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Abstract

Pond liners for large-scale cultivation of algae for biofuels and bioproducts are a significant
source of capital cost and greenhouse gas emissions, both of which can be reduced by using
unlined ponds. Concerns about using unlined ponds to cultivate algae focus on the potential for
water and nutrient leakage and biological contamination. We review studies of sustainability and
physical and biological sealing of unlined ponds and discuss the potential for use of unlined
ponds for algae cultivation for commodity products, such as biofuels. Evidence from animal
waste disposal, aquaculture, and algae cultivation shows that soils below ponds can develop self-
sealing layers at the soil-water interface, termed bioclogging, which provides a solid basis for
technology transfer to algae cultivation. The concept of unlined ponds for algal biofuels and
bioproducts is tenable and deserves future research to further define acceptable environments for
the use of unlined ponds. Further research is needed to determine the viability and longevity of
self-sealing, unlined freshwater and saline algae ponds in various soils; the potential effects of
the technology on algal productivity and biological contamination; and performance and

economic outcomes from combining self-sealing ponds with limited deployment of liners.
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1. Introduction

Algae biomass shows potential for large-scale commercial applications such as biofuels
and bioplastics [1]. For algae to be a viable feedstock for renewable fuel or other lower price,
commodity-scale bioproducts, cultivation costs need to be reduced [2], [3], [4]. Furthermore,
under energy policies such as the US Renewable Fuel Standard, algal biofuel only qualifies for
policy incentives if it achieves specified greenhouse gas (GHG) emissions reductions across its
life cycle, compared to a fossil fuel baseline. One way to reduce the cost and GHG emissions of
algae biomass production in open raceway ponds (hereafter termed “ponds”) is to dispense with
geomembrane liners. These liners have been used in many pilot studies of algae biomass and
biofuel production and in some commercial nutraceutical and aquaculture facilities.

Algae have been cultivated for food and feed in natural or unlined ponds and lakes for
decades [5], [6] and have been harvested for centuries (e.g., by the Mayans, [7]). Fish
aquaculture has historically used unlined ponds [8], as pond liners are generally considered too
expensive, with some exceptions (e.g., highly intensive production of marine shrimp in
heterotrophic floc systems [9]). Whereas unlined algae ponds are a substantially cheaper option
than lined ponds [10], unlined ponds have not received much attention from the biofuel and
bioproduct industries. Potential leakage that could lead to water loss is a concern; open-pond
algae cultivation systems using freshwater have high water consumption even if liners are used,
due in large part to evaporation [11], [12], [13]. Potential contamination of underlying
groundwater with nutrients, salts, and algae is a further concern, with risk dependent on soil type
and depth to groundwater. An additional concern from the producer perspective is that algae

cultures could be contaminated from soils at the bottom of an unlined pond, potentially reducing



productivity or contaminating nutritional coproducts of fuels. However, a pond liner is not a
technical requirement for algal culture.

This paper discusses the potential for using unlined ponds for algae biomass production for
biofuels and other commodity-scale products. The emphasis is on evidence from animal waste
and aquaculture studies showing that soils below ponds can develop self-sealing layers at the
soil-water interface (also termed bioclogging). We contend that a broad range of soils could
develop self-sealing layers through the buildup of materials at the soil-water interface. As a
result, the saturated hydraulic conductivity (Ks) of the layer, i.e., the quantity of water that moves
vertically through pores of a cross-sectional area of soil under a hydraulic gradient, can be
reduced. Lower Kg due to physical and biological sealing can provide protection of underlying
groundwater by inhibiting the flow and transport of water and ions at the pond bottom. We
hypothesize that simple, economical engineering techniques to promote the in situ sealing of
soils could be applied to the soils beneath algae production ponds to eliminate or minimize the
need for expensive and GHG-intensive plastic pond liners.

We first discuss cost and sustainability aspects of unlined algae ponds. Unlined ponds have
lower capital and maintenance costs than lined ponds, thereby decreasing the cost of algal
biofuel and bioproducts. Important sustainability metrics for algal biomass and biofuels include
greenhouse gas (GHG) emissions and water quantity metrics, in addition to profitability and
productivity [14]. Unlined ponds reduce GHG emissions by eliminating the need for production
and disposal of synthetic liners. We discuss water retention capacity, longevity, and mixing
effects of liners. Previous uses of unlined ponds in industry and wastewater treatment are
reviewed, as are assumptions about unlined ponds in techno-economic analyses. Siting

considerations are discussed and guidance on saturated hydraulic conductivity is reviewed, prior



to the review of sealing mechanisms of unlined ponds. Issues remaining for research include the
role of different soil types and algae cultures, including saline strains, in bioclogging; methods to
accelerate the sealing process; the effect of contamination from the pond bottom on algae
productivity; and the role of pond liners, geometry and mixing rate on pond erosion. This review
and analysis of literature is designed to direct future research and technology development for

commodity-scale algae production in self-sealing, unlined ponds.

2. Pond Liners - Costs and Materials
Commercial production of algal biomass for high-value (>$10,000/t) products has been

demonstrated on a relatively small scale [15], [16], but commodity products such as fuel are not
yet economically viable. Technoeconomic analyses project that fuel produced from algae in open
ponds would be less expensive than fuel produced from biomass in photobioreactors [17]. Only
open-pond cultivation systems may be economically viable for algal fuels to effectively compete
with fossil fuels and biofuels from terrestrial feedstocks [16]. Furthermore, unlined ponds are
substantially less costly than ponds with liners.

