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Abstract: This study aims to quantify water appropriation and the potential production of algal bio-oil
using freshwater and municipal wastewater effluent (MWW) as an alternative water resource. The
county-level analysis focuses on open-pond algae cultivation systems located in 17 states in the
southern United States. Several scenarios were developed to examine the water availability for algae
bio-oil production under various water resource mixing MWW and freshwater. The results of the
analysis indicate that water availability can significantly affect the selection of an algal refinery site and
therefore the potential production of algal bio-oil. The production of one liter of algal bio-oil requires
1036-1666 L of water at the state level, in which 3% to 91% can be displaced by MWW, depending
on the biorefinery location. This water requirement corresponds to a total of 25 billion liters of bio-oail
produced if the spatially and temporally available MWW effluent together with 10% of total available
freshwater are used. The production of algal bio-oil is only 14% of estimated production under the
assumption that all of the water demand can be fulfilled without any restriction. In addition, if only
the spatially and temporally available effluent is used as the sole source of water, the total bio-oil
production is estimated to be 9 billion liters. This study not only quantifies the water demands of the
algal bio-oil, but it also elucidates the importance of taking water sustainability into account in the
development of algal bio-oil. © 2013 Society of Chemical Industry and John Wiley & Sons, Ltd
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Supporting information may be found in the online version of this article.
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Introduction and have significant potential to contribute to the national
fuel pool. The advantages of using algae as an oil source
sing algae as a fuel source was first proposed in include the low demands on land resources, high oil-con-
U 1960.! US interest in using algae as a fuel source version rate,”" fast growth rates, and lack of impact on the
has been renewed as the country seeks alterna- demand for food.” Previous studies show that algae yields
tive energy sources to reduce its national dependence on at least 7-341 times more biofuel than corn and 55-132
foreign energy. Algae are a very promising source of oil times more biofuel than soybean in volume on a per-area
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basis.>® These yields suggest that using algae can produce
at least 11 and 53 times more energy than using corn
bioethanol and soybean bio-oil per area per year and yet
require 99% less land than that needed for the production
of corn and soybeans. However, this high energy yield
does not come free. Previous studies have raised concerns
about the intensity of water demand in the production

of algal bio-oil, given the variable availability of water
sources.” " In these studies, water requirements for the
production of algal bio-oil can vary significantly because
of the disparities in technology assumptions, system
boundaries, and targeted geographical locations (Table S1
in the Supporting Information). While most studies focus
on water demand, few studies have addressed the avail-
ability of local water resources. Therefore, it is critical not
only to quantify algal bio-oil water demand, but also to
take into account local water resources while projecting
potential oil production.

In addition, many previous studies have attempted to
analyze the feasibility of growing algae by using munici-
pal wastewater effluent (MW W) as a nutrient source and
suggested that wastewater treatment can be integrated
with an algae bio-oil refinery to establish a self-sustaining
system."*"'® However, the main purpose of previous stud-
ies was to examine the change in the environmental per-
formance of algal bio-oil,” not to treat wastewater effluent
as a source of water or water credits from a life-cycle per-
spective. In other words, water demand and water supply
are decoupled in the realm of the production of algal bio-
oil. As the demand for natural resources and sustainabil-
ity remains a critical challenge in biofuel production,'”'®
there is an urgent need to study the potential of algal bio-
oil production by pairing with sustainable water supply.
Therefore, to bridge the gap between the water demand
for the production of algal bio-oil and local water avail-
ability, we first locate the suitable areas for establishing an
algae refinery on a county basis by applying topographi-
cal criteria and subsequently factoring in MWW and the
availability of local freshwater. Because the highest oil
production per area in the southern regions of the United
States is 259% higher than the lowest value in the north,'°
we limit the analysis and focus solely on 17 southern
states.

By integrating water resources constraints into the
development of algal bio-oil, this work offers an objective
analysis of how to achieve feasible algal bio-oil produc-
tion, with an emphasis on sustaining resources and MWW
availability. The results are presented on a county basis in
order to highlight the spatial variations driven by available
freshwater and MWW supplies.
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Figure 1. Water demand and supply associated with algal
cultivation and biorefinery operation. By regulating the
appropriation fraction (f,,,) in available freshwater, total
water supply can play a feedback role in determining sus-
tainable algal bio-oil production capacity.

