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ENERGY CONSERVATION AND SCALE-UP STUDIES FOR A WASTEWATER
TREATMENT SYSTEM BASED ON A FIXED-FILM, ANAEROBIC BIOREACTOR

SUMMARY

Oak thge National Laboratory'(ORNL)lis developing an energy-conserving

wastewater treatment system based on a fixed-fi]m anaerobic bioreactor.

The treatment process is based on passing wastewaters upward through
the b1oreactor for continuous treatment ‘by gravitational sett11ng,
biophysical f1]trat1on, and b1o]og1ca1 decompos1t1on A 2-year pilot

p1ant proJect us1ng a b1oreactor 'designed to treat 5000 ga110ns per day

" (gpd) has.been conducted us1ng raw wastewater on a mun1c1pa1 site in

Oak Ridge, Tennessee. Data obtained for the performance of thelbioreactor,

"during'this project have been analyzed by ORNL and Associated Water and

Air‘Resources_Engineers (ANARE), Inc., of Nashville, Tennessee. From

these ana]yses‘ft was estimated that.hydraulic 1oad1ng rates of 0.2

gpm/ft2 and'hydrau1ic residence times of 10 hr could be used in designing

such bforeactors for the secondary treatment of municipal wastewaters.
Conceptoal designs for total treatment systems processing up to .

1. O>million gallons of wastewater per day'(mgd of-wastewater) were '

developed based on the performance of the p110t p]ant b1oreactor These

- systems were compared to act1vated sludge treatment systems also operat1ng

under secondary treatment requ1rements and were found to consume as little
as 30% of the energy requ1red by. the act1vated sludge systems. 'The
economic advantages of the process result from the elimination of operating.
energy requ1rements assoc1ated with the aeratlon of aerobic-based processes

and w1th the. s1gn1f1cant decrease of sludge-handling costs requ1red with

conventional act1vated-sludge treatment systems. Methane produced by



anaerobic fermentation processes occurring during-the biological decom-
position of carbonaceous wastes also represented a significant and
recoverabie energy prodoction term as wastewater flow rates approached
1.0 mgd.' | o

To support its goal of,commercializing the process, ORNL is present]y
engaged'injdeve]oping a 50,000-gpd wastewater . treatment system'based on
the conceptua1 designs dereloped by ORNL'and AWARE. This‘project will
probably be oondocted joint]y,withAthe city'of Knokvi1te,,Ténnessee,
" both for'demoostration;purposes and for continuing research and development

with the'prooess.
BACKGROUND - -

A pilot- p]ant wastewater treatment system based: on. a fixed- f]]m,
anaerobic b1oreactor was des1gned during the summer of 1976 as a joint
venture between ORNL-and the Norton Company (Akron, Ohio). It was
insta]]ed thh the cooperation of the city of Oak Ridge in the late
fall of 1976, and. operated by ORNL for 2 years. The primary motivation
for this Jo1nt effort was the deve]opment of a new technology with could
reduce the 1ncreases in costs and energy consumptxon requ1red by the
‘passage 1n 1972 of Public Law 92-500 (and oy PL 92-500 as.amended by
the Clean water Act of 1977). - Other background'for‘this deQe]opment
and early performance-data for the process were previous]y reported (1-2).

To enhance the ‘transfer of technology to the prlvate sector, ORNL
engaged in a compet1t1ve bidding process -to involve a consu1t1ng firm .
specializing 7n‘wastewater«treatment in the evaluation of this new
-technology. As a result of this process, AWARE participated in analyses

~of'the’piTot-p1ant data and subsequently developed tonceptua] designs



for total treatment syStems,based on the»performance of thé,pi]ot-
plant bioreactor. AWARE also provided estimates of the costs and

energy requirementS‘for these systems.
" DESCRIPTION OF PILOT PLANT

; The.piibt plant was based on an énaérbbic, fixed-film bioreactor
(réferred to by the acroﬁym ANFLOW for its énaerobic, upfliow operation)
‘as shown in the flowsheet in Fig. 1. The bioreactor, a cylindrical tank
constructed of fiberglass, was 5 ft in diameter and 18.3 ft higH;jit
- -contéined JO‘ft-Of'pa;king (200 ft3), which consisted of 1-in. ceramic 4
Raschig‘rihgs.' Both fhe_bibreactoryand the pécking were supp]iedAby.
the Norton‘Compani. ‘The bottom of the column was a 45° cone with a
' f1anged oﬁt]ét;Aa 4-in gate vai?e was iﬁstalled on thé'cone fTange:
Nozzles for feed inlet and gas outlet extended thhougﬁ the tank wall.
fhe coiumh Waé(surrounded by 4 in. of iﬁsu]atfonj‘all external piping
was insulated with electrical traces.A‘There.wére thermocouple taps
néa}'the.top”and bottom of the.pécked sectioh; énd a U-tube manometer

tap-at the top. An overflow weir and a co]]éctjon trough in the top

of the column were designed to remove éff]uent from‘the,cehfer of the

“-tahk.