A significant capital cost for open algae ponds is pond construction, particularly pond
liners. Many small-scale commercial and pilot algae cultivation ponds are made from plastics
such as polyvinyl chloride (PVC) or polyurethane. Alternatively, ponds may be constructed by
excavating into the soil and lining with imported or native clay, concrete, asphalt, or fiberglass
[13]. Most commonly, ponds are lined with geomembranes made from plastics such as high-
density polyethylene (HDPE), chlorosulfonated polyethylene (CSPE), plasticized PVC, and
flexible polypropylene [18] (see Figure 1). Geomembranes create barriers that are resistant to
chemical and ultraviolet light degradation and have a very low effective permeability (<10-'? cm

s'1) that is often considered impermeable [18].



Figure 1. Photo showing liner from research pond system at the Arizona Center for Algae

Technology and Innovation at Arizona State University. Photo credit: R. Efroymson, author.

Plastic pond liners have been estimated to represent a large fraction of capital costs for a
biomass cultivation facility, e.g., 24% of capital costs of 6,000 proposed 0.81-ha ponds in New
Mexico [13] and 27% of capital costs of a model system using 4-ha ponds sufficient to produce
500 ktonne (ash-free dry wt) algae [19]. A technoeconomic analysis of 100-ha ponds estimated
costs of CSPE or Hypalon liners at $30 m? and reinforced polypropylene at $13 m= and
implicated pond liners as the largest contributor to capital costs [20].

In the US Department of Energy’s (DOE’s) 2016 Billion-Ton Report: Advancing Domestic
Resources for a Thriving Bioeconomy (BT16), a national-scale resource analysis of potential
algal feedstocks for biofuel and bioproducts, plastic liner costs derived from Davis et al. [21]

ranged from about $100 to $200 per US short ton of biomass ($110 to $220 per t), depending on
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assumed productivities. Costs of minimally lined ponds, i.e., ponds only lined in the potentially
erosive areas, were estimated to be substantially lower (Figure 2, [1]). Davis et al. [22] estimated
that pond liners could account for $3 per gallon ($0.79 per L) fuel cost in an open system with 25
g''m? d! productivity. Furthermore, the costs of maintaining plastic pond liners are largely

unquantified. Lower cost alternatives to pond liners need to be evaluated [1].
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Figure 2. Minimum biomass selling price per biomass versus productivity of Nannochloropsis salina in simulation
in the DOE 2016 Billion-Ton Report [1] based on a case in which a pond is minimally lined (i.e., lined only in
potentially erosive areas) (blue line, [21]) or fully lined (yellow line based on data in [21]). Model outputs are fit to
power curves (thin black lines) and show the large difference in price between fully and minimally lined ponds. Data

are in 2011 dollars.



3. Pond Liners - Sustainability Burden or Benefit?
The relative sustainability of pond designs for algae cultivation depends on pond

infrastructure, and particularly whether ponds are lined or unlined, and what materials are used in
the lined ponds. The primary objective of plastic liners is that they should prevent leakage of
water, nutrients, algae, waste, and contaminants, compared to more loosely packed native soil.
Assessments of alternatives to pond liners need to ensure that negative impacts on water
resources and human health are avoided [1].

The longevity of the water and nutrient retention capacity of liners is uncertain, making
estimates of relative benefits compared to unlined ponds also uncertain. The life expectancy of
liners prior to replacement is not well studied, but some analyses assume liners would not need
to be replaced within a 30-year facility lifetime [21], [1], and others estimate half lives in the
hundreds of years [23]. Some researchers expect liners to last for only about five [24] or 20 years
[25] and note that some pond liners are only guaranteed for 20 years [20], [22]. One study
estimated that a geomembrane liner used for municipal solid waste became permeable to ionic
species within a few years, especially in areas of sun exposure [26]. Temperature and solar
radiation can affect wrinkling of geomembranes and the leakage rates of holes [27]. In a broad
study of industrial surface impoundments in the US, approximately 12% of liners leaked [28],
though the percentage was not reported by age, type, or location of liner. When some catfish
ponds have leaked, only small quantities of nutrients and other dissolved substances have been
lost [29], and nutrient budget changes have been negligible [30]. Because of potential leakage of
lined ponds, nutrient and culture water retention benefits of lined ponds compared to unlined
ponds may be lower than expected.

An additional reason that some algae producers use liners is that they reduce
contamination from soils below ponds compared to unlined ponds, where algae are exposed to

9



the native soil microbial community. Mata et al. [31] note that unlined ponds can be susceptible
to contamination and silt suspension, though Sapphire Energy found no issues with suspended
materials in their unlined pond [32]. Soil microorganisms from unlined ponds could affect
productivity of algae compared to a lined pond, but no significant productivity differences were
observed in at least one comparative study performed to date [33]. Liners theoretically allow
ponds to be cleaned to reduce contamination [10].

Mixing effects are another way that liners can affect productivity. Pond mixing is
typically required to reduce settling of algae cells, expose cells to light, distribute nutrients,
increase CO, utilization, avoid temperature stratification [34], and reduce numbers of
zooplankton predators [35]. Liners affect hydrodynamics and the energy required for mixing.
The hydrodynamics of mixing is related to roughness coefficients; low roughness coefficients at
low mixing velocities can lead to flow being too laminar, which can reduce algal productivity
[36] and, therefore, increase biomass and product cost. However, the suspension of sediment in
unlined ponds can also constrain the velocity of water in paddle-wheel-mixed ponds and limit
productivity [36].

