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A B S T R A C T

Due in part to increased water demand and uncertainty around the availability of existing freshwater resources,
there is interest in expanding the use of seawater desalination in the U.S. In order for greater adoption to occur,
existing barriers need to be mitigated. One of these barriers is the energy consumption of seawater desalination.
This paper reviews the existing energy requirements for membrane and thermal-based seawater desalination
systems to produce potable water. Through literature review, it identifies the commercially-available option
with the lowest energy intensity and the thermodynamic minimum energy requirement for each unit operation
of the system. The paper then estimates the energy requirements to expand seawater desalination capacity to
meet the potable water needs of water-stressed regions in the U.S. The results show that supplying 10% of the
potable water demand for these regions located within 250miles of a coastline using the lowest energy-intensity
seawater desalination system commercially available would require< 0.1% of 2018 U.S. electricity consump-
tion. This increases to approximately 0.5% if all public water for these same regions is supplied via desalinated
seawater. These estimates of the energy implications of broader adoption provide an initial comparison to
current U.S. electricity consumption.

1. Introduction

Global water demand in 2050 is projected to be 155% of 2000 levels
[1]. By this time, limits on human consumption of freshwater are ex-
pected to exceed the Earth's safe limit for stability [2,3]. In the U.S.,
state water planners are already concerned about meeting growing
demand. In a survey conducted in 2013 by the U.S. Government Ac-
countability Office, 40 of 50 state water managers expected freshwater
shortages within their state in the following ten years under typical
weather conditions, and 42 expected shortages in the subsequent
10–20 years [4]. The shortages are expected in the absence of impacts
from climate change, which is projected to exacerbate water shortages
globally [5–8]. Additionally, irreversible damages to the environment
and water resources can occur from depleting our freshwater resources.
For example, heavy reliance on groundwater can lead to aquifer con-
tamination by seawater intrusion or depletion beyond the point of re-
charge. Land subsidence and infrastructure damage are other potential
consequences of overdrawing from groundwater sources [9,10]. De-
veloping water plans that meet projected demands and are resilient

against uncertain future water availability is an emerging challenge for
regional planners. The consequences of inaction are severe; the World
Economic Forum recently cited water crisis as one of the most likely
and impactful global risks in the near term [11].

The utilization of seawater can be part of a diverse water supply
portfolio to meet projected water demands. However, in the U.S., sea-
water is a far less utilized water source for potable water compared to
fresh ground or surface water. In 2010,< 1% of public water supply in
the U.S. was sourced from saline (sea or brackish) water [12]. This is
due in part to the energy intensity (defined as energy consumption/unit
of product water) necessary to treat seawater for potable use. In the
U.S., the estimated energy intensity of installed seawater desalination
facilities (between 3.2 kWh/m3 and 4.5 kWh/m3) can be over 25 times
larger than it is for freshwater systems (0.12 kWh/m3 in New York
state) [13–16]. For reference, the average home in the U.S. consumes
29.5 kWh in a day [17]. The energy required to produce 1m3 of potable
water (typical per person use in the U.S. is 0.37m3/day) from seawater
at an energy intensity of 3.2 kWh/m3 is equivalent to the energy con-
sumed by a typical U.S. home in 2.6 h [18]. For further context, a small
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room air conditioner operating for 1.4 h consumes 2.5 kWh [19]. This
suggests that the energy intensity of seawater desalination is high when
compared to other water supply options but comparable with other
energy-consuming services.

In addition to the higher energy intensity compared to existing
water supply options, there are several other barriers to the adoption of
seawater desalination in the U.S. One major barrier is the high initial
cost of large, centralized desalination facilities (which include not only
the capital costs, but also costs to acquire coastal land, permits for siting
and the environmental impacts of seawater intake and concentrate
discharge) and subsequent amortization. This, along with the increased
energy consumption, leads to higher cost of water produced through
seawater desalination relative to potable water produced from fresh-
water. However, seawater desalination offers several benefits. The
feedwater (the oceans) are vast and generally available at no-cost. Due
in part to this, seawater desalination offers a water supply option that is
resilient against water stress. Further, while the cost of water produced
through seawater desalination is relatively high, it can also be pre-
dictable and relatively steady. This provides water planners with more
certainty when developing multi-year plans to meet projected water
demands. Additionally, seawater desalination in conjunction with
water storage offers the potential to facilitate the integration of inter-
mittent renewable electricity generation (e.g., solar) into the electric
grid.

