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ABSTRACT: Microalgae are currently considered a potential feedstock for the
production of biofuels. This work addresses the energy needed to manage the water
used in the mass cultivation of saline, eukaryotic algae grown in open pond systems.
Estimates of both direct and upstream energy requirements for obtaining, containing, and circulating water within algae cultivation systems are developed. Potential
productivities are calculated for each of the 48 states within the continental U.S.
based on theoretical photosynthetic eﬃciencies, growing season, and total available
land area. Energy output in the form of algal biodiesel and the total energy content of
algal biomass are compared to energy inputs required for water management. The
analysis indicates that, for current technologies, energy required for water management alone is approximately seven times greater than energy output in the form of
biodiesel and more than double that contained within the entire algal biomass. While
this analysis addresses only currently identiﬁed species grown in an open-pond
system, the water management requirements of any algae system will be substantial;
therefore, it is critical that an energy assessment of water management requirements
be performed for any cultivation technology and algal type in order to fully
understand the energy balance of algae-derived biofuels.

’ INTRODUCTION
Microalgae are currently considered a potential feedstock for
the production of transportation fuels and possibly other energy
sources. While there is considerable interest in developing algae
technology,1 there are also signiﬁcant technical challenges and
concerns as to whether, from a life cycle perspective, the energy
required for cultivating algae exceeds the energy content of the
algae produced. Of particular concern is the need to provide
substantial amounts of water and nutrients to populations of
algae undergoing mass-cultivation.2,3 Lardon et al.2 determined
that algae grown under nutrient-replete conditions and subjected
to dry oil extraction processes have an unfavorable net energy
balance (i.e., energy inputs exceed energy output). Clarens et al.3
note that the cultivation phase dominates the life cycle of fuel
production from algae and recommend that algae ponds be
developed in conjunction with wastewater treatment operations.
Clarens et al.3 also conclude that, with the exception of land use
and eutrophication potential, other biofuel crops have smaller
environmental footprints than algae. None of the comprehensive
life cycle assessments of algae-based fuels completed to date,
however, have focused in detail on another important aspect of
algae cultivation, which is the energy needed to manage the large
amounts of water associated with high-rate biomass production.
This work addresses both direct and upstream energy required to
obtain, contain, and circulate water between operations within
the cultivation system. Only open raceway pond operations are
assessed here, as they are currently the best understood and
r XXXX American Chemical Society

publicly described technology. As new cultivation systems (such
as enclosed photo bioreactors) are developed and better deﬁned,
similar analyses should be performed in order to accurately assess
the energy balances of these alternative approaches.
Mass cultivation of algae is not new; the ﬁrst interest occurred
during World War II, when these organisms were investigated as
a potential source of a number of products including antibiotics
and food. In the late 1940s and early 1950s, the Carnegie
Institution of Washington sponsored construction of a pilot
plant and supplemental laboratory studies. This work is summarized in a report that continues to be a valuable source of
information with respect to algae cultivation.4 Commercial
systems designed to produce algae for human consumption were
developed in Japan in the 1960s. Microalgae also have a
signiﬁcant role in wastewater treatment plants, although in
general, the algae are not harvested.5 The concept of cultivating
microalgae for conversion to fuel (biogas, rather than biodiesel)
was ﬁrst suggested by Meier in the early 1950s. Between 1978
and 1996, the U.S. Department of Energy (DOE), funded a
program to develop fuels from algae through the Solar Energy
Research Institute (SERI), which in 1991, became the National
Renewable Energy Laboratory (NREL). This eﬀort, known as
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the Aquatic Species Program (ASP), focused on production of
biodiesel from naturally occurring oils within algae and is
summarized in a document entitled “A Look Back at the U.S.
Department of Energy’s Biodiesel from Algae.”6 In addition to
the summary report, there are approximately 30 detailed individual reports that provide a wealth of publicly available data; these
reports signiﬁcantly inform the analysis presented here.
Algae require considerable amounts of water in order to grow
and thrive. The organisms themselves are typically 80 85%
water4 and the photosynthetic process results in the dissociation
of roughly one mole of water per mole of CO2.7 This means that
approximately 5 10 kg of water are “consumed” per kg of dry
algae biomass produced. In addition to water incorporated within
the cell, most algae grow and reproduce in aqueous suspension.
When algae blooms are observed, it appears that there are
copious amounts of biomass; indeed a thin suspension of
Chlorella contains 2  1010 individual cells per liter of water.4
However, the percentage of suspended solids is actually quite
low, typically less than 0.5% wet biomass (0.1% dry). Thus for
every gram of dry algae biomass generated, more than a kilogram
of noncellular water is required to produce and support it.