A clear disadvantage of algae ponds with plastic liners, compared to ponds without
manufactured liners, is that the lined ponds have greater GHG emissions from a material life-
cycle perspective. These emissions would reduce the ability of a biofuel pathway to receive an
advanced biofuel designation in the US. Canter et al. [37] studied infrastructure-associated
emissions for renewable diesel production from algae in ponds based on a design by Lundquist et
al. [10] and found that unlined ponds showed a 39% decrease in life-cycle GHG emissions
compared to the baseline HDPE pond liner design. Estimates of life-cycle GHG emissions were

highly sensitive to pond liner composition, thickness, and material lifetime. As Canter et al. [37]
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note, “the first step to reducing infrastructure-cycle emissions would be to reduce or eliminate
pond liners if soil conditions and environmental regulations permit.” Stephenson et al. [24]
estimated that the manufacture of PVC liners accounted for 13% of the fossil energy requirement
and 10% of the global warming potential of the biomass cultivation process in ponds. Although
life-cycle air emissions other than carbon dioxide are not typically tied to renewable energy
regulations, they are components of sustainability. Emissions from polyethylene production are
well understood [38], though processes are continually improving.

Operations also affect minor sources of GHG emissions associated with lined and unlined
algae ponds. Greater power consumption may be needed to keep cells suspended in unlined
ponds [39]. Moreover, liners may affect CO, outgassing rates, and therefore, GHG emissions.
Weissman et al. [39] found faster outgassing of CO, from an 0.1-ha unlined pond than from a
lined pond due to faster movement of underlying water to the surface, resulting from greater
bottom roughness. However, the clay soil was covered with crushed rock, which may not be
necessary.

Thus, many factors would favor the use of unlined ponds, such as concerns about
profitability, life-cycle GHG emissions, and the net energy ratio of a biofuel system (Table 1). In
contrast, concerns about water consumption in some environments could favor the use of lined
ponds if the perception is that the unlined ponds could have greater leakage. Moreover, unlined
ponds, if inadequately sealed, could leak nutrients, salt, and non-native organisms. A need for
product purity could also favor lined ponds (Table 1), though the resistance of polycultures to

contamination could favor unlined ponds.

Table 1. Factors that favor lined or unlined' ponds for algae cultivation.

| Factor | Specific product or environment | Favored type of pond |
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Profitability Commodity product with low profit margin Unlined pond

Greenhouse gas Product whose life-cycle greenhouse gas Unlined pond

emissions emissions are regulated or incentivized

Net energy ratio Biomass product to be used for energy, Unlined pond
requiring a net energy ratio above 1

Water consumption | Pond development in environments where Fully lined pond

seepage (with algae added) would be higher
than local or state permitted rates

Resistance to Biomass from polyculture that is resistant to Unlined pond
contamination contamination
Product purity Product that requires a rather high level of Fully lined pond

purity to be economical or to meet food or drug
purity requirements
'For the purpose of this table, ponds that are minimally lined for the purpose of mitigating erosion are

considered unlined.

4. Unlined Ponds and Algae - Experience from the Field and Models

Evidence exists that unlined ponds could be used to produce commodity-scale algae
under particular conditions, and some commercial algae pond facilities are already operating
without liners. In this section we describe examples of unlined or minimally lined algae ponds
from industry and field research, as well as assumptions regarding the use of unlined or
minimally lined ponds in technoeconomic analysis models. Because full pond liners are cost-
prohibitive for large-scale production of biofuels, modeling studies that seek to address how
algae production for energy can become economically viable have assumed the use of unlined or
minimally lined ponds across the US.

Unlined ponds are used in some industrial algae ponds. For example, Qualitas Health
produces eicosapentaenoic acid, an omega-3 fatty acid, in unlined ponds in Imperial, Texas (R.
White, pers comm, 12/2015); these ponds are depicted in Figure 3. Sapphire Energy
demonstrated continuous, stable algal productivities for over a year in a model unlined pond

(~2000 m? surface area, ~500,000 L volume ~10 cm s°! flow) at its Las Cruces test facility in
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New Mexico [32]. Some wastewater treatment systems using algae are also operating without

liners or with large unlined portions [40].

v
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Figure 3. Unlined algae raceway ponds at Qualitas Health, Inc., Imperial TX facility. Photo

courtesy of Rebecca White and Qualitas Health, Inc.

Limited algal field research supports the potential for unlined ponds for algae cultivation.
The DOE-funded Aquatic Species project, which consisted of research on algae for biofuel,
tested 0.1-ha unlined and lined algae ponds and found “virtually no difference” in biomass
productivity, culture stability, and leakage of water [33]. Largely unlined algae pond systems

used to treat wastewater in New Zealand have been shown to self-seal [41], [40]; however,
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neither the hydraulic conductivity of the soil nor long-term monitoring of groundwater has been
reported in the scientific literature.

Field researchers have lined portions of otherwise unlined algae ponds because of
potential erosion. Craggs et al. [41] lined compacted earthen berms with plastic in their 1.25-ha
wastewater treatment ponds to reduce wind and wave erosion and weed growth. They also added
two lined deflector baffles made of HDPE membrane to curve around the pond corners. The
pond bottoms were left unlined to reduce costs and to demonstrate self-sealing. In a later
wastewater operation, they incorporated a layer of geotextile covered with a 1-cm-thick layer of
mortar concrete to reduce the potential for scouring in the corners [40].

