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SUMMARY

The objective of this investigation was to determine from
literature sources if integration of wastewater treatment with power-
plant cooling was technically and economically feasible. Moreover,
it was necessary to point out the mutual beneficial aspects of the two
functions and to delineate what further research was required. The
investigation was limited to 400 and 1000 megawatt powerplants
located in the north-central Texas region. The only sources of water
considered in the study were raw and secondary treated effluents. Water
quality requirements for any type of recreational use of the pond would
not serve as constraints.

Based on the topography of the region, a 400 megawatt fosgil
fuel powerplant would require a 560 acre pond with an average waste-
water flow of 5 MGD to account for evaporation and a similar 1000
megawatt system would need 1400 acres with a 20 MGD flow.
Because of the long retention time, present BODS'efﬂuent standards
- could be obtained from the proposed ponds using raw wastewater.

The heat added by the condenser system in winter would be beneficial
to the biological purification processes. To avoid probable summer
time odor and nuisance conditions associated with high areal organic
loading, maximum flows would be limited to 20 and 50 MGD raw
wastewater, respectively, following plain sedimentation. Grease and
other floatables in raw wastewater would need to be removed by pre-
treatment processes. The growth of microorganisms in the pond would
cause effluent suspended solids to be higher than present standards
allow, and post-~treatment would be required. Also, the coliform
dieoff rate in the pond probably would not be sufficient to meet effiuent
standards. Salt buildup in the pond due to evaporation would limit the
minimum wastewater flows at 10 and 40 MGD to 560 and 1400 acre
ponds, respectively, for the assumptions made in this study. Pre-
treatment processes for nutrient removal might be required to prevent
condenser system difficulties or to improve aesthetic gualities of the
pond even though eutrophic conditions could not be alleviated. To
meet probable future effluent standards, further carbon, nitrogen aud
phosphorus removal would be required.

The costs of the potential systems are delineated and compared
to present municipal systems as regards present and probable future
effluent requirements. A significant economic advantage is apparent
for the integrated system.

A detailed summary is presented of further research studies
required to answer questions raised in this study. A suggested research
plan and estimated budget also are outlined.,




INTRODUCTION

The expanding needs for electrical energy are imposing
requirements for increased generating capacity on the electrical
power industry. As new large-capacity powerplants are added, addi-
tional cooling waters will be needed; however, the sources of cooling
waters will not be increasing and the water requirements for municipal,
industrial, agricultural and other uses will be increasing.

Within the past decade the reuse of municipal wastewaters
has been receiving greater consideration as a significant source of
water for all uses (1,2,3). Such broad reuse of municipal wastewaters
will require treatment beyond that presently emploved, thereby
increasing. treatment costs.

The increased requirements for cooling waters confronting the
electrical power industry and the required reuse of municipal waste~
waters to meet water demands within the near future could initiate a
new concept: an integrated wastewater treatment and powerplant
cooling water system. Such an integrated system could insure a
cooling water source for the utility. Municipal wastewaters represent
a relatively constant source of water and, though not exempt, would
be the least sensitive to drought conditions in areas with marginal
water resources. However, the volume of wastewater flow would
not be sufficient for once-through cooling methods and would require
a recirculation system. The presence of waste energy in the form of
heat would be available at no cost and could be an asset to biological
processes assimilating the wastewater within the cooling pond, parti-
cularly during the winter. Also, other energy sources associated with
powerplants would be available at minimum costs, particularly low
transmission line expenses, for use in additional wastewater treat-
ment processes necessary to meet required standards.

SCOPE OF STUDY

To provide a range of operating conditions for evaluation of
the concept of integrated systems, powerplant capacities of 400 and
1000 megawatts are considered. The powerplant will be located in
the north-central Texas area.

Municipal wastewaters are assumed to be the only significant
source of water to an integrated system. A flow of 50 million gallons
per day (MCD) is taken as the most likely maximum flow available.



