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Abstract

Biological C&capture and utilization with algae has the potential to mitigate major
environmental problems associated with greenhouse gas emissions and excess wastewater
nutrient dischargesandat the same timegenerat a valuable biomass product that can be
used fao biofuelsand/or animal feedHowever, there are important practical limitations in
currently available systems and technology that have limited pilot demonstration and
applicationdfor this technologyThis project addressectitical challengeto practical
demonstratiors of biological C@capturesystemsand subsequent thermochemicabnversion
of biomass tdviofuels First, the capability to harvest and stametualpower plantflue gas
samples in pressurized cylindevas devebped, and these samplesane then used tostudy
acclimationin algaecultivation systems dosed with flue g&econd, this project demonstrated
the use of anaerobic digestion to recover residual energy from the agqueous byproduct of
hydrothermal liquefaction (HTLaq), which is geated duringthe conversion of algae or other
organic feedstocks tbiofuels

Algae cultivation experimestshowedthat a mixed cultureof algae is capable afsingCQ from
power plantflue gas without negative impact on thalgalgrowth rate.In fact,the algal
biomass productivityvas up to 67% highewith flue gas injection thathat from control
cultures The C@removal efficiencyas between 180 25% and there is room for further
improvement A heavy metal analysisf algal biomass cultivated with flue gas inpskt®wed
that algae can overaccumulatertain heavy metalsZfp, Phand Cithat could limitits usefor
someanimal feedproducts Further study is needed to identify tii@ctors controllingheavy
metal uptéke and develop mitigation strategies

In the £0ond part of thisstudy, we demonstratecanaerobic treatment oHTLagombired

with sewage sludgéom municipal wastewater treatmersdt both the lab and fullscale
operations The labscale experiments showetat compaedto a control digester with sewage
sludge only, 18% more biogas was produaten HTLaq was dosed at 12% of the total organic
loadingto the digester.Thisdosing levels substantially higher than reported ather

literature. The higher dosing levelas accomplished via gradual acclimation of the anaerobic
cultures to increasing amounts of HTLBAgjl-scaletesting was conducted in the anaerobic
digesters at a local wastewater treatment plamhich was dosewvith up to 0.4% othe

organic loadingrom HTLagThis experiment wadimited by the amount of HTLaq available, but
showedsuccessful anaerobic digestion wotlt anyevidence of inhibition or negative impact

on biogas production. Future work should investigate higher loading ratd3 loAcat boththe

lab and fulscde operationsto further enhancebioenergyproduction A techneeconomic
analysigerformedshowed that bioenergproduction at a typical wastewater plant could be
increased by upo 70% by integrating HTL conversion of sewage sludge upstream of anaerobic
digestion. The total annualized cost for this combination was also lower than anaerobic
digestion alone for a gredield landapplication.






1. Introduction
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heavy reliance on fossil fupbweredenergysystems Among fossiluels, coal has a relatively
high CQfootprint, and US coaburning power utilities emit about 1562 million tons/yr (MM
TPY) of COwhichaccounts fomore than75% of the total US power plant emissions. Hence,
reducing the C&emissiors footprint from coal power plants is a key element for mitigating
greenhouse gas emissiari3espite significant intereste implementation of C@capture
technologies habeen limited by high capture costs that far excelee US Department of

9 y S NBGB®@a@minal target of630-$40/ton. Thusmore costeffective technologieare
neededthat can simultaneously reduce €émissions and fossil fuel consumption.

Fuels produced from renewable biomabsfuel9 are an important tool for addressing long
term energysecurityand reducinghe CQ footprint associated wittossil fuels. LiquiBdiofuels
for the transportation sector are particularly attractive because they can leverage existing
infrastructure and pose fewamplementationchallengeghan pressuried gas or electric

Sy SN

vehicles. A strongiofuelsindustry would improve the US economy, stabilize the cost of energy,

reduce greenhouse gas emissipasd reduce dependence on imported petroleum. Currently,
biofuelsare mainlyderived fromterrestrial cropscontaining oil or starches. However, this
approach has shortcomingscluding cost of the feedstock, competition witie food supply,
significant energy input, and inability tse CQ concentrationghat aresignificantly greater
than ambient atmosphean levels. As a result, tradition@rrestrial biofuelsdo not reduce the
cost of carbon capture and are not well suited dimect CQ capture fromelevated
concentrations in flue gas.

The use of algae to capture £&nhd then producéiofuelshasthe potential to offset some of
the key limitations of traditional approach#s carbon capture, carbon utilizatioandbiofuels
production. Algae can effectivelysehigh CQ@concentrations with very high growth ratesid
short harvesting cycles, and can suppdd-fuel productivities per land area that can be an
order of magnitude higher than those achieved with traditioo@ps. Our research group at
the University of lllinois has also shown that a wide variety ofl ddgenass types can be
converted to liquid fuels via hydrothermal liquefaction (HTL). By making valuiabiech
products from captured CQwe can effectively reduce the net cost of £&@pture. In addition,
algae can be used for othrghervalue prodets, such as animal feed ingredients, which can
further reduce the net cost of G@apture.

Despite the advantages of algae for@@tigation andbiofuels the costf makingbiofuels
from algaeusing current conventional approaches are too high to suplargevolume
commodity marketgor algalbiofuels Table lpresents a comparison of recent DOE estimates
of the cossto produce algal biomass and the subsequent conversion of algaiefitelsvia

HTL including the downstream unit processes needed to make finishedrdfopls. The costs
are organized according to the major cost contributioflse tablecompares costs for the
current state of technology (2015 SOT) and for the 2022 projectdadmnéechnology The
biomass portion of the tablpresensthe data as $/dry ton, whereas the conversion costs are

1



in $/gal of gasoline equivalent (ggehelDORechnical data for estimates used in this table are
provided inthe DOEBETO 2016 MukYear Rogram Plan (MYBRDOE, 2016which is built on

more detailed analyses in reports by DOE national labs (Jones et al., 2014; Davis et al., 2014).
The MYPP identifies HTL as a priority pathway for converting algal biomass to adviafoeld

that meet lite-cycle emission goals.