Water not only provides a physical environment in which the
algae live and reproduce, it also delivers nutrients, removes waste
products, and acts as a thermal regulator. Unlike natural environments, mass cultivation systems require that the water be acquired,
contained, circulated, and pumped to and between desired locations. All of these activities entail inputs of energy, both direct and
indirect, and the amount of energy expended is tightly coupled to
the volume of water involved. The volume of water involved
depends upon system geometries, losses from the system, and
most importantly, the ability to reclaim and reuse water. The latter
is aﬀected by the eﬃciency of the separation process(s), the quality
of the return water, and the sensitivity of the speciﬁc culture to
changes and/or impurities in the return water, including waste
products introduced by the algae themselves.
The analysis presented in this work evaluates autotrophic,
saline, eukaryotic microalgae grown in a semicontinuous manner.
Saline systems are, in general, considered preferable to freshwater
systems because they minimize diversion of freshwater from
other critical applications such as human consumption and
conventional irrigation. A detailed discussion of water demands,
particularly those associated with freshwater algae, is included in
the Supporting Information. Eukaryotic algae typically contain
more lipids than prokaryotic (blue-green) algae,7 which is critical
for biodiesel or biojet fuel feedstocks. At the scale required for
signiﬁcant fuel production, it is assumed that autotrophic masscultivation systems are located outdoors where they are subjected to diurnal cycles of light and temperature; therefore,
continuous systems, which require steady-state conditions, are
not practical. Semicontinuous rather than batch systems are
considered here, as this allows the algae to be harvested on the
exponential portion of the growth curve, thereby increasing
biomass productivity for a given area and time. The focus is on
open raceway pond systems, as demonstrated and described in
the SERI reports.8 10 These systems were demonstrated at
relatively large scale, over extended periods of time, and there
are signiﬁcant amounts of publicly available data. Enclosed
systems are of interest, but have a number of challenges associated with them including identifying the optimum shape,
overcoming light attenuation, controlling temperature, and
maintaining levels and distribution of both desirable and undesirable constituents.11 13

A key premise of this analysis is that the primary interest in
developing algae technology is to provide a potential substitute
for fossil fuels. Therefore, the metric of interest is the amount of
energy that could be displaced (joule for joule). Goals such as
energy security, possible CO2 sequestration, and byproducts,
while important topics, are not addressed here. This is also a
physical analysis not an economic one. In 2008, the U.S.
consumed 27 230 trillion (1012) BTUs of petroleum products
in the transportation sector,14 equal to 28.7  1012 MJ per year.
This means that the scale of substitute fuels needs to be extremely
large and cultivation will likely take place in many diﬀerent
locations under diﬀerent conditions. A discussion of the magnitude of production systems required to generate a signiﬁcant
fraction of U.S. fuel consumption is presented in the Supporting
Information. This work considers the amount of water required
to support mass cultivation of algae expressed as biomass
production per meter squared of light-available surface area over
the course of a full calendar year (365 days), or kg/m2-yr. For
purposes of evaluation, the results are assumed to scale up
without distortion and are meant to represent the average of a
“typical” mass-cultivation system located in the continental
United States using currently available and characterized technologies. Rather than describing optimum conditions that are
dependent upon highly localized factors, the intent is to examine
the energy requirements associated with water management, at a
scale that has the potential to have a measurable impact on the
U.S. transportation fuel portfolio. The current analysis takes that
to be a minimum of 25% of 2008 U.S. transportation fuel consumption.

’ METHODOLOGY
System Design. The model assesses a system design based
primarily on ideas and information presented in Benemann and
Oswald5 and Weissman and Goebel.9 Each algae cultivation
pond has a total surface area of 10 000 m2 and nominal depth of
0.3 m; a paddlewheel acts to circulate the water. For every
cultivation pond, there is a 3 m deep harvest pond capable of
holding at least half the cultivation pond volume. An inoculation system, similar to that described in Benemann and
Oswald,5 is located on site and accounts for an 11% burden
on the system. Shallow evaporation ponds are used to precipitate out salts from water released during the blowdown
process. Additional details, including system boundaries are provided
in the Supporting Information (Figure S3).
Microalgae reproduce through cell division, with the number
of cells typically doubling every 12 48 h.6 In a semicontinuous
system, half the biomass in the cultivation ponds is harvested at a
rate equal to the doubling time (e.g., once a day if the doubling
time is 1/day or every other day if the doubling time is 0.5/day).
The current analysis assumes a relatively fast-growing algae
species with a doubling time of 1/day. Therefore, harvesting
occurs once daily, at night, in order to maximize light exposure
time. The biomass harvest rate is equal to the growth rate
expressed as g/m2-day. It is assumed that the concentration of
suspended solids in the harvested medium is identical to that in
the cultivation pond at the time of harvest (i.e., the removal
process itself does not provide any separation mechanism).