The water is assumed to be either a raw wastewater or a secondary
effluent. Raw wastewater is defined as that which has received no
treatment, and secondary effluent is defined as that which has been
subjected to a form of treatment which removes approximately 80-90
percent of the organic concentration expressed as Biochemical Oxygen
Demand (BOD) and 85-95 percent of the Suspended Solids (SS). Typical
characteristics of these two types of wastewaters are shown in Table 1,
and the indicated values were used for purposes of this report.

The requirements imposed on an integrated wastewater treat-
ment and cooling water system must be defined within the constraints
and imposed by the requirements for the separate systems. With
respect to a cooling water system, the major areas of consideration
are the required surface area for heat dissipation, the minimum
required inflow to sustain the system losses (i.e., evaporation,
seepage, additional uses), and adequate water quality for cooling
purposes (i.e., to avoid scale deposition and condenser fouling). With
respect to a wastewater treatment system incorporating the cooling
pond as an integral process, major areas of consideration will be
the range of hydraulic retention times provided by the cooling pond,
whether the wastewater input has received any treatment prior to
entering the system, the wastewater assimilative capacity of the
cooling pond, and additional treatment processes required beyond the
cooling pond to meet both required present and probable future
effluent standards.

TABLE 1

WASTEWATER CHARACTERISTICS

Raw Secondary
Biochemical Oxygen Demand 300 25-50
(BODultimate)
Suspended Solids (SS) 200 25
Organic Nitrogen (as N) ‘ 10 5
Ammonia Nitrogen (as N) 25 20
NOjq (as N) 0 0

Total Phosphorus (as P) 15 10




In developing potential systems, available data from studies
reported in the literature and current data from operating systems will
be evaluated. These systems will use, but are not restricted to,
conventional wastewater treatment processes and systems. The con-
cept of an integrated system with energy sources not normally avail-
able to municipal wastewater treatment facilities does provide latitude
in the evaluation of new and innovative wastewater treatment processes.
Additionally, the advantages and disadvantages of fossil fuel (both
gaseous and solid) and nuclear powerplants are assessed in terms of
the treatment processes selected as regards useful by-products or
reducing particular problems associated with specific processes.
Water quality requirements for all types of recreational use of the pond
are not considered feasible and thus do not serve as constraints.

A summary will be prepared delineating further research required.

POND

The common point in an integrated wastewater treatment-
cooling water system is the pond. The pond's dual function places
constraints on each purpose. In this section the physical characteris-
tics of the pond are estimated based on the cooling system require-
ments. Subsequently, the wastewater assimilative capacity of the
pond is estimated in terms of BOD removal, growth of microorganisms,
nutrient removal, coliform removal, sludge buildup, and increase in
salt concentration.

Requirements for the Cooling Water System

The engineering design of a cooling pond is not part of the
scope of this investigation, but approximate surface area requirements
.are necessary to provide estimates of the wastewater assimilative
capacity of the pond. Approximate evaporative losses also were
determined to define the minimum required wastewater flow. Based
on the topography of north-central Texas, an average depth of 15
feet was assumed. The physical characteristics are shown in Table 2.
(The associated computations are presented in Appendix A.)

The lowest average monthly water temperature in the winter is
expected to be 15°C,approximately 5°C above normal. In summer,
the highest pond temperature is expected to be 35°C as compared to a
normal average monthly temperature of 29.5°C. Hence, the heat



TABLE 2

PHYSICAL CHARACTERISTICS OF COOLING PONDS

Required Daily Minimum
Powerplant  Surface Average Evaporative Required
Capacity Area Depth Volume Losses Daily flow
(MW) (acre~feet) (feet) (acre-feet) ({acre-feet) (MGD)
400 560 15 8,400 12 5
1000 1400 15 21,000 55 20

load is expected to be beneficial in terms of the pond's wastewater
assimilative capacity during the winter but perhaps detrimental in
summer., Growth of algae reaches a maximum at 25°C to 30°C and as
the temperature exceeds 30°C the algal population may decrease (4).