The authors of a recent US technoeconomic analysis for algal biomass assumed that
liners were not needed for freshwater ponds, except for the “minimal” portions (i.e., bends) of
ponds that may be vulnerable to erosion [21]. They estimated costs for minimal liners that
represented an average from four industry designs where liners covered 2% to 25% of the pond
area. Thus, the area and locations considered vulnerable to erosion varied in this study and was
different from the field study above. The algae feedstock analysis for BT16 [1] adopted the
assumption of minimal pond lining to control erosion from Davis et al. [21]. Thus, freshwater
scenarios using Chlorella sorokiniana were assumed to use minimally lined ponds that would
self-seal in all soils, and both minimally lined and fully lined pond scenarios were simulated for
Nannochloropsis salina (saline media) [1]. Resource analysis for the saline algal strain showed
substantially higher costs for biomass produced in fully lined ponds than for biomass produced in

minimally lined ponds ([1] Figure 2).
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5. Unlined Ponds and Algae - Where Can They be Sited?

Some researchers have proposed limiting construction of unlined ponds for algae
cultivation to soils with naturally low hydraulic conductivity due to high clay content or soils
with “elevated” clay content that could achieve sufficiently low hydraulic conductivity through
engineered compaction [42]. Lundquist [10] and Benemann [15] recommend compacted clay
liners, because plastic liners are currently too expensive. The research on livestock waste ponds
and bioclogging described below, however, suggests that soil texture limitations may not be
necessary. Lundquist [10] asserts that because algae wastewater ponds have been self-sealing,
lower clay content soils should be suitable for unlined ponds where regulations permit. This
review supports Lundquist’s assertion.

Researchers (such as [1], above) who quantify potential algae resources for biofuels and
bioproducts and their costs across the US must make assumptions about which soils are suitable
for unlined ponds. Targeting only locations with soils of high clay content or naturally low
hydraulic conductivities would severely constrain options for potential algae pond facility
locations. Venteris et al. [42] estimated hydraulic conductivity across the US using a model of
soil properties and determined that limiting sites to those with clay or clay-containing soils that
could be compacted eliminated half the sites that could be used for algae cultivation with liners.
For example, many sandy soils that are common in areas of the Gulf Coast region and the
southwestern US, and which have favorable temperatures and sunlight for algae production [22],
[42], would not meet the Venteris et al. criteria for unlined ponds. However, Venteris et al. [42]
called for further investigation into soil clogging, particularly by organic waste and algae, as a
simple in situ engineering option for reducing hydraulic conductivity of soils where algae might

be cultivated. The review of soil sealing mechanisms for ponds (below) suggests that targeting

15



only locations with soils of high clay content or naturally low hydraulic conductivities may be

too constraining for siting unlined algae ponds.

6. Permitted thresholds for permeability

Government regulations determine whether self-sealing of soils reduces permeability of
ponds adequately. Permitted seepage rates and hydraulic conductivities for ponds in the US can
vary by state, locale, and pond use [43]. A saturated hydraulic conductivity below 107 cm s! is
often considered to represent negligible seepage and is a regulatory threshold that is used for
some municipal, industrial, and hazardous waste landfills in the US [44], [45], [46]. The US
Department of Agriculture [46] indicates that “this value, rightly or wrongly, has a long history
of acceptability in design of impoundments of various types.” Thus, many laboratory and pilot-
scale studies seek to meet this threshold. Cihan et al. [47] assert that many US states require a
less conservative saturated conductivity of less than 10 cm s™! for ponds containing liquid
waste, and guidance from the Natural Resources Conservation Service of the US Department of
Agriculture (USDA) considers 10 cm s™! to be an acceptable initial saturated hydraulic
conductivity value if pond sealing by manure is assumed [46]. One aquaculture study suggests
that seepage rates below 5.8 x 10 cm s-! may be classified as “low” [48]. Seepage rates can be
estimated through water budgets [49] or by monitoring.

Local factors may affect prospects for permitting of unlined algae ponds as well. The
likelihood of saltwater intrusion into groundwater may influence permits [50]. These risks from
saline algae ponds are lower if they are developed in coastal areas with shallow saline water
tables or in arid areas with deep fresh groundwater sources than if shallow sources of fresh

groundwater are present. Some saline aquaculture facilities that have been repurposed for
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microalgae production do not have liner requirements (e.g., the Qualitas Health facility in

Imperial, Texas).

7. Sealing mechanisms for unlined ponds
Limited studies have been performed to evaluate mechanisms of self-sealing in operating

algae cultivation ponds. However, unlined ponds for livestock waste, municipal wastewater
treatment, and aquaculture have operated for decades, and most facilities rely on self-sealing of
those ponds. Reviewing waste retention performance, as well as physical and biological
mechanisms of self-sealing of ponds, should be informative for large-scale cultivation of algae
for biofuels or bioproducts. Moreover, algae have been shown to be specifically involved in
bioclogging, thereby contributing positively to the efficacy of the sealing process [51], [52].

Sealing of soils below waste ponds can arise from physical rearrangement of soil
particles, buildup of fines, and the accumulation of microorganisms and their metabolic products
within pore spaces (Figure 4). Particulates, for example from manure [53], can become entrapped
in soil pore space [54]. Straining of suspended particles at the infiltrative surface of a porous
medium results in an ever-tightening mat developing on a soil surface that increasingly restricts
fluid infiltration as the trapped particles themselves become the filter [55]. Only a portion of the
suspended particles need to be larger than the pore openings [56], Thus, Barrington and
Broughton [57] suggest that maximum equivalent pore size of soil is more important that
saturated hydraulic conductivity in determining whether or not soils can seal.