A'réw:sewage‘stream entering the Oak Ridge East Treatment Plant
was sampled immediaté]y downstream of é commindting pUmp‘USed in the
headworks of the city p]anf. A constant f]ow'rate'pump Was used'in'
conjunction with a flow-control valve, with fhe bypass from the valve
being.returnéd to the main;sewagé f]ﬁme via an overflow box used for
.Samp1ing purboses, Feed was. pumped to a hefght above the co]umnibdt1et

“and a]]owed to pass through the cb]umn by gravity flow; avhydrau}ic :
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heed of 2 to 4 in. was adequate to produce"thjs f1oh! A Tiquid-sea]

- in the~out]et 1tne prevented ambient gas from_entering the column

threugh the eff1uent-returnavent line. A ftna] overflow box was used

for eampling'befdre the effluent was returned to&the main sewage flume.

. The off—ges from the conmn was:samp1edvand analyzed by an on-line gas

chromatoghaph; thettota1 off-gas volume was measured by a wet-test meter.
tohttnuous monitoring of pH and temberature'was accomplished with

on-line probes placed tn the overfJOW‘boxes before and after the bio-

reactor. These boxes aTso contained pneumatic samplers for the

co]]ect1on of compos1te samp]es wh1ch were analyzed’ to eva]uate the

b1oreactor s ‘performance in wastewater treatment
~ START-UP PROCEDURES

. The packtng materta1'provided by the Norton Company was installed
in the~ANFLOw'coTumn'by<Norton with aSsistanceufrom CRNL. The column
was dry packed to enhance abeorption of microorganisms; introduced later
in the 1nochum The packed bed was heated and dried by b]ow1ng heated
-air through 1t until the pack1ng reached a temperature of 40°C A-',,
mixture of rumen f1u1d.and anaerobic ‘digestor sludge was then used to
.fi]] the co]umn A synthet1c feed of sugars,_volat11e ac1ds, and m1nera1
salts was added to this inoculum to give an initial organ1c carbon con-
centration of approximately 800 ppm. The ANFLOW column was then allowed"
to cool for 1 week, after which the column temperature was approximately
equal to the 18°C of the sewage on the Oak Ridge site at that time.
During the cdo]ing'periOd, raw sewage .was batch fed'to‘the column in
vo1umes_of£abproximate]y 30'gpd. Cohtinuous sewage feed at 1100'gpd was

started in November 1976.



" OPERATION AND PERFORMANCE SUMMARY

Feed Flow Rate;

| z‘The pilot plant was designed to’tfeat a nominal flow rate of 5000
gbd;‘as Shown in Fig. 2, feed-f]ow rates rénging from 1QOO to 7000,gpd
| were acfdé]]y uéed tb investigate:thé bioreactor's response to»avrange
of hydrau]ic'loading'rateé (HLRs). Notably, the HLR corresponding to

a feed flow rate 6? 7000 gpd at tﬁe pilot plant is approximat]ey,OJZS'
gpm/ftz.' Fééd flow rates were maintained at constant levels for extended
periodsAto~eva1uate bioﬁeactor performénce ﬁnder steady-state'cbhdifioﬁg.
‘Effects of djurna] variations in f]ow-rateS'were brief]y examined with
no notidéab]e effect on bjbreactor berformanpe observed. These
invéﬁtigatioﬁs wii] be continued in future wbrk. '

_'Temperaturés pH, and Gas Production’

" The temperaturé and pH 1evels.of the.Wastewater féd to the bio-
reactdr'are éummafized using monthly averages in histograms in Figs. 3
and'4. Temperature variatfons~fo]10wedrseasona1 cycles and ranged.from
10 tol25°C. ‘Column effluent'feﬁperatures cjose]y followed the temperatures
of the raw Séwége‘except'for the period of}JénuaFy through Apf11A1977,
during which a contingency preheater‘Wés used to pfevent feed from
freezing in external pipelines. This practice was diséontinued“after'.
early problems with clogging of the f]ow-contro1~va1ve wére‘e]iminated.

Neither feed nor effluent pH levels differed signifiéaht]y from the
vé]ue of 7 during theAproject. As would be expected, the productidn of
'vo]atije acids by the anaerobic-digestion proceSses in'the bioreactor
‘caused effluent pH values to be measurabfy lower than feed values. In
cb]der'montﬁs,.these-acids were not efficiently converted to methane and

tended to be.dischafged‘with the effluent, thus causing greater pH
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differences between feed and effluent during these months than in warmer
'months. | |

On sevenal ocoasions, there were_pH disturbances (probab1y associated
with discharoes oflupstream metal-plating industries) in the feed lasting -
. as long as 8 hr during which pH 1evels reached Jows of 3 and-highsAof 10{
these disturoances were dampened'by the column and were observed to alter
' effTuent 1e9é1s by less than 0.5 pH units. One -hypothesis proposed to
partially explein the bioreactors resistance to these distorbances‘is
'that ooter 1ayer§ of-the films attached to the packing absorbed the pH
1nsu1ts; possibly sloughing off as siudge for future removal and leaving
protected film 1ayersdbeh1nd as-a regeneretion mechanism for the bioreactor.