Little quantitative data were found in the literature regarding
use of wastewater for cooling purposes. Lake Brauning is a 1350 acre
closed system cooling pond which uses the San Antonio River as
make-up water. The majority of the San Antonic River water is com-
posed of wastewater effluent from an activated sludge treatment system.
The ratio of effluent to river water is frequently as high as 10:1 at this
point. The make-up water is removed from the River approximately 12
miles downstream from the treatment plant. No significant operating
problems have occurred after eight years operation (5). Lake Arlington
is a 2275 acre system cooling pond which receives drainage from a
number of streams flowing through urban areas. Unknown quantities
of treated municipal and industrial wastewater effluents entered these
streams until recent development of a regional wastewater treatment
facility. One spring a massive algal "bloom" of predominantly blue-
green algae occurred for approximately a three month period. No
change in the intermittent chlorination of condenser waters was made
throughout this period. Subsegquent cleaning of the condensers showed
no greater fouling than normal (6).

Secondary effluents have been utilized directly for cooling
purposes, but usually in conjunction with cooling towers. In the
majority of cases the secondary effluent is subjected to additional
treatment. The presence of ammonia,nitrogen and phosphorus have
caused problems with corrosion and scale deposition (7,8). Treat-
ment processes for ammonia and phosphorus removal as well as the
addition of bacteriacides and pH control have been used to control




these problems. However, some installations in Europe and South
Africa use secondary effluent as a source of cooling water without
additional treatment for make-up water in cooling tower systems (7).

The report of the Committee on Water Quality Criteria has made
available some recommendations for cooling waters (20). It appears
that a wide range in water quality is acceptable for heat exchange
cooling. Table 3 is abstracted from the report and indicates that most
water quality parameters should be met by the pond contents. However,
important parameters such as ammonia, phosphate, and pH are either
not specified or may not be met. Also, suspended solids limitations
are probably applicable to inorganic particulates rather than algal
cells. It is anticipated that all water quality problems can be over-
come by proper condenser materials selection and cleaning methods.

Based on the data in Table 3, it is assumed that wastewater
with water quality characteristics similar to effluents from activated
sludge, trickling filtration or other secondary treatment effluents would
be acceptable for condenser systems.

Wastewater Asgimilative Capacity

The purpose of this section is to evaluate the wastewater
assimilative capacity of the ponds described in Table 2. ILittle
information is available on the effect of wastewater on cooling ponds
or even Texas reservoirs. Hence, to accomplish this objective, a
detailed literature review was conducted on waste stabilization ponds.
(See Appendix B.) Subsequently, the wastewater assimilative capacity
was estimated on the basis of this evaluation of the waste stabilization
pond literature tempered by experience and literature available on
Texas cooling ponds and reservoirs and other lakes and reservoirs
receiving substantial wastewater effluent flows. The latter is required
because of the significant differences between a typical waste stabi-
lization pond and the proposed cooling ponds in terms of surface area,
depth, recirculation ratio and mixing characteristics.

BOD Removal

The poorest conditions for BOD removal by the pond microorganisms
would be during the cold temperature period. At this time cooling ponds
and reservoirs in Texas have no temperature or density gradient with