Methodology

To better profile water flows in an algae-based system for
oil production, we define the total water demand as the
water loss through evaporation and system processes,
including blowdown, leakage, and discharge for pond
maintenance (Fig. 1). The total water demand through

the entire production system can be fulfilled by three
distinctive supply sources: precipitation, MWW efflu-

ent, and freshwater from surface and/or groundwater.
Because ponds receive rainfall as a natural supply, the rest
is defined as water requirement, which relies on anthro-
pogenic delivery of MWW eftluent and freshwater from
available surface and/or groundwater stocks. The amount
of water appropriated from the available water stocks - net
water requirement - is the critical component that is of
particular interest when considering the management of
water resources. To avoid water competition and to ensure
sustainability, the net water requirement should remain
only a low fraction of the available water stocks (f,,). In
this study, the available water accounts for the remaining
precipitation volume after deducting actual evapotranspi-
ration (AET) and existing water consumption (Fig. 1).

By overlaying map layers of algae growth, land availabil-
ity, and water requirements with temporal dimension, the
explicit county-level water requirement for producing each
liter of algal bio-oil from algae cultivation to mass-oil con-
version stages is then calculated on a monthly basis.

The analysis starts with modeling algae growth potential,
followed by identifying suitable sites (which are defined
as the areas that meet the general criteria set on the basis
of topography, land use, and ownership) and the minimal
required area for an open-pond algae-production facility

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2013); DOI: 10.1002/bbb


http:system.14

Modeling and Analysis: Water availability and wastewater resources in the development of algal bio-oil

(SI Section 2). We further take MWW into account as an
alternative local water resource to displace the require-
ment for freshwater. Finally, we consider water constraints
by using the available freshwater in a given county. Thus,
by capping the maximum allowance in consuming avail-
able freshwater together with the MWW effluent supply,
the number of actual algal refinery sites from those suit-
able areas can be determined. Given information on area
size and location, water demand by the algae refinery
can therefore be quantified by computing pond evapora-
tion and water losses from algae cultivation and harvest-
ing phases (Fig. S1). In this study, we focus on the water
requirement on a per-liter oil basis (L L™") from the algae
cultivation stages to the refinery process.

Determining algae growth potential

We adopted a biomass production model summarized

by Wigmosta et al.'” to calculate the algae mass growth
rate per month per square meter (SI Section 3 - algae
growth model). The model assumes that the production
of algae biomass is a function of solar energy and climate.
Required parameters proposed by previous studies'®!*°
based on assumptions about current technology are
employed (Table S2). By applying all of these assumptions,
the county-level algal dry mass yield ranges from 1.33 to
15.55 kg m2yr" with an county-area weighted average of
9.06 kg m2yr™ in the 17 studied states (Table S3), which
falls within the reasonable ranges of 4.4 to 11.3 kg m 2 yr™"
estimated by previous studies.®*'*> County-level annual
bio-oil production between 0.18 and 2.11 L m2yr™!, with
an average of 1.23 m2yr, in the 17 studied states agrees
conservatively with values presented in previous studies,
which ranged from 0.5 to 13 L m ™ yr™! 10192026228 Thjg
level of algal biomass growth potential and oil production
is projected only on the basis of the given county-level cli-
mate variances before factoring in land selection and water
constraints. The growing season normally ranges between
March and October, but it can vary county by county,
depending on local climate conditions.

Determining suitable lands
and sustainable sites

This study considers a typical algae refinery requiring
490 ha of land - 400 ha of algae ponds and 90 ha for an
operational facility.'” To locate suitable land, additional
considerations about land use are taken into account,
including areas in relatively flat regions (slope <1%)'° and
excluding forests, cultivated lands, open water, federal- or
state-owned properties, or populated areas (SI Section 4).
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The suitable lands are screened and identified by using GIS
tools integrating digital maps and are further aggregated
at the county level.

Meanwhile, alternative water resources from municipal
wastewater treatment facilities are determined by assem-
bling a dataset of effluent discharged by different methods.
Next, the county-level available freshwater is determined
by deducting actual evapotranspiration and existing water
consumption from annual precipitation. The difference
between precipitation and evapotranspiration is often
employed to represent the available water stored in surface
and groundwater compartments®~! from the perspec-
tive of water cycle and balance.’> We further take existing
consumption into account in order to minimize water
conflicts. To ensure ecological service quality, only a frac-
tion of the available freshwater can be appropriated for
anthropogenic consumption. One previous study suggests
that by maintaining at least 60% of the average stream flow
as a minimum instantaneous flow, aquatic habitat can be
well sustained.” However, literatures also suggested that
the freshwater appropriation fraction should be evalu-
ated on the basis of local ecological sensitivity and the
hydrological complex,**~*® which is beyond the scope of
our study. Therefore, we investigate the number of refinery
plants and algal-oil production potential corresponding to
f, at the 10% level and lower, in addition to using MWW
as an alternative water resource (Fig. S1 and Eqns (5) and
(6) in SI).

