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One of the greatest challenges that our society 
will continue to face is obtaining adequate and 
sustainable supplies of energy and water at 
affordable costs. Many people are aware of energy 
related issues, but the issues associated with water 
have not been the recipient of nearly the same 
attention. These two vital resources are inherently 
linked, and this relationship has been entitled 
the Water-Energy Nexus.1 Substantial quantities 
of clean water are required to produce energy. 
In turn, large amounts of energy are needed to 
purify water, so water availability has a significant 
impact on the availability of energy and vice 
versa. Membrane processes have the potential to 
considerably mitigate issues within this vicious 
cycle, and will undoubtedly play a key role in 
addressing our future water and energy needs. 

Thermal power plants that consume coal, oil, 
uranium, or natural gas provide over 90% of the 
total electricity in the U.S. and significant amounts 
of water are needed for the operation and cooling 
of these plants. In 2005, thermoelectric power 
plants alone used 41% of the total freshwater 
withdrawals in the United States. These values 
are predicted to increase by approximately 40 
percent by the year 2030.2 Over the past decade, 
the use of hydraulic fracturing for extraction of 
natural gas and liquid hydrocarbons has seen rapid 
development and growth. Hydraulic fracturing 
is a highly water-intensive process. The amount 
of water used varies with location, but estimates 
include the potential use of up to 5 million gallons 
of water per well.3 The “flowback” water that is 
extracted after the completion of the process 

typically contains high amounts of salt and other 
chemicals. Generally, this water is then injected and 
stored in underground sites, making it unavailable 
for other uses.4

At the same time, large amounts of energy are 
needed for the purification and transportation of 
water, often across vast distances. A recent study 
by King and Webber shows that 12.6 percent of 
the total national primary energy consumption 
in 2010 was used for water-related purposes (i.e., 
treatment, transportation, etc.).5 This usage is 
expected to increase as water-stressed states such 
as Texas and California begin to use more energy 
intensive technologies, such as desalination, to 
address their current and future water needs. Due 
to the coupled nature of the relationship between 
energy and water, it is important to recognize that 
water constraints have the potential to become 
energy constraints, the reverse of which is also 
possible, with the overarching threat that both will 
lead to unwanted cascading effects.

Though the amount of water available on Earth is 
sufficient to meet all of our demands, it is often not 
readily available or the right quality to meet our 
need. While humans’ need for freshwater is vast, 
freshwater accounts for only approximately 2.5 
percent of the total water available on Earth.6 The 
rest of the water on Earth is available as saltwater 
(approximately 97 percent) located in the oceans, 
and brackish water (approximately 1 percent), 
primarily located in estuaries and mangroves. 
These two sources of water cannot be used by 
humans without proper treatment, which is both 
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Figure 1: The Water-Energy Nexus
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costly and energy intensive. Furthermore, of the 
total freshwater available, about 70 percent is 
trapped in glaciers and ice caps, and about 30 
percent is stored in the ground, making it mostly 
inaccessible for human use. 

The amount of easily accessible freshwater is 
limited and meeting the increasing global water 
demands will require the utilization of non-
traditional sources, such as brackish and ocean 
water. The oceans have long been considered 
an unlimited source of water and the rapid 
development of desalination technology takes 
advantage of this concept. Many arid and water-
stressed countries are increasingly relying on 
desalination of seawater to meet their freshwater 
demands. Kuwait and Qatar obtain freshwater for 
domestic and industrial use almost exclusively 
from desalination.7 Furthermore, the growth of 
global desalination capacity is increasing rapidly at 
a rate of 55 percent per year.8 Traditional thermal 
desalination processes, such as multi-effect 
distillation and multi-stage flash distillation, are 
becoming less common because of their high 
cost and large energy demands. Due to their 
energy efficiency and small footprint, membrane 
processes will play a key role in addressing our 
water and energy needs in the future. In fact, 
membrane processes currently dominate the 
desalination market, accounting for about 64 
percent of total desalination capacity.8

Reverse osmosis (RO) is the most widely 
implemented desalination process. RO is a 
pressure-driven separation process that utilizes 
a semi-permeable membrane that allows the 
passage of solvent (i.e., water) but retains solutes 
(i.e., salt). A large hydrostatic pressure, generally in 
great excess of the osmotic pressure, is required to 
“force” the water to permeate from a region of high 
salt concentration to one of low salt concentration. 
A simple diagram of this process is illustrated in 
Figure 2. The energy requirement for desalination 
by RO has significantly improved over time and 
is approaching the theoretical thermodynamic 
minimum.9 However, one of the major issues 
associated with RO is membrane fouling, which 
ultimately results in the rapid decrease of 
membrane performance and increase in energy 
requirement to achieve the same separation. To 
address this issue, the membrane has to be cleaned 
periodically or else the water has to be pretreated 
prior to the separation, resulting in increased 
operational cost. Furthermore, the harsh chemical 
environment used in water pretreatment is known 
to cause degradation in the membranes currently 
used for RO. Overcoming these difficulties, and 
ultimately decreasing the process cost, will 
require the development of membranes that are 
more resistant to fouling and have higher water 
permeability without losing rejection capabilities. 