TABLE 3

QUALITY REQUIREMENTS OF WATER AT POINT OF USE
FOR COOLING IN HEAT EXCHANGES

Make-up for
Once through Recirculation

Characteristic Fresh Brackish(l) Fresh Brackish(l)
Silica (SiOZ)' 50 25 50 25
Aluminum (Al) (2) (2) 0.1 0.1
Iron (Fe) (2) (2) 0.5 0.5
Manganese (Mn) (2) (2) 0.5 0.02
Calcium (Ca) 200 420 50 420
Magnesium (Mg) (2) (2) (2) (2)
Ammonia (NH4) (2) (2) (2) (2)
Bicarbonate (HCO3) 600 140 24 140
Sulfate (SOy4) 680 2,700 200 2,700
Chloride (C1) 600 19,000 500 19,000
Dissolved solids 1,000 35,000 500 35,000
Copper (Cu) (2) (2) (2) (2)
Zinc (Zn) (2) (2) (2) (2)
Hardness (CaCO3) 850 6,250 130 6,250
Free mineral acidity (CaCO3) (3) (3) (3) (3)
Alkalinity (CaCO3) 500 115 20 115
pH, units 5.0~-8.3 6.0~8.3 (2) (2)
Color, units (2) (2) (2) (2)
Organics:

Methylene blue active (2) (2) 1 1

substances

Carbon tetrachloride extract (4) (4) 1 2
Chemical oxygen demand (Oj) 75 75 75 75
Dissolved oxygen (02) (2) (2) (2) (2)
Temperature, F (2) (2) (2) (2)
Suspended Solids 5,000 2,500 100 100

(1) Brackish water~dissolved solids more than 1,000 mg/1 by
definition 1963 census of manufacturers.
(2) Accepted as received (if meeting total solids or other limiting

values); has never been a problem at concentrations encountered.
(3) Zero, not detectable by test.

(4) No floating oil.



depth and hence water quality characteristics are similar at all depths.
Thus, to estimate the BOD removal, the cooling pond is assumed to

be a single completely mixed reactor. The BOD removal parameters
reported in the literature (9,10, 11) for waste stabilization ponds were
utilized. Passage of the microorganisms through the condenser system
subject to some intermittent chlorination is assumed to have a negligible
effect on the wastewater degradation process. The results are presented
in Table 4 to show the effect of detention time and the expected temp-
erature increase on the efficiency of the biological processes to
stabilize the wastewater. Detention times are based on the influent
flow less estimated evaporative losses. For the 560 acre pond at the
expected temperature of 15°C the wastewater flow would be approxi-
mately 30 MGD before the present BOD5 effluent standard of 20 mg/1
was exceeded. Tor the 1400 acre pond for the same conditions, the
flow would be somewhat less than 100 MGD before exceeding the
standard.

It is quite likely that the cooling pond would not behave as
a single, ideal, completely mixed reactor. Short-circuiting could
occur if the raw wastewater is mixed with the condenser return flow
and floats across the top of the cooling pond. Conversely, the long
narrow shape of usual cooling pond sites can impart some plug-flow
character to the pond. Nevertheless, because the raw wastewater will
be mixed with condenser cooling water and diluted at least ten-fold
before entering the pond, the single completely mixed reactor model
is probably most applicable.

The BOD removal parameters utilized in the calculations were
obtained from literature on facultative waste stabilization ponds,
which seldom have depths beyond six feet. Calculations are presented
in Table 5 based on the assumption that only the top six feet of the
pond are effective, Note by comparing Tables 4 and 5 that the deten-
tion time is drastically reduced. Under such circumstances, between
a 15 to 20 MGD wastewater flow through the 560 acre pond and less
than 50 MGD flow through the 1400 acre pond would produce an un-
acceptable soluble BODg in the effluent. These estimates are probably
conservative because the aerobic zone of the cooling pond will most
likely be deeper than six feet. However, if the cooling pond were to
be formed by excavation, a depth of at least six feet would be specified.

Although systems of ponds in series with long detention times
have reported effluent soluble BODg values less than 10 mg/1 (12},
experience indicates that 10 mg/1 would be the lowest soluble BOD5
to be obtained on a regular basis in the cooling pond effluent.