After the culture is removed (harvested) from the cultivation
system, algae biomass is separated from the growing medium
(water). This poses a technical challenge not only because the
volume of water to biomass is extremely high, but also owing to
B
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the nearly identical densities (kg/m3) of algae biomass and water,
the small size of the algal cells, and the naturally charged surface
of the cells. The separation process needs to be eﬃcient in order
to maximize the amount of water that can be returned to the
cultivation system and to minimize the water content of the
slurry as it is delivered to downstream processes, most of which
require at least 10% total solids (as wet biomass). Therefore, if
the percent total suspended solids (%TSS) at the time of harvest
is equal to 0.1%, the culture must be concentrated by a factor of
100 before it leaves the separation process. In this particular
example, 99 kg of water must be removed for every 1 kg of wet
biomass. It is important to recognize that measures of separation
eﬃciency in terms of concentration factors or percent water
reclaimed are meaningful only in the context of the original
concentration (%TSS) (i.e., at the start of the harvest operation).
Separation of algae biomass from its aqueous culture can be
achieved either by constraining the liquid and allowing the
particles to move in response to an external force (e.g., sedimentation and centrifugation) or by constraining the solids and
allowing the ﬂuid to move away from the solids (e.g., ﬁltration).
Filtration techniques are of interest because they have the
potential to remove signiﬁcant amounts of water with relatively
low energy inputs; however, to date, economically viable and
reliable means of ﬁltering eukaryotic microalgae remain a technical challenge. This is in large part due to the tendency of small,
malleable algae cells to clog membranes or screens. In addition,
ﬁltration devices typically have short life-spans and are material
intensive.15 The potential eﬀectiveness (and limitations) of both
centrifugation and sedimentation processes are described by
Stokes law, whereby the time and energy required is inversely
proportional to the diﬀerence in densities between particles and
ﬂuid as well as to the square of the particle diameter, both of
which are very small for microalgae. Currently, the most reliable
method for harvesting microalgae is to perform a two-stage
separation using sedimentation (settling) followed by centrifugation, with a ﬂocculation agent used at the onset of the
sedimentation step. This is the approach assumed here; however,
the system boundaries are drawn after the settling operation.
Thus, the energy requirements for centrifuge are not accounted
for in this analysis. Descriptions of diﬀerent harvesting technologies, and in particular ﬂocculation methods, are provided by
several authors.5,15 17
Algae Productivity. Biomass growth rates determined in
laboratory studies are often expressed on a per unit volume
basis; however, the more appropriate reporting metric is growth
per unit area, where area is that exposed to light. Burlew notes
that, “the same yield per unit area can be obtained with almost an
infinite number of combinations of volume, depth, and concentration [assuming] the depth and concentration be great enough
for optical extinction to occur.”4 Therefore, in order to translate
volumetric growth rates (typically from under artificial light
conditions) into meaningful, areal growth rates (typically under
natural light) requires knowledge of the area exposed to light and
the hours per day that light was applied. There are a multitude of
additional problems associated with making such translations, as
most of the studies upon which volumetric growth rates are based
are conducted indoors, at bench-scale, and under tightly controlled steady-state conditions, none of which are likely to be
applicable to mass production systems.
Algae production at a scale capable of having a noticeable
impact on transportation fuel supplies will have to occur over
broad geographic areas and over as much of the year as possible.

A discussion of the basis of this assumption is presented in the
Supporting Information. Williams and Laurens7 address geographic variability by generating a series of curves showing theoretical
maximum growth rates (assuming clear skies and the highest
photosynthetic eﬃciencies) as a function of latitude. The authors
note that temperature eﬀects are not taken into account; if they
were to be included, the results would reﬂect decreased photosynthetic activity as well as a shorter, practical growing season.
Climate in general, along with other factors that are diﬃcult to
systematically quantify, will act to suppress biomass accumulation. Primary data reported in the literature are used by Williams
and Laurens to make an overall adjustment to predict actual
growth rates, by latitude, in a mass cultivation environment. The
latitude-speciﬁc photosynthetic growth rates presented in
Williams and Laurens7 were combined with temperature data
from the U.S. Department of Agriculture (USDA)18,19 to deﬁne
the length of growing seasons and to predict state-level gross
productivity (kg/m2) and annualized biomass yields (kg/m2-day)
in the contiguous United States. Details of this estimation
process are given in the Supporting Information and results for
each state are given in Table S1.