A large number of field-scale studies of livestock waste settling ponds have shown that
soils underlying the ponds develop low hydraulic conductivity seals within days to weeks after
construction. For example, Davis et al. [58] observed a decrease in the hydraulic conductivity of
a newly constructed dairy manure pond from an initial value 1.0 x 10-3 cm s!, representing some
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water infiltration of the soil, to 6.0 x 10 cm s'! as liquid dairy manure was added. Robinson [59]
reported seepage rates from an unlined cattle manure digestion pond filled in alluvial soil
containing layers of clay loam, silty clay loam, and clay. An initial seepage rate of 1.3 x 104 cm
s'! decreased to 6.5 x 10°6 cm s! within three weeks to three months, further decreasing to 3.5 x
10 cm s*! within six months. Hills [60] constructed pilot model lagoons in loam, silt loam,
sandy loam, and clay loam soils with variable depths, compacted soil thickness, and additives to
investigate the effects of these parameters on the infiltration rate of dairy manure. Within three
months, all lagoons had reached infiltration rates of approximately 8.8 x 10”7 cm s-!. Miller et al.
[61] monitored infiltration rates from a manure storage pond built in coarse-textured sand with
gravel layers. Within 90 d, the pond had effectively self-sealed, reaching an infiltration rate of
less than 10° cm s, Laboratory column studies of swine and dairy waste ponds have found
similar reductions in saturated hydraulic conductivity [62], [47], and column experiments

involving hydraulic conductivity reductions are cited in [55].
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Figure 4. Conceptual diagram of algae production pond with dead algal and bacterial material forming a

hydraulic seal at the bottom of the pond. The seal prevents the infiltration of water below the pond, so unsaturated
conditions remain immediately below the pond and above the saturated zone, i.e., water table (blue triangle). The
buildup of algae, microbes, and microbial by-products near the water-soil interface and in the soil pores is shown in

the inset. The red arrow denotes areas in the pond that might be more susceptible to erosional forces.
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Many studies attribute reductions in the saturated hydraulic conductivity to the
production of biofilms or bioclogging [63]. We use “bioclogging” here to describe the filling of
pore spaces through the accumulation of microorganisms, their metabolic products, and/or
gaseous byproducts, resulting in reduction of the porosity and the saturated hydraulic
conductivity of a porous medium [64]. The term “biofilm” has a very similar definition but
emphasizes the polysaccharide exudate matrix [65], which can account for over 90% of the dry
mass [66]. Sealing of livestock waste ponds has been attributed to polysaccharides produced by
microoganisms [54]. Biological sealing mechanisms bond trapped particles within soils and
strengthen the seal [67] or produce a mat [68].

Various types of microorganisms are involved in processes of bioclogging, including
bacteria, fungi, protozoa, and algae, but detailed analysis of their taxonomy is lacking. Seki et al.
[69] determined that rapid bacterial growth results in faster reductions of hydraulic conductivity
compared to fungal clogging. Eukaryotes such as protozoa have been associated with clogged
porous media. For example, Okubo and Matsumoto [70] identified ciliates in the clogged pore
space of an experimental soil column.

Carbon sources can support the growth of bacteria that clog soils. As noted above, Battin
and Sengschmitt [71] speculated that reductions in saturated hydraulic conductivity facilitated by
algae may have been due to the effect of microbial growth from carbon produced by the algae,
rather than to clogging by the algae biomass itself. The type of carbon source may not be
important in determining saturated hydraulic conductivity. For example, Cihan et al. [47] found
that both dairy and swine wastes resulted in similar final hydraulic conductivities of the sealing

layer.
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Algae have been particularly noted for the production of exopolymeric substances, which
impact soil aggregation dynamics [72], [73]. More specifically, cyanobacterial sheaths play a
significant role in soil water storage and can contribute to the water retention capacity of soils
because of the hygroscopic properties of the polysaccharides [74]. Ragusa et al. [51] attributed a
marked reduction in hydraulic conductivity (88%) of a soil sample to inoculation by benthic
green algae, due to development of an algal-bacterial mat in the top layer (0-5 mm) of the soil
that controlled the seepage. The authors found a strong correlation between the reduction of
hydraulic conductivity and the quantity of polysaccharides produced; saturated hydraulic
conductivity decreased with increasing algal and bacterial biomass.

Other investigators have reported specific contributions of algae to clogging in soils.
Battin and Sengschmitt [71] presented evidence for the contribution of algae to clogging of a
large river bed, correlating minimum inflow from the surface into the river bed with a benthic
algal bloom. The investigators did not identify the mechanism of clogging, which could have
been physical obstruction of pores or production of exudates that serve as substrates for bacteria.
Gette-Bouvarot et al. [75] examined two infiltration basins used for groundwater recharge and
attributed significant reductions of hydraulic conductivity to the development of a dense algal
mat on the surface of the soil in both basins. The authors also associated greater clogging with
algal biomass than with buildup of bacterial biomass or physical filtration of particulate organic
matter on the surface. A five-fold increase in algal biomass was associated with a 60-fold
difference in saturated hydraulic conductivity between basins. The researchers postulated that
algae biomass needs to meet a threshold prior to reducing pore connectivity and substantially

reducing permeability [75].
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In soil column experiments intended to be a proof of concept for unlined algae ponds, the
addition of the carbon substrate glycerol to a nutrient solution resulted in significant, albeit
unstable, hydraulic conductivity reductions (77-94%), potentially indicative of enhanced
bacterial growth within the columns [52], [55]. However, when soil columns were supplied with
algae-laden waters, marked, stable hydraulic conductivity reductions (84-95%) were observed
concomitantly with the development of a dense algae layer filling the pore spaces at the soil-
water interface (Figure 5), similar to the findings of Ragusa et al. [51] and Gette-Bouvarot et al.