TABLE 4

ESTIMATED EFFLUENT SOLUBLE BODg DURING THE WINTER FROM THE
COMPLETELY MIXED POND RECEIVING VARIOUS WASTEWATER FLOWS
WITH AN UNFILTERED BODyjtimate Of 300 mg/1

Wastewater Detention Effluent Soluble BOD5 (mg/1)

Pond Size Flow Time 10°C 150C
(acres) (MGD) (Days) (K=0.078) (K=0.12)
560 5 - - -
10 548 7 5
15 274 13 9
20 183 20 13
30 110 31 21
1400 20 - - -
30 668 6 4
40 343 11 7
50 228 16 11
100 86 40 27
TABLE §

ESTIMATED EFFLUENT SOLUBLE BODg DURING THE WINTER FOR A
COOLING POND WITH ONLY THE TOP 6 FEET EFFECTIVE IN WASTE-
WATER STABILIZATION (Other Conditions the same as Table 4)

Wastewater Detention Effluent Soluble BODg (mg/1)

Pond Size Tlow Time* 10°C 15°¢C
(acres) (MGD) (Days) (K=0.078) (K=0.12)
560 5 - - -
10 218 17 11
15 109 32 21
20 73 45 31
1400 20 - - -
30 273 13 9
40 137 26 17
50 91 38 25

* Volumes of ponds are assumed to be 3360 and 8400 acre-~feet,
respectively, based on effective depth of 6 feet.
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TABLE 6

AREAL ORGANIC LOADING RATES FOR THE TWO PROPOSED PONDS

Wastewater Areal Organic Loading Rate (lb BOD,,/a/d)

Pond Size Flow Subsequent to
(acres) (MGD) Raw Plain Sedimentation *
560 5 22.5 13.5

10 45.0 27.0

15 67.5 40.5

20 90.0 54.0
1400 20 36.0 21.5

30 54.0 32.5

40 72.0 43.5

50 90.0 54.5

* Sedimentation assumed to remove 40 percent of organic load.

The literature evaluation for facultative waste stabilization
ponds indicates, for the climatic conditions of north-central Texas, that
ponds with an areal organic loading greater than 50 1lbs BODultimate/
acre/day would cause summer time odors and other nuisance conditions.
A loading of 50 lbs BOD/day /acre is a conservative value in that the
usually-specified range is 50 to 150 lbs BOD/day/acre for warm
climates (39,33). The areal organic loading rate for various waste-
water flows into the two proposed ponds is presented in Table 6. In
order to meet the constraint for nuisance control, the two proposed
ponds would be restricted to maximum raw wastewater flows of approxi-
mately 10 and 30 MGD, respectively. A plain sedimentation process
can remove 60 to 70 percent of the suspended solids in typical muni-
cipal sewage, thereby reducing the BOD by 35 to 45 percent. Estimates
are presented in Table 6 for the areal organic loading rate for various
raw wastewater flows following plain sedimentation. The maximum
wastewater flows for such conditions are approximately 20 MGD and
50 MGD for the 560 and 1400 acre ponds, respectively.
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Growth of Microorganisms

The purpose of the microorganisms in the pond is to assimi-
late the wastewater. However, if a large quantity of the microorgan~
isms leave the pond, there probably would be some detrimental affect
on the condenser system as well as on the receiving water body.

The concentration of suspended solids in the effluent of facul-
tative waste stabilization ponds receiving raw wastewater varied from
20 to 300 mg/]1 with the lower value associated with long detention
times and/or low areal organic loading rates (12, 13). For similar
ponds receiving secondary wastewater effluent, effluent suspended
solids vary from 20 to 50 mg/1 {(14). Lake Brauning utilizes the San
Antonio River which is composed primarily of secondary treated effluent
as make-up water. The lake has a suspended solids concentration
in its surface water varying from less than 10 to 50 mg/l. Lake
Mendota, a eutrophic lake in south central Wisconsin, had phyto-
plankton counts up to 12 million per liter in 1965. Nine of the monthly
samples were less than 50 mg/1 with the highest sample being approxi-
mately 180 mg/1 (15).