For the purpose of generating a national average for various
input parameters, each state is assigned a weight based on the
estimated, maximum, annual production of algae biomass
(predicted yield multiplied by “available” land area). The amount
of “available” land is estimated from data in the USDA, 2007
National Resources Inventory20 and calculated as the total
nonfederal, rural land area excluding forested areas, prime
pasture, prime rangeland, and all cropland (except that in the
Conservation Reserve Program (CRP)). This does not account
for other potential limitations to land suitability, such as topography or general availability. It does include wetlands, but not
deep bodies of water (lakes and rivers) or territorial (coastal)
waters. The maximum total “available” land in the U.S. is thus
estimated to be 224  106 hectares (ha) of land (Supporting
Information Table S2). The total land required for an algae
production facility will include not only that required for primary
cultivation, but also space for inoculum systems, harvest systems,
access to the ponds or reactors, waste management and storage
facilities, infrastructure, and support systems. In the case of open
ponds, evaporation ponds must be formed to hold releases from
the blowdown process. Raceway ponds, if constructed with
earthworks, require land for berm formation. The total area
burden for open raceway ponds is taken to be 1.6. This is the ratio
of light-available surface area, in the cultivation ponds only, to the
area of land occupied to support those ponds. Taking into
account the total land required and weighting by each state’s
potential algae production, results in predicted U.S. annual
biomass productivities of 9.3  1012 kg/yr for raceway ponds.
This translates to a U.S. weighted average of 43.2  103 kg per
occupied hectare of land per year. The most productive state,
Texas, is estimated to have the capability of generating 52.1 
103 kg/ha-yr.
The biomass productivity values presented above are gross
values; there will be losses at subsequent steps, including harvesting. If harvesting is assumed to require a two-step operation with
90% yield (10% losses) at each of these steps, the maximum
amount of mass that could be produced annually is reduced to
81% of gross, corresponding to 7.5  1012 kg/yr or 35.0  103 kg
(Mg)/ha-yr. Texas, the state that would likely provide the highest
level of production based on both yield and land area and which
heavily inﬂuences projected national averages in this analysis, is
C
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average volume required to ﬁll both cultivation and inoculum
ponds is calculated to be 0.9 m3/m2-yr, where area (m2) refers
only to cultivation ponds.
The net amount of water lost due to evaporation depends on
the climate, particularly temperature, humidity, precipitation,
and wind velocity. Each of these will vary from site to site and
over the course of a year. Pan evaporation data, multiplied by 0.7,
can be used to estimate evaporation from large, shallow bodies of
water.22 This method correlates well to average annual free water
surface evaporation from shallow lakes in the continental United
States.23 The U.S. annual average is 0.80 m3 per m2 of uncovered
pond surface over an estimated mean growing season of 222
days. In the design assessed here, the total surface area of
uncovered inoculum ponds is 10% of the cultivation ponds.
Applying a multiplier of 1.1 for the inoculum ponds, the typical
evaporative losses are thus estimated to be 0.88 m3/m2 of
cultivation pond area per year.
Another potential source of water loss is leaks from the pond
to the surrounding soil, although the degree to which this
phenomenon is inevitable is not known. Weissman et al.8 report
loses of 0.11 to 0.36 cm/day from a lined pond. In this analysis, it
is assumed that better designs and materials can minimize this
problem and the lower value, equivalent to 0.0011 m3 of water
per m2 of cultivation pond area per day, is assumed. Weighting
the value by 1.1 to account for inoculum ponds, 0.27 m3/m2-yr
is expected to be lost due to leaks.
Uncovered ponds lose a signiﬁcant amount of water through
evaporation and act as solar concentrators of dissolved salts. This
eﬀect may be counteracted with a process referred to as blowdown, in which the culture medium is removed from the pond
and replaced with freshwater (as that is what is preferentially
evaporated). Even freshwater algae will require this process,
although on a smaller scale than species adapted to saline
environments. The blowdown process releases a portion of the
inoculation or cultivation pond water; an equal volume of new
makeup water is added to the pond in order to control the water
chemistry. Weissman and Goebel9 specify a blowdown rate equal
to 14% of evaporative losses for saline species. For average
evaporative losses of 0.84 m3/m2-yr, cultivation and inoculum
ponds combined, water removed due to blowdown is thus
estimated to be 0.12 m3/m2-yr.
The amount of water removed from the cultivation ponds
(and which therefore must be replaced) during the harvesting
operation depends upon the harvesting strategy used. In the
current model, it is assumed that algae are grown in a semicontinuous mode in which half the pond volume is removed after
sunset and an equal amount of water is delivered to the pond by
sunrise. The total water that must be replaced due to harvesting
is, therefore, half the volume (0.3 m3) or 0.15 m3/m2-day, equal
to 33.2 m3/m2-yr for the U.S. when annualized.
