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Abstract: Sustainable production of algae will depend on understanding trade-offs at the
energy-water nexus. Algal biofuels promise to improve the environmental sustainability profile of
renewable energy along most dimensions. In this assessment of potential US freshwater production,
we assumed sustainable production along the carbon dimension by simulating placement of open
ponds away from high-carbon-stock lands (forest, grassland, and wetland) and near sources of waste
CO2. Along the water dimension, we quantified trade-offs between water scarcity and production for
an ‘upstream’ indicator (measuring minimum water supply) and a ‘downstream’ indicator (measuring
impacts on rivers). For the upstream indicator, we developed a visualization tool to evaluate algae
production for different thresholds for water surplus. We hypothesized that maintaining a minimum
seasonal water surplus would also protect river habitat for aquatic biota. Our study confirmed that
ensuring surplus water also reduced the duration of low-flow events, but only above a threshold.
We also observed a trade-off between algal production and the duration of low-flow events in streams.
These results can help to guide the choice of basin-specific sustainability targets to avoid conflicts
with competing water users at this energy-water nexus. Where conflicts emerge, alternative water
sources or enclosed photobioreactors may be needed for algae cultivation.

Keywords: algal biofuels; water allocation; water temperature; bioenergy; sustainability indicators;
water scarcity; trade-offs; instream flow; energy-water nexus; visualization

1. Introduction

Freshwater algal biomass production is a promising future source of energy that highlights
trade-offs at the energy-water nexus. Nexus research seeks to understand and minimize trade-offs [1]
among dimensions that represent resources (or more generally, ecosystem services) used by society.
The growing demand for, and interdependence among, resources such as water, energy, and food,
produces hotspots of stress [2]. As part of the transition away from fossil fuels, so-called ‘3rd-generation’
renewable biofuel production systems are being designed with improved sustainability profiles.
Research to understand and reduce trade-offs and build complementarities can help to improve the
sustainability profiles of alternative systems. Growing microalgae in open ponds has been identified
as one promising option. Microalgae can potentially produce 1–2 orders of magnitude more oil
per unit land than conventional crops without compromising food production [3]. Previous studies
have estimated the amount of algal biomass supply available in the US with some sustainability
constraints [4–8].

Referring to sustainability criteria as ‘constraints’ implies that algae have significant adverse
impacts on the environment. On the contrary, algae production can supply additional ecosystem
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services that benefit society [9,10]. Algae production can potentially lower carbon emissions [11] and
remove nutrients in wastewater [12,13], thereby providing both climate regulation [14] and water
purification services [15].

Two environmental sustainability concerns remain. Nationally, the land potentially required
for future algae production is large [16]. For example, it has been estimated that replacing current
transportation fuel with biodiesel from microalgae in the European Union (EU) would require one
fourth of the land currently used to support agriculture [17]. Therefore, in the short-term, the carbon
footprint of siting new algal farms could lead to emissions of greenhouse gas (GHG) through land-use
change [18,19]. Secondly, water lost to evaporation from open ponds during cultivation of algae is
high [20–22], raising concerns about competing water demands.

A primary goal of this paper is to evaluate trade-offs between freshwater algal biomass production
and water scarcity in the US at a national scale. First, we establish a baseline for GHG emissions
through land-cover selection. From this baseline, we define and analyze sustainability indicators for
algal water demand and water stress in freshwater systems. Recognizing the importance of seasonal
shortages during times of high demand, we quantify seasonal patterns of scarcity to capture worst-case
conditions. Another innovation presented here is the development of ‘downstream’ indicators of water
stress in rivers.

1.1. Greenhouse-Gas (GHG) Emissions

One motivation of transitioning from fossil fuels to renewables is to reduce GHG emissions [7].
To qualify as an ‘advanced’ biofuel under the US Renewable Fuel Standard, the GHG emissions from
algal diesel must be less than half the emissions from the fossil diesel pathway that it replaces [23,24].
Emissions associated with cultivation result from manufacture of pond liners [25], producing nutrient
fertilizer [24,26], pumping and mixing [26,27], and other processes that require electricity [28].
Among these, the drying process stands out as a step that consumes substantial energy [29]. In addition,
GHG emissions can be significant if algal farms are built on vegetated lands storing significant soil
carbon because disturbing the soils during construction or draining lowlands may release carbon [30].