One unresolved issue with HTL is that it also produces an aqueous product that contains a
significant amount of organicas well as most of the feedstock nutrients, metalsd salts

from the original biomass feedstocks. The Hajuemus product is essentially a higtitength
wastewater that, at full strength, has been shown to inhibit the growth of both algae and
bacteria. Thisctioncould limit recyclingf the HTL aqueous product in algae cultivation
systems and wastewater tre@ent plants. However, past studies were typically batch tests
with a single loading of HTL aqueous product that did not alt@wnicrobial culturego
acclimate or adapto the potentially inhibitory compounds ithe HTL aqueous product.

Confirming the hility of the algae to work with real flue gasour current smaér-scalepilot
systemsand the associated preliminary data will make subsequent proposals for {scgés,
long-term demonstrations much more compelling. addition we want to develo@and
demonstrate techniques for treating HTL aqueous prodictontinuous anaerobic digester
processes to produce biogas and water that can be recycled in typical wastewater treatment
plants.

The MYPP also reports the major cost components for prodadgagbiofuels which includes
algalfeedstock supply; HTL conversion of biomass to biocrudtheiyjpgradationof HTL bie

oil to finished fuels; and HTL aqueous product gosatment. In the current state of

technology (2015 SOT), the cost of produ@nglgal feedstock supply is estimated to
contribute $15.15/gge to the cost of thedsfuel. In contrast, the downstream processes
contribute $3.48/gge. This further underscores the utmost importance of pursuing significant
reductions in algal biomass moction costs. Among the otheidsfuel production costs, the
largest contribution is for podreatment of the HTL aqueous product, which is assumed to
occur by catalytic hydrothermal gasification (CHG) in the current DOE tedamomic analysis
techro-economicanalysishaseline. CHG removes excess organics in the HTL aqueous product
and converts them to a combustible syngas, but the costs are a major drawbagirojécs
investigata a novelanaerobic digestioalternative thatwould beexpected tocostmuchless

The overarching goal of this projegtasto facilitate the efficient, coseffective capture and
utilization of coal flue gas G@ generat algal biomass¢hat can then be converted to liquid
transportation fuels or used as a feed ingrdti for livestock animal feed3.oward this aim,
the specific objectives of this study were thald:

Objective 1Confirm algae species survival, productivity, and carbon capture efficiency on
real flue gas from the Abbott Power Plantthé U of I.

Objedive 2:Demonstrate stable and efficient anaerobic digestion of the strong wastewater
from hydrothermal liquefaction (HTL)



Tablel. Comparison o€urrent andprojectedfuture costs forproducingalgalbiomass and

biofuelsvia hydrothermalliquefaction.

Cost Categories

2015 DOE Estimated Costg
for Current State of
Technology with Algae

Productivity of

2022 DOE Projected Costs
for Modeled Design Case
Technology

with Algae Productivity of

8.5 g/n?/day 25 g/mélday
Algae Biomas®roduction Costs ($/dry ton)
Ponds & Inoculum $ 1,359 $ 289
CQ Supply $ 99 $97
Dewatering Operations $ 82 $ 52
Nutrient Supply $ 25 $24
Other Costs $76 $ 32
TOTAL Algae Biomass Production $ 1,641 /dry ton $ 494 [dry ton
Algal Bofuel Production Costs ($/gal
gasoline equivalent, gge)
Algae Biomass Supply $15.15 $3.18
Hydrothermal Liquefaction (HTL) $1.18 $0.49
Conversion
Bio-oil Upgradation/Finishing $0.44 $0.31
HTLAqueousProduct Post-treatment $1.54 $0.57
Balance oPlant $0.29 $0.17
TOTAL Bfuel Cost Before Credits $ 18.60 /gge $4.72 /gge
Potential Algal Bofuel Production Cost
Credits ($/gge)
Carbon Capture Credit for DOE leng $0.74 $0.74
term target price of $40/ton CO
Wastewater Treatment Creditt $2.30 $2.30
Qurrent Minimum Nutrient RemovalCost
of $5000/ton N
TOTAL Bfuel Cost After Credits $ 15.56 /gge $ 1.68 /gge







2. Methodology
2.1Algae tests on flue gas at Abbofower Plant
2.1.1 Flue gas pressurization and bottling

Thesystem forflue gas pressuraion andcapture is shownin Figure 1 Electrostatic

precipitation and wet scrubber treated flue gas was collected from a sampling flange at Abbott
Power Plantasthe plant burred coal. From the sampling flange10ft copper coil was used to
cool the flue gas tmearambient temperaturs and transfer it to a vacuum pumfs water

barrel can be used if further cooling is needed. A water trap wasseefore the vacuum

pump to prevent condensed watafter coolingfrom entering the pumpMarathon Electric
vacuum pumgmodel 5KH36KNA510X) was used to draw flue gas from the flange and increase
the gas pressure to 15 ~20 pSubsequently, aniadriven gas booster (MaRLEZ21) was used

to pressurize flue gas intngas cyihder. Driven with the local compressed air at 60 psi, the gas
booster was able to pressurize the flue gas into the cylinder at 12@\ gjher pressure can be
achievedn the futureif the higher pressure drng air is available. Four 100 Ib propaneka

were used to store the pressurized flue gadich wadransferred toanalgae cultivation site.

The propane tanks were new ahddnever contained propane to ensutieey werenot
contaminated. The average G@oncentration of the flue gas the cylindemwas 5.7%.