Calculating algae refinery water demand

We explicitly estimate the total water demand associ-
ated with the algae-growing stage and the oil-processing
phase (Fig. S2). Water loss from the algal pond is primarily
through evaporation and operational processes (SI Section
5). The evaporation loss can be calculated by adopting a
radiation-oriented Turc equation,*~** which requires solar
radiation*"*? and temperature as key inputs. The opera-
tional loss is regulated by the facility engineering design
and management practices, which includes pond leakage,
slurry removal from the pond and anaerobic digester, and
blowdown. Together with the water loss through evapora-
tion, the total loss may exceed what local precipitation can
supply and requires additional water from MWW, surface
water, and/or groundwater to make up the deficit (Fig. S2).
Because actual operational data from full-scale open-
pond plants are limited, we use an estimated monthly
operational water loss of 0.15 m®> m~ derived from a
water balance for a wet-extraction algae oil-production
process."” The water requirement of the algal oil produc-
tion can be met by locally available wastewater effluent,
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which is deducted from the water requirement as a credit
for reducing freshwater consumption. As a result, the
net water requirement would fully rely on the freshwa-
ter resources derived from surface and/or groundwater

(Fig. 1).

Wastewater availability

To examine the effect of using MWW effluent in reduc-
ing the water requirement of algal bio-oil, the effluent
volumes from existing facilities are collected for the 17
southern states considered in this study and aggregated at
the county level (SI Section 5.3). We assume all the MWW
effluent can be used for algal cultivation. However, because
some of the MWW has been directly reused for irriga-
tion and industry applications,*>**
discharge without being reused can be made available for
algae production. Given these criteria, the average efflu-
ent volume is derived at monthly intervals to correspond
with the calculation of algae growth. We assume the
future algae cultivation facility can begin storing MWW
one month before the start of the growing season. We also
assume that the MWW effluent in a county is only availa-
ble to the algae-production facility in the same county and
that there is no cross-boundary effluent transportation.
The conveyance loss in MWW transport within a county
is negligible.

only the fraction of

Data sources

Climate data required for estimating the growth of algae
biomass and pond evaporation are available from the
Texas A&M University,45 National Climate Data Center,*®
and Goddard Space Flight Center of NASA.*” The county-
level climate data are averaged on a monthly basis by
using historical data between 1970 and 2000. If a county
does not have any weather monitoring stations, data from
the nearest station in an adjacent county are used. To
enable the computation of available freshwater, the actual
evapotranspiration is derived from a satellite image data-
set,*® and the total water consumption is converted from
withdrawals of all the water user sectors compiled from
the USGS 2005 reports.*”*° The withdrawal-consumption
conversion factors are derived from the USGS 1995 Water
Use report.”' Information on effluent discharge volume

is based on the Clean Watersheds Needs Survey and the
temporal variation of the discharge patterns are available
at the Discharge Monitoring Report managed by the US
Environmental Protection Agency.*>** All levels of effluent
treatment are considered including secondary, advanced
treatment, advanced primary, primary, and raw discharge.

Modeling and Analysis: Water availability and wastewater resources in the development of algal bio-oil

All effluent reported at each county is further distin-
guished based on the discharge method of being reused or
non-reused by other sectors.

Results and Discussion

The total demand for water in the production of algal
bio-oil is calculated on a county basis for the southern

17 states studied by taking into account the MWW eftlu-
ent and freshwater availability. By applying a systematic
approach integrating land use, algae growth, and limi-
tations of water resources, we assess the potential for
sustainable bio-oil production given the constraints of
water availability. In the following sections, the business-
as-usual (BAU) case refers to a system with an unlimited
supply of freshwater before the introduction of MWW.
Thus, the BAU scenario takes into account only land use
and climate characteristics governing algae growth and
disregards the capacity of available freshwater in a given
county. The change in algal bio-oil production is then
examined under different water-supply scenarios, in addi-
tion to the BAU case.

Potential for algae bio-oil production
under water availability constraints

Before the limitation of water resources is considered
(the BAU scenario), there are 549 counties in the studied
region identified as suitable candidates to support an algal
refinery. On the basis of land criteria, these counties can
produce 174 billion liters of algal bio-oil per year. We fur-
ther examine how the production of algal bio-oil would
vary in response to the availability of freshwater by cap-
ping the percentage of water appropriation (f,,) at 0-10%
with an interval of 1%. By factoring in the water criterion,
42 counties can be removed from the list if f,,, is capped at
the 10% level, because these counties do not have excessive
freshwater available or MWW effluent for supporting the
algae bio-oil industry (Fig. 2). Capping f,,, at the 10% level
also results in a decrease in the number of refineries from
31 525 to 4676. Under this assumption, approximately 48%
of the 549 suitable counties from the BAU scenario require
areduction in production.