Gasdproduction'rateslmeasoned during the project are summarized in
Fig. 5; these rates reached nonth]y averages exceeding 100 liters/day.
Methane .concentrations in the b1oreactor o}f-gas reached h1ghs of 80%,
as shown in Fig. 6. The rema1nder of the off-gas.cons1sted of carbon'
dioxide and nftrogen The: methane produced was approximately 33% of that
which could theoret1ca11y have been produced as calculated from measure-
'ments_of the .organic carbon removed from the wastewater»by processes in
the biofeaoton - This eff1c1ency was d1ff1cu1t to estlmate however,
since carbon was removed by many nechan1sms, some 1nvo]v1ng so1ub111zat1on
phenomena, for~1n$tance, whlch occurred-over undefined periods.

' Production rates fo]]owed the seasonal vanfations described for
temperature; increaéing as expected-{n the,warmer months.',The methane
concentrat1ons also increased in warmer months, thus fo]low1ng a pattern
predwcted by the decrease in vo]at11e acids accumulation discussed earliier

'ffor these months.
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RemoVal‘of.Suspended Solids

The,leQe]s of total suspended solids (TSS) in the feed varied
significantly, reaching a maximum monthly average of 250 .ppm as seen
in Fig. 7. -TSS levels in the effluent Weré'genefa11y‘below 30 ppm until

the later months of the project. buring this period, TSS levels in the

feedAreached:the maximum observed and feed flow rates 20 to 40% above the A

5000}gpd design f]dwirate were uSed.':More importantly,bthe system had
been operated fof 15 months w{thout removing nondiéesting or ;Tow]y .
digesting solids from the bioreactor. In an optimized oper-ation,".the~
- bioreactor would bé,periodica11y backwashéd4to-femove:su¢h solids and
to-prevent or'miniﬁizeztheir,discharge'fn the eff1uént.‘

- Figure 8 summarizes the effeéts of feed flow rate and TéS 1oading
" rate on the TSS removal rate obtaihed wfthithe,pi]ot-plant bioreactor.
At design flow rates or less, an average TSS remoQaI rate of 75% of
TSS loading was obtainedAfor loading rates as high as 55 1b TSS/day/
1000.ft3‘of reactor, as can be seen;'lHowevef, the bioreactor could not
éffectively rémovg TSS at loading rates as low.as 25 1b-TSS/day/1000 ft3
of.reactdr when flow rates appfo?ched 7000 gpd.“ From these results ft
was postulated that a "sludge blanket" was formed in the bioreactor as
so1ids_accumufatéd, and that this sludge b]anket'could‘oniy‘be retained
~in the column by gradudlly reducing the HLR. It was¢§pparent'that :
periodic‘rembval of solids from the bioreactor would be>reqﬁired'if
the bioreactQ; wa;'to,be Operated confinuous]y at a high'hLR, and that
the requirement for solids remova} would be indicated by the usabléAHLR
.decreasing”bélow'én allowable limit. The operating cycle would‘thus be
- determined by thé rate of solids accumulation in the bioreactor Qnder

given operating conditions.:
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The bioreactor was drained by gravity-flow and washed with‘waste4
water fed at 8000 gpd for 24 hr in order to test the feasibility of

| periodically removihg‘solids. TSS removal rates were then re-evaluated

at f]ow_rates of 1000, 5000, and 7000 gpd.

' Results are presented in Fig' 9 which shows that after solids rémova],

| flow rates as h1gh as 7000 gpd could be used. while obta1n1ng 75% removal

of TSS As shown in Flg 8, this level of performance was prev1ous1y

11m1ted to flow rates of 5000 ‘gpd or less. S1nce the dra1n1ng and

' washing did not remove films whjch were firmly attached to the packing,

there was no problem in re-startihg the bioreactor.

Removal of Biological Oxygen Demana (BOD)_

Levels of 5-day biological okygen demand (BOD) measured in the feed
and eff]uent'streams are summarized in Fig. 10 as monthly’ averages
Levels of BOD in the feed reached monthly averages as high as 220 ppm
Eff]uent BOD levels followed trends in the feed.and ranged - from 30 to
90 pbm; ‘Since'much of theABOD in the effluent was associated with,TSS,
increased efficiency in‘TSS rehoval, as discussed in the preceding section,
~ would result in significant improvement in BOD removal. '

.‘As seen in Fig. 11,_300 removal rates could be correlated with
BOD loading rates. These data show an average BQD removai of 55% in
Eﬁe column as‘operated during the pilot-plant project. 'During March
1978, the feed rate to the column was increased to 6000 gpd, 20% above
the design value. 'As seen in Fig. 11, the column requfred an acclimation
period but returned to the 55% rehoval rate in the following months. It
is currently bostuﬁated'that during the acc]imation period, the column
reached a new steady state With respect to the so]1ds it could reta1n