Another desalination technology that has recently 
gained considerable traction is forward osmosis 
(FO). In this process, water is transported from the 
feed solution to a draw solution across a semi-
permeable membrane. A simple schematic of this 
process is illustrated in Figure 2. Unlike in RO, an 
applied hydrostatic pressure is not required. The 
driving force for the water transport is an osmotic 
pressure difference across the membrane, therefore 
FO could potentially be less energy intensive than 
RO. One of the most energy intensive steps in 
FO is the extraction of the water from the draw 
solution. It is therefore very important to develop 
a draw solution from which water could be easily 
extracted, and one that can be recycled back 
into the process. One example of a model draw 
solution is ammonium bicarbonate. Upon heating, 
the ammonium bicarbonate can be removed as 
ammonia and carbon dioxide, which can then 
be recycled back into the draw solution. Another 
significant challenge facing FO is the development 
of membranes that have high water permeability, 
high salt rejection, minimal concentration 
polarization (internal and external), and resistance 
to fouling. Although FO appears to be a promising 
technology for desalination, there remains quite a 
bit of work to be done before the full potential of 
this technology can be realized.

Another membrane technology for desalination is 
electrodialysis, although this process is currently 
limited to brackish water and high purity water 
applications. In this process, alternating series 
of cation and anion exchange membranes are 
separated by spacers to form flow channels, in 
which a feed and concentrate stream flow in a 
countercurrent fashion. A simple illustration of the 
process is shown in Figure 3. Under the influence 
of an electric current, cations selectively permeate 

across the cation-exchange membranes and 
anions selectively permeate across the anion-
exchange membranes from the feed stream to the 
concentrate stream, leaving behind a feed stream 
of pure water. Electrodialysis has the advantage of 
being less sensitive to the quality of feedwater and 
the ability to run the process at a higher recovery 
compared to RO. Electrodialysis is a fundamentally 
different process than RO and FO, because in 
electrodialysis the ions are removed from the feed 
stream, whereas in RO and FO water is removed 
from the feed, so the requirements for membrane 
performance are different for each process. One 
of the major challenges in electrodialysis is the 
development of membranes that have low electric 
resistivity, very high selectivity of ion transport, 
low water permeability, and high chemical and 
mechanical stability.

In general, membrane processes require energy 
to perform any desired separation. However, the 
reverse process can also be exploited; membranes 
can be used to take advantage of the chemical 
energy that is released when two water sources 
of different salinities are mixed by converting it to 
electricity. One such process is pressure retarded 
osmosis (PRO). This process is similar to RO, in 
the aspect that a semi-permeable membrane 
separates two water compartments of different 
salinities, however, the water is transported from 
a region of low salt concentration to a region of 
high salt concentration. The increase in volume 
on the concentrated side also increases the 
pressure, which can be used to turn a hydroturbine 
to produce electrical power. One of the major 
challenges that has prevented this process from 
being realized is concentration polarization. 
Normally, this would not cause significant 
problems in RO because it can be mitigated to 

Polym
eric M

em
branes for W

ater Purification
and Energy G

eneration A
pplications

Figure 2: Reverse osmosis and forward osmosis.
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some extent by convection, but water flow in PRO 
is in the opposite direction so it cannot have the 
same effect. This problem could be mitigated to 
some extent by developing membranes that have 
low salt permeability, while also having high water 
flux, a combination that improves the porous 
membrane support layer. Other issues that are 
present in RO processes, such as fouling, are also 
prevalent in PRO. 

Electrodialysis could also be operated in reverse 
to generate electricity, which is called Reverse 
Electrodialysis. The same challenges apply to 
both processes, and the development of high 
performance membranes will be key in the 
successful implementation of these technologies.  
Integration of such membrane processes for 
energy capture with desalination processes could 
help reduce the cost of producing fresh water.

Although these various processes operate based 
on different principles, they all rely on polymeric 
membranes to control the rates of water and/or 
salt transport to achieve the desired separation 
performance. Development of high performance 
membranes is vital to increasing the efficiencies 
of these processes and decreasing the operating 
costs. Ultimately, this will require a deep and 
thorough understanding of how the membrane 
structure, both chemical and physical, affects 
the transport properties of ions and water. The 
types of fundamental and systematic structure 
and property relations required to reach this level 
of understanding are currently lacking in the 
open literature. We have embarked on a long-
term program to improve this understanding 
and have established experimental techniques 
to characterize different types of membranes by 
measuring their sorption and transport properties. 
This work will eventually involve studies of how 
the polymer chemical and physical structure, water 
content, etc. affect the ion and water sorption 
and transport behavior. The ultimate goal of this 

program is to make the appropriate connection 
between membrane structure and transport 
properties, ultimately leading to the design of high 
performance membranes for water purification and 
energy generation applications. 
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Figure 3: Electrodialysis for water purification.