The two largest opportunities for reducing carbon emissions during cultivation are: (1) to avoid
building algal ponds on lands containing soil and vegetation with high organic carbon stocks, and (2) to
adopt practices that minimize energy requirements. Following pond construction, the quantity of
GHG emissions avoided is driven primarily by the processes to capture, purify, and transport CO2

used to grow algae [31]. Locating algae ponds near CO2-containing flue gas reduces the compression
energy needed for monoethanolamine carbon capture [28]. In summary, the carbon footprint of algae
cultivation can be reduced by integrating the supply chain by recycling CO2.

1.2. Net Water Availability (Water Surplus)

Previous studies have used water footprint analysis to measure the volume of freshwater required
to produce algal biofuels [32]. Gerbens-Leenes et al. estimated ‘blue’ water footprints ranging in
size from 46 to 52 m3 GJ−1 for sites in the US using wet conversion, but as low as 4 m3 GJ−1 in
the EU. Even adopting the smaller EU water footprint, the blue-water footprint for energy would
increase four-fold if algal biomass replaced current sources of transportation fuel in the EU [32].
Consumptive water use includes water lost to evaporation during algae production in open ponds that
must be replenished through freshwater withdrawals from surface waters or shallow groundwater
with surface-water connection. Because production is proportional to surface area (sunlight), reducing
surface area would be counterproductive. Sources of freshwater are typically more-accessible and
cheaper than saline sources [31]. Here, we are interested in evaluating the trade-offs between indicators
of feedstock production (potential freshwater algae production) and indicators that point to water
availability for competing water uses.

River flows are affected by additional withdrawals required to grow algae. Understanding
seasonal patterns in flow is critically important when evaluating how water withdrawals affect
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competing users [33] including aquatic biota. Water stress may be restricted to certain times of the
year [34]. For many regions in the US, the lowest flows occur near the end of summer or beginning of
fall, but human water uses and regulation of water supply by reservoirs can have significant effects on
the timing of freshwater availability. For algae production, peak water demand is most often tied with
peak productivity, which occurs during the summer months, when other competitive water demands,
such as irrigation and thermal electricity generation for cooling, are also high.

1.3. Implications for Stream Habitat

Freshwater withdrawals for energy can modify flow regimes [35] and water abstraction and
storage in reservoirs can have adverse effects on aquatic biota [36]. A variety of indicators have been
proposed and used to summarize aspects of altered flow regimes that lead to ecological harm. As one
example, indices of hydrologic alteration (IHA) were developed [37,38]. These have been criticized
for assuming that any statistical shift in ‘natural’ seasonal pattern of flow is harmful to riverine biota.
Research has since focused on understanding and quantifying specific flow events with significant
ecological effects [39,40].

The duration of exposure to low flows has been mechanistically linked to the magnitude of water
stress experienced by aquatic biota. Dose-response type relationships exist that relate the duration of
extreme thermal exposure to adverse effects such as 50% mortality [41,42]. Furthermore, the concept
of ‘persistent habitat’ and the use of indicators of flow duration to assess stream permanence has been
embraced by the Xerces Society for Invertebrate Conservation and is used by the US Environmental
Protection Agency to legally distinguish ephemeral from permanent water bodies [43]. Low-flow
duration can also be valuable as a sustainability indicator for larger rivers [43].

One of the most important impacts of flow is its indirect effect on local and biota through its
effect on water temperature [44]. Warming stream temperatures are a critical concern for cold-water
aquatic communities over a significant portion of the US [41,45–47]. Over-abstraction has already had
severe consequences for rare and threatened fish populations in fragmented river networks, especially
where movement to thermal refuges was prevented [48,49]. Because thermal effects are likely to be a
growing concern [50], it has been suggested that reservoirs should be operated to maintain natural
thermal regimes [51].

