INTERNATIONAL WORKSHOP “AQUATIC BIOMASS: SUSTAINABLE BIOENERGY FROM ALGAE?”

ENVIRONMENTAL CHALLENGES FOR ALGAL BIOFUELS
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HYBRID INDOOR-OUTDOOR CULTIVATION

Environmental Benefits

o Little to no displacement of livestock or food agriculture.

e Decreased land transformation due to increased algae productivity (in Step 1).
 Recycled industrial CO, emissions may improve algae productivity.

* Requires fewer inputs compared to other closed systems (indoor and heterotrophic).

* Vertical arrangement and increased area for natural light inputs could make some outdoor
photobioreactor systems very land-efficient.

* Somewhat land-efficient: Produces a medium-density crop with relatively high oil content.
Environmental Concerns

* Somewhat land-intensive.

o Lifecycle of translucent photobioreactor materials.

e Limitation of daylight availability could require a more expansive outdoor system
to achieve desired yields.

¢ High evaporation rates could impact water demand and humidity levels.

* Photobioreactor maintenance could have an impact depending on cleaning frequency
and method (i.e. chemical, detergent, and water usage).

 Requires continuous input of carbon dioxide, which adds to energy inputs.
* Some system designs may not be able to accommodate wastewater.
Environmental Unknowns

e Long-term implications of vast land transformation (millions of square miles) have not been
given due attention.

* Potential impacts of exotic or GMO algae are generally unknown and have thus not been
comprehended at the commercial scale.

o Water use data are limited and inconsistent for open and closed systems.

OPEN SYSTEM
See Pathway A-l.
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MICROFILTRATION
Environmental Benefits

* Allows for continuous harvesting based on cell size (age), which helps
maximize yields.

 Baleen filters mimic natural processes.
Environmental Concerns

« Conventional microscreens may be impractical due to the small size of
microalgae and high rate at which filter media would blind.

* Chemical additive may be necessary in some instances.
Envir tal Unk

 Scalability.

VACUUM

Environmental Benefits

® Process is gentle on algal cells.
* Low energy.

Environmental Concerns

* Unknown.

Environmental Unknowns
 Scalability.

MECHANICAL PRESS
See Pathway DI.
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THERMOCHEMICAL LIQUEFACTION
Environmental Benefits
* Relatively low energy inputs.

* Accommodates biomass with high moisture content,
negating the need for energy-intensive drying processes.

Environmental Concerns
* Heat losses may impact energy balance.
Environmental Unknowns

* Impact of byproduct CO; on local air quality if it were not
captured and used for algae cultivation.

THERMOCHEMICAL FAST PYROLYSIS

Environmental Benefits

o Relatively low energy inputs.

* Yields a dark-brown, low viscosity (i.e., high quality) bio-oil.
Environmental Concerns

* Product bio-oil must be upgraded before being introduced
as a transportation fuel.

* Yields contaminated water as a byproduct.
 Energy needed to cool off-gases.
Environmental Unknowns

* Performance data, which are currently available only to
vendors, and control standards have not been evaluated
according to methods approved by the EPA.

e What impact would byproducts carbon monoxide, charcoal,
and phenolformaldehyde resins have on the environment if
fast pyrolysis were to be used in commercial-scale algal
biofuel production?

* Impact of byproduct CO, on local air quality if it were not
captured and used for algae cultivation.
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THERMOCHEMICAL HYDROPROCESSING
Environmental Benefits
* Upgrades bio-oil to high-quality market-ready fuels.

* Byproduct hydrogen can be continously recycled through the
process in the purification and hydrocracking processes.

 Energy inputs are relatively low.
Environmental Concerns

* Impurities (nitrogen, sulphur, oxygen, carbon) must be extracted; the
more impurities, the more water and energy required for processing.

* Potentially requires large quanties of water and energy to implement
the purification and hydrocracking processes.

Environmental Unknowns

 Impact of byproduct CO; on local air quality if it were not captured
and used for algae cultivation.

BIOCHEMICAL FERMENTATION
See Pathway C-V.
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ENVIRONMENTAL CHALLENGES FOR ALGAL BIOFUELS

PATHWAY C: Modular (Indoor) Closed Photobioreactor
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Environmental Benefits Environmental Benefits Environmental Benefits =)
 Recycled industrial CO, emissions may improve algae productivity. * Bypasses energy-intensive harvesting and drying * No heat inputs. '5
. . » 0Cesses. i
* Decreased land transformation due to increased algae productivity. 5 : o Environmental Concerns 2
o . . * Modular design of cultivation system allows for a ) ) o
* Minimized impact to regional land use and natural habitats. large number of photobioreactors to be connected * Required sugars could prove environmentally burdensome &
to a small number of extraction units (which could at commercial scale.

* Designed in scalable modules: Quantity of modules is theoretically limited
only by capital/operational costs and land availability.