In order to avoid eutrophic conditions in lakes, Vollenweider
(16) suggested nitrogen and phosphorus loadings of less than 1.0 and
0.07 g/mz—year, respectively, in a lake with an average depth of
5 meters. He also indicated that an approximate doubling of the
loading would be the other extreme of the transition zone from oligo-
trophic to eutrophic conditions. These permissible values were
translated into a wastewater loading on the proposed pond sizes in
Table 7. Comparison of the permissible values in Table 7 with the
actual nutrient loading from the wastewater flows in Table 8 showed
that even exceptional pretreatment processes for the removal of
nitrogen and phosphorus would not be feasible even for a 5§ MGD
wastewater flow.

Hence, the proposed cooling ponds are expected to have the
same characteristics as highly eutrophic lakes. The data obtained
from the literature on the suspended solids concentration in effluents
from waste stabilization ponds appears appropriate for use.
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TABLE 7

PERMISSIBLE NUTRIENT LOADING TO AVOID LAKE EUTROPHIC

CONDITIONS
Pond Size Nutrient Loading (lb/day)
(acres) Nitrogen Phosphorus
560 14 1
1400 34 2.5
TABLE 8

WASTEWATER NUTRIENT LOADING

Wastewater Flow Raw Secondary
(MGD) (lb/day) (1b/day)
N P N P

5 1460 625 1040 417

20 5840 2500 4170 1665

Introduction of Fish Culture

A reduction in the net production of microorganisms may
be possible through the introduction of fish into the cooling pond.
Fish can be stocked in the ponds to utilize many of the organic
nutrients in the food chain through consumption of the plant organ-
isms and also to minimize any mosquito problems which could
develop. Although this idea is not proposed for study in the
research program, its benefits may be significant. When and if
a prototype system is constructed, studies could be more easily
carried out.
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There are several examples of successful fish cultures
within lakes or ponds receiving sewage effluent. In Texas, Lake
Brauning maintains a significant crop of game fish which are
harvested by anyone wishing to fish for them (5). Elsewhere, fish
ponds in Europe and Asia have utilized primary treated sewage for
some time for pond fertilization. In Munich, Germany, carp yield
has been as high as 500 lb/acre for a seven~month growing season.
Game fishing in the proposed ponds, where feasible and publicly
acceptable, could offset the recreation benefits lost from the
exclusion of body-contact recreation and increase good will for
the power company or public utility operating such a combined
facility.

Nitrogen and Phosphorus Removal

The removal of nitrogen or phosphorus from the pond influent
can be defined with certainty only in relation tothat associated
with effluent suspended solids, i.e. biological incorporation and
subsequent physical removal of the microorganisms from the waste-
water stream.

Vollenweider (16) in his review reported that nitrogen
retention varied from 15 percent in Upper Lake Constance to 89
percent in Lake Tahoe. Phosphorus retention varied from 25 percent
in Lake Zurich to 93 percent in Lake Tahoe. Phosphorus compounds
retained in the lakes were usually found in the sediments in lakes
with aerobic hypolimnions. For anaerobic conditions, phosphorus
concentrations increase in the overlying waters. This is only
partly true for nitrogen, a significant fraction of which is eliminated
from the lake by denitrification processes. Vollenweider (16)
estimates that the nitrogen removed by denitrification in five Swiss
lakes ranges from 45 to 81 percent of that retained. However,
these lakes were not receiving the organic loading which the pro-
posed cooling ponds will.

Nitrogen removals of over 50 percent have been observed
in waste stabilization ponds with long detention times (> 100 days)
(12, 17), but no significant removal was observed in a stabilization
pond with a detention time of 20 days (18). Nitrogen leaving these
ponds was primarily organic and ammonia with very little in the
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nitrate form. Three mechanisms have been postulated but not
substantiated; deposition in the sediments, denitrification, and
volatilization of ammonia at high pH (19).