" in the sludge blanket described earller
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The midrange ]oading data shown in Fig. 11 were used';o obtain
a cofﬁel;tion of the averaged removal rates with the avefaged obefating
temperatufes during. the correspondihg mohthsf As seen in Fig. 12,
temperature changes in the range of 10-25°C did not affect the removal
rates for relatively constant 1oédin§ rates. This suggests thaf
physical probésses were . very significént énd pefhéps controlling in

the overall removal processes occurring during the pilot-plant prqject; ,

Effluent Polishing

To test efflﬁgnt poiishing-character%stics, batch samples of ANFLOW
: column effluent were‘conditioned with alum and lime (50 and 60 ppm,
reépective]y)'and settled. TheAresu]faht~supérnatant_suspended solids
values ranged from 10-to 15 ppm. Batch samples 6f column e%f]uent were
also poured downflow through 22 in. of 0.25- to 0.50-mm sand. The
suspended solids were rédu;ed from approximately 48‘t6 less than 15 hg/
liter by sand filtration. o -

For on-line tests, a granular media filter was added to the bi]ot-
plant faci]fties and used to tréat'a;sidestféém bf thé column effluent
- for 3 weeks. The filter bed was dual média with the_fo]]owing charac-
terigtjcs: R | | |

Sand layef - 12 in. deep, 0.45-mm grain

A(Coa] laygr - 18 in. deeb, 1.00-mm grain )

~The filter Was operéted in § downf1ow mode at a hydraulic loading réte
~of 3.2 gpm/ftz. ‘ﬁnder the test coﬁditions,-the remdva1°of jnsélub]e
matter was'appfoximate]yA70%; The average effluent TSS was 18 ppm, while
'the_average effluent BOD was.33- ppm. Operationai difficglties with

" the small-scale filter system were experienced during these tests. It
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) was predicted that -better performance woy]d'be achieved by optimizing
the‘backwash<frequency and by employing chemical conditioning prior to
_filtration.

Flow Distribution .

AThe hydraulic residence time for wastewatér being ‘treated by the
ANFLOW co]umh was inyestigéted:by residence time distribution (RTD).
testg berformed at differént feed rétes. %or each test; a‘dye pulse
(19 liters of 10 bpm f]uoreécein) was-ihtroduced»jnto the cdluhn through
.‘the.feed-1ine'standpipe{ “The column effiuent was samp]ea continuodé]y
énd»combined:with-a reagentvdeve]opment glream (0.5 M_NaOH; 0.005 M
EDTA) before'being monitored by a fluorometer. .The reagent.deve1opmeht
stream produced a basic pH that‘enhanced the f]ﬁdrescencg'of the dye;
‘the EDTA compiexed dissb]ved-metal jons to prevent precipitation in
ﬁhe_f]ow cell at the-basiC“pH, Resu]ts'of:the RTD§; compared<wifh
theoretical plug-fiow residence times, are shown in Fig. 13. Two
theoretical curves #re shoWn,ithe first calculated for the actual void
volume measufed in the packed section of the column and the second
calculated for the ;ombinéd vo]umes of,the.packgd section and the bottom
cone on.the column. Since flow was introduced immedfate]y'be10w the.
packed section (see Fig. 1), itbcan be assumed that there was fittlé
'.circu]atioﬁiof Wast9wafer in the bottom cone. Therefore, the theoretical
curve calculated for the packed sectiOn'qan be used as a modei for plug-
flow behavior fn the co]umh.~ As seen by the experimenta] results in
Fig; 13, the flow iﬁ the ANFLOW column could be approximately described
by plug-fiow models for feed ra£e5<ranging from 1000 to 7000 gpd. No
signifi;ant‘éhanne1ing bfoblehs weréﬂiﬁdicated fof flow in the ANFLOW .

column.
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DISMANTLING THE ANFLOW COLUMN'

At,the cdnc]uéioh,bf the p11ot;p1ant operafion, the ANFLOW column
© was drained:énd the top was opened to 611ow4reﬁova] of packihg.hateria]
and étcumuléted solids. An initial volume increment of 150 gal was
collected frbm{fhe bottom coné; thiS-slurry:was.GO vol 5 solids,
'produced 1it£1e odor, and had the qualitétive4appeérance of priméry
_.digestor effluent. »An'addifioh§1 650 gal were‘dféined; this mixture
was 1.7 wt % soTids; and 60% of these solids were volatile. Fromlthése
measurements;it wés estimated that,BOO gé] (or 5000 1b or 80 ft3).of
fixed matefia] (material nof removed by-draining the column) aécumu]afed
in tﬁe column during the‘g years of'operétion. Therefore, approxfmately
_43% of the iniéia] void volume in the patked section remained open to
flow after this period. : | | |
.Oflthe material remainingAas films on fhe pééking surface or in
the cores of the packing, approximately 50% was-volatile. A1l film
material could be easily removed with a cold-water spray. However, it
'~ was obvious that a,more'opén-Structured packing material would allow
' greater effi;iengy in-so0lids removal during a column draining operation.
AThe pa;king was removed frdm the‘c01umn in iayers sta%ting at the
top. There kere'no fadia]'proff]es Qbéerved in film thickness at any -
height abové.the feed ppint; and the column did not appeaf to be plugged
at.any point: Fi1m.thicknesses were observed to be greater in the lower
rejions-of the co]uﬁn where material also actumu]éted in the corés of