Although most of the research on flow effects is in the hydropower literature, the degradation
of stream thermal habitat has also been quantified for thermoelectric powerplants. This is because
thermoelectric powerplants are among the largest users of water in the US, similar in magnitude to
irrigation [52]. Whereas the effects of algal facilities on aquatic biota are indirect and mediated by
flow abstraction, coal-fired thermoelectric plants discharge heated effluents and therefore have direct
impacts on thermal habitat [53]. Although effluents may be cooled before discharge [54,55], there have
been occasional plant shutdowns in the US when regulatory limits were exceeded [53].

Low flows resulting from water abstraction can lead to exceedances of thermal regulatory criteria.
Abstraction lowers water depth and can slow water. Because solar radiation heats surface water,
shallow water with a high surface-to-volume ratio heats more quickly than deeper water. In addition,
water temperatures equilibrate to air temperatures faster in shallow and slower-flowing water.

In this study, we develop and evaluate sustainability indicators to assess impacts on water
that could be associated with algae production at a national scale. Sustainability indicators vary
in whether they are more useful to algae producers, i.e., by focusing on quantities that they can
measure, or whether they are closer measures of the environmental endpoint (e.g., habitat for aquatic
biota) of concern. At the end of the spectrum closer to producers, we define an ‘upstream’ indicator
of water supply. This indicator is used to quantify the potential availability of algal biomass with
different constraints on siting of algae farms to avoid excessive water consumption. At the end
of the spectrum closer to stream habitat, we define ‘downstream’ indicators to measure potential
adverse environmental outcomes for freshwater streams associated with over-allocation of freshwater
to algae production. Specifically, we measure the duration of extreme events. We hypothesized that
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maintaining a minimum seasonal water surplus would also protect river habitat for aquatic biota.
One goal of our study was to quantify this potential risk by evaluating the relationship between the
duration of extreme (low-flow and high-temperature) events and minimum seasonal water surplus.
Our approach assumes that regulatory mechanisms will limit the risk of extreme high temperatures or
low-flow events by reducing the number of algae farms in certain subbasins.

2. Materials and Methods

The approach used here to assess trade-offs between simulated future algal production and
associated water stress is illustrated in Figure 1. Building on a previous assessment [47], potential
locations for algae production were selected by placing algae ponds near the cheapest sources of waste
CO2 from flue gas and excluding land-use categories with high carbon stocks. After establishing
this low-carbon baseline, we totaled monthly water demand from remaining algae farms. Next,
we calculated water surplus as a difference between available runoff and demand, and estimated
potential biomass under various water surplus thresholds. Finally, we evaluate trade-offs between
algae biomass and two indicators of water scarcity (see Supplementary Materials).

Figure 1. Process used to assess the marginal sustainability outcomes for increased water demand
associated with algae production. Primary steps included (a) establishing a low-carbon baseline,
(b) defining and assessing how thresholds for minimum water surplus influence potential US algae
production, and (c) assessing the duration of extreme low-flow and high-temperature events in
representative streams.

2.1. Setting a Low-Carbon Baseline

Establishing a baseline is an important step because it provides context for sustainability
indicators [56]. We defined a low-carbon baseline that minimized carbon emissions by avoiding
development in lands with high carbon stocks and by capturing waste CO2 from flue gas. Our analysis
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assumed that algal biomass would be produced in freshwater open ponds located within a cost-effective
distance of waste-CO2 sources. Researchers from Pacific Northwest National Laboratory (PNNL) used
the Biomass Assessment Tool (BAT) model (see Section 2.2) to simulate data for three sources of CO2:
flue gas from coal-fired power plants, natural-gas power plants, and ethanol-production facilities.

Land competition is often neglected by assessments of production potential for algal biofuels [57].
To address this contribution to the carbon footprint of algae production, we excluded high-carbon-stock
lands including forested lands, emergent and herbaceous wetlands, and grasslands from the US
National Land Cover Database, NLCD (www.mrlc.gov/national-land-cover-database-nlcd-2016) from
modeled algal development. We also excluded wetlands from the 2010 National Wetlands Inventory.

In the sections below, we describe the resource assessment (biomass modeling using the
BAT), our assessment of water supply and demand from simulated new algae production, and the
implications of water demand by algae for seasonal shortages in water supply and low-flow events in
gaged streams.