The average volume of water per unit area that must be added
annually to lined cultivation ponds growing a saline-water species
of algae in the continental U.S. (V TOTAL input, per equation S5 in
the Supporting Information) is estimated to be equal to 35.1 m3/
m2-yr. The makeup water delivered to the cultivation ponds will
consist of feed from the inoculum ponds, water reclaimed from
harvest, and newly sourced water as needed. The average volume
of water per unit area that must be added annually to the
inoculum ponds is similarly calculated to be 3.9 m3/m2-yr, where
m2 refers to the surface area of the cultivation ponds. The total for
the system is then 39.0 m3/m2-yr. All water fed to the inoculum
ponds is assumed to be newly sourced.

Figure 1. Flow of water and suspended algae (m3 of water per m2 of
cultivation pond area) grown in an open-pond, semicontinuous system;
estimated as weighted U.S. mean. Note that numbers may not precisely
balance due to rounding errors.

predicted to have a yield of 42.2  103 kg/ha-yr. As a point of
comparison, the weighted average U.S. production of corn for
silage (using the entire plant) in 2009 was 44.9 Mg/ha-yr (based
on data from the USDA21). A discussion of yield variation based
on location of algae cultivation is presented in the Supporting
Information.
Water Balance. There are two key factors that must be
considered in estimating the volume of water necessary to grow
algae in a mass-cultivation system. The first is the amount of
water needed to support a culture at a target biomass productivity
level at any given time. The second is the amount required to
replace water that is removed from the cultivation ponds, either
as a function of system design or due to natural losses. The flows
that are used to determine the water balance for an open raceway
pond system are shown in Figure 1. Details of the water balance,
as described below, are given at the state level in the Supporting
Information.
Total water inputs into the cultivation ponds will consist of
feed from the inoculum ponds, water reclaimed from harvest, and,
if necessary, newly sourced water. Inputs to the inoculum ponds
are assumed to be derived only from the small upstream inoculum
pond(s) or newly sourced water. The volume of water that must be
pumped into the inoculum and cultivation ponds on an annual
basis is equal to that lost or removed, which includes complete ﬁlls
of the ponds, compensation for gradual and intermittent losses,
and daily replacement of culture removed due to harvest operations. The general characteristics of these losses are discussed
below. In all cases, the values are normalized to the light available
surface area of the cultivation ponds only. Details of the methods
used to calculate annualized values at the state and national level
are presented in the Supporting Information.
Complete empty and ﬁll of ponds is expected to occur for
cleaning and maintenance as well as at the end and beginning of
each growing season. It is estimated that cultivation ponds will
need to be drained for maintenance and/or cleaning every
4 months. Given that the estimated average growing season is
8 months long, this equates to one occurrence midseason and
one during the winter. Inoculum ponds, which are more sensitive
to contamination, are assumed to be drained for cleaning and
subsequently reﬁlled every 2 months. The ﬁll volume for a 0.3 m
deep raceway pond is simply 0.3 m3/m2. The weighted U.S.
D
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Although this analysis assumes that most of the water is
reclaimed, newly sourced water will be required in some instances. In addition to saline water, this includes freshwater needed
to compensate for water lost to evaporation or removed during
the blowdown process. The weighted average freshwater requirement for the U.S. is equal to 1.00 m3/m2-yr. In addition, both
cultivation and inoculum ponds are expected to be ﬁlled with
newly sourced saline water after being drained for cleaning or
maintenance. In order to protect the viability of the culture and
the chemistry of the medium, all of the makeup water added to
the inoculum ponds to oﬀset that removed during inoculation of
downstream ponds is also assumed to be newly sourced. These
activities represent the minimum amount of newly sourced saline
water that will be required. If there are shortfalls in the amount of
water that can be reclaimed from harvest, additional newly sourced
water will be needed.
The amount of water that can be reclaimed after the harvest
operation depends upon the incoming biomass density and the
concentration factors at harvest. The estimated average biomass
density for the U.S. at harvest is 210 g/m3, equal to 0.021 wt %
ash-free dry mass (AFDM), or roughly 0.1% total suspended
solids (TSS). The settling ponds are assumed to concentrate the
biomass by a factor of 10 to produce a slurry containing 2.10 kg/
m3 AFDM (1.1% TSS); 29.9 m3/m2-yr of eﬄuent is available for
return to the cultivation ponds; the subsequent centrifugation
step provides a negligible amount of eﬄuent. The cultivation
ponds require a total input of 35.1 m3/m2-yr to compensate for
various losses (V TOTAL input per equation S5 in the Supporting
Information). Water reclaimed from 29.9 m3/m2-yr plus inoculum feed from the large inoculum ponds (3.32 m3/m2-yr) plus
fresh water (0.91 m3/m2-yr) to compensate for losses due to
evaporation and blowdown sums to only 34.1 m3/m2-yr. Thus
the remaining 0.1 m3/m2-yr must be supplied to the cultivation
ponds as newly sourced water. See the Supporting Information
Section S5 for further details on the water balance.