. the packing material,



25
| CONCEPTUAL DESIGNS FOR TOTAL TREATMENT SYSTEMS

Using pf]ot-plant data»devéToped by ORNL and their prbfessiong]'
experience; AWARE developed engineering‘conceptualAdesfgné,for total
treatment systems Bésed on the ANFLOW'bioreactor. These systems were
designed'to treat wastewater flow rates of 0}05 and 1.0.mgd while broducingf
“an effTuenf héet{ng<EPA's‘Secondéry'tréatment.requirements. Desfgn and
opeﬁhfiqnaT‘considerafions'were deve]oped'forAbothstrong and weak waste-
waters. as defined in Tab]e-].A-AWAREféummarized these considerations in

a report to ORNL (3) and will present them.at-é'Tater-conference (4).

Table 1. Wastewater characteristic§

‘Quality chéracteristic : . Strong wastewater Weak wastewater
TSS, ppm 4 . 350 . 100
vsS, ppm S 2rs . 70
Settleable solids, ppm B 20~‘ - 1, 5
BOD, ppm 300 100

S TOC, ppm : 300 100
oD, ppm - - 1,000 - 250
TKN; ppm | 85 20
NHy-N, ppm | 50 | 12
Temperature (°C),2 ‘ , o

Summer B 20 B 20

Winter . - s R

3Raw_sewage temperature.

'Thé basic design'devéloped by AWARE is shown in Fig. 14. The
design inc]udeS'prétreatment and eff]uent polishing facilities common to -

most conventional treatment technologies producing an effluent meeting
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’EPA{s.secondary treatment requirements; 'These faci]ities‘were designed
to compiement the wastewater treatment processes'occurring in the ANFLOW
column. As wastewaters rise contfnuous]y through the ANFLOW co]dmn,
treatment is accomplished by three‘Basic'mecnanfsms: gravitational
settiing,‘biophysfcal fiitration, and biological decOmpositfon of
carbonaceous wastes. JOff—gases produced by the anaerobic processes are

| expected to be approximate1y 75% methane, with‘the‘remainder being -
typically a mixture of carbon d1ox1de and nitrogen. These off- gasesA

are recovered from a vapor d1sengagement space above the Tiquid outflow
in- the ANFLOW co]umn.» Sludges produced byvthe column (s]ow]y or non-

, degrading soiids and excess'bacteria] populations) are.periodicallf‘
removed by drafning the contents of the ANFLOW column into a surge tank.
After sett]ing occurs in the surge tank, 11quids-are'recyc1ed throUgh
gr1nder pumps which feed the ANFLOW column. So]1ds are. removed to dry1ng
'beds or d1rect]y to land. app11cat1on, depend1ng on the f]ow rate of
wastewater be1ng treated.

The ANFLON column was sized using a des1gn HLR of .0.10 gpm/ft s
wh1ch corresponds to a feed rate of 2800 gpd, and a maximum HLR of 0.15
gpm/ft » which corresponds to a feed rate of 4200 gpd. AWARE made these
dec1s1onsAu51ng the information conta1ned in Fig. 8. Based on data
' obcained since AWARE's study, ORNL would propose that a design HLR of
0.25 gpm/ftz.be used to size ANFLOw columns. The"feasibility of this
HLR, which corresponds to a feed rate of 7000 gpd, was shown in Fig. 9.

| The effluent from the ANFpr co]umn may be subjected to re-aeration
or chemica1 additions before being filtered. Re-aeration is provided

for further reduction in BOD associated with soluble organics, for -
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methahe strippdng, and for control of the'dfsso]ved‘dxygenﬂtontent in
the finaﬁ effluent.‘_Chemica1 additiondmay be required when week waste;
waters are being treated and final eff]uedts are,required_to contatn'
less than 15 ppm of either BOD or TSS. Béekﬁash from the sand fi]tet-
- is. sett]ed in the surge tank and hand1ed like the drainage from the

'ANFLOW column.
| COMPARATIVE EVALUATIONS OF COSTS AND ENERGY CONSERVATION

- To assist in eva]uating»the techno]ogy,.AWARE developed comperisons'
between the‘Wastewatet treétmentzsystem-based on én ANFLOW bioreactor . |
(Fig. 14) end'a system,based on a version of the activated s]udge'process‘
(Fig.'TS). TheAdesigns were_deve]oped usind their prbfessidné] experience
and their evaluations of the ANFLOW pilot-plant data developed by ORNL.
ORNt had pre?ious]y reported comparisonsAbetween an ANFde systeﬁ end
andther versidn of the activated.sludge brocess and between an ANFLOW
‘ system and the trickling fi]ter process. (1,5). B

The cpmbarisons deve]dped‘by AHARE for costs and energy consumption‘~
are summafized in Tab]es‘2;5 -The comparisons between 1-mgd systems
.based on ANFLOW w1th 1-mgd systems based on act1vated s]udge showed that
the ANFLOW system used 60% of the energy used by the activated s]udge
system when weak wastewaters were treated, and 30% of the energy'when
strong wastewatefs were treated. For 0,05-mgd.systems, ANFLOW used 55%
of the energy used by actiyatedts]ddge when weak .wastewaters were treated,
and 47% of the ene;gy when strong wastewaters were treated.