2.2. Biomass Modeling Using the Biomass Assessment Tool (BAT)

The BAT developed by researchers at PNNL [7,8,58] couples advanced spatial and numerical
models to assess resource requirements, land suitability, and biomass and bioenergy potential [8].
BAT was used to model potential algae biomass across the continental US as part of a national bioenergy
resource assessment conducted in 2016 [47]. Maps and other visualizations of this assessment can
be viewed here: https://bioenergykdf.net/billionton2016/7/1/tableau. The scenario evaluated
here assumed current algae productivity [47] at 485.6-ha ‘farms’ with 404.7 ha of open pond algae
production (1004.05-ha ponds) [28,47]. We present biomass in units of million US tons, dry weight
(Mt). Farm locations were restricted to lands with slopes ≤1% to minimize site preparation, excavation,
and operational water pumping costs.

In addition to algae production and cost to obtain waste CO2 from flue gas, BAT provided
estimates of seasonal water demand. The pond temperature and subsequent net consumptive water
use (evaporation minus precipitation) for production was modeled using a mass and energy balance
model for potential algae production sites across the country [47] using 30 years of hourly stochastic
meteorology data and averaged across each state [5]. Biomass growth was modeled for the freshwater
algal strain Chlorella sorokiniana at an hourly time-step over a 30-year period using regional estimates
of current productivities [47]. More information about the BAT is available [8] and additional model
assumptions for the BAT inputs to this analysis are found in [47]. Because BAT was run independently
for each CO2 source, many farms were supplied by the same source and we assumed that supply was
not limiting. For each farm, we assigned the source with the least-expensive capital and operational
expense annualized costs for source-to-pond CO2 transport, as calculated by BAT. In cases where two
or three sources were equal in cost, the source yielding the highest biomass was selected, with ties
broken at random.

2.3. Net Water Availability (Water Surplus)

Water demand was quantified for each algae farm by using BAT. Monthly water demand is
primarily due to evaporation, which depends on pond geometry and climate. Next, water supply was
estimated for each 8-digit Hydrologic Unit Code subbasin (HUC8) as monthly runoff, Rm. For each
month m and CO2 source k, we calculated water demand, d as the sum of evaporation and other
consumptive water losses from algal farms located within a given HUC8 subbasin x. We assumed
that farms with the highest algal productivity would be constructed first. Let i = 1, ..., n represent
the rank order of algae farms from most- to least-productive. With the data thus sorted for each
HUC8-watershed and CO2 source, we calculated cumulative monthly biomass (Bim in Mt, Equation (1))

www.mrlc.gov/national-land-cover-database-nlcd-2016
https://bioenergykdf.net/billionton2016/7/1/tableau
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and cumulative monthly water demand (Bim in ML month−1, Equation (1)) from ranked farm-specific
values. At this point, we selected the least-cost CO2 source for each subbasin.

Bim =
i

∑
j=1

bjm

Dim =
i

∑
j=1

djm

(1)

Surplus water supply, W was calculated as the difference between monthly runoff for the subbasin,
Rm and cumulative monthly demand (over farms) (Equation (2)). As an upstream indicator of the risk
of seasonal water shortage, we calculated Si, the minimum cumulative water surplus (ML month−1)
for each set of ranked farms across 12 monthly values (Equation (3)).

Wim = Rm − Dim (2)

Si = min
m=1,12

Wim (3)

We then examined trade-offs between thresholds and algae production by sequentially excluding
less-productive farms to meet a threshold for minimum seasonal water surplus in the subbasin. We also
produced maps showing the geographic shifts in production as the threshold for surplus water is
increased. We developed an interactive visualization of algal supply as a function of the minimum
water surplus threshold.

2.4. Implications for Stream Habitat

In the next analysis, we evaluated the effect of setting higher thresholds for water surplus on
stream habitat (extreme low flows and high temperatures) in representative streams for each HUC8
basin over the historical period from 1 January 1985 to 31 December 2016. Following the approach
described by [10], we characterized extreme events over the historical period of record and selected
suitable indicators for low flow and high temperature.