Capping f,,, at 10% with the additional supply from
the available (non-reused) secondary MWW effluent
reduces algal bio-oil production to 25 billion liters per year
(Table 1). As a result of changing f,,, from 10% to 0%, the
decline in bio-oil production is nonlinear, indicating vari-
ability in geographical distribution of available freshwater
and MWW effluent at the county level.
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Figure 2. Estimated change in the number of refineries at the county level
under the assumptions that 10% of the available freshwater (f,,=10%) is
appropriated for oil production and each refinery requires 0.15 m® m™ of
water per month for making up operational loss. The category ‘removed’
indicates that these counties can provide suitable land for producing algal
bio-oil but are removed from the production list because of the lack of suf-
ficient freshwater, given f,,=10%. Some counties remain unaffected under
the water constraint because the algae production demands less water or
water resources are relatively abundant. The remaining candidate counties
can experience different levels of reduction in the number of refineries. The
histogram chart shows the frequency of counties in each class of refinery
numbers. Thus, by introducing a water constraint to the analysis, most of the
candidate counties can support up to 50 refineries, which is much lower than

that under the BAU scenario.
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Table 1. Algal bio-oil production and water required to make up the evaporation (EP) and operational
losses (OP) associated with the production under different water scenarios. The MWW,,,., scenario

represents using all MWW in a given state without spatial and temporal limitations, whereas the MWW,, ..
case consumes the fraction of wastewater which is not currently reused by other sectors. Numbers may

not sum to total because of rounding.

Pond  Bio-oil  Water Demand Water Supply

Scenario Area  Production  gp OP MWW Fresh Water Precipitation  Effjuent

Scenario Assumption

Fresh Cross-boundary

10°m?  10°L  10°L  10°L 10°L 10°L 10°L type®  Water Transportation
BAU 126 174 115620 168407 0 232471 51555 n/a Yes n/a
faw=10% 19 25 16401 25277 5664 27504 8510 Non-reused  Yes No
fan=5% 12 16 10499 16342 5658 15648 5534 Non-reused  Yes No
faw=1% 4.4 6.0 4077 6516 5533 2902 2158 Non-reused  Yes No
MWW nax 6.7 Al 6083 9254 12522 0 2815 All No Yes
MWW, aee 6.4 8.6 5729 8725 11795 0 2660 Non-reused No Yes
*Non-reused = Fraction of effluent that is not currently used by other sectors; All = total effluent available from treatment facilities in the 17
states.
Under the BAU scenario, the production of each liter 1335 L are supported by surface and/or groundwater and
of the algal bio-oil from an open pond facility demands a the remaining water supply is fulfilled by precipitation.
production-weighted average of 1632 L of water, of which Given f,,, of 10%, the net water requirement is reduced
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Figure 3. Composition of the water requirement associated with algal bio-oil
production in different states under the f,, = 10% scenario with the usage of
MWW effluent. Percentage values indicate the fraction of MWW in total water

requirement.

from 1335 to 1315 L of water per liter of bio-oil (L L™),
or 1,108 L L' if MWW is introduced into the system.
However, these values could vary state by state because
of diverse parameters, including oil yield, climate, land
resources, and water availability (Fig. 3).

In terms of water loss, operational water loss accounts
for a majority of up to 59% of total water loss under the
BAU scenario. Approximately 82% of the total loss would
rely on freshwater supply extracted from surface water or
groundwater other than precipitation. The contribution
of water derived from surface water and/or groundwater
in total water demand decreases from 82% to 66% if f,,, is
capped at 10% and MWW is used, or 79% without effluent
supply.

The Energy Independence and Security Act (EISA) has
targeted the production of 80 billion liters (or 21 billion
gallons) of advanced biofuels by 2022 - algal bio-oil can
contribute up to 8% and 31% of the production pool if f,,,
is capped at 1% and 10% with effluent supply, respectively
(Table 1). These values show the importance of water in
determining the contribution of algae with other proposed
feedstock to meet EISA biofuel production goals.

Geographical distribution

By comparing regional fluctuations in bio-oil production
responding to the change of water constraints, the mag-
nitude of change in oil production may vary even more
significantly at the state or county level. Figure 4 presents

the county-level distribution of net water requirement for
algal bio-oil production under the f,,, = 10% scenario. The
effects of f,,, on changing algal bio-oil production vary
state by state.

Texas and New Mexico, for example, are the top algal
bio-oil producing states under the BAU scenario, con-
tributing to 68% of the algal bio-oil production pool in
the studied region. If f,, is capped at the 10% level, the oil
production of these two states will significantly decrease
by 91% and 94%, driving their contribution to the total
regional production down to 39%. Applying water resource
constraints also narrows the gap between the highest and
lowest producers of algal bio-oil at the county level, from
7.6 billion liters (BAU) to 1.0 billion liters (f,,,=10%).