Energy to Acquire New Water. The 2008 Farm and Ranch
Irrigation Survey24 was used to estimate the amount of energy
required to pump freshwater from both surface and groundwater
sources using the current mix of electric and diesel pumps. The
weighted average value for the continental U.S. is estimated to be
1.35 MJ per m3 of water pumped. If the annual amount of newly
sourced freshwater pumped to algae ponds is 1.00 m3/m2-yr, the
energy to supply this volume is 1.43 MJ/m2-yr. Energy is also
required to produce and deliver both diesel fuel and electricity.
The factors for upstream energy production (ratio of upstream
energy use to energy delivered) are assumed to be 2.57 for
electricity and 0.18 for diesel.25 When weighted according to the
proportion of pump type and state-level algae production
potential, the total upstream energy for energy to acquire freshwater is equal to 2.95 MJ/m2-yr. (See the Supporting Information for greater detail).
It is assumed that all water for saline systems is sourced as
groundwater. The depths to saline aquifers in the U.S. are
estimated based on a U.S. Geological Survey map26 and an
average is assigned to each state. The range in depth is 75 380
m, with deeper aquifers located primarily in the southeast and the
High Plains. The weighted U.S. average is 180 m deep. As no
information for New England is provided on the map, the U.S.
average is assumed for these six small states. The energy to pump
from saline aquifers is calculated as the theoretical value of work
required (mass  gravity  height) assuming an overall eﬃciency of 50%, or 0.0196 MJ/m3-m. This is consistent with data

from the Farm and Ranch Irrigation Survey, which suggest that
the energy to pump water at depths greater than 75 m converges
to a value of approximately 0.02 MJ per m3 of water per meter of
depth. The total energy to supply 4.45 m3/m2-yr of saline water
at an average depth of 180 m thus equals 15.4 MJ/m2-yr. The
proportion of diesel to electric pumps is taken to be the same as
for freshwater pumping. Based on this, the upstream energy
requirements are 31.5 MJ/m2-yr.
Water Circulation. Circulation within the algae culture helps
ensure optimum exposure to light. In addition, it acts to retain
culture suspension, distribute nutrients, and minimize thermal
gradients. Paddlewheels are relatively energy efficient as compared to other pumping systems and induce minimal mechanical
damage to the algal cells. The amount of energy required to
power the paddlewheel used for mixing depends upon the area
and depth of the water, the roughness of the pond surface, the
nominal mixing speed, and the efficiency of the pump. The
general formula used to determine the amount of mixing power
required is based on Weissman et al.8 for a plastic surface, which
results in a predicted value of 0.197 W/m2; (see the Supporting
Information eq S6, for details.). If the circulation system is run an
average of 12 h per day during the growing season, the total
energy required is 1.89 MJ/m2-yr. The system is assumed to be
powered by electricity. The upstream energy associated with
producing and delivering this electricity is estimated to be 4.84
MJ/m2-yr.
Energy to Pump Water between Ponds. A semicontinuous
system that cultivates algae characterized by a growth rate of one
doubling per day, will be harvested once per day. In the harvest
operation, half the water volume in the cultivation ponds is
pumped to the separation operation and an equal amount must
be pumped in to replace it. A portion of the cultivation pond
makeup water is taken from the inoculum ponds, which therefore
also experiences a 50% turnover on a daily basis. The total
amount pumped out of the inoculum and cultivation ponds is
36.9 m3/m2-yr. The volume pumped out of the settling ponds
and sent either to centrifuge, returned to the cultivation ponds, or
sent to waste is equal to the volume removed at harvest, or 33.2
m3/m2-yr. The volume pumped out of centrifuge and sent either
to downstream processing or waste is 3.3 m3/m2-yr. The water
pumped into inoculum ponds and cultivation ponds is here
assumed to be taken directly from primary sources; however, if
this is not the case and storage is required, up to an additional
36.9 m3/m2-yr of pumping could be required. The total volume
pumped is thus equal to 110 m3/m2-yr with intermediate storage,
or 73.5 m3/m2-yr without storage.
The energy required to pump water within the system is
estimated by assuming a diﬀerential head of 25 m (requiring an
operating pump pressure of 35 psi). The amount of pressure
required is dependent upon the volumetric ﬂow rate, which is
extremely high, and the pipe diameter, which is limited by the
depth of the pond. All pumping is assumed to be completed using
an electric pump with an overall eﬃciency of 50%; the density of
the medium is taken to be the same as water. Direct energy
requirements are thus calculated to be 36.0 MJ/m2-yr and
upstream energy is 92.4 MJ/m2-yr, or a total of 128 MJ/m2-yr,
with no intermediate storage. Details of how these values are
determined are presented in the Supporting Information.
