Is an Upgrade
Really Necessary?

If your treatment plant was built based on the 10 States Standards,
dynamic modeling may show that it still has capacity to spare
David L. Russell, Jeremy Dudley, and Youri Amerlinck

on the Ten States Standards and some additional safe-

ty factors, it is extremely hydraulically and biologically
underloaded. 5o before considering an expansion, try
using dynamic modeling to evaluate your plant, because
more capacity may be available through efficient use of
- existing facilities. :

- Dynamic modeling can be used to devel-

ril it the behavior .

If your wastewater treatment plant was designed basecd

stormwater, slugs, and toxic shocks. Such models enable
engineers to evaluate treatment plant designs before
construction begins, investigate the effects of modified
plant operations, and optimize plant performance.

Model Standards?




Figure 1. Example of Desngn Summary Spreadsheet
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Standards) originally was adopted. by llinois,

Indiana, lowa, Michigan, Minnesota, Missouri, -

Mew York, Ohio, Pennzylvania, and Wisconsin,

and since has been adopted formally or infor- -

mally by many state regulatory agencies.
Wastewater treatment plant designs based on
this design code often receive minimal scrutiny
from regulators because of the Standards’
proven effectiveness. Many consultants also
add their own design safety factors and expan-
sion allowances to the Ten States Standards,
unaware that this code already has a built-in
cughion.

Curious to know whel:her the Standards were
overly conservative, investigators recently pre-

pared a wastewater treatment facility design

based on this code and then evaluated its per-
formance using dynamic computer models, They

used STOAT and WEST — commercial comput-

er programs used worldwide to design, model
the performance of, and benchmark wastewater
treatment plants. Both programs include a vari-
ety of wastewater treatment models, including

" Activated Sludge Model Nurmber 1 (ASM1), which

& wesr

was first developed in 1987 by the International

“ Water Association (formerly IAWQ; London,

England) to model the performance and behav-
ior of activated sludge systems. [Mewer ver-
sions of ASM1 provide for phosphorous removal
(ASM2 and ASM2d), and reflect changes in the
understanding of microbial behavior (ASM3).]
Investigators used ASM 1 to examine the 1997
edition of the Ten States Standards,

 Modeling Parameters

Investigators started with a spreadsheet that
focused on the development of parameters in
Secs. T0 (Settling) and 90 (Biological Treatment)
of the standards (see Figure 1, above), These sec-
tions most influence the capacity and cost of
wastewater treatment systems because settling
and biological treatment systems are the two ele-
ments most often expanded or modified when an
activated sludge plant fails to perform. The Ten
States Standards give specific numerical goid-
ance for several design factors, including clari-
fier surface loading rates and aeration tank vol-
umes. Some values must be calculated based on
site-specific conditions, while others remain
constant standards.



One of the Standards’ principal design
requirements is the application of a peaking fac-
tor based on the following equation:

et = [18 + sqrt P)/[4 + sqrt P

where P is the community population in thou-
sands.

Investigators picked a medium flow rate —
population of 50000 [equivalent to a S-mgd (T80
m*/h, 18 742-m?/d) flow rate, assuming 100 gal/d
per person] — because it would demonstrate the
models” flexibility and scalability at an inter-
mediate level representative of many commu-
nities and existing wastewater treatment works.
At this flow rate, the Standards prescribe the fol-

Although the Standards use BOD, virtually all
activated sludge models are written using chem-
ical oxygen demand (COD) instead. The most
commonly accepted BOD-COD conversion for-
mula is BOD; = 0.5 COD, so in this case COD =
about 400 ma/L,

Alsa, the ASM1 model does not include all com-
ponents of total Kjeldahl nitrogen. For example, the
muxlel does not incorporate the nonbiodegradable
soluble ($_NI) and particulate nitrogen (X_NI and
X_NP), although it does include the active mass
nitrogen because of the release of biodegradable par-
ticulate nitrogen from the decay of biomass. ASMI
also includes dissolved oxygen (DO) and alkalinity
to keep the charge balance in equilibrium, Its equa-
tions consider the following reactions:

lowing general parameters: = conversion of COD by aerobic growth into
s flow = 100 gal/d per person (0.38 m*/d per per- carbon dioxide and new biomass,
5011}, + conversion of COD by anoxic growth into
* BOD = (.17 Ib/d per person (0.077 kg/d per carbon dioxide and new biomass,
pEersomn), *  conversion of ammonia into nitrate,
= average waste strength (BOD, = 204 mg/L), * biomass decay, releasing COD that can be
* total suspended solids (T55) = 0.2 Ib/d per used for further biomass growth,
person ((.0907 kg/d per person), * breakdown of particulate COD and nitrogen
= average waste strength = 240 mg/L suspend- into soluble forms, and
ed solids, and * breakdown of soluble organic nitrogen into

g th"l{t}wurnge =2.35.