6. Isolation Valve

e’
T

‘ ‘ 7 Exhaust to Stack

’ = S Tower

4" Dia. Sampling
Flange

R

| 4.Water Trap

2. Air Booster
3.Vacuum Pump \

5. Cooling Barrel 1. Botld Flue Gas

Figurel. Flue gas pressurized/capturing system



2.1.2Algae cultivation gstem

Mixed algal culturesvere originally collected from the secondary clarifier of the local
wastewater treatment plant (Urban& Champaign Sanitary Distri¢ci CS[P After collection,

mixed algal samples were inoculatedaiBO gal LED lighted reactor and fed with secondary
wastewater effluent and 1% (v/v) GQChlorella spand Scenedesmus syere the major

species found in the water under microscope. The algae cultures were then transferred to four
5 gal water bottlesusedfor the flue gas cultivation experiments, shownFagure 2

Experiments were satp in the greenhouse with natural sunlight. The initial algae culture
concentration was 200 mg/L, anikde F/2 media recipe was used for the liquid growth media.
Air was pumped into each reactat a rate of0.5 L/minfor mixing. Flue gas injection rates were
0 (control), 0.05 (low), 0.1 (mediupgnd 0.2 (high) L/min between 9 am to 5 pm daily. The CO
injection rates were determined based on the assumption of algal biomass productivity of 100
mg/L-day and 100%, 50%nd25%CQ uptake which corresponded to the low, mediyrand
high CQflow rates respectively The operating conditions are summarizadable 2 Algae
growth rates were evaluated using tiggowth rate constant k (da¥), which can be calculated
usingthe following equation:

0 0 Q
where N is the biomass concentration at Time 2)(@nd N is the biomass concentration at
Time 1 (7).

Figure2. Algae cultivation reactor setup in greenhouse



Table2. Operating conditions summary for algae cultivation experiments

Medium  Air pumping  Flue gas Injection Flue gas
rate injection time injection
rate amount
Control {2 0.5 L/min | |
LowCQ | fl2 0.5 L/min  0.05L/min | 9 am¢5pm 25.75 L/day
Medium CQ /2 05L/min  0.1L/mn 9am¢5pm 51.25 L/day
HighC@ {2 0.5L/min  0.2L/min | 9am¢5pm 102.5 L/day

Medium CQIloading assumption: 0.1 g/tl biomass productivity, 50% biomass is carbon, 50%ti@t6ke rate;
Reactor volume: 15L

2.1.3Biomass & gasharacterization

Algal biomassgjuantitieswere measured as total suspended solids (TSS) according to standard
methods(Eaton et al.2005) An aliquot of50 mL of algae solution was vacuufittered through
Whatman 934AH glass microfiber filter paper. The filter paper was then daiglD5°Cin an
ovenovernight. The TSS can be calculated based on the weight difference before and after
drying. Flue gas sampeere collectedusing aRESTEK gas sampling bag (#22950). Exhaust flue
gas from algae reactorsagsampled at noon while the reactors were covet®dtransparent

caps witha single outlet.CQ concentration inthe fluegas was measureasinggas
chromatographywith a thermal conductivity detector (GBCD)Samples of the edium and

dried algal biomass were sent tioe lllinois State Water Survey Agtatal Service Group far
broadrange ICRMSheavy metal scan and the U of | Microanalysis Lab IQWS for targeéd

heavy metal analysis.

2.2 Anaerobic treatment ofHTLagproduct
2.2.1Labscale squencingbatch testing

Initial investigatiors on theanaerobic treatment oHTLagvere conductedat the labscale as a
sequencingbatchreactorusing a biomethane potential (BMP) testing apparatus (Anaero
Technology, UKasshown in Figure .3Viesophilic anaerobic biomass collected from the
UrbanaChampaigwastewater treatment plant served as the initial inoculugachof the 1 L
BMP test bottlesvas loaded with 500 mL of inoculymlong with 100 mL of mixed sewage
sludge(a combination of primary sludge and wastetivated sludgeplus lowstrengthHTLaq
product at initial dosesf 0, 0.1, 0.4, 1and2.5% of COD fed &kTLaqThe egular removal of
100 mL of material anthe addition of 100 mlof new mixedsludge plugdiTLagproduct were
made to each bottle at their corresponding dosage, with a retentiime of 20 days. All
conditions were initially setip in triplicate, with constant mixing, and were keptla¢
mesophilicemperature 37°Q. Biogas production was monitored continuously with regular



analysis of methane content via GCDTable 3summarizes COD concentrations in the three
materials that were used for the sequencihgtch testing.

After reaching steadgtate conditions in the initial sequenchfigtch test, the dosage of HTLaq
product added to the 2.5% HTLaq condition was graguratireased to 3, 7, and 9%. This was
achieved by first increasing the dose of HTLaq product fédmf the three 2.5% HTLaq
condition replicates to 3% ahemical oxygen deman@€QDfed as HTLaq. The third replicate
was increased to 7% of COD fed a$ &b All other conditions were discontinued at this point.
Later, the 7% HTLaqg condition was divided equally into two bottles, and one of those bottles
was increased to 9% of COD fed as HTdradthe other remained at 7%.

Figure3. Photo of BMP testing apparatus (Anaero Technology, UK) used fecds
sequencingpatch testing of anaerobic treatment of HTLaq product.

Table3. Chemical oxygen demand (COD) of materials usedaarabic treatment of HTLaq
product sequencingpatch testing.

Material COD Concentration
(mg/L)
Mesophilic Anaerobic Biomass Inoculu 25,720 * 662
Mixed Sewage Sludge 47,214 + 13,847
LowstrengthHTLadProduct 18,495 + 647
HighstrengthHTLadProduct 42,832 +818




At the end of this transitiomvith up to 9% of COD fed as lestrength HTLaq product, a second
sequencing batch test was s@b and operated in a similar manner. This time the acclimated
biomass from the previous 2%% HTLaq conditiomas used as the starting inoculum in all
conditions, and a higher strength HTLaq product was apgssch of the 1 L BMP test bottles
was loaded with 500 mL tiie acclimated biomass mixture, along with 100 mL of mixed
sewage sludge, plus higtrengthHTLaq product. In this second round of testing, two
conditions were initially setup: a 0% HTLaq product control condition and a 7% of COD fed as
HTLaq product test condition. The control condition wasugein duplicate and the test
condition was setip in triplicate. Over the course of the experiment, the test condition was
gradually increased to 12% of COD fetHadtaq product, two of the testondition replicates
were further increased up to 19% of COD fed as HTLaqg product.