When-energy eonsumption'terms necessary for both-theeANFLow and the
activated s]udge systems (i.e., screening, comminutihg, pumpihg, chlori-

" nation) were excluded from these comparative analyses, and only areas of
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botenttai energy conservation were considered the significance of the
‘ANFLOW development was h1gh]1ghted For 1-mgd systems, ANFLOW used

only 6% of the energy used by activated s]udge when weak wastewaters

were treated for. strong wastewaters, ANFLOW used only 8% of the energy

- used by act1vated s]udge : For 0.05- mgd systems, ANFLOW used on]y 15%

| of the energy used ‘by activated sludge when weak wastewaters were treated;
' for strong wastewaters, ANFLOW used only 12% of the energy used by acti-
'vated sludge 0bv1ous1y, the 1mportance of th1s energy conservation will
increase in the future. ~Notably, approximate]y 86% of the wastewater.
treatment faCi]ities projected‘for operatibn tn-this country in 1983
will treat ]'O-mgd or less. In total cost analyses, the ratio of energy
: costs to cap1ta1 and operat1ng costs w111 a]so obviously 1ncrease It
shou]d be part1cu]ar]y notlced from the ana]yses described above that
the energy recovered from methane product1on (40% conversion efficiency
-to_e]ectr1c1ty) in the 1-mgd plant was more than the energy required.to
~operate the plant. -

From Taole 2 it can be seen that the treatment_system'based on the
ANFLOW bioreactor required a lower capital investment  than the activated
sludge system for a design f1ow rate of 0.05 mgd' It can a]so be noted
from Table 3 that approx1mate1y 36% of the cap1ta] cost of the ANFLON

.system~wa§ assoc1ated with the co]umn and pack1ngvmater1a]. Since there
s no economy. of scale associatedeith the packed column‘as desagn flow
rates are increased,'there wi]]tbe'apparent]yAbe a maximum nastewater
flow rate which can be economically treated with‘ANFLOW systems. At a
design flow rate of 1 mgd,,as seen in Table 4, the capital costs for an
" ANFLOW eystem.were»greater'than those for an activated sludge system.

However, as seen from Table 5, approximately 60% of ANFLOW capital costs



Table 2.
Comparatlve capital cost, labor, and power requurements
for a 0.05- mgd treatment system

0&M Tabour requirements

Capit?l)cost

Power requirements

(man-hr/yr) (kW)
ANFLOW Activated “ANFLOW Activated ANFLOMW " Activated
_ S ._._System . Sludqge - System- - Sludge __-System : + Sludge
Unit process " Low Mighb Low Mighb " Low Highb Low Highb Lou nghb Low Highb
8on?® 800 80D 80D sop? BOD 8on? BOD - BOD® BOD Bop? BOD
Preliminary treatment
Screening .
Flow measurement } 15000 . - 15000 15000 15000 . 300 300 300 300 1.33 1.22 1.33 1.33
Grit collection ’ :
Comminutor 5000 5000 5000 5000. : -
Pumping 4000 4000 2500 2500 - 50 50 25 25 0.95 0.95 0.95 0.95
Equalization 30000 30000 30600 30000 175 175 175 175 0.95 0.95 0.76 0.76
Primary clarification ) . . )
Subtotal : .54000 54000 52500 52500 525 - 525 500 500 3.23 3.23 .3.08 - 3.04
Biological treatment - -
Packed column 77300 77300 350} 450} ) 0 76} 0.95}
Re-aeration & surge tanks 15000 15000 ’ 200 275 . ] .
Aeration 8 clarification ) 80000  12000C - : : 1.90 3.8]
Subtotal 92300 92300 80000 12000 350 450 200 275 0.76 0.95 1.90 3.81
_ Effluent polishing . o .
Chlorination 22500 22500 22500  .2250C 1o 110 110 Ho- 0.38 0.38° 0.38 0.38
Gradular media filtratlon 30000 30000 30000 . 133 133 133 e 0.76 0.76 0.76
Subtotal 52500 52500 52500  2250C - 243 243 243 110 .14 . . 1.14. . 1.14 0.38
Sludge handling o S
Gravity thickening 17500 17500 90 90 0.38 °0.38
Aerobic digestion 20000 40000 . 10 20 2.85 . 3.81
Sand drying beds 15000 25000 20000 20000 270 - 360 495 _495 :
Subtotal 15000 25000 “57500 77500 270 360 595 605 0.0 0.0 3.23 4.19
Total {process costs) 213800 223800 242500 272500 1388 -~ 1578 ‘1538 1490 5.13 5.32 9.31 11.42
_Other (costs) 106900 111900 121250 136250 . . '
Total (system costs) 320700 335700 363750 408750

dtffluent requirements of 15 ug/liter BOD & TSS

bEffiuent requirements of 30 ug/liter BOD & TSS

ANFLOW power costs include no energy recovery.