Advantages of Modeling

Using dynamic models to develop and evaluate wastewater treatment plant designs allows engineers to develop data
on plant behavior under various conditions and enables better contingency planning for such occurrences as shock load-
ings and plant upsets, Modeling also allows plant operators to develop information about the effect of specific opera-
tions on the plant. It can answer such questions as:

* “lf [ open (or close) that valve, what will it do to the plant?”
= “What do | do to correct (a specific) problem?”
* “"How much capacity does this plant have for expansion?”

When designing a plant, many engineers build in an expansion allowance in excess of the required parameters in the 10
States Standards. This tends to be excessive because the Standards already contain a safety factor of approximately 30%. |
Adding an allowance for expansion or planned growth is often unnecessary and counterproductive, resulting in a design that
is twice the capacity it needs to be, so performance is degraded. For example, when investigators reduced the flow of their
s-mgd (18 T42-m?/d) plant by 50%, the effluent was highly nitrified but the plant became expensive to operate (although not
done for this project, both WEST and STOAT can estimate operating costs).

With modeling, various strategies can be implemented and evaluated. It is extremely easy to model and evaluate the
implementation of a nitrogen control strategy for municipal and industrial effluents. Converting a standard wastewater
treatment plant to a MLE plant can be modeled and the results evaluated in a few hours. Biological phosphate removal
also can be modeled relatively easily. Both systems can support a wide variety of configurations and models where plant

elements can be mized and matched easily to meet current and projected demands.

' Dynamic modeling has been extended to all parts of the treatment works as well as to the river. The effects of storm
flows and high infiltration can be assessed on both the river and treatment works. Current process models inelude acti-
vated sludge models, clarifier models, biofilm and trickling filter madels, sequencing batch reactor, and river models.
Filtration, dissolved air flotation, and other models are also available, but they often require the use of laboratory test-
ing and pilot-plant development before simulation because they contain a number of critical adjustment parameters that
must be applied in order to approximate model performance. Without the adjustment parameters, the model may not
predict system performance accurately,

ammonia,
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Table 1. Values Used in Modeling

l svstem (STOAT, see Figure 3, p. 77).

Value Used in STOAT used a plug-flow system,
baametes Modefing (me/} which was modeled by using eleven
S| Inertisoluble matter 19 interiial compartments on the aera-
5.8 R?ad'ly biodegradable matier ] 24 tion system. A correlation that relates
S.0 DI.SSWM my_ge_n 2 the internal mixing characteristics
5 MO Mitrate and nitrite 0 ; i

: : (number of compartments or stages)
5 NH Free and saline ammonia i3 ) R,
S_ND Soluble biodegradable organic nitrogen 5 tr_) the pliysical properties (for diffused
S_ALK  Alkalinity 130 a_lr S}I'stffms}l wals used. The correla-
%1 Inert particulate matter a1 tion, in Sl units, is
X5 Slowly biodegradable matter 205 .
X BH  Heterotrophic biomass 10 N=740Q:(1+R)L/WH
X BA Autotrophic biomass 1
X P Particulate products resulting from biomass decay 41 where
X_ND  Particulate hiodegradable organic nitrogen 5.3 : M = number of compartments;

Qs = flow (m/s);

After researching various texts and modeling
parameters, investigators developed a set of para-
meters (using the values in Table 1, above) that
are equivalent to “standard” domestic waste-
water. They then established two parallel trains
configured to represent either a nitrifying sys-
e, a nitrifyving system with a pre-ancxic zone, or
the Modified Ludzak-Ettinger (MLE) design for
nitrogen removal. MLE is a two-tank system that
uses a primary anoxic zone followed by an aero-
hic zone, with an internal recycle taking nitrified
shadge from the aerobic zone back to the anoxic
zone for denitrification. The sludge is recycled
from the secondary clarifier 10 the head end of the
anoxic zone, at up to 80% recycle.

A primary clarificr was used in Tioth cases, The
primary clarificr was modeled as a Lessard and
Beck primary clarifier, and the aeration tanks wera
madeled in two different ways: a complete-mix
system (WEST; see Figure 2, below) and a plug-flow

F = RAS ratio;

L = length (m});

W= width (m); and

H = depth {m).