By capping f,,, at the 10% level, the algal production in
the 17 states studied requires 42 trillion liters of water,
of which 33 trillion liters of water need to be supplied
by freshwater and MWW. As a result, the net freshwater
requirement ranges from 10 billion to 9 trillion liters at the
state level or 8-2923 L L™! on the county level after MWW
effluent is utilized.

Treated municipal wastewater as water
source

These 17 states studied can provide over 14 trillion liters

of non-reused MWW effluent per year, of which 89% are
temporally available for the algae growing season. To maxi-
mize the utilization of the temporally available MWW

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2013); DOI: 10.1002/bbb
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Figure 4. Net water requirement for algal bio-oil production by county and
the fraction of water displaced by MWW effluent by state under the f,,=10%
scenario. The size of circles indicates the water requirement of the algal oil

produced in each studied state.

effluent, each algae refinery plant needs to store the effluent
discharged from the wastewater treatment plants for later
use. In addition, freshwater is also expected to be needed
temporarily during certain months to fill the gap between
seasonal refinery water demand and effluent supply. Thus,
without any additional freshwater support (f,,, = 0%), only
35% of the non-reused MWW effluent can be made avail-
able to produce 3 billion liters of bio-oil (Fig. 5).

There are substantial local variations in using MWW
to displace freshwater (Figs 3 and 4). Using MWW efflu-
ent has the greatest effect on Alabama, displacing 91%
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Figure 5. Temporal fluctuation of non-reused MWW and
algal bio-oil production. A substantial portion of MWW can
be ‘wasted’ if the transportation practices on optimizing
MWW usage are not available.

of freshwater under the f,, = 1% scenario, followed by
California with a freshwater displacement of 79%. With
the increase of freshwater appropriation resulting in
higher water demand, Alabama can still benefit from the
relatively abundant MWW and low total water require-
ment under the f,,, =10% scenario (Fig. 3).

However, the abundant MWW effluent in some areas
may not be accessible for supporting the water demand
associated with algae refineries because of the refineries
and the wastewater plants are spatially decoupled (Fig. 6).
By consuming effluent alone (f,,, = 0%) without cross-
boundary wastewater transportation, California and Texas
can be the top algal bio-oil producers. In contrast, Kansas
will no longer be part of the production because suitable
land for an algae facility is farther away from the county
area in which wastewater plants are located. In another
words, there is a lack of a geographical match (Fig. 6).
Wastewater plants are often situated near populated areas,
though, such as in urban areas where the land is excluded
from algae production. The location of wastewater plants
implies that an MWW transportation system will need to
be addressed in the future to effectively distribute MWW
among neighboring counties or states.

The scenarios of MWW, .. and MWW, in Table 1
further illustrate possible infrastructure issue in algae
production pathway. If cross-county boundary trans-
portation of MWW is not available (Table 1, cases of f,,
= 1%, 5%, and 10%), only up to 40% of the non-reused
effluent (5533 to 5664 billion L) can be directly consumed

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2013); DOI: 10.1002/bbb
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Figure 6. Geographical distribution of the MWW treatment
plants and algae refineries under the BAU scenario.

for supporting algal oil production. If the MWW trans-
portation is established within a state (MWW, and
MWW,,,), the effluent utilization can be doubled.
Notably, in the best-case scenario (MWW,,,,), when all of
the MWW effluent is available and distributed in a state
as the sole source of water, the MWW effluent can make
up 38% of what is required under the f,,=10% scenario

in the 17 states studied. Under these conditions, approxi-
mately 9 billion liters of algal bio-oil can be produced
annually.

In addition, we assume the minimum cultivation area of
each algal refinery plant to be 400 ha, which is over three
times larger than the first commercial algae-to-energy
pioneer site of 120 ha.>* A smaller plant size could, there-
fore, redefine the projection of available land resources
for future algae refineries. In future studies, a strategy
to engineer the concept of establishing algal-oil refinery
encompassed by a wastewater treatment plant should be
taken into account.

Uncertainty

In this study, we emphasize freshwater species of algae
in estimating the water requirements for supporting bio-
oil production. Although most published studies have
chosen freshwater species as study cases, some may also
investigate saline species as well. Unfortunately, species-
specific bio-oil yield is not provided in some literature,
which introduces uncertainty. Thus, the requirement

for freshwater would be reduced when saline algae are
cultured as a primary producer of oil. Saline algae ponds
still require freshwater make-up because of frequent
blowdown of the algae tank in order to stabilize salin-
ity because many saline algae strains appear to be very

Modeling and Analysis: Water availability and wastewater resources in the development of algal bio-oil

sensitive to salinity levels.”® Considering saline algae
growth in water analysis would lead to very different
water footprint because it directly limits the land-use
criteria for saline-algae cultivation sites. Suitable sites
can only be found either along the coastlines or where
shallow saline aquifers are situated, such as New Mexico,
northwest Texas, Oklahoma, and northern Alabama’* in
our studied region.