Various measures to characterize low flow are available [59]. The US Geological Survey (USGS)
and many states use flow statistics from the past 10 years or more to define low flow, and states often
set permit discharge limits based on these statistics [60]. We focus here on the 10th percentile of annual
average monthly flow, Qtenn10, an indicator of adequate river flow for biota. For stream temperature,
we used the monthly maximum of weekly (7-day) daily average temperature (MWAT) [41,61].

One advantage of duration-based indicators for regional assessments is that they can be
more-easily compared across geographic and seasonal contexts, as well as across variables or potential
threats, than can flow or thermal indicators that have thresholds derived from particular species of
local importance. We hypothesize that species tolerances to the duration of flow and temperature
extremes are less region specific (i.e., more canonical) than tolerances to the flows or temperatures
themselves. Therefore, we calculated the monthly average duration of either low-flow events (days
below-threshold) or monthly average duration of high-temperature events (days above-threshold)
from historical data for each river basin with proposed algae biomass farms. This assumes that the
most relevant durations are less than 28–31 days. Together, these indicators for stream habitat provided
us with the information needed to assess the incidence and severity of water stress in space (HUC8
subbasins) and time (seasons).

2.4.1. Selection of Representative Stream Gages

The BAT model identified 393 subbasins where algae farms could potentially be co-located with
CO2 sources [47]. We identified a representative gage for each subbasin from 3317 USGS gages with
historical flow in subbasins with historical flow data. In general, the availability of flow data for the
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US was far greater than the availability of water temperature data, and availability of gages also varied
geographically. The lack of complete national coverage means that we are unable to assess stream
habitat conditions for some subbasins with potential algae supply. However, by assuming that gages
are ‘missing at random’, we were able to estimate relative changes in biomass availability due to
restrictions on the flow indicator for stream habitat.

We included data from the Gages-II dataset, which includes currently active gages with at least
20 years of historical data since 1950 with well-delineated watersheds of <50,000 km2 in area and
intersecting at least one stream segment on a 100-k resolution map [62]. A subset of these were in the
USGS Hydroclimatic Data Center dataset of gages with reference watersheds, with minimal alteration
of flows [62]. For each HUC8, we favored large mainstem rivers and/or those in the Gages-II dataset.
The selected gage within each HUC8 basin is either a Gages-II gage ranked in the top 5 in flow or
the non-Gages-II gage with the highest flow. One advantage of linking to Gages-II is the wealth of
additional information for these river basins and streams that can be incorporated in future analyses.

2.4.2. Duration of Extreme Stream Habitat Conditions

We identified representative stream gages, where possible, for each HUC8 and evaluated the
duration of daily flows below a threshold, i.e., the duration of weekly maximum of daily average
temperatures exceeding a threshold monthly MWAT, calculated across years.

To evaluate the potential impact of using these indicators to restrict where algae production
facilities are sited, we calculated two relationships. First, we calculated relative reductions in total
biomass compared with the total amount when only subbasins with a specified threshold for duration
were included. Second, we hypothesized that constraining the location of algae farms based on having
an adequate surplus water supply would also reduce the duration of extreme events in streams. Such a
negative response in duration would indicate that water surplus would be useful as a ‘master’ or
control indicator for impacts to freshwater biota.

3. Results

Below, we present the geographic distribution of indicators including water surplus and indicators
of stream habitat. In addition, we present trade-offs between water indicators and algae production,
allowing stakeholders to evaluate thresholds that can serve as targets for sustainability.

3.1. Potential Algae Production

The analysis described above estimated that the set of low-carbon algae farms collectively
produced 24.8 million tons of biomass. These represent a subset of those identified in the national
resource assessment [28], where simulated production was concentrated in the southern states.