2.2.2Fultscale demonstration of anaerobic treatmentHf Lagproduct

For fullscale testing of anaerobic treatment |iTLag40220 galday ofHTLagroduct was fed
to a fulkscale mesophilic digester (Digester 1), treating approximately 27,500 gal of mixed
sewage sludge per day at the Urbaarad Champaigrbanitary District ortheastwastewater
treatment facility. TheHTLagproduct was loaded into two 300 gal totes. A feed tube was
connected to the recirculation line of Digester 1, and a peristaltic pump was used to pump
HTLagroduct from the storage totes into thR A 3 S FetirSulNdiba flow This setup is shown
in Figue 4 Biogas production before, during, and aftee additionof HTLagvas monitored

and compared to biogas production from a twin digester (Digester 2) over the same period.

2.2.3 Microbial community analysis

Nextgeneration lllumina MiSetgchnology was used for sequencing of the microbial

communities to elucidate changes resulting from acclimation to HTLaq. From the seguencing
batch test,samples were collected from the 0%, 0.4%, and 2.5% conditions at the end of
treatment on Day 73as well as from the 3% and 9% conditions on Day 105. Samples were also
collected from both digesters during the fgitale demonstration test on Day ,Gépresenting

the microbial community during operation with HTLaq addition in Digestend Day 106,
representinga normal operation without HTLaq addition. DNA extraction was carried out using
0KS Cclradsb!n {tLb YAOG F2NI {2Af o6at .A2YSRAOI ¢
instructions. The extracted DNA was storedzit°C until submitted for sequemg. DNA

sequencing was carried out at thedf)l Keck Biotechnology Center using Illumina MiSeq
sequencing combined with Fluidigm sample preparation. Primer pati18#&- V4-806R was

used to amplify the V4 region of the 16S rRNA gene of bacteria, andrmgair ArchaeaF349
ArchaeaR806 was used to amplify the 16S rRNA gene of archaea. Mothur version 1.35.0 (Schoss
et al, 2009) was used to assemble the forward and reverse sequences using the standard
operating procedure for MiSeq data (Kozich et @13). Using the software Prim&r Version 7

(Quest Research Limited, Auckland, New Zealand), the microbial community sequence data
were used to generate multidimensional scaling (MDS) plots, ubm@ray-Curtis Similarity

Index to visualize the similayitmong microbial communities of different test conditions.



s Connection
to Digester 1y,

Digester 1
recirculation pump

Digester 2
recirculation pump

Figure4. Setup of fullscale demonstration of anaerobic treatment of HTLag product at the
Urbana& Champaign Northwest wastewater treatment facility. Notes: HTiradquct was fed

into Digester 1 via the recirculation line, and biogas production in Digester 1 was compared to
biogas production in Digester 2 without HTLaq product.
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3. Resultsand Discussion
3.1 Algae tidy
3.1.1Biomass poductivity undedifferent CQconcentratiors

Forthe first objective of this studyhe feasibility of using flue gas for algae cultivation and
evaluaton ofthe carbon capture efficienayas investigated via series of algae cultivation
experimens. Details of the operation conditionsvere shown in Table 2 Figure Sshows the

algal biomass growth over timeith a range of flue gas ardQ loading rates. The results
indicatethat the higher flue gas injection rates resulted in faster algae growth. The growth rate
constants for the control and the low, mediyand high flue gas injection rates were

0.124/day, 0.130/day, 0.151/dagnd 0.159/day, respectively, which correspodde 37.8,

41.5, 52.9and 63.3 mg/td productivity, respectively. All reactors peaked around 500 mg/L,
which indicates that the systems became nutrient limited at that point. Therefore,
concentrated /2 nutrients were added into the reactors at the end Bfdays, which is

demarked by the first vertical red line in Figure 5. The high flue gas injection rate reactor only
operated for 12 days to conserve flue gas usage and prolong the overall experiments.

In the second phase of the growth experiment afiiee nutrients were replenished, the growth
rate constants for control, loyand medium gas flow rates were 0.08/day, 0.11/dayd
0.14/day, respectively. After all the cultures achieved the target concentration (~800 mg/L),
20% of the reactor biomassasharvested and replaced with new medium to maintain the
same volume, which is also demarked by a vertical rednifégure 5

During the third phase of the algae growth experiment, the average growth rate constants for
control, low, and medium flue gasjection rates during gas injection were 0.11/day, 0.13/day
and 0.16/day, respectively. The biomass productivity levels were 24.1-an@2.9 mg/td, and
47.3 mg/lday for the control, lowand medium flue gas injection rates, respectively. Biomass
productivity wasmonitored during the flue gas injection periods (9&pm), which showed

that more than 80% of biomass growth took place within the injection period.

All'in all, this experiment showed that flue gas can be used effectively to enhancegedgés,
without negative effectswith injection rates up to at least 0.2 L/min or 0.013 (v/v B)in

Higher flue gas feed rates may also be advantageous for algae growth and should be tested in
future studies
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3.1.2CQ removalefficiency

CQ removal efficiencyvasmeasured and usetb helpinterpret the CQuptakedata. The C©@
concentration in thanfluent andexhaust air was measured by gas chromatography. The CO
removal efficiencyvasthen calculated by the difference dfie CQ concentrationbetween
influent and exhausgas of reactoranddetermined by the following equation:

56104 E B IIDOD ~QE Q0 6NOdBHWO 6O wéE BD

00 1 Qda ¢ DONQW VRt 0 00 6056 B o pmimb

The amount otapturedCQ can be estimated using the ideal gas law and assuming 1 atm,
300C, andthe ideal gas constant is 0.08zatm/mol-K. This indicates that the @Oapture by

algae during the 8 hours of injections was 3.9, 1ari221.5 mmol for control, low flue gas and
medium flue gas conditions, respectively. This corresponds to 47.5,, B88l@258.3 mg of

carbon captured fothe control, low flue gasand medium flue gas conditions, respectively. It is
clear that althouglthe low flue gas condition had a 33% higher2@&noval efficiency, the

algae fixed more total carbon in the medium flue gas condition (+41%), which was due to more
biomass growth. Therefore, the higher flue gas injection rate is favorable thieayas sourcesi
inexpensiveand algae is considered the main product. Low flue gas is preferable when zhe CO
source is expensive or the 2e@moval efficiency is the main driver.