In addition to the uncertainty introduced by algae species
and yield, the sensitivity analysis also indicates that water
demand is more sensitive to the technical assumptions
than climate parameters (SI Section 6). However, climate
and environmental parameters are more likely to introduce
geographical deviations in water demands. It is also impor-
tant to assess water demands on a local basis because each
state might show opposite fluctuations in water require-
ments with a non-linear relationship in response to differ-
ent environmental parameters. The sensitivity analysis also
highlights the importance of y using a systematic approach
that incorporates temporal and spatial dynamics. The
results can be further employed to improve water efficiency
by prioritizing the targeted parameters.

Conclusions

This study not only provides findings on potential algal-oil
production based on water availability, but also reveals the
complexity of water requirement resulting from temporal
and spatial variances in climate, water, and land resources.
Results from our study indicate that the availability of
natural and alternative water resources has a significant
effect on the estimated production potential of algal bio-
oil and that spatial distribution of the municipal wastewa-
ter source should be taken into account in planning algal
biorefinery.

Using water availability as a site selection criterion
primarily decreases the number of options for suitable
land and proportionally reduces the production potential
of algal bio-oil. Compared with the BAU scenario con-
sidering only land availability and climate constraint,
the oil production would reduce from 174 billion L to 25
billion L, an 86% reduction, if the algal cultivation and
refinery consumes only non-reused MWW effluent and
appropriating 10% of the available freshwater. Although
wastewater can directly contribute to a reduction in
freshwater consumption, the magnitude of its effects is
offset by the geographically mismatched patterns between
the refinery and the locations of wastewater plants. In
addition, the potential of MWW as an alternative water
source also requires further investigation to enable the
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temporal patterns to be matched between the algae refin-
ery water demand and effluent supply. To maximize the
use of wastewater as alternative resource for algae devel-
opment, infrastructure needs such as effluent storage and
transportation should be further addressed. This study
elucidates the importance of incorporating geographical
and temporal characteristics of the land and wastewa-
ter resources in planning new algal oil facilities, which
should be considered in the development and implemen-
tation of policies to advance biofuel development.

Acknowledgment

This work is supported by the US Department of Energy,
Bioenergy Technology Office, Office of EERE, under con-
tract # DE-AC02-06CH11357.

References

1. Oswald WJ and Golueke CG, Biological transformation of
solar energy, in Advances in Applied Microbiology, ed by
Wayne WU. Academic Press, Waltham, MA, pp. 223-262
(1960).

2. Ayhan D, Use of algae as biofuel sources. Energ Convers
Manage 51(12):2738-2749 (2010).

3. Singh A, Nigam PS and Murphy JD, Renewable fuels from
algae: An answer to debatable land based fuels. Bioresource
Technol 102(1):10-16 (2011).

4. Chisti Y, Biodiesel from microalgae beats bioethanol. Trends
Biotechnol 26(3):126-131 (2008).

5. Soh L and Zimmerman J, Biodiesel production: The potential
of algal lipids extracted with supercritical carbon dioxide.
Green Chem13(6):1422-1429 (2011).

6. Luque R, Algal biofuels: The eternal promise? Energ Environ
Sci 3(3):254-257 (2010).

7. Clarens AF, Resurreccion EP, White MA and Colosi LM,
Environmental life cycle comparison of algae to other
bioenergy feedstocks. Environ Sci Technol 44(5):1813-1819
(2010).

8. Murphy CF and Allen DT, Energy-water nexus for mass
cultivation of algae. Environ Sci Technol 45(13):5861-5868
(2011).

9. Sander K and Murthy G, Life cycle analysis of algae biodiesel.
Int J Life Cycle Assess 15(7):704-714 (2010).

10. Wigmosta MS, Coleman AM, Skaggs RJ, Huesemann MH and
Lane LJ, National microalgae biofuel production potential and
resource demand. Water Resour Res 47:W00H4 (2011).

11. Yang J, Xu M, Zhang X, Hu Q, Sommerfeld M and Chen 'Y,
Life-cycle analysis on biodiesel production from microalgae:
Water footprint and nutrients balance. Bioresource Technol
102(1):159-165 (2011).

12. Brentner LB, Eckelman MJ and Zimmerman JB, Combinatorial
life cycle assessment to inform process design of indus-
trial production of algal biodiesel. Environ Sci Technol
45(16):7060-7007 (2011).

13. Vasudevan V, Stratton RW, Pearlson MN, Jersey GR, Beyene
AG, Weissman JC et al., Environmental performance of algal
biofuel technology options. Environ Sci Technol DOI:10.1021/
€s2026399 (2012).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Y-W Chiu, M Wu

Li YC, Zhou WG, Hu B, Min M, Chen P and Ruan RR,
Integration of algae cultivation as biodiesel production feed-
stock with municipal wastewater treatment: Strains screen-
ing and significance evaluation of environmental factors.
Bioresource Technol 102(23):10861-10867 (2011).