3.2. Net Water Availability (Water Surplus)

Below, we illustrate the trade-off between algae production and the available water surplus
(Figure 2). As we lower the threshold water surplus, less-productive farms are excluded, and this
has the effect of reducing water demand. A link to an interactive visualization of this trade-off can
be found in the Supplemental Information. The four maps in Figure 3 show geographic shifts in the
feasibility of producing algal feedstocks under increasingly restricted water surplus (Figure 2). As the
required minimum surplus increases (y-axis of Figure 2), sustainable production shifts away from the
US southwest and Texas. The Gulf and Florida in the southeastern US persist in providing sustainable
algae production when a higher minimum surplus threshold is required (dark green and yellow in
Figure 2). The most apparent decrease is in the Midwest, for example, the Rio Grande basin (13),
which spans the transition from low precipitation west of the 100th parallel to high precipitation to the
east (Figures 2 and 3).
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Figure 2. Simulated algal production declined from 24.8 Mt to 1.8 Mt as the threshold for minimum
seasonal surplus freshwater increases from a deficit of 74 ML to a surplus of 3106 ML. The dotted lines
show the total annual biomass of around 12.5 Mt when restricting within-subbasin algae development
such that a surplus of 450 ML remains. Colors of HUC2 basins in the inset map correspond with
stacked curves.

Figure 3. Geographic shifts in areas where algae can be produced sustainably with respect to constraints
on freshwater supply. Threshold values for minimum seasonal (monthly) water surplus. shown are (a)
−74 ML (deficit), (b) 161 ML, (c) 934 ML, and (d) 3577 ML.
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Above we focused on the seasonal minimum surplus, regardless of when (seasonally) that
surplus was at a minimum. The timing of water demand also varied geographically (Figure 4).
Although summer was the season with peak algae production in most of the conterminous US,
subbasins surrounding the Gulf of Mexico (other than Florida) showed peak production in fall,
whereas subbasins in Florida peaked in early spring (Figure 4). We projected peak production for the
southwest and areas along the southeast Atlantic coast in June (Figure 4).

Figure 4. Month of peak water demand due to evaporation from open ponds for each HUC8.

3.3. Implications for Stream Habitat

Low-flow events ranged in duration from zero to a full month (average of 13 days) (Figure 5).
In general, when we restricted attention to those HUC8’s with a duration of zero for flows below
Qtenn10, the proportional reductions in available biomass were large (Figure 5). Restricting algal
development where the minimum water surplus was above 450 ML reduced the available potential
biomass by half to roughly 12.5 Mt. Similarly, restricting the duration of low-flow events (<Qtenn10)
to 12 day reduced biomass by roughly 75%.

We hypothesized that constraining the number of algae facilities to maintain a threshold water
surplus in each HUC8 basin would also improve other sustainability indicators. The average annual
duration of low-flow events (Qtenn10) did not vary as much as expected (Figure 6), but we saw
the expected decrease in the duration of low-flow events as we constrained water surplus above a
minimum seasonal water surplus of 150 ML (Figure 6).



Water 2019, 11, 836 10 of 16

Figure 5. Cumulative increase in relative biomass supply as the duration of events increased for
subbasins with gage data for streamflow.

Figure 6. Change in the duration of events below low-flow threshold Qtenn10 as the threshold for
minimum seasonal water surplus increased.

4. Discussion

The environmental sustainability of renewable resources is a priority for energy developers,
regulators charged with protecting the environment, and the public. Previous resource analyses have
considered potential algal production across the US, and some have considered water availability [4,63].
This study differed in three important ways. First, reducing potential GHG emissions by avoiding
high-carbon lands and using waste CO2 was a prerequisite for candidate sites. Second, we considered
the availability of freshwater resources at finer spatial and temporal resolution. We used river basins
as natural boundaries and simulated biologically relevant seasonal shortages. Shortages occurred at
different times in different regions. Third, we developed ecologically relevant indicators to measure
the implications of algal production for stream habitat. We discovered that assessment using water
temperature was not possible because there was not enough historical gage data, but we were able to
assess low-flow duration.
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One sustainability objective for this study was to maintain an adequate water surplus to protect
freshwater biota, as inferred from habitat extremes (i.e., streamflow and temperature). We were able
to achieve this objective for flow by quantifying changes in the duration of low-flow events attained
by limiting the number of algae production facilities. However, to assess thermal effects, additional
gages would be needed to monitor stream temperature, especially in regions where algae production is
anticipated to be economically most-feasible. One way to view the effects of abstraction that increases
heating is as a source of pollution (similar to nitrogen loadings [64]) that additionally converts a portion
of the remaining water to grey water (not usable by aquatic biota). However, it is unclear how useful
these concepts are when applied to changes in water suitability that are not permanent.