Oswald (55, 84) reported on exceptionally high nitrogen
removals from a deep, facultative pond at St, Helena, California.
Through some unknown mechanism they postulated that 60 percent
of the influent nitrogen was converted to nitrogen gas. The only
unusual physical characteristic of the pond was its 10-foot depth.
With at least a 15~foot depth over much of the envisioned cooling
pond, the integrated system may also achieve these nitrogen
removals in the pond. This would have great economic significance.

The fate of phosphorus in waste stabilization ponds also
is not known. Field studies indicate that in some cases phosphorus
removal is significantly greater than that which could be associated
with biological removal. In the few cases where data are available
phosphorus removal by precipitation occurs in ponds with long
detention times and low areal organic loadings.

Because the other nitrogen and phosphorus removal mech~-
anisms often do not occur and are not quantitatively predictable, it
is assumed, conservatively for the purpose of this study, that the
only nitrogen and phosphorus removal is through wasting of bio-
logical solids in the effluent. Assuming that the average suspended
solids concentration of the biological growth for the pond receiving
raw wastewater is 100 mg/1, the nitrogen and phosphorus removal
should be approximately 10 mg/1 and 1.5 mg/1, respectively.
Likewise, for a wastewater stabilization pond receiving secondary
effluent, an effluent suspended solids is 40 mg/1 and the nitrogen
and phosphorus removals should be approximately 4 and 0.6 mg/1,
respectively.,

Coliform Dieoff

The Report of the Committee on Water Quality Criteria (20)
recommended for secondary contact recreational use (not to include
swimming) an average not exceeding 2000 fecal coliform per 100 ml
except in specified mixing zones adjacent to outfalls. For primary
contact (swimming) a log mean of 200 per 100 ml was recommended.
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Initial coliform levels for domestic wastewater are reported to
vary between 10% and 108 per ml (18). Thus, reduction of coliforms to
mecet the recommended standards represents a significant removal require-
ment imposed on the overall system.

The cooling pord has been assumed to approach a completely
mixed system. Marais and Shaw (10) utilized the following relationship:

Nt = N

0
Kt +1
where
Ng = number coliforms present initially
Ny = numbper coliforms present at time t
t = detention time {days)
K = reaction rate coefficient, day“1

Applying this relationship for 107 coliforms per 100 ml and
flows of 15 and 45 MGD in the 560 and 1400 acre ponds, respectively,
and assuming a reaction rate coefficient (K) of 2 (9), the effluent
coliform level is approximately 1.8 x 104 per 100 ml. A 10 to 1 dilution
factor with a receiving water will be required to meet the recommended
standards for secondary contact and a 100 to 1 dilution for primary
contact.

Lake Victor Brauning was filled initially with San Antonio River
water over a two year period (from 1963 to 1965) (6). During this period
the coliform levels in the river, which were approximately 50 to 60
percent secondary sewage effluent, varied from 10* to 10° per 100 ml.
The coliform levels within the lake varied from a low of less than
2 x 102 to above 104 per 100 ml.

After 1965, intermittent pumping of San Antonio River water was
done to maintain lake level and, therefore, was not done on a regular
schedule. During the three year period 1965 to 1968, coliform counts
varied. The average MPN exceeded the primary contact standards
but did fall within secondary contact standards most of the time. By
1969 coliform counts had decreased to meet primary contact standards.

The experience at Lake Victor Brauning did not show a signi-
ficant dieoff of coliforms during the filling period, nor for some time
thereafter with water containing less coliforms than raw wastewater.
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It would be reasonable to assume a similar situation would exist in
the proposed cooling pond with a continual inflow of wastewater.
Therefore, effluent from the cooling pond will most probably require
additional treatment to meet standards, e.g. chlorination.

Sludge Buildup

The increase in sediment in the cooling pond is a function of
the influent suspended solids and the quantity of biological growth
which does not leave the pond through the effluent. In the case of
raw wastewater, the high input of suspended solids will result in an
increase in the sediment thickness near the input areas. If plain sedi-
mentation prior to the pond is utilized t remove some of the suspended BOD
to avoid nuisance conditions, the pond probably would receive 60 instead
of 200 mg/1. The problem would be further alleviated with secondary
effluent. The sludge resulting from the settling of the microorganisms
should be somewhat evenly distributed throughout the pond.