Pittman JK, Dean AP and Osundeko O, The potential of sus-
tainable algal biofuel production using wastewater resources.
Bioresource Technol 102(1):17-25 (2011).

Cho S, Luong TT, Lee D, Oh YK and Lee T, Reuse of effluent
water from a municipal wastewater treatment plant in micro-
algae cultivation for biofuel production. Bioresource Technol
102(18):8639-8645 (2011).

Gopalakrishnan G, Negri MC, Wang M, Wu M, Snyder SW and
Lafreniere L, Biofuels, land, and water: A systems approach to
sustainability. Environ Sci Technol 43(15):6094-6100 (2009).

Liao W, Heijungs R and Huppes G, Natural resource demand
of global biofuels in the anthropocene: A review. Renew Sust
Energ Rev 16(1):996-1003 (2012).

Frank ED, Han J, Palou-Rivera |, Elgowainy A and Wang MQ,
Life-Cycle Analysis of Algae Lipid Fuels with the GREET
model, contract no. ANL/ESD/11-5. Argonne National
Laboratory, Lemont, IL (2011).

Weyer KM, Bush DR, Darzins A and Willson BD, Theoretical
maximum algal oil production. BioEnerg Res 3(2):204-213
(2010).

Campbell PK, Beer T and Batten D, Life cycle assessment of
biodiesel production from microalgae in ponds. Bioresource
Technol102(1):50-56 (2011).

Davis R, Aden A and Pienkos PT, Techno-economic analysis
of autotrophic microalgae for fuel production. App!/ Energ
88(10):3524-3531 (2011).

Kadam KL, Environmental implications of power generation
via coal-microalgae cofiring. Energy 27(10):905-922 (2002).
Lardon L, Hélias A, Sialve B, Steyer J-P, Bernard O, Life-cycle
assessment of biodiesel production from microalgae. Environ
Sci Technol 43(17):6475-6481 (2009).

Wijffels RH and Barbosa MJ, An outlook on microalgal biofu-
els. Science 329(5993):796-799 (2010).

Lundquist T, Woertz I, Quinn N and Benemann J, A Realistic
Technology and Engineering Assessment of Algae Biofuel
Production. Energy Biosciences Institute, Berkeley, CA (2010).

Mascarelli AL, Algae: Fuel of the future? Environ Sci Technol
43(19):7160-7161 (2009).

Mata TM, Martins AA and Caetano NS, Microalgae for biodie-
sel production and other applications: A review. Renew Sust
Energ Rev 14(1):217-232 (2010).

Cai X and Rosegrant MW, Global water demand and supply
projections. Part 1. A modeling approach. Water Int 27(2):159-
169 (2002).

Hinzman LD, Bettez ND, Bolton WR, Chapin FS, Dyurgerov
MB, Fastie CL et al., Evidence and implications of recent
climate change in northern alaska and other arctic regions.
Climatic Change 72(3):251-298 (2005).

Alcamo J, Doll P, Henrichs T, Kaspar F, Lehner B, Résch T

et al., Development and testing of the watergap 2 global model
of water use and availability. Hydrolog Sci J 48(3):21 (2003).
Zhang L, Dawes WR and Walker GR, Response of mean
annual evapotranspiration to vegetation changes at catchment
scale. Water Resour Res 37(3):701-708 (2001).

Tennant DL, Instream flow regimens for fish, wildlife, recreation
and related environmental resources. Fisheries 1(4):6-10 (1976).

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2013); DOI: 10.1002/bbb



Y-W Chiu, M Wu

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45

46.

47.

48.

49.

50.

51.

52.

53.

Oki T and Kanae S, Global hydrological cycles and world
water resources. Science 313(5790):1068-1072 (2006).
Richter B, Baumgartner J, Wigington R and Braun D, How
much water does a river need? Freshwater Biol 37(1):231-249
(1997).

Jowett IG, Instream flow methods: A comparison of
approaches. Regul River 13(2):115-127 (1997).

Abtew W, Evapotranspiration measurements and modeling for
three wetland systems in south Florida. JAWRA 32(3):465-473
(1996).

Lu J, Sun G, McNulty SG and Amatya DM, A comparison of
six potential evapotranspiration methods for regional use in
the southeastern United States. JAWRA 41(3):621-633 (2005).
Turc L, Estimation of irrigation water requirements, potential
evapotranspiration: A simple climatic formula evolved up to
date. Ann Agron 12:13-49 (1961).

Trajkovic S and Kolakovic S, Evaluation of reference eva-
potranspiration equations under humid conditions. Water
Resour Manage 23(14):3057-3067 (2009).