Water Containment. The algae culture medium, consisting
primarily of water, must be contained in such a way as to maximize the light-available surface area and to create an impermeable
boundary between the culture and the land upon which it is
E
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located. The latter is necessary in order to prevent loss of algae or
release of nutrient-enriched saline water to the surrounding
environment. All four pond types (i.e., inoculum, cultivation,
harvest, and evaporation) must be lined. Algae cultures are also
subject to predators and invading species. For this reason,
covered systems are often considered desirable. In the current
analysis, only the small inoculum pond is taken to be covered, as
it is the most vulnerable and most valuable. The contribution to
material consumption in this instance is quite small and therefore
ignored in the following analysis.
The inoculum and cultivation ponds are assumed to be
constructed of earthwork berms, lined with high density polyethylene (HDPE) plastic ﬁlm that is 2.0 mm thick and which has
a density of 950 kg/m3. The ﬂoors, walls, and channel dividers are
all covered. Although the water is only 0.3 m deep, the earthwork
constructed walls must be 0.7 m high for reasons of stability.5 In
addition, the plastic must anchored in the earthworks and there
must be overlap of adjoining sheets. The lifetime of the plastic on
the ﬂoors is estimated to be 10 years, while that used on the walls
and the evaporation ponds will last only 5 years, due to increased
light exposure, thermal cycling, and pests. Total HDPE input is
estimated to be 0.31 kg/m2-yr (see the Supporting Information).
The upstream energy required to produce HDPE is taken to be
101.0 MJ/kg,27 giving an embodied energy of 31.3 MJ/m2-yr for
containing the culture in the cultivation and inoculum ponds and
the blowdown eﬄuent in the evaporation ponds.
The settling ponds used for harvesting are taken to be
constructed of ordinary concrete with a density of 2380 kg/m3
that is assumed to last the lifetime of the cultivation system, or 20
years. The total mass of concrete required is estimated to be 1.61
kg/m2-yr (see the Supporting Information) and upstream energy
to produce general use concrete is taken to be 1675 MJ/m3
concrete,28 or 0.70 MJ/kg. Thus upstream energy is equal to 1.13
MJ/m2-yr.

Figure 2. Weighted mean U.S. average of annualized energy inputs vs
potential energy output in the form of algae-based biodiesel from TAG.

are also not included in the above energy analysis. Energy inputs
for nutrient supply and fuel production are expected to be positively correlated with biomass productivity.
Energy outputs from the system depend primarily upon
biomass production, separation eﬃciency, composition of the
biomass, and ﬁnal products. The potential average (weighted
mean) productivity in the continental U.S. is estimated in the
above analysis to be 6.9 kg/m2-yr. However, given a two-stage
harvesting and separation process with 90% eﬃciencies at each,
only 5.6 (90%  90%  6.9) kg/m2-yr will actually be realized. If
algae biodiesel is to be produced through transesteriﬁcation, only
the neutral lipids (triacylglycerols (TAG)) found within the algae
cells are likely to be converted to fuel. Maximum lipid fraction is
limited by nonlipid content (proteins and carbohydrates), which
are needed to maintain basic cell functions, including reproduction and photosynthesis.7 The TAG fraction of the lipids is also
limited, as polar lipids are required to keep membranes intact.