Finally while assuming the carbon content of the algae is 50%, the carbon assimilation in
biomass can be estimated by the algae productivity over the flue gas injection period. As shown
in Table 4 the assimilated carbon is 128.7, 17&6d 243.7 meC forthe control, low flue gas

and medium flue gas conditisnrespectively. When comparirigese resultdo the carbon

capture, it is surprising that the assimilated carbon estimation is rhigierthan the captured
carbon estimation for the control condition. iBldifferencemight bebecausehe control
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reactor hal a lower inorganic carbon concentration in the medium than in the air. This would
generally enhance the surface air transfer, which would encouraga&dssolve into the
medium.

Table 4shows theCQ concentration of the flue gas/air mixtumaeasuredbeforethe mixture
enters thealgaecultivation tankand after During the test, the flue gas efncentration was
6.01%.After mixing with the air (410 ppm GQthe influent C@concentration became 0.58%
and 1.04% for low and medium flue gas injection satespectivelyThe exhaustjas C@
concentratiors were measured as 0.44% and 0.85%specively. Therefore, theCQ removal
efficiencywas 24% and 18% for low and medium flue gas injectiorsratspectivelyThese
uptake rates are similar toatypicalraceway pond performancé&or instanceCole et al. (2014)
studied the algae GQuptake in a raceway pond systeiine carbon uptake ratevas between
11.23%and 23.8% dependng primarilyon the pH set pointWhen compaedto lab
experimens, however,higher CQremoval efficiencies have been demonstratédr instance,
Li et al. (2011) reported 265% C@removal efficiency witlfscenedesmus obliquirs
laboratory bioreactorsin general, the low CQuptake rate is due to theelativelylow algae
biomass productivitychieved In this study, the algal biomass productivitgs between 20
and50 mg/l-day, which is lower thathe typicalgrowth rate. This might be due tbe fact that
the algaewereinitially cultured in wastewatemedia with artificial lightingandhadnot yet
acclimated to the commercial f/2 mediuand solar lightingOverallalgae productivity is
expected to increase if additional nutrierdse added into the systentfinally if afine bubble
diffuserwere used for flue gas injection,would increaseéhe CQ mass transfer into the water
whichwould likelyincrease the C&uptake rate.

The amount otapturedCQ can be estimated using the ideal gas law and assuming 1 atm,

30°C andthe ideal gas constant is 0.082atm/mol-K. This indicates that the €Capture by

algae during the 8 hours of injections was 3.9, 1ar21.5 mmol for control, low flue gas and
medium flue gas conditions, respectively. This corresponds to 47.5,, B88l@58.3 mg of

carbon captured fothe control, low flue gasand medium flue gas conditions, respectively. It is
clear that althougtthe low flue gas condition had a 33% higher.@noval efficiency, the

algae fixed more total carbon in the medium flue gas condition (+41%), which was due to more
biomass growth. Therefore, the higher flue gas injection rate is favorable thieayas sourcesi
inexpensiveand algae is considered the main product. Low flue gas is preferable when the CO
source is expensive or the &@moval efficiency is the main driver.

Finally while assuming the carbon content of the algae is 50%, the carbon assimilation in
biomass can be estimated by the algae productivity over the flue gas injection period. As shown
in Table 4 the assimilated carbon is 128.7, 17&6d 243.7 m¢gC forthe control, low flue gas

and medium flue gas conditisnrespectively. When comparirigese resultdo the carbon

capture, it is surprising that the assimilated carbon estimation is nigiterthan the captured
carbon estimation for the control condition. iBldifferencemight bebecausehe control

reactor hal a lower inorganic carbon concentration in the medium than in the air. This would
generally enhance the surface air transfer, which would encourageddissolve into the

medium.
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Table4. CQ removal efficiency and carbon capture amounts duririg 8ue gas injections

CONTROL LOW FLUE GAS  MEDIUM FLUE GAS

Flue Gas CGQ@oncentration 6.01% 6.01%
Air pumping rate (L/min) 0.5 0.5 0.5
Flue gas Injection rate (L/min) 0 0.05 0.1

Influent CQ conc. 0.04%% 0.58% 1.0%%

Exhaust C&conc. 0% 0.44% 0.85%

CQ removal efficiency M T IR % H M:: My 3
Gas Volume (L) 240 264 288

CQ Capture (L) 0.0984 0.3792 0.5352

CQ Capture (mole) 0.0039 0.0152 0.0215

CarbonCapture(mg-C) 47.5 183.0 258.3

AssimilatedCarbon (meC]J” 128.7 178.6 243.7

*not analyzedandassumel to be0%
**assumed 50% of biomassdarbon

3.1.3Heavy netalsin medium

Table5 shows the estimated heavy metal concentratson flue gas andh the algae cultivation
medium transferred fronhe flue gasfollowing the approach of Napan et al. (201bhese
valueswere calculated using data from the literature that include the heavy metal
concentratiorsin coal, partitioning of heavy metto the flue gas (includingyflash)andthe
typical heavy metal removal efficiency of a flue gas desulfurization (FGD) p(Bodss R.,