We see several future research needs to build on the analysis pioneered here. Our study focused on
algal water demand. Yet, there are other water demands, and the flow and thermal impacts of multiple
energy sectors along a river can be expected to have cumulative effects. Furthermore, meeting those
demands is, in practice, determined by how systems of reservoirs are operated. Water allocation
decisions typically consider a suite of competing demands, some of which have priority over others.
For example, water law in the western US follows the doctrine of prior appropriation, which gives
precedence to prior users of water [65,66]. Although water rights can be purchased, the doctrine of
prior appropriations puts any new industry at a disadvantage in the west [67].

More research is needed to understand the penetration of biodiesel from microalgal production
into the set of existing water demands and energy sources, keeping in mind that the energy supplied
by algae could offset water demands from displaced fossil or other energy sources. If biodiesel
were to replace coal as the fuel source for electricity generation in thermal powerplants (the biggest
users of water), water use could potentially increase ([21,68]). Data exist to establish baseline water
demands, which are compiled for several sectors of the US economy every five years (see https:
//water.usgs.gov/watuse/) [69] by county. In practice, integrating water demands would be achieved
through changes in more-or-less coordinated operations of multiple reservoirs by individual owners
constrained by hydropower licenses, water quality requirements, and regional water law.

We adopted economic assumptions from the PNNL BAT modeling analysis that could be further
refined. For example, additional waste-CO2 sources, such as ammonia plants and cement plants, could
potentially support additional algae production. Secondly, algae ponds will become more productive
with new technologies and strains. However, higher productivity could also reduce the amount of
cost-effective waste-CO2 resource. One analysis indicated that transporting dilute CO2 in flue gas
from natural-gas power plants would not be cost-effective once algal productivities doubled to about
25 g m−2 day−1 [70]. This is because of the added cost of larger pipes required to carry more gas [70].
In addition, land cost is an important economic constraint [71] that we did not consider.

We identified spatial patterns in the areas where algae production remains possible for different
minimum water surplus thresholds. Clearly, some HUC8 river basins could offer a more-sustainable
combination of algae productivity and water availability than others. However, in more arid regions,
where water is overallocated, alternative production methods may be needed to supply biofuels.
For example, photobioreactors are an alternative with lower evaporation rates than production in
open ponds, but they are more expensive to operate. Furthermore, photobioreactors can allow
production in basins with plentiful water and in cooler climates (if waste heat from industrial processes
is used) [72]. Finally, replacing potable with non-potable water sources could, by one estimate,
save 90% of freshwater requirements [24]. Municipal wastewater use is another sustainable option
for water-constrained regions [30,73]. In addition, tens of millions of tons of algae can be produced
from saline waters in the US under similar CO2 co-location constraints as in this study and using
Nannochloropsis salina as the model strain [6,47,74]. However, saline biomass has additional costs [75,76]
including those associated with developing infrastructure and disposing of wastewater.

https://water.usgs.gov/watuse/
https://water.usgs.gov/watuse/
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5. Conclusions

In this study, we established a new baseline that considers the carbon footprint of algae production
in the conterminous US, and we defined and evaluated sustainability indicators related to water
consumption and stress to freshwater habitat. We evaluated trade-offs between potential algal biomass
production and preservation of adequate surplus water and instream flows to protect aquatic habitat.
The low-carbon baseline resulted in around 25 million US (metric) tons of algae, with lower production
as restrictions on surplus water increase (Figure 2). Our results highlight regions where seasonal
water surpluses are high as most promising for sustainable algae production. Areas with a sufficient
water surplus are widespread, suggesting that freshwater should not be a significant constraint on
future algae production for energy in those locations. In areas where freshwater is constrained,
alternative water sources or production systems that minimize evaporation (e.g., photobioreactors)
can be considered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/836/s1,
Visualization of trade-offs between water surplus and algal biomass https://cbes.ornl.gov/data-visualizations/.
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