Although algae have been shown to produce high levels of lipids
in general and TAG in particular under short-term conditions of
stress (light or nutrient deprivation), such approaches also result
in decreased biomass accumulation and are in general not considered to be a viable, long-term cultivation strategy.6 Normal lipid
contents, as reported in the literature, typically range between
20% and 30% and the percent of these lipids that are TAG is
generally about 20%5,7,30,31 as a percent of dry weight. In the
current analysis, the U.S. annual mean values are optimistically
assumed to be 35% lipids, 40% of which are TAG. If 100% of the
TAG is converted to biodiesel with an energy value of 38 MJ/kg,
the energy yield is equal to 29.8 MJ/m2-yr. Dividing this energy
output by the inputs associated with water management, described above (219 MJ/m2-yr) gives an energy return on energy
investment of 0.14. That is, it takes approximately 7 times as
much energy to manage the water in an algae cultivation system
as is expected to be produced as biodiesel. This is a very
approximate estimate and does not include a number of energy

’ DISCUSSION
The energy ﬂows addressed in the above analysis consider
only those related to the delivery and management of water
during the mass cultivation of algae in open pond systems. Direct
energy inputs are estimated to be 54.8 MJ/m2-yr and upstream
energy inputs (attributable to the production of energy and
construction materials) are 164 MJ/m2-yr, for a total energy
burden of 219 MJ/m2-yr (U.S. weighted mean). Primarily
because of longer growing seasons, the top three states in terms
of potential yield (Florida, Texas, and Arizona) are all estimated
to require higher energy inputs for water management; these
values are 266 MJ/m2-yr in Florida, 265 MJ/m2-yr in Texas, and
262 MJ/m2-yr in Arizona. The highest energy requirement is 309
MJ/m2-yr in Georgia; the lowest (142 MJ/m2-yr) is in Minnesota. It
is important to keep in mind that the total does not include
energy inputs for the production and delivery of nutrients
(carbon, nitrogen, and phosphorus) nor does it account for
energy (direct or upstream) used to concentrate the biomass
slurry beyond that which can be achieved through settling ponds
(2% wet or 0.4% dry biomass). As downstream processes are
expected to require biomass concentrations that exceed these
values by at least an order of magnitude and currently available
dewatering technologies, such as centrifugation and/or natural
gas drying, are extremely energy intensive,29 this energy requirement
is nontrivial. The energy inputs for conversion of the algae
biomass into a fuel, including oil extraction and transesteriﬁcation,
F
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inputs; however, the overall goal of the analysis presented in this
work is to demonstrate that energy requirements for water
management are substantial.
Another potential pathway for algae as an energy source would
be to convert all of the biomass into various fuels or simply burn
it. Neenan et al.10 deﬁne a number of possible energy product
slates, including ones that produce methane and ethanol. The
energy output of those diﬀerent slates sums to between 16 and 22
MJ/kg of algae biomass. The U.S. Department of Energy
National Algal Biofuels Technology Roadmap32 estimates that
the average gross energy content of algae biomass is 18 MJ/kg.
Using this value, the maximum energy output is estimated to be
100.8 MJ/m2-yr (5.6 kg/m2-yr  18 MJ/kg). Again the amount
of energy required for water management is substantial; in this
case the energy input is more than double the potential energy
output.
Figure 2 compares the potential energy output from algaebased biodiesel to the inputs estimated above. Energy output
using the entire algae cell as fuel is also plotted. As can be seen,
the biggest demand is due to pumping between ponds, which is
driven by the harvest technology and rate. The harvest rate in a
semicontinuous system is driven by the growth rate of the algae,
thus the harvest rate can be decreased only by using a slower
growing algae or by switching to a batch system, which will result
in an overall decrease in mean productivity (g/m2-day). The
most promising means of addressing this issue appears to be a
harvest technology that provides some degree of separation of
the biomass from the growing medium (water). Belt ﬁltration/
removal has been proposed, but it will still require energy to
move the belt (and apply a pressure diﬀerential if that is part of
the technology); the ﬁlters are expected to require frequent
cleaning and/or replacing, and the energy embodied in the belts
will need to be accounted for. Even with a ﬁltration system, it is
unlikely that the %TSS in the slurry would be much greater than
that obtained in settling ponds (2%); consequently, centrifuge
and/or drying to separate out water may still be required.
Energy to acquire saline water is the second largest contributor
to water management energy requirements. This could be
reduced by just over 50% if freshwater algae were cultivated
(resulting in a 14% overall reduction in water management
energy inputs) and by 15 times if only surface water were used
(giving a 23% overall reduction). However, it is unclear that
adequate volumes, capable of supporting large scale fuel production, can be reasonably obtained from surface sources. This is
discussed in greater detail in the Supporting Information.
The third largest contributor to energy inputs is that embodied in the plastic liners of the ponds. Unlined ponds are likely to
be unacceptable from an environmental perspective due to
potential losses of saline and/or nutrient enriched water as well
as non-native algae. Lining the bottom of the pond with clay
would decrease the embodied material energy by approximately
75%, but would also increase the circulation energy required by a
factor of 2 3 for a net savings of less than 10 MJ/m2-yr. If ponds
were to be covered, it would roughly double the embodied
energy of the material system. Preliminary estimates of tube-style
photobioreactors (PBRs) suggest that increased contributions due
to embodied energy (relative to that of plastic-lined open ponds)
outweigh potential increases in biomass productivity in the PBR.
The above analysis addresses only open pond systems growing
a known algae species. However, regardless of the technology or
species, given that algae must be grown in an aqueous system, the
total direct and embodied energy needed to manage the water

used in cultivation, including acquisition, movement, and containment, must be accounted for. In addition, if algae-based fuels
are to be an important contributor to the U.S. energy portfolio,
the energy inputs and outputs must be evaluated over broad
geographic areas and annualized over a full calendar year rather
than for isolated, optimal conditions.
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