2011; IEA, 2012; Flues et al., 2013; Haneef afittuls 2016;Llorens et al., 2001; Chang et al.,
2003; Ito et al., 2006;dedoba et al., 2012)Subsequentlythe amount of heavy metakhat can
remain in watercontactedwith a large injection rate dfue gaswas measureafter 3 and 7

days ofpumping flue gas through a column of tap watéthout any algaeWhen comparing
heavy metals in the @lay and 7day samples of water contacted with flue g amounts of

As, Crand Cushowedlittle differences, which suggestthat these elements are near saturation
levels. On the other hand, betweehe 3 and 7 days of contact, the seleniBe)

concentration is still increasing significantly, which suggests the form of Se in flue gas has not
reached its solubility limitAs $iownin Table 5the actual heavy metal concentratiein the

flue gascontactedwater samplesre mostlyclose to the estimatedhediumconcentratiors,
except Cu and Zmwhich were measured at much higher levélaus, Cu and Zn concentrations
in algae media contacted with flue gas are most likely not going to be limited by solubility. In
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contrast, the other elements could be limited by solubility, which was not considered in most

previous literature studiesf algal cabon capture

As also shown in Tablethe low flue gas and medium flue gas medsd for algae cultivation
were also analyzed for heavy metal concentrations near the end of the growth Gyrode.
resultingheavy metal concentrations areticeablylower thanin the 3-day or 7#day flue gas
contacted waterwhich indicateghat the algae are able to uptake heavy metalirly well The
growth in these cultures was better thamthe controlcultivationwithout flue gasnjections
(Figure 5)indicatngthat the heavy metalevekin flue gadid not have asignificantnegative
impact on alghgrowth. It should benoted that the 7-day flue gasontacted water showed
high concentration of Zwhile both algae reactoeffluentshadverysmall amouns of Zn inthe
media This result suggesthat thealgae uptakealarge amount of Zn.

Tableb5. Estimated concentrations of heavy metals in flue gas and cultivation medium
compared to measured values

Heavy Estimated | Est. Conc.| Fluegas | Fluegas | Low Flue | Medium

Metal Flue Gas | In Cultiv. | contacted | contacted Gas Flue Gas

Species Conc. Medium water water Medium Medium

3 days 7 days
(ng/m®) (Ha/L) (Mg/L) (Mg/L) (Ma/L) (Mg/L)

As 108.20 3.67 1.25 1.53 0.61 0.75
Cr 108.33 3.67 1.47 1.35 0.82 0.93
Cu 26.61 0.90 63.97 78.15 45.3 47.8
Pb 456.63 15.50 N.A. <40 <40 <40
Hg 4.94 0.17 <1 <1 <1 <1
Se 42.45 1.44 1.12 1.97 0.89 0.83
Zn 151.58 5.14 N.A. 381 13.8 154

3.1.4 Heavy metalin algalbiomass and maximum tolerablevel for animal feeds

Algal biomassan beviewed asa relativelyhigh-valuebiomassproductbecause othe fact that

it contains highguantities oflipids and proteirsthat can be sold aa food oranimal feed
ingredient Growing algae with flue gasnot likely to be used for human food produgcénd
there are likely to beoncerrs about usingalgaefor animal feed because it may accumulate
heavy metalsTo investigate this issue furthéFable 6showsthe measuredalgal biomass heavy
metal concentratns after cultivation wih flue gas injectiomndcompares that wittthe
maximum tolerable level(MTL) for animal feedMTLis defined as the concentration without
adverse effects tohe animal (National Research Council, 200%) results show that CRj,

and Znconcentratiorsin algd biomasswvere abovethe animal MTLThus, these elements may
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need to be managed or the algal biomaisat isgrown in contact with flue gas may need to be
blended with other animal feed ingredientdtomo et al. (2016) stlied the biosorption of

heavy metad by algal biomass and fouride algae surface hasstrong adsorptiorcapacity for
Pbandzn followed by CuThe adsorption capadgsof Pb, Znand Cuwvere 50, 50and 20

mg/g, respectivelyat the initial solution concentrationf 2.5mg/L That study explaisthe
reasonfor higher heavy metal concentratiasin algal biomasandhighlighs a potential
problemwith heavy metal accumulation in algal biomass while feeding with flue gas. Further
study is needed to confirnf the heavy metabccumulation(especially Pb, Zand Cu) iselated

to certain types of coal sourceand potential mitigation strategies

Table6. Algal biomass heavy metal amntrationsand animal feed maximum tolerable levels
(MTL)

Heavy Algae Algae Algae Poultry Swine Cattle Fish
Metal (Control) (Low flue (Medium Feed Feed Feed Feed
Species  ppm gas)ppm flue gas) MTL MTL MTL MTL

ppm ppm ppm ppm ppm
As <5 <5 <5 30 30 30 5
Cd <0.6 <0.6 <0.6 10 10 10 10
Cr 1.8 6.0 4.5 100 100 100 3,000
Co 0.9 1.6 1.7 25 100 25
Cu 50.8 302 332 250 250 40 100
Pb 28.3 55.6 61.4 10 10 100 10
Ni 5.1 8.0 7.7 250 250 100 50
Se <0.7 <0.7 <0.7 3 4 5 2
Zn 73.8 1023 1111 500 1000 500 250

3.1.5CQ supply cost analysis

In current DOBbaseline estimates aflgal biomass production casthe CQ supply coss

account for $99/dry ton of biomass (DOE, @8DThe baseline case inistieport isbased on

using purified Ce&from flue gas carbon capture technologissch as amine scrubbiragnd
membrane purificationandtechnologyis expected to provide C{at > 99% purity. The cost of
purchasing highly purified G@& $45/metric tonneCQ (~$41/US ton)Asthe algae require
approximatelyl.8 kgCQ/kg-biomass and the carbon capture efficiency is assumed to be 90%,
the cost of purchasing G@& equivalent to $91/dry ton biomass costs. The cost fosite CQ
storage and distribution is $8/dry ton biomass. On the other hame DOEeport also

estimated the C@supply cost if the raw flue gas was used. Due to lowerad@centratiorsin

raw flue gas (~10%nda lower expectedQ capture efficiency75%, the amountof gas
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needngto be transferred taanalgal cultivatiorpondincreases by 12 timeJheresulting
overall cost for using raw flue gags estimatedo be $119/dry-ton biomass (NREL, 28)1