The design assumed that Qg = 780 mih = 0.217
mfs, H =3 m, LW = 10, and R = L. From this, N =11
(nearest inleger), STOAT used 11 compartments to
mordel the plant as a phag-flow reactor, while WEST
used two 170000 (4814r0") tanks, with an ecquiv-
alent normallow residence time of 6.10 hours per
tank, to model the plant as a complete-mix flow
reactor, (STOAT used eleven stages because of the
mixing correlation. WEST used two stages to reflect
the typical mixing behavior that may be expected
for a surface-aerated system or other complete-
mix design.)

The WEST system used the most popular def-
inition of ASM1, while STOAT used a slightly dif-
ferent interpretation (the difference has to do
with the handling of the X_ND term). As a result,
the models vse different tank configurations and
sine curves to approximate the

Figure 2 Modeling Configuration in STOAT
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Figure 3. Modeling Configuration in WEST
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age of 4.0. WEST and STOAT used the average
flow with a variation of 60% so the hydraulic
variation was not quite as severe as the Ten
States Standards required. but the maxi-
mum/minimum flow ratios were 4.0, This was
due to the sinusoidal characteristic of the flow
generator (see Table 2, below).

During the modeling runs, investigators
increased the base flow in increments of 10%
until they judged that failure had occurred, The
target parameters were a consistent effluent
with ammonia, T35, and total BOD concentra-

tions of less than 5, 20, and 20 mg/L. respec-
tively,

Modeling Differences

For this exercise, the differences bebween WEST
and STOAT were minor because both used ASMI
as the base engine, The primary differences
invalved how information was organized and
retrieved, nm:l the types of f]]'*;p]:‘-]}-"i usel:l Fﬂ]’ CXAIT-
|-:"ll!0n‘§ Lo convert HOD to COD. Other {I[i[er{-&m,ﬁs
may be found in the adjustment parameters, (ASM1

Table 2. Summary of Design Parameters

Plant Parameter

| Waste Generator

Amplitude above mean

Average Daily Flow m3/d {mgd)

Primary Clarifier Model

Primary Clarifier Surface Area {m?)

Primary Clarifier Side Water Depth

Primary Clarifier Detention Time at average flow Hours
Aeration Basin(s)

Mumber of tanks

Tank Sizes

Tank Detention Time (both tanks)
Secondary Clarifier — Model
Surface area m?

Side Wall Depth — (m)
Overflow Rate m®/m?/day (gpd/sf)

STOAT WEST

Sine wave generator Double sine wave generator
G5 B0%

18742 (5) 18742 (5)

Lessard and Beck Lessard and Beck

AGA G 464.6

5 M 5 M

2.97 2.97

Plug Flow Complete Mix

1 with 11 compartments 2

Each compartment 437 .54 m®.

10.8 hours 10.8 hours
Takacs Takacs
868.1 868.1

5 5

48.9 (1200) 48.9 (1200)

Anoxic and Aerobic Tanks
both sized at 4814, m?
(9628 m® total]
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Mix and Plug-Flow Reactors
Plug Flow Reactor Effluant

| Figure 4: Comparison of Performance Between Complete-
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has about 30 process coefficients that can be adjust-
ed, and the clarifier may involve another five or
more adjustable coefficients, Most parameters
only need to be adjusted for unusual problems,
such as very soft water or industrial effluents, or are

readily related to available engineering para-
meters, such as sludge volume index.)

Modeling Behavior

The difference between a plug-flow and a
complete-mix reactor can be substantial (see
Figure 4, leit). For example, a plug flow reactor
has less buffering on the wastestream than a
complete-amix reactor, and larger peaks and val-
leys in response to changes in concentration
and flow. Plug-flow reactors generally have
long narrow tanks and are characterized by an
“agsumed” ideal mixing in the longitudinal
direction with no velocity concentration gra-
dients. The reactions taking place in a small
finite volume of the reactor, AV, do not inter-
act with the concentrations in an adjacent vol-
ume. According to Modeling of Activated Sludge
Systerms (1994), a plug-flow reactor system can
be modeled by using several small reactor
tanks with a cumulative size equal to the total
detention volume desired.

