, or as lawn protection. The membrane 

sheets have potential to be used in the geotextile industry, and the fiberglass portions 

could be reused or recycled (Prince, Cran, Le-Clech, Uwe-Hoehn, & Duke, 2018). 

However, it is unclear how use of these recycled materials would affect the post-

consumer cost. As desalination becomes a more widely used source of freshwater, 

innovative technologies are being employed to limit extraction of raw materials where 

possible. It’s worth noting that incineration of RO membranes and the related 

components is highly discouraged due to the high combustion temperatures (about 450 

°C/852 °F), and the toxic gases that would be emitted.   

 

 Adoption of Desalination  

 Desalination was expected to be the most cost-effective solution by volume, and 

have the greatest negative impact on the environment. With a capital investment of $734 

million, desalination has the largest start-up costs of the three freshwater alternatives. The 

capability of producing 55,991 acre-feet of water a year is the largest water output. Water 

production from these facilities would only cost around $0.007 per gallon, making it the 

second least expensive option for consumers – the first is rainwater harvesting for 

outdoor use only. This option is offered as a utility, unlike the other two alternatives.  

 Desalination is the only groundwater alternative able to meet the large water 

demands of the state, but is limited to coastal areas. Transporting water far from the 
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facility uses a lot of energy, and thus increases the already significant environmental 

impact. With the high output capability comes a very high demand for energy. The 

Carlsbad desalination plant incorporates the use of solar to mitigate its high-energy 

demands, something future desalination facilities should attempt to replicate as they are 

constructed. Since California is considering proposals for more desalination plants, it 

would be environmentally prudent to install a minimum renewable energy requirement 

into their policy.  

 

Conclusions 

  The results of this study intimate that a combination of three options could 

prevent the state of California from devastating future losses of groundwater. Rather than 

a single freshwater alternative, the combination of rainwater harvesting, water by rail, 

and desalination could offset daily use, and provide long-term emergency drought relief.  

The financial appraisals indicated that desalination was not the most cost-effective 

option of the three freshwater alternatives. Rainwater harvesting, due to the low start-up 

and minimal maintenance costs, was the most cost effective. Water transport by rail 

proved to be a viable option when comparing environmental impacts to that of rainwater 

harvesting and desalination. However, duration of use, transport distance, and 

technological improvements will significantly alter the long-term viability of this method. 

Considering the multi-billion-dollar implications of a complete loss of access to 

groundwater, rebuilding the soil and natural water storage through the use of rainwater 

harvesting will have positive economic benefits. There is significant room for further 



 

54 

research to be conducted in these areas, including a full quantitative cost-benefit analysis 

of each of these freshwater alternatives.  

There is not a clear ‘best option’ for groundwater alternatives for the state of 

California, given that each of these solutions offers a drastically different benefit within 

different scenarios. Water by rail would be best suited for emergency relief; rainwater 

harvesting would benefit the private sector and off-set groundwater use on a small scale; 

and desalination offers the greatest scalable benefit in the public sector. Each alternative 

groundwater source has myriad environmental benefits and disadvantages. Although not 

every option is necessarily profitable, using a combination of these three freshwater 

alternatives could ensure California’s enduring ability to meet future water needs, while 

diminishing its dependence on groundwater.  

 The current consumer cost of water from desalination varied depending upon the 

size of the desalination plant. Operating costs and cost to the consumer continue to 

decrease as desalination technology advances and production of filters and membranes is 

picked up by more distributors. Due to ever changing disposal costs, they were not 

factored into these calculations. It is worth noting that with the development of new 

recycling options, disposal related expenses are expected to continue to decline.  
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