[75].
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Figure 5. Scanning electron micrographs of a California soil A) after prolonged infiltration with algae and B)
without an algae amendment in soil columns testing the proof of principle that ponds with several soil textures could

self-seal when algae was added [55]. Photo by Molly Pattullo, University of Tennessee, author.

The extent of soil sealing in ponds can be independent of soil texture [54], [76], [61],

[53]. This is an important point, because it means that a) unlined algae ponds for biofuels and
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bioproducts may have potential use beyond clayey sites and b) it is not straightforward to select
suitable geographic locations for unlined ponds based on soil properties. Maulé et al. [62]
demonstrated that sand percentages ranging from 20% to 70% can develop a seal with hydraulic
conductivity of 1 x 10”7 cm s°'. Moreover, grain size is not the governing factor for microbial
colonization [77]. Rather, grain size, size distribution, and surface roughness all play a role in the
available surface area and pore space in which stable biofilms can form. Pattullo et al. [52] found
stable and similar K reductions from algae in soil columns filled with loamy sand, fine sand, and
loam soil. Cihan et al. [47] developed a plugging (clogging) regression equation that estimates
saturated hydraulic conductivity reductions from a soil’s original value beneath animal waste
lagoons. They found that hydraulic conductivity decreased faster for clay than for other soil
textures. But as time passed, the differences between hydraulic conductivity of different soil
types was minimal. Thus, “the seal properties (not the soil properties) are responsible for limiting
infiltration” [47]. Tyner and Lee [78] used a soil liner and seal model to show that flow
restriction is dominated by the very low hydraulic conductivity of the sealing layer, claiming that
the seal can have much lower hydraulic conductivities than even compacted clay liners. A
subsequent paper by Tyner et al. [79] supported the predictions made from their model.

Given that some existing and proposed algal cultivation facilities use saline or brackish
water, it is important to consider clogging in the saline context. Existing studies show contrasting
effects of salinity on permeability. In one study of clogging by algae and bacteria, saturated
hydraulic conductivity increased with salinity [51]. In a study of desalination evaporation ponds,
inorganic chemical agents showed mixed success in sealing, but Ky decreased with exposure time
to ions in saline solution [80]. Basile et al. [81] found that for a light clay soil with saline or

freshwater irrigation water added in the laboratory, the unsaturated hydraulic conductivity of the
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saline samples was lower than the conductivity of freshwater samples, with more clogging of
macropores under saline conditions. USDA [46] suggests that salts disperse soil, as manure does,
potentially reducing seepage. Kakuturu and Clark [82] found that NaCl deicing salt reduced
permeability of stormwater filtration media while increasing median pore size, probably by

dispersing particles and facilitating biofilm formation.

8. Research needs
Decisions about whether and where to cultivate algae for biofuels and bioproducts in

unlined ponds would benefit from additional research (Table 2). Some issues need to be resolved
before suitable soils and related locations for large-scale commercial production can be

1dentified.

8.1 Saturated hydraulic conductivity and water loss
A measurable maximum target value for soil permeability is needed prior to evaluating

the performance of unlined ponds, and USDA [46] implies that the Kg of 107 cm s™! has not been
sufficiently vetted among scientists and regulatory agencies. More understanding is needed
regarding which soils will seal adequately to meet a particular target for K. There is little
disagreement that clayey soils have high potential for unlined ponds, and that some terrains (e.g.,
rocky landscapes) would be unsuitable for siting unlined ponds [13]. However, a large body of
research from livestock waste holding ponds demonstrates that low saturated hydraulic
conductivity, summarized above, can be achieved from physical and biological clogging in many
locations. For example, some research supports the rule of thumb that 15% clay content is a
reasonable minimum requirement for monogastric animal waste ponds and that 5% clay content

is reasonable for ruminant waste [67], [46].
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Table 2. Remaining research questions on the cultivation of algae in unlined ponds.

Topic Question

Saturated hydraulic | What is an appropriate target for Kg?

conductivity and Which soils will seal adequately to meet a particular target for K¢,

water loss To what extent will K findings from laboratory column experiments scale up in

predicting soil sealing by algae?

What is the rate of water loss before unlined ponds seal and the time required to
seal?

Is a wet pond bottom needed at all times to prevent cracking and loss of a seal?

Mitigation of water
loss

What methods, such as soil compaction or soil amendments, can accelerate the
sealing process for new ponds?

Role of algae strains
in sealing

Which algae strains will seal soils below ponds?

Do saline systems also have clogging mechanisms sufficient to seal ponds?

Biological
contamination

What environmental factors control biological contamination?

Does contamination from soil affect productivity of algae, compared to algae in
unlined ponds?

Does contamination from soil affect the coproducts necessary for the economic
feasibility of algal fuel?

Minimal liner area

To what extent are liners required to prevent erosion, and at what locations (and
what proportional surface area) are these liners required?

Costs of unlined
ponds

What costs would be associated with unlined ponds that would not be incurred
if lined ponds are used?

Field-scale studies or systems allowing for two- or three-dimensional flow are needed to

further examine conditions that decrease saturated hydraulic conductivity below algae cultures in

short-term laboratory experiments and to determine the extent to which the laboratory tests scale

up. Pattullo et al. [52] illustrated in proof-of-principle soil column experiments that biological

sealing by algae occurs in a range of soils. This research potentially expands the regions in the

US where unlined ponds could be sustainably sited beyond clayey soils. But the treatments in

Pattullo et al. [52] did not achieve the arbitrary Ks target value of 1 x 107 cm s'! using three soils

at the laboratory-column scale. Research is needed to understand the rate of water loss before

algae ponds seal, the time required prior to sealing, and methods to accelerate the sealing process

for new ponds. Weissman et al. [39] found increased percolation from the bottom of unlined
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ponds (7.8 x 10 ¢cm s°') compared to percolation and leaks from lined ponds (3.7 x 10% cm s!)
until pores sealed.

