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are being piloted in a growing number of applications where
low energy consumption is a priority.
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ENERGY CONSUMPTION IN FORWARD OSMOSIS
SYSTEMS
FO has been widely referred to as an “energy-eﬃcient” process
or an energy-eﬃcient pretreatment process for a subsequent
desalination process (e.g., RO or distillation); however, energy
consumption data have rarely been reported in the literature.1
The possible energy consumers in the FO process include:
pretreatment of the feed and draw solutions, recirculation
pump(s), draw solution reconcentration, fouling control, and
post-treatment of the concentrated feed solution. In most cases,
physical backwashing can be used to achieve at least 90%
performance recovery from fouling with low energy input
(though lacking quantitative data in the literature). It is
expected that 71−98% of the total energy, quantiﬁed as the
speciﬁc energy consumption (SEC, kWh per m3 reclaimed
water), is required for the solute reconcentration process. An
early study of a hybrid FO-RO system estimated an SEC of 25
kWh m−3, with 76% (19 kWh m−3) being consumed by solute
reconcentration (i.e., RO).2 In another study, the energyintensive RO process was eliminated by using an NH3−CO2
draw solution that was thermally reconcentrated using waste
heat. This resulted in a signiﬁcant SEC reduction for the whole
system (0.84 kWh m−3), with 71% (0.60 kWh m−3) attributed
to reconcentration;3 in this case, 29% (0.24 kWh m−3) was
required for recirculation pumps. From this study, a threshold
value of 0.25 kWh m−3 was later used by many studies
addressing energy-related issues in FO systems excluding solute
reconcentration. Furthermore, it was observed that in systems
that required reconcentration, recirculation energy accounted
for approximately 25−30% of the total demand. This signiﬁcant
percentage is not a surprise given that bench-scale FO systems
are typically operated using ﬂow rates ranging from 400 to 1000
mL min−1 (8.5−21.3 cm s−1 in a 1.0-cm pipe), and that pilotscale systems operate at even higher ﬂow rates. It is clear that as
FO systems are tested at larger scales, the cost of recirculation
can become one of the decisive factors in FO competitiveness.

INTRODUCTION

Membrane-based water reclamation technologies have demonstrated great potential to address the water-energy nexus.
Among these technologies, forward osmosis (FO) can
contribute to the recovery of high-quality water by taking
advantage of osmotic pressure gradient across a semipermeable
membrane. The major applications of the FO process lie in two
realms. The ﬁrst pertains to systems where FO essentially
serves as high-quality pretreatment for a downstream
desalination process (e.g., a reverse osmosis (RO) or distillation
process), which reconcentrates the draw solution and provides
high-quality product water. The second realm pertains to
systems that do not require a reconcentration process,
including osmotic concentration of complex feed solutions
for volume reduction (e.g., domestic and industrial wastewater,
landﬁll leachate and digester eﬄuent) and osmotic dilution of
application-speciﬁc draw solutes (e.g., fertilizers). FO oﬀers
operation with low or no hydraulic pressure requirements, high
rejection of undesired compounds, and reversible fouling with
prolonged membrane lifespan. Signiﬁcant eﬀorts have been
invested in developing specialized membranes to enhance water
ﬂux and reduce solute leakage and in designing eﬃcient
methods to reconcentrate the draw solution. As some of the
technical barriers have been overcome, commercial FO systems
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RECIRCULATION PUMPS: THE BLIND SPOT
As an essential part of an FO system, the recirculation pumps
not only transfer well-mixed solutions to the membrane, they
also provide hydraulic shear forces to minimize external
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Figure 1. SEC and recovered water volume under diﬀerent ﬂow rates or velocities in a submerged FO operated for 24 h using the treated wastewater
as the feed and 1-M commercial fertilizer solution as the draw. The data at the recirculation ﬂow rate of 0−100 mL min−1 were obtained from a
previous study4 with permission.

systems and/or under diﬀerent operating conditions, the
resulting increased energy demand must be considered.
Furthermore, to truly realize the energy eﬃciency of FO,
lower ﬂow rates may be favored. This has signiﬁcant implication
for the design of next-generation FO membranes; current
research emphasizes the design of membranes with high water
permeability to achieve high ﬂuxes. Additional research is
needed to prioritize high selectivity (low salt permeability) over
productivity in order to improve not only energy eﬃciency but
also overall process eﬃciency. Furthermore, improved reporting of energy consumption for bench-, pilot-, and demonstration-scale studies would enable better understanding of the
competing challenges toward optimizing the process and
advancing FO commercialization.

concentration polarization (ECP) and fouling. However, very
few studies (less than ﬁve publications since 2005) have
reported the energy consumption of recirculation pumps, and
the majority of those have not shown detailed calculations. In a
recent study that has quantiﬁed the SEC associated with
recirculation pumps, FO is used to reclaim wastewater for the
dilution of solid fertilizer in agricultural applications.4 In this
scenario, reconcentration is not required and essentially all of
the energy consumed is for recirculation. Under a ﬂow rate of
10 mL min−1 (0.85 cm s−1, 0.5 cm tubing), the FO system
reclaimed 155 mL of water in 24 h, rendering an SEC of 0.02 ±
0.01 kWh m−3 (Figure 1). The estimated SEC (11.93 ± 3.08
kWh m−3) for a ﬂow rate of 250 mL min−1 (21.25 cm s−1) was
higher. Improvement to mass transfer with higher ﬂow rates
was limited (water recovery of 182 at 250 mL min−1) due to
the negligible ECP at relatively low water ﬂuxes. It was
estimated that a minimum SEC of 1.86 ± 0.47 and 11.93 ±
3.08 kWh m−3 would be required in this FO system for ﬂow
velocities of 8.50 and 21.25 cm s−1 (which are typical values
reported in the FO studies), respectively.
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IMPLICATION OF RECIRCULATION ENERGY
The power required by a recirculation pump is determined by
ﬂow rate and hydraulic head loss (which is related to the
diameter of the tubing)5 and thus the data presented here are
only examples and may not represent energy consumption by
FO systems with diﬀerent conﬁgurations/operation. However,
the data indicate that the high ﬂow rates used in many
laboratory-scale studies may need to be reconsidered in light of
the energy required for recirculation. Although water ﬂux may
be enhanced with a higher recirculation rate in some FO
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