* Continuous/cascading production allows the cultivation process to continue
with less frequent system shut-downs for cleaning and inoculation.

potentially achieve economies of scale). A Vs

 Low energy inputs: High ultrasonic intensity uses low

energy to crack the algae membrane ¢ Environmantal cost differentials between anaerobic fermentation (one step)

and aerobic fermentation (2+ steps). Which is more environmentally sustainable

i and why?
Environmental Concerns Environmental Concerns | tyf o byoroduct acids e acid. tactic acid) o
o ' o - i * Impact of the several byproduct acids (e.g., acetic acid, lactic acid) have on the
* Efficient light delivery and distribution are principle obstacles to scale-up. : Un.known environment if fermentation were to be used in commercial-scale algal biofuel
* Energy demand may be a challenge to bringing to commercial scale. Environmental Unknowns production.
* Unknown, as method is still relatively unpracticed. ¢ Impact of byproduct CO> on local air quality if it were not captured and used

¢ Requires continuous input of carbon dioxide, which adds to energy inputs. for aleae cultivation
o |s there recalcitrant biomass to be managed? What s ’

practices would be used and what are the impacts?

e Land coverage (square miles) may depend on PBR design. THERMOCHEMICAL HYDROPROCESSING

¢ PBR fabrication material components may carry heavy metals that could |
impact soil and water quality when used, recycled, or discarded. See Pathway BV.

e Tapping industrial plants for CO, is hazardous (e.g., concentrating heavy metals).

* Exotic and potentially invasive algal species could threaten the integrity of
local and regional ecosystems, e.g., if escaped through released wastewater.

Environmental Unknowns
o Water use data are limited and inconsistent.
e Implications of energy demand.

* Very few large-scale closed photobioreactor systems have been
implemented, so the feasibility is difficult to ascertain.

* Impact and potential for transgenic or genetically modified (GMO) algae
to overcome challenges of efficient cultivation.
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PATHWAY D: Heterotrophic Fermentation
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and other cellulosic “wastes” (e.g., switchgrass, grass glycerol from commercial scale algal biodiesel production. Excess
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Environmental Benefits Environmental Benefits Environmental Benefits Environmental Benefits Environmental Benefits E
o Minimized water usage and management. ¢ No chemical inputs. ¢ No chemical inputs. * Recovery of hexane solvent is close to 100% efficient. . Eoprodlﬁctt. glycerol can be used/cycled as feedstock in Heterotrophic 'é
A . . » : . . . . : ermentation processes. o
* Minimized energy inputs due to high cell densities, low * Wastewater is easily reclaimed * Expelled water can be recovered and re-used. o Application of less volatile solvents may be possible. : 4
water content, and exclusion of light, which leads to and re-used in cultivation. A ) . Environmental Concerns I
I G S T E bS] e Less energy intensive when used ihlarags Environmental Concerns ¢ Increased waste management: Output quantity of glycerol is relative a
water at later stages in the production process. to recoverg giomass with a * Minimized thermal energy inputs for drying when * Biomass must be <12% water; this could require to that of biodiesel; thegrefore (if no? usgd as feeds%gck in algae =
* Reduced landfill by use of waste (or coproduct) glycerol relatively low moisture content. paired with other, more energy-intensive methods. energy-intensive drying in preceeding stage. cultivation), the current market would be too limited to accommodate g
clippings, saw dust, sugarcane, agricultural waste, Environmental Concerns Environmental Concerns ‘ Heéane has inhere‘int iEelinas sy sl s glycerol would need to be disposed of. e
waste water, sugarbeet, low-grade molasses) as soluble « Energy intensive.  May not be efficient enough as a stand-alone and environmental toxiciy. S Athouchalkalilcatalvstsiachievelhighervieldsiathigherreactionirat E
carbonate inputs. ) tec nology unless subsequent technologies « Lethal explosions could have particularly severe thar?ggidaca?alycsi: e G T e et rTg]in?ma??r(]:’]pOuriti(a-)Ses
. mplicable in most climates and regions with limited I LG G grﬁigﬁgf %%iesdt;t?eaccocrﬁgwnr}‘!odate Bl vl |mp||cat|9ns al ozl lscale. ; (such as moisture and free fatty acids). Such higher quality feedstocks
pact on land use or adjacent ecosystems. * Unknown. « Combustible gas detectors in the extraction plant are more environmentally costly to prepare, most particularly with
« Customized scalability: Algae selection and system Environmental Unknowns environment are not very effective due to exposure respect to energy inputs.
sca]lzitl))i!lity are based %r; affeedstﬁ%k t)l/pe Ian its ST o Unknown. to moisture, oil, and high temperatures. Environmental Unknowns
availability, customizable for each facility location. il i : o . )
. vailability, ulc iz ility i ; o  Solvent recyclability and disposal may be costly. . A"-é’c"ﬂ catcmst, S[l]lch g?shsuI{unc a_c(|jd, '|S el WIEE? the ?” has high
nvironmental Concerns nvironmental Benefits Environmental Unknowns acid value. When the oil has low acid value, an alkali catalyst ma
) ) _— ) ROTARY DRYER prove more effective. What are the environmental implications o
0 g\ggsfigltyvvs?]tl%nlgptl#: v(a:?eerngu?gef:?gstmdéuslt(i)\%gigh i * Minimized energy inputs. L * Accessability of equally effective yet less volatile chemicals. .conﬁmer?}al-scale I‘(liemanlds fc%r ﬁheg.e é'arioﬁjvs catalysts and what
! il . o s their effect on the quality of the biodiesel?
organic substrates on arable land. * No chemical inputs. oL ) ve th ¢ Does the value of the incremental yield improvement from s el ) UL od! )
) ) o o Bl e e e reaveld ess energy intensive than drum dryers. hexane extraction outway increased occupational and e Ethanol and sodium ethanolate may be needed for lowering fuel
* Indirect water inputs could be high if feedstock e %ultivation R CTr Y ATt CIrEs environmental risks compared to other extraction methods? viscosity. What is the source of this ethanol and what are the
: e o) ] i / . * Management and conversion practices of recalcitrant ST 1], TR £ tield i oty
| * Scalability based on feedstock could be limited SO S ° Fgel:ﬁ)é vgsnfg": mgiesrteurseuggﬁ?:%nt processes biomass. * The alkali-qatal?/zed transesterification reaction leads to soap formation
by seasonal availability. o U aEwm, a y : |nI the b;odlgse . The pres%ncde.oft rr1neth|ar.lolk the c?-solvent that keeps
" s " ) Environmental Unknowns ycerol and soap suspended in the oil, is known to cause engine
° F\)r(g]?&lcsissuggroargeEsaergé)??gggg%gﬁl EIRETEEE Environmental Unknowns - ailure. Both centrifugation and dry bu.bbllnﬁ (a 2-3 day process) are
yaroly : o Scalability. able to wash biofuels of the soap. Which of these two processes is
Environmental Unknowns © Unknown. a more sustainable solution for commercial scale production?
* Energy balance, including indirect inputs. e Impact of byproduct CO> on local air quality if it were not captured