Furthermore, more information is needed concerning how long sealed soils will be
effective under wet and dry conditions below algae ponds so that industries can make
scientifically sound decisions about whether to devote resources to maintaining a wet pond
bottom at all times. Clays can crack when ponds are dry, leading to leakage [13]. Even sifted
soils such as clays that have low saturated hydraulic conductivity can leak because of
macropores in soil structure, including roots and worm burrows [22]. Weissman et al. [39] found
that when an unlined pond in clay soil was emptied, the pond bottom dried out, and the pond
leaked 3.5 x 1073 cm s! more water, compared to the lined pond. It may be necessary to keep

some unlined ponds wet.

8.2 Mitigation of water loss
The benefit of compacting soils prior to self-sealing of algae ponds should be

investigated. This practice could decrease saturated hydraulic conductivity [22]. Imported,
compacted clay was not discussed as a potential liner material in this paper because it is not
generally used for algae, the cost of material and transport can be high, installation can be
difficult and time-consuming, and cracking due to freeze-thaw and wet-dry cycles would be a
disadvantage compared to plastic liners. Nonetheless, mechanical compaction of soils, which is a
common practice during site preparation, and which has been recommended by some researchers
[42], [10], [15], could be effective in reducing hydraulic conductivity and thereby reduce the
duration and extent of leakage prior to self-sealing. Achieving recommended saturated hydraulic
conductivities may require soil compaction [83], even if bioclogging decreases conductivities

significantly. Soil compaction or puddling (i.e., tillage of saturated soils to disperse and deform
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smaller particles that fill soil pores, as in rice paddy farming) may provide a sufficient seal in
some environments even without bioclogging [83]. Altering bulk density of soil below algae
ponds could affect the future management requirements of these lands for agriculture or other
uses.

Investigations are needed to determine whether soil amendments might promote soil
sealing of algae ponds. As Pattullo et al. [52] demonstrated, the use of a carbon source such as
glycerol, a byproduct of transesterification in algae biodiesel production, can serve as a carbon
source for bacteria to facilitate sealing. The market for pharmaceutical-grade glycerol is
saturated; therefore, finding uses for glycerol within the algae supply chain is desirable [24].
However, further research would be needed on the effect of glycerol-consuming bacteria on the
productivity and composition of algae strains that are desirable for biofuel or bioproducts.
Research at the Sapphire Energy Integrated Algal Biorefinery in Columbus, NM, USA,
evaluated the use of a soil amendment to reduce hydraulic conductivity of a sandy loam and a
sandy clay loam for unlined algae ponds [83]. At the laboratory column scale the polyacrylamide
polymer soil sealant was not associated with a significant reduction in hydraulic conductivity of
local soil. However, costs for compacting soils and soil sealants would need to be evaluated and

compared to costs of liners through techno-economic analysis.

8.3 Role of algae strains in sealing
Research is needed to better understand which algal strains suitable as feedstock for

biofuels and bioproducts will seal soils below ponds. The production of exopolymeric substances
which can seal soils varies among species, with growth phase (i.e. stationary vs. logistic growth),

and with nutrient concentrations [72], [74]. Bioclogging by algae should also be studied further.
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Among the environmental conditions for which physical and biological clogging has not
been studied adequately are saline ponds. Many algae cultivation systems, especially in arid or
semi-arid regions, use saline strains of algae in saline or brackish groundwater to reduce
freshwater use [84]. Salinization of soil is an important global environmental problem [85], so
research is needed to determine where saline ponds can be located with negligible water loss.
Studies of seepage from saline or brackish aquaculture ponds might lead to hypotheses about
achievable hydraulic conductivities in algal ponds. For example, Boyd et al. [86] estimated
seepage from shrimp ponds in calcareous, clayey soils of Alabama, USA, at 1.65 x 10 cm s,
Daniels and Boyd [30] measured seepage from brackish striped bass ponds in coastal Alabama at
5.8 x 10~ ¢cm s°! prior to lining the ponds and suggested the higher hydraulic conductivity was
due to sandy soils rather than to the brackish water. Furthermore, basic research is needed to
study the effects of soil salinity on communities of soil microorganisms that could seal ponds,
some of which may be halophytes and others of which may be subject to osmotic stress [87].
Saline water irrigation has been shown to reduce aggregate stability and to decrease the quantity

of carbohydrates produced by microorganisms [88].

8.4 Biological contamination
More testing can clarify the long-term importance of biological contamination in unlined

algae ponds, including potential effects on productivity and biofuel coproducts or other
bioproducts. Monitoring could provide taxonomic information and densities of contaminating
organisms from unlined ponds and determine whether these organisms are different in quality or
quantity from organisms contaminating lined ponds. Research is needed to better understand the
factors that control contamination from soil underlying unlined ponds, as well as the

susceptibility of different algae strains to contamination. For example, Benemann and Oswald
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(1996) noted that Spirulina cultures are generally more resistant to contamination than Chlorella
cultures [36]. Investigations are needed to determine whether organisms native to soils in unlined
ponds could affect productivity of algae strains that are suitable feedstocks for biofuels and
bioproducts. Even in lined ponds, temporally inconsistent water chemistry and biological
conditions can be altered by storms, temperature changes, and contaminating organisms, and can
lead to inconsistent productivity [84]. In unlined ponds some contaminating organisms could
reduce productivity below economically feasible thresholds. In contrast, mutualistic relationships
between algae and bacteria that could increase productivity [89] [90] should be studied.
Weissman and Tillett [33] found no significant reduction in productivity of cultures in unlined
ponds, compared to lined ponds, but little research is available on this topic. Research is needed
to determine whether microorganisms from the unlined substratum could contaminate coproducts
required for economic feasibility of algal fuel. The particular application will be an important
determinant of whether an unlined pond is feasible for algae cultivation, with significant
attention to the potential contamination of nutrient coproducts.