Another alternative is to partially concentrate the flue gasaurity levelthat minimizes the
sum of gas purificatioand distribution costsFigure 6 showthe estimatedtotal CQ supply
cost and the component costs fpuarification and distributioras a function othe CQ
concentration used. The cost curve is estimated based on the volume of igagdistributed,
for which the scale is adjustagsing amappropriate scaling term by the following equation:
o e e e E o s e g s O GBI 66O @
YOou®NQ QN 0QE @wé w@ 1 "QQQe @ a 1 Q0Re B e H Q0 O
where nis the scale factor, which is typically 0.6 to O:fie information in Figure 6 shows that
redudngthe total cost for C@supplyto the algae cultivation system (including purification and
distribution)is possibldy selecting a medium efficiency purification technglogor example,
membrane separation can achieabove 486 CQpurity with asingle stag®f filtration (Aaron
and Tsouris, 2005), whickducesthe gas volumalistributed by four times compadto raw
flue gas. Future research showdaluatelower-cost CQ purification technologiesvith
moderate efficiencyand theresulting effects oralgal C@removal at different C®
concentratiors.
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3.2 Anaerobic treatment oHTLagproduct
3.2.1 Anaerobic treatment diTLagproduct sequencingatch test results

Hydrothermal liquefaction (HTL) is a promising process for thermochenmsoalerting algae
and other types of biomass to a baal product that can be used for biofuels. One issue with
HTL is the generation of an agueous byproduct (HTLaq) that cannot be discharged without
further treatment. The second objectivef this study wa to investigate anaerobtceatment of
HTLagroduct asan alternative to catalytic hydrothermal gasificati@HG}reatment, which

is used in current DOE techyegonomic analyses faleanupof residual organics in HTLdQ

this work, the ability of anaerobic microorganisms to adapt to gradually increasing
concentrations oHTLado overcomepreviously reportednhibitory effects and achieve
significant methane production was investigated. Initial sequenbaigh test esults showed
that anaerobic treatment o blend 0f0.1-7%HTLagroduct combined with mixed sewage
sludge is achievabl®&lote that blending percentagegvenhere are on the basis of chemical
oxygen demand concentrations (mg/L COD), whiehabulk measure of organic€&umulative
methane production for the initial sequencHimgtch test is shown in Figure With the two
lowestHTLacponditions, no evidence of inhibition was observEdr instancethe 0.1 and

0.4% conditionstarted witha methane production almost the same ®agth the mixed sewage
sludgeonly control condition0%), but after 74 days of treatment these lolwse conditions
achieved 13 and 15% greater methane production, respectively, compared to the c&unod
methane production datare overlapping in Figure; Therefore, the difference in cumulative
methane production relative to the contr@hCH) was plotted & discrete time pointsn Figure
8to more clearly highlight the differencell can be seethat the higherconcentrationHTLaq
conditions did exhibit some initial inhibition as indicated by decreased methane production
compared to the 0% control condition in the first th45 days of treatment. However, with
time, methane production in the 1 @?.5% conditions improved and eventually surpassed the
control condition, achieving up to 6 and 7% greater methane production, respectively. These
results suggest that the microbial community accligstio the higher concentrations dfiTLaq
andeventuallycoulduseHTLador enhanced methane production.
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Steadystate methane production was achieved in all conditions around Day 45, and the
average value from Day 45 to 74 was 259, 269, 276,88P267 mL/g COD added, for the O,

0.1, 0.4, 1, and 2.5% HTLaq conditions, respectiValy higher methan@rodudion levels

ultimately achieved when HTLaq was added to the mixed sludge suggest that tetrdongth

HTLaq used in this testing was more degradable thamixed sewage sludge. Thisnditionis

likely due to the higher proportion of dissolved organpaticularly shorichain organic acids

that are typically present in HTLaq product. Full characterization of the HTLaq product was not
carried out in this studyhowever, Table 7 summarizes the distribution of compounds typically
found in HTLag product.

After Day 74, two of the three 2.5% HTLaq condition replicates were increased to 3% of COD

fed as HTLaq. The third replicate was increased to 7% of COD fed as HTLag. On Day 108, the 7%
HTLaqg condition was divided equally into two bottles, and one bot#ie mcreased to 9% of

COD fed as HTLaqdthe other remained at 7%. Methane production during this transition

from 2.5% to 9% of COD fed as HTLaq product is shown in Figure 9. The mixed sludge substrate
that was fed in combination with HTLaq product atbanged on Day 74, which likely explains

the decrease in methane production that was observed in all conditions starting on Day 74.
Nevertheless, methane production in all conditions eventually reached similar levels to that
observed in the initial sequemgbatch test, between 26and270 mL/g COD added. The 7 and

9% HTLaq conditions, which had a higher proportion of COD fed as HTLaq product than mixed
sludge, achieved 1.5 and 3.5% greater methane production (265 and 270 mL/gCOD added)
respectivelycompared to the 3% HTLaq condition (261 mL/g COD added). This again indicates
that at the concentrations testedow-strength HTLag was more easily deggddompared to

the mixed sewage sludge.