As regional water planners consider seawater desalination, a ques-
tion that emerges is the impact on the regional energy sources from
adding seawater desalination to their water supply portfolio. Energy
and water – two important resources/services for human development –
cannot be fully decoupled, and there is a need to consider one when
planning on the development of the other [20,21]. Further, while the
energy intensity for desalination has dropped significantly over the past
forty years, future research and development has the potential to lower
it further [22].

In order to better understand the energy consumption of different
seawater desalination systems and the energy implications associated
with their increased adoption in the U.S., this paper will:

1. Define the desalination system, based on consistent set of key unit
operations/components.

2. Map the various desalination technology options from a variety of
water sources for a range of end-uses, based on salinity and capacity
requirements.

3. Briefly summarize installed seawater desalination capacity globally
and in the U.S., and relevance to water stressed regions in the U.S.

4. Review several membrane and thermal-based seawater desalination
system technologies to produce potable water, and identify the
state-of-the-art (SOA) and thermodynamic minimum (TM) energy
intensities for each component of the desalination system.

5. Develop scenarios that estimate the energy requirements associated
with broader adoption of SOA membrane-based seawater desalina-
tion systems to serve the water supply needs of water stressed re-
gions in the U.S. These estimates are intended to provide general
guidance on the energy implications of increased adoption.

Reductions achievable through optimization of the water con-
veyance system are likely possible, but not explored in this paper.

6. Discuss other considerations and barriers when planning for in-
creased adoption of seawater desalination.

The results are intended to assist regional and national water
planners in the U.S. to better assess the full energy implications asso-
ciated with increasing seawater desalination capacity for potable water
production. It can also be used by policymakers who are developing
research and development portfolios related to desalination to better
understand the limit for energy reductions in seawater desalination
systems over commercially-available ones.

2. Background

2.1. Desalination system and applications

For the purposes of this paper, the desalination system is subdivided
into five unit operations: intake, pre-treatment, the desalination pro-
cess, posttreatment of the product water, and disposal of the con-
centrate (concentrate management). These steps are illustrated in
Fig. 1. Additionally, pumping energy will be required to integrate the
product water with the existing water supply network.

The selection and pairing of the system components will be de-
pendent upon many factors, including the desalination system appli-
cation, where the application refers to the desalination of an alternate
water source for a given end use. The feasibility of a system component
for an application will depend at minimum on the salinity and avail-
able/required flow rates of the water source, end use, and concentrate
disposal site. To help identify feasible desalination pathways, Fig. 2,
originally developed by the U.S. Department of Energy and adapted for
this paper, shows typical ranges of capacity (m3/day) and salinity (%
total dissolved solids) for various freshwater-alternate sources, end use
requirements, concentrate disposal thresholds, and commercially-
available desalination technology operating ranges [23]. As shown in
the legend to Fig. 2, three sets of capacity and salinity ranges are shown
for the desalination technologies. The first describes the feedwater
input, while the second and third describe the concentrate and product
water. By matching the output capacity and salinity of a preceding
system component with those of the input requirements for the next
system component, feasible desalination pathways can be identified.
These pathways are not intended to show an optimized system (in terms
of energy efficiency, cost, etc.), but to eliminate technically infeasible
pathways for a selected application. For example, from Fig. 2 one can
determine that capacitive deionization is not appropriate for seawater
and multi-stage flash is not appropriate for low salinity feedwaters.

The pathways explored in this paper - seawater to municipal potable
water - are one of many, with a single exemplary pathway shown in
Fig. 2 with arrows. One water source (seawater) was selected for one
end-use (municipal-scale potable water) and one concentrate disposal
option (ocean). Many desalination technologies can be used for these
specified conditions, including reverse osmosis (RO), multi-effect dis-
tillation (MED), and multi-stage flash (MSF). This paper will review RO,

Fig. 1. Unit operations of a desalination system, as defined in this paper.
Adapted from U.S. Department of Energy [23].
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