Forgoing liners would be expected to increase biological contamination and decrease the
ability to clean and decontaminate ponds following an infection or culture crash [17]. However,
the likelihood that plastic-lined ponds could be decontaminated may overestimated. Weissman
and Tillett [33] found that even lined ponds above 0.1 ha in area could not be sterilized or
cleaned. More research is needed on the ability to clean lined ponds.

Furthermore, methods could be developed to reduce biological contamination or its
adverse effects on algae cultures. Supplementing algal cultures with inorganic nutrients and
carbon dioxide, rather than organic carbon, should favor autotrophic algae over heterotrophic

bacteria. The intentional cultivation of algal polycultures, or multispecies algal assemblages, may
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reduce impacts of contamination in unlined ponds. Polycultures are considered to be more stable
and resistant to invasion and pond crashes [91]. Researchers could build on early-stage research

on measures to control bacterial [92] and protozoan [93] contamination in algae cultures.

8.5 Minimal liner area
The question of what fraction of largely-unlined algae pond area may need to be lined

and for what reasons has been answered differently by different researchers, and further research
is needed to evaluate these recommendations at the commercial scale required for biofuels and
bioproducts. As stated above, some modelers emphasize potential erosion as a driver for lining
portions of ponds [21], [1]. However, Lundquist et al. [10] imply that optimal mixing at channel
velocities of 20-30 cm s°! prevents the scouring of unlined ponds. They instead designed ponds
where the berms of the straight channels were lined, rather than the turns. Benemann [15] asserts
that a portion of an algae cultivation facility (i.e., a fraction of the ponds) should be lined to
produce large quantities of algal seed culture (inoculum) prior to exposing the algae to the higher
likelihood of contamination in the larger, unlined ponds. For example, 80 to 85 percent of the
cultivation area of an algae biomass production facility can consist of unlined ponds, and the
other five to ten percent (the maximum that could be affordably lined and occasionally cleaned)
could be used to produce the seed culture. He notes that the process of inoculation has not been

demonstrated in practice.

8.6 Costs of unlined ponds
As described above, liners represent a high capital cost. Further technoeconomic analysis

would be needed to compare costs associated with cultivating algae in unlined ponds that are not

applicable to lined ponds. If soil compaction or soil amendments are needed to seal soil
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adequately, then those material and labor costs must be estimated. Similarly, if biological
contamination is greater in unlined ponds than in lined ponds, additional inoculation, cleaning, or
pesticide costs may be incurred. If minimal liners are needed to mitigate erosion, then the costs

of those liners (compared to the costs of full liners) must be determined.

9. Conclusions
Economic drivers and scientific evidence justify research on unlined ponds for algae

cultivation, especially for commodity products such as biofuel. Plastic liners are often cost-
prohibitive and lead to high life-cycle GHG emissions. Thus, the use of unlined or minimally-
lined ponds is already assumed in technoeconomic analyses.

Soils can seal below unlined algae ponds. Mechanisms of saturated hydraulic
conductivity reductions include physical rearrangement of soil particles, trapping of fine soil
particles and organic material, and accumulation of microorganisms and their metabolic products
within soil pore spaces. Substantial hydraulic conductivity reductions can be caused by algae.
Evidence from animal waste settling ponds demonstrates that underlying soils ranging from sand
to clay loams can exhibit reduced hydraulic conductivity within days to weeks after construction,
potentially eliminating the need for plastic liners. In most studies the extent of soil sealing is
independent of soil texture. Thus, the best locations for siting unlined algae ponds cannot be
determined by soil texture alone.

Self sealing and other advantages and disadvantages of unlined algae ponds in various
environments need to be better understood. The combination of environmental conditions that
could affect hydraulic conductivity needs to be studied before suitable sites for unlined ponds

can be identified. Without this knowledge, resource analyses that estimate algal biomass that
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could be available for biofuels or bioproducts using unlined ponds may assume too few or too
many suitable locations. Biological contamination from soil and its effects on productivity of
algae should be studied. The longevity of seals from bioclogging, as well as its effectiveness
under saline conditions should be investigated. The benefit of compacting soil prior to self-
sealing should be examined. The relative benefits of lining different portions of ponds to allay
erosion concerns should be determined in broad field studies.

Although many aspects of cultivation of algae in lined ponds are well understood [94],
other aspects need researchon the state of the practice, i.e., the baseline, for comparison to
potentially self-sealing, unlined ponds. These characteristics include the longevity of plastic
liners used to cultivate algae, their potential leakage with time, and the effectiveness of
decontamination of lined ponds after population crashes.

Research suggests that microbial geotechnology for algae cultivation in unlined ponds is
a tenable and sustainable concept. In lieu of targeting only soils with inherently low saturated
hydraulic conductivities, the development of low-conductivity soil conditions in a variety of soils
could provide an alternative for plastic liners that would improve profitability and yet maintain
water quality and quantity. The evidence presented herein demonstrates the benefits of obtaining

more knowledge about the use of unlined ponds for algae cultivation far outweigh the risks.
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