Note: C
' ANFLOW column costs for 3-in. plastic ring.



Table 3.

Comparative capital cost, labor, and power pércentages

for -a 0.05-mgd treatment system

100.0

ACapit?I)CGst 08M.Labor requirements Power requirements
1) (%) :
ANFLOW Activated ANFLOW “Activated ANFLOW - -~ Activated
System Sludge System Slucge . System Sludge
Unit process Low. ~ High Low High Low High Low . High Low High Low High
_ BOD BOD BOD . 80D 80D 80D 80D 800 80D 80D 80D BOD
Preliminary Treatment
Screening . . : ) : I
Flow measurenent 7.0 6.7 6.2 5.5 21.6 19.0 19.5 20.1 25.9 25.0 14.3 11.6
Grit collection } ’ . T : : : L
Conmninutor 2.3 2.2 2.1 1.8 . :
Pumping 1.9° 1. 1.0 0.9 3.6 3.1 1.6 1.7 18.5 17.8 10.2 8.3
Equalization - 14.0 13.4 12.3 11.0 12.6 na 11.4 1.8 18.5 17.8 8.2 6.7
Primary clarifier . ) o o
Subtotal 25.2 23.4 21.6 19.2 37.8 33.2 32.5 33.6 62.9 60.6 32.7 26.6
Biological treatment .
Packed column 36.3 35.3 25.2 28.6 14.9 17.8
Re-aeratlon & surge tank 1.0 6.7 ’ : :
Aeration & clarification - , 33.2 44.2 13.0 18.5 : 20.4 33.4
Subtotal " 43.3 42.0 33.2 4.2 ©25.2 28.6 13.0 185 199 17.8 20.4 33.4
Effluent polishing . - ’
‘Chlorination . 10.5 10.0 9.3 8.2 7.9 7.0 7.1 7.4 7.4 . 7.4 4.1 3.3
Granular media filtrations - 14.0 13.4 12.3 9.6 8.4 . 8.6 . 14.8 14.2 8.2
Subtotal 245 23.4 21.6 8.2 17.5 15.4 15.7 7.4 22.2 216 12.3 3.3
Sludge handling ) .
Gravity ‘thickening © 7.2 6.4 5.9 6.0 4.1 3.3
Aerobic digestion 8.2 14.7 . 0.7 1.3 . 30.5 33.4
-Sand drying beds 1.0 11.2 8.2 1.3 . 19.5 22.8 32.2 33.2 . :
Subtotal 1.0 17.2 23.6. 281 - 195 22.8 8.8 0.5 0.0 0.0 34.6 36.7
. Total . 100.0 00.0 100.C 100.0 100.0 100.0 100.0 100.0 00.0 .0,

S
[=]
[=]
=]




Table 4.
Comparative capital cost, labor and power requirements
for a 1.0-mgd treatment system

Q&1 Labor requirements

Capital cost Power requirements
$) (man-hr/yr) - . (Kkh)
ANFLOW . Activated ANFLOW . Activated ANFLOW Activated
: * . . System Sludge “System Sludce System . - _Sludge
Unit process - N Lowa Highb' pra Highb Lowa Highb Lowa uighb I_owa Highb Lowd Highb
: i L. BOD BOD BOD BOD BOD 80D BOL 800 BOD 80D BOD 80D
Preliminary treatment : ) ’
Screening - A : : : ' _
Flow measurement . ] 55000 55000 55000 55000 1000 1000 1000 1000 l 2.66 2.66 2.66 2.66
“Grit collection ) ‘ '
Comminutor BN 17500 . 17500 17500 1750C J . T
Pumping 30000 30000 30000 3000¢ 400 400 200 200 19.02 . 19.02 1.4 1.4
-Equalization " 95000 95000 95000  9500C 700 700 700 700 9.51 . 9.51 9.51 9.51
Primary clarification ‘ . 120000 120000 : 600 ° 600 o _6.70- _6.70
Subtotal 197506 197500 . 317500 317500 2100 2100 2500 2500 31.19 " 31.19 30.28 . 30.28
Biological treatment L ) .
Packed columnC Ba1100 951500 1600} zooo} 1_.90} 3.80}
Re-aeration & surge tanks /100000 100000 - - L . ' .
Aeration & clarification // . 350000 515000 2000 2750 . - 19.03 57.08
Subtotal 941100 1051500 350000 515000 1600 000 2000 2750. 1.90 3.80 19.03 57.08
Effluent palishing o ! : -
Chlorination . 75000 75000 75000 75000 310 310 310 310. 0.95 0.95 0.95 0.95
Granular media filtrations 200000 200000 200000 1000 1000 1000 5.71 5.7 5.71 .
" Subtotal .. .275000 275000 275000 75009 1310 1310 1310 310 6.66 6.66 6.66 0.95
" Sludge handling E
Gravity thickening 25000 40000 135 225 0.38 0.38
Aerobic digestion . ' 80000 200000 . .30 100 1n.41  57.07
Sand drying beds : 55000 110000 45000 115000 510 1080 675 1080 . .
Subtotal ) ) : 55000 110000 150000 355000 540 - 1080 840. 1405 0.0 0.0 11.79 - 57.45
Total (process costs) 1468600 1634000 1072500 12425C0 5550- 6490 6650 6965 39.75 41.65 67.76 145.76
Other (costs) 734300 . 817000 536250 621280
- Total (system costs) . 2202900 2451000 1608750 1863750 )
Total (energy requirements) with power recovery 0.0 0.0 67.76 145.76

9 ffluent requirements of 15 yg/liter BOD & TSS.
bEffluent requirements of 30 jig/liter BOD & TSS.