) L _ and used for algae cultivation.
e Direct and indirect water use data are limited.

* Potential environmental costs and benefits associated
with high quantities of soluble carbonate inputs; some BIOCHEMICAL FERMENTATION
sources may be more sustainable than others. See Pathway CV.

¢ Implications of feedstock storage and transport.
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PATHWAY E: Integrated Cultivation System
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Modified Ramey Fermentation Process

Reactor 2 Continuous Gel column Condensing &
= butanol + CO, f‘ stripping /‘ absorption ’/ Decantation

> b4

INTEGRATED CULTIVATION SYSTEMS SOLAR DEHYDRATION & DECANTATION & SUPERCRITICAL FLUID EXTRACTION MODIFIED RAMEY FERMENTATION g
Environmental Benefits Environmental Benefits E Environmental Benefits Environmental Benefits a
o Biological wastewater treatment: nutrient uptake, disinfection, pathogen o Algal biomass is drained and dried on the E * Increased efficiency: Supercritical carbon dioxide * Recycled byproducts: Excess and potentially released CO; in the butyric acid + hydrogen reactor and P__:

neutralization, heavy metal absorption. floway, by turning off the water flow, and o extraction is is nearly 100% efficient. stripping stages can be recycled through ATS or other cultivation systems when plants are co-located. ()
 Decreased demand for sewage sludge treatment and disposal. ‘évétﬂigl#]gft[ng s iEat 1o g = e Liquefaction of CO: is relatively low energy. * Minimized inputs associated with distillation. a
* Indigenous algae have little or no effect on aquatic life. « Recycled wastewater to the cultivation stage 'no_: * Recycled waste = zero CO, emissions. * Minimized output of acetone, acetic acid, or ethanol byproducts. 5
 Nutrient-rich water source may eliminate need for exogenous nutrient inputs. without need for pretreatment. % Environmental Concerns Environmental Concerns §
 High water quality outputs. ¢ Minimized amount of thermal enerﬁy needed = « Indirect energy input: Liquefaction of gas to fluid e Unknown. [+
e Potentially zero waste production. when paired with other drying methods. § process cou%/require intense heat and pressure i o

; : o : . . = (e.g., CO, = 31°C vs. Methanol = 240°C). Environmental Unknowns

i el i el S COElise i Gl (sl Environmental Concerns \n .  Environmental implications of excess CO: released (instead of recovered) at commercial scale

recuperates dead zones. * Biomass will likely need to be transported. 2 Environmental Unknowns . _ D_ : 2 . ! o - .
o Temporarily redirect surface water, rather than remove or deplete to another facility for subsequent processing. s  Management and conversion practices for ¢ Environmental implications of new membrane techniques meant to improve efficiency of fermentation reactions.

groundwater sources. Environmental Unknowns o recalcitrant biomass.

. m
i Environmental Concerns * Unknown. SUPERCRITICAL FLUID EXTRACTION

* Pesticides could be needed to control insects in some instances.
e Biofixation of certain contaminants will limit its potential end use.

¢ Evaporation rates ma¥ increase above normal when shallow raceway
ponds are used, due to increased surface area of source water.

o ATS raceway ponds liners could have implications for groundwater
infiltration and materials toxicity.

Environmental Unknowns
* Unknown

See Pathway E-IIl.