Complete-mix reactors may have the
same average residence time as plug-flow
reactors, but the concentration profiles
and gradients are substantially difierent.
For example, the effluent concentration as
a function of average residence time is a sta-
tistical probability curve rather than the
sharp straight line of a plug-flow reactor.
Contamination gradients are not as sharp
as with the plug-flow reactor, and the
assumption is that chemical reactions apply
to the entire tank volume rather than a
point or finite volume.,

Results

The activated sludge tanks performed ade-
quately throughout the testing, although high-

er recycle rates provided overall better nitrogen
removal for a given set of parameters (see Figure 5,
above). For the two cases presented, T3S and BOD
are slightly higher for the 100% recycle case, and
nitrate was slightly lower than in the 50% recycle

Table 3. Summary of Test Mode Data with relative increase [decrease) with increasing flows
Model Flow [+%] BOD NH, NO, 55
STOAT 18740 7.84 mg/L 453mg/l 291 mg/L 13.85 mg/L
Plug-flow 24364 (+30%) 169% 167% (-30.2%) 175%
reactor 26238 (+40%) 222% 183%(-47.4%) 238%
West 18742 0.827mg/L 16.15 mg/L 771 mg/l
Completemix 24364 (+30%) 306%  (15.3%) 153%
flow reactor 26 238 (+40%) 431% [-23.15%) 175%
28113 (+50%) 627% (-34.5%) 202%

@ WE&T



Figure 5. STOAT: Comparison of Effluent at 50% and

100% Recycle
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mg/L (about 40 mg/L COD) or efflu-
ent TS5 was 20 mg/L (ammonia lev-
els were also a consideration). The
plug-flow reactor typically failed
when the clarifier was hydraulical-
ly overloaded by between 30% and
40% (both models could vary clari-
fier underflow, which increased
overall clarifier performance by
increasing the apparent sludge set-
tling rate). Effluent quality in the
complete-mix reactor started to
deteriorate when the 30% excess
flow point was passed (see Table 3,
p. 78). The biological portion of the
complete-mix reactor effluent qual-
ity began to deteriorate at 40% addi-
tional flow.

Inspection of the data would
suggest that there are tradeoffs
between the plug-flow and com-
plete-mix models, and there are.
However, one cannot compare the
twi sets of results directly because
of the differences in WEST and
STOAT,

case. The ammonia effluent level is approximately

the same in both cases.

In WEST, the comparable eifluent values are;
* 50% recycle: 3.0 to 11.5 mg/L nitrate, 0.5 to 3.5

mg/L ammonia, 1.5 to 3.5 mg/L COD, and 2 to

7 mg/L TSS.

o 100% recyele: 4 to 9 mg/L nitrate, 0.5 t0 3.2
mg/L.ammaonia, 1.5 to 5 mg/L COD, and 1.8 to
5.8 mg/L TS5
Again, the difference in apparent modeling

performance is indicative of the model being

used and slight differences in some modeling
techniques.

The activated sludge tanks in both models
performed well through various hydraulic load-
ings as long as the biomass and residence time
in the aeration tanks were sufficient to permit
biological growth.

Wastewater temperature can play a significant
role in plant performance. STOAT modeled the
effect of changing temperature on the wastewater
treatment plant. Many northern U.5. states have
NFDES permits that indirectly reflect the effect of
temperature by relaxing performance reguire-
ments from October through April. However, engi-
neers now can determine the effects of cold weath-
er and set performance standards accordingly.

For the purposes of this project, system failure
occurred when average effluent BOD, was 20

Figure 6. Effect of a 30% Increase in Flow
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Significant Overdesign

Modeling confirmed that the 10 States
Standlards are overdesigned — the safety factor
is between 3% and S0 for plig-flow systems
and Between 4% and S00% for complete-mix
reactor systems {see Figure 6. p, 793,

Failure mode depends on the type of desiyn
used, Dwverall effleent deterioration becomes a
factor to consider when the How is mare than
HE% above average daily design llows. Enbanced
clarilier performance and operating changes
{such as increasing nitrate recycle ratios or sec-
ondary clarilier sludge returo) sl partially or
tertalby alleviate some of the effluent deteriora-
tion conditions, within limits. Fguipment
changes also may be required o allow more
recirculation. balance:d asration. or 163 cantrol
In the asration basing. Ulkimately, increasing
hydrauwlic aml biological Isadings will catch up
with the plant and vause effluent deterioration,

This proiect suggests that older plants
designed under the Ten States Standards may
have additional capacity that cane be used insteac
of expansion. However, dynamic plant modeling
will be necessary Lo confirm that such capacity
is available, because the design limits may be
hydraulic. biological, or equipmenl-lriven,
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