The initial sequencingatch test demonstrated successful anaerobic treatment of low
concentrations of lowstrength HTLaq and showed the ability of the anaerobic microbial
community to acclimate to gradual increases in the concentration of HTLaq fed.aNedond
sequencingpatch test was setip to evaluate anaerobic treatment of a highgirength HTLaqg
sample with higher amounts of HTLaq fed. Methane production from this second sequencing
batch test is shown in Figure 10 as cumulative methane produpgoifieed period. In this test,
two conditions were initially saip: a 0% HTLaq control and a 7% HTLaq test condition.
Subsequently, the amount of HTLaq fed in the test conditions was gradually increased up to
19%. Color changes in Figure 10 indicate ceamgthe concentratiosiof HTLaq fed. Average
methane production under all conditions during selected time intervals is shown in Figure 11.
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Table7. Relative abundance of compounds in HThexpluct for various reaction temperatures.

GC/MS relative abundance @ various temperatures
Classes of Molecules

260°C 280°C 300°C 320°C
Short chain organic acid (C2-C4) 21.1% 26.7% 34.6% 9.10%
Long chain organic acid (C5-C6) 1.89% 2.98% 4.26% 8.74%
Fatty acid & fatty alcohols 3.78% 7.13% 4.01% 1.78%
Amino acid 7.07% 4.91% 4.88% 0.14%
Benezoic acid derivatives 2.03% 1.38% 2.70% 5.55%
Cyclic Hydrocarbons Nd Nd 0.39% Nd
Phenols 0.21% 0.36% 0.57% 8.44%
Straight amides derivatives 6.31% 5.89% 2.74% 16.3%
N-heterocyclic compounds 31.6% 31.0% 36.7% 36.8%
Oxygenates (cyclic and straight) 6.70% 10.1% 1.82% 1.48%
Ketones 11.6% 4.94% 1.83% 4.98%
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Figure9. Cumulative methane production during the initial anaerobic sequenratgh testing
with low-strength HTLag product at concentrations of 0 to 2.5% of COD fed as ptodadqt,
and during transition from 2.5 to 9% of COD fed as HTLaq product.

21



Looking at the data in Figus&0 and 11 similar or greater methane production was achieved
during treatment of 7 and 12% of COD fedHid.aggcompared to the 0% contrabndition.
Between Days 18 and 38, average methane production was 177a20211 mL/g COD added
in the 0, 7, and 12%TLaconditions, respectively. By Day 43, two of the test condition bottles
had been increased to 19% of COD fetH&kagroduct and vereinitially able to achieve

similar methane production yields compared to the lower concentrations tested. However, the
19%HTLagconditioneventuallyexperienced a significant decline in methane production after
Day 53, suggesting that inhibition of th@crobial community was occurring at this
concentration ofHTLagroduct. Although a slightecoveryin methane production was

observed between Days @hd 77, the 19%1TLagondition was not able to fully recover over
the next 24 days, as indicated bygrsficantly lower methane production compared to the 15%
and 0%HTLagconditions. Therefore, the dosage ldf Lagn this condition was reduced from
19% of COD fed back down to 12%. Doing so resulted in an immediate improvement in
methane production. The miobial community may have needed a more gradual transition to
19%, or more time to acclimate. Overall, in this second round of sequehaicy testingand
using a highestrengthHTLagroduct, 12% of COD fed HY Lagesulted in the greatest
improvemert in methane production compared to the control conditidrhemethane

production observed with 12% of COD fedHid.agproduct(211 mL/g COD added)as 18%
higherthan the mixed sludge control (177 mL/g COD added). Future work should continue to
investigde gradual increases iATLagconcentrations fed to identify an optimal concentration
that will providethe maximum sustained benefit to methane production.
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3.2.2 Fubscaletesting results withanaerobic treatment oHTLagoroduct

A fullscale demonstration of anaerobic treatmentléTLagvas carried out at thélortheast
Wastewater Treatment Plamf the Urbana& ChampaigrSanitary District (UCSIJTLaq

product was continuously fed into a fidtale digester (Digester 1) at concentrations of 0.1, 0.3
and 0.4% of COD fednd theremainde of digester feed was the typical mixed sewage sludge
generated at the plantThe maximum loading rate was chosen based on the initial sequencing
batch results, in which the addition of 0.4% of COD feld Hsagroduct did not cause

inhibition and resulted in the highest observed increase in methane production compared to
treatment of mixed sewage sludge alofi% improvement)The concentration dfiTLaq

added to the digester was gradually increased dirae to allow for acclimation of the

microbial community to thédTLagproduct. Results fronthis work are shown in Figure 12
where biogas production in Digesteoger timeis compared to biogas production in a twin
digester that did not receivelTLagroduct,Digester 2. At the end of testing, it was found that
the addition of up to 0.4% of COD fedt$Laglid not have any negative impaain biogas
production. However, at fuicale this dosage did not providediscernablebenefiton

methane production. Biogas production in both digesters was similar during the course of
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testing.Since the benclscale testing showeldenefits in methane production witthe addition
of 7to 12% of COD fed &$T Lagfuture fullscale testing should invegate higherloading rates
of HTLado see if there i| significaneind measurablenhancement of biogas productidry
addingHTLagproduct.

Figurel2. Daily biogas production over time for figitale Digesters 1 and 2 during normal
operation (mixed sewage sludge only) and during treatment of HTLaq product.

Notes: HTLaqg product was loaded into Digester 1 at rates of 40, 100, and 220 gallons per digy. Digesived
only mixed sewage sludge for the entire testing period.

3.2.3 Microbial communityraalysis

A microbial community analysis was conducted on samples collected from the initial
sequencingbatchtests and from the full-scale demonstratioof anaerobic treatment oHTLag

to elucidate whether the microbiadlommunity did in fact change response to treating
increasing concentrations &éfTLagroduct. Figure 1provides anmultidimensional scaling
(MDS)visualization othese data using th8rayCurtisindex, a measure aimilarity among
bacterial and archaeal microbial communities collected from the initial sequeibeitadp test

on Day 74 (end of testing with up to 2.%%Lag and on Day 104 (end of testing with up to 7%
of HTLag Inthistype of plot, similarity among samples is reflected by their proximity to one
another. Samples that group closer togetta@e more similar, and samples that group farther
apart are more dissimilar.
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