Note: cI\NFLOH'cglumn costs for 3- in. plastic rings.



Table 5.

Comparative capital cost, labor, and power percentages
' for a 1.0-mga treatment system

Capital cost

0&M Tabor requirements

Power requirementé
S ¢.3 N

(2) ' .
ANFLOW Activated ANFLOW Activated ANFLLOW Activated
) System - Sludge _System - Siudge . System - Sludye
Unit process tow High tow - High tow High Cow Figh- - Low . Migh - .Tow . High
BOD BOD BOD BOD 80D BON BOD - BOD 80D 80D BOD. BOD
Preliminary treatment . ’
Screening - ) R ) )
Flow measurement 3.7 3.4 5.1 4.4 18.0 15.4 15.0 14.4 6.7 6.4 3.9 1.8
Grit collection : o
Comminutor 1.2 1.1 1.6. 1.4 ’ o
Pumping 2.0 1.8 0.9 0.8 7.2 6.2 3.0 2.9 47.8 - 45.7 16.8.- 7.8
Equalization 6.5 5.8 - 8.9 7.6 12.6 10.8 10.5 10.0 23.9° 22.8 14.0 6.5
Primary clarifier — 11.2 9.7 S 9.4 8.6 9.9 4.6
Subtotal 13.4 12.1 21.7 23.9 37.8 32.4 37.5 35.9 78.4 74.9 LY. 20.7 -
Biological treatment -
Packed column . 57.3 58.3 28.8 30.8 4.8 9.1
Re-aeration & surge tanks 6.8 6.1 .
Aeration & clarification . 32.7  4L.5% : _ 30,1 39.6 . 28.2 39.2
Subtotal ' 64.1 64.4 32.7 41.5 288 30.8 30.1 39.6 4.8 9.1 28.2 39.2
Effluent polishing - . .
Chlorination 5.1 4.6 1.0 6.0 5.6 4.8 4.7 4.4 © 2.4 2.3 1.4 0.7
Granular media filtrations 13.6 12.2 18.6 _18.0  15.4 15.0 144 131 8.4 ____
Subtotal ~ 18.7 16.8 25.6 6.0 23.6 20.2 19.7 4.4 16.8 16.0. 9.8 0.7
Sludge handling : : :
Gravity thickening 2.3 3.2 2.0 3.2 0.6 0.3
Aerabic digestion 7.5 16.1 . 0.5 1.4 16.8 39.1
. Sand drying beds 3.8 6.7 4.2 9.3 9.8 - _16.6 10.2 15.5 .
. Subtotal 3.8 6.7 - 14.0 28.6 9.8 16.6 12.7 20.1 0.0 0.0. 17.4 39.4
Total ) 100.0  100. 100.0 100.0 100.0 100.0 160.0 100.0 100.0 100.0 100.0 100.0

. Q@

)

'Y =



35

were associated with the column and packing at this flow rate. Since

it s anticipated that cohtinuing_deve]Opment'Of the process will result

in_basing future designs on an HLR that is apbroximate]y twice the value

"usedfin thesé analyses, the costs of the ANFLOW column and paéking<cou1d

. be reduced. Finally, it should be noted that even using the'conserVative‘

costs given in Téble 4, thé.tota1 annual costs (amortized capital, labor

and operatihg.costé) for the ANFLOW system’werei$297,000 compared to

-$306,000 for the activated sludge system.

- CONCLUSIONS

- The deyeiopment of an energy-conserving wéétewater treatment system
based on a fixed-fi]m, anaerobic bioreactor has been pursued throughAZ |
years of piiot-p]ant work by Oak Ridge Nationa]‘Labokathy. As a_result;A
concéptug] designs for ]arge-scaTe'trgatment systems Have been developed

and analyzed. These systems meet the EPA's standards for secondary

treatment, require significantly less energy to operate than conventional

systems, and‘inéorporate in their design the recovefy of significant
quantities of the methane produced'by'the anaerobic.decomposition of
carbonaceous wastes. They have a1so demonstrdted both simb}icity and'
inherent stability in their operation{ Projecfed app]ications‘for the
treatmen; ofuwastewater fldﬁ.rates as high as 1 mgd encompass approximate1y
86% of'publically owned treathent workS in this:country. ORNL is
presently p]anﬁihg a 50,000~-gpd demonstration project to'fnvestigate and

*

enhance possibilities for commercialization of this new technology.
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