Duffie J and Beckman W, Solar Engineering of Thermal
Processes, 3rd edn. John Wiley & Sons, New York, NY (2006).
Allen RG, Self-calibrating method for estimating solar radiation
from air temperature. J Hydrol Eng 2(2):56-67 (1997).

US Environmental Protection Agency, Clean watersheds
needs survey 2004 and 2008. [Online]. Available at: http://
water.epa.gov/scitech/datait/databases/cwns/ [January 15,
2012].

US Environmental Protection Agency, Discharge monitoring
report (DMR) pollutant loading tool. [Online]. Available at:
http://cfpub.epa.gov/dmr/index.cfm [January 15, 2012].

. Neitsch SL, Arnold JG, Kiniry JR and Williams JR. Soil and

water assessment tool theoretical documentation version
2009, Technical Report No. 406. Texas Water Resources
Institute, College Station, TX (2011).

National Climate Data Center, 1977-2000 US Climate normals
products: CLIM 84 daily normals. [Online]. Available at: http://
www.ncdc.noaa.gov [January 28, 2012].

Goddard Space Flight Center of NASA, Historical sunshine
and cloud data in the United States. [Online]. Available at:
http://gcmd.nasa.gov/records/GCMD_CDIAC_NDP21.html
[September 18, 2011].

Numerical Terradynamic Simulation Group, Global evapotran-
spiration. [Online]. Available at: http://www.ntsg.umt.edu/data
[May 16, 2012].

US Geological Survey, Estimated use of water in the United
States county-level data for 2005. [Online]. Available at: http://
water.usgs.gov/watuse/data/2005/ [October 6, 2010].

US Geological Survey, USGS real-time water data for the
nation. [Online]. Available at:http://waterdata.usgs.gov/nwis/rt
[Novembe 15, 2011].

US Geological Survey, Water use in the United States.
[Online]. Available at: http://water.usgs.gov/watuse/ [August
15, 2011].

Sapphire Energy, Growing the world’s fuel: The green crude
farm project. [Online]. Available at: http://www.sapphireenergy.
com/locations/green-crude-farm.html [October 22, 2012].
Borowitzka M and Moheimani N, Sustainable biofuels from
algae. Mitig Adapt Strat Glob Change 18:13-25 (2013).

Modeling and Analysis: Water availability and wastewater resources in the development of algal bio-oil

54. Feth JH, Preliminary map of the conterminous United States

showing depth to and quality of shallowest ground water con-
taining more than 1,000 parts per million dissolved solids, US
Geological Survey, Atlas HA-199. Hydrologic Investigations,
Reston, VA (1965).

Yi-Wen Chiu

Dr Yi-Wen Chiu is a postdoctoral
appointee in the Energy System
Division at the Argonne National
Laboratory. As an interdisciplinary
scientist, her main research focus is to
understand the coupling and interac-
tion of human and natural systems by
applying integrated modeling tools.
She has been involved in research related to water sys-
tem dynamics, water footprint and water-energy nexus
with broad interests related to scenario analysis and

life cycle assessment. She also participates in several
studies aiming to advance biofuels by determining the
feasible pathways of achieving water sustainability goals.
Dr Chiu holds a PhD degree in Water Resources Science
from the University of Minnesota.

May M Wu

Dr May Wu, a principal energy systems
analyst at Argonne National Labora-
tory, is the PI of biofuel sustainability
research funded by the US Depart-
l\ ment of Energy. Her research inter-
1 \ ests are in the area of water quality
\ \* . and water quantity associated with
large-scale development of biofuel,
conventional fuel, electricity, and emerging fuels and
life cycle analysis. Dr Wu is leading the effort to develop
tools and large-scale watershed models to assess
spatially explicit water footprint of biofuel produced
from conventional, cellulosic, and advanced feedstock
and impact of projected future production on regional
nutrient, sediment and hydrology. Dr Wu served as
an expert advisor to the Water Working Group of the
Council on Sustainable Biomass Production (CSBP) and
supported the National Biomass R&D Board, through its
Sustainability Interagency Working Group. Before joining
Argonne in 2004, she was a senior research microbiol-
ogist at Nalco Chemical. Prior to that position, Dr Wu
conducted her postdoctoral work at Argonne National
Laboratory. Dr Wu holds several US patents and a dual
PhD in Environmental Engineering and Environmental
Toxicology from Michigan State University.

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2013); DOI: 10.1002/bbb


http://www.sapphireenergy
http://water.usgs.gov/watuse
http://www.ntsg.umt.edu/data
http://gcmd.nasa.gov/records/GCMD_CDIAC_NDP21.html
http:www.ncdc.noaa.gov
http://cfpub.epa.gov/dmr/index.cfm