The literature review shows that sludge removal from waste
stabilization ponds was an infrequent requirement. Although an
equilibrium between the rate of sludge deposition and decomposition
has been reported (21), the results of some field studies are not con-
clusive. Moreover, a correlation between the rate of sludge buildup
and the depth of the waste stabilization pond is lacking. A buildup
of six inches of sludge after 10 years operation of a 2 foot deep waste
stabilization pond is significant, but not the case for a cooling pond
with an average depth of 15 feet,

Table 9 presents the calculated rate of sludge buildup in the
two proposed ponds for expected minimum and maximum flows under
severe conditions, i.e. raw wastewater as influent. Studies have shown that
one pound of soluble BOD produces one pound of sludge (15). It was
also assumed that 100% of the influent suspended solids settled in the
pond and that 60 percent of the influent BOD,itimate Was soluble and
converted to biomass. The sludge buildup during the year is based
on experiences with sludge decomposition in a conventional anaerobic
digester at an assumed average annual temperature of 25°C in the
cooling pond (22). Partial inhibition of methane fermentation will
increase the rate of sludge accumulation in the cooling pond.
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Salt Concentrations

Considering the 1400 acre pond with a capacity of 21,000
acre~-feet, the estimated evaporative loss is about 20,000 acre-feet
per vear which nearly equals the pond volume. With no flow through
and assuming no removal of salts, a rapid buildup of total dissolved
solids would occur, doubling in the first year.

In reality, the two-~fold increase will not occur because some dissolv-
ed solids will be removed by biological growth, precipitation, sorption,
and seepage. Rainfall and runoff will also decrease the rate of solids
buildup. A closed system having an influent but no overflow, Lake
Victor Brauning (5), has shown only a slow increase in dissolved solids
concentration over its ten-years operation. Current trends indicate
that some form of blowdown in excess of the natural processes (what-
ever they may be) will be required in a few years.

Although removal mechanisms for dissolved solids will occur
within the pond, a guantitative assessment of the magnitude is not
possible. The minimum flow required to maintain the total dissolved
solids concentration in the pond at no more than twice that of the
influent would require a flow twice the evaporative loss. For the 560
and 1400 acre ponds, this would be 10 and 40 MGD, respectively.

Previously, maximum flows for other water quality considera~-
tions were 20 and 50 MGD for the ponds. Considering the minimum
flows described above, the allowable, average flow tothese ponds
would be 15 and 45 MGD,respectively. These flow rates will be used
in subsequent sections of this report to describe process costs.

PRETREATMENT

Raw Wastewater Feed

To control pond odors in the summer, the maximum areal BOD
loading of the pond has been chosen to be 50 lbs BOD,,/acre/day as
previously discussed. Considering this factor only, a maximum 12 MGD
and 28 MGD could be fed directly to the 560 acres and 1400 acre ponds,
respectively. Flows in excess of these values will require some form
of pretreatment for BOD removal (See Appendix C).

Simple primary sedimentation for partial suspended solids removal
typically achieves about forty percent reduction in raw wastewater BOD.
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The addition of this process would then allow flows up to 20 and 50
MGD for the two pond sizes. Thus, from a consideration of BOD
loading, simple primary sedimentation may be sufficient to allow pro-
cessing of the maximum expected wastewater flows. An over-riding
consideration may be that because of the presence of grease, grit,

and other floatables in raw wastewater, conventional primary treatment
would be required for aesthetic reasons alone.

Other considerations besides BOD loading and floatables
may be significant. The presence and fate of wastewater nitrogen
and phosphorus compounds within the pond cannot be predicted
accurately. It is recognized that a large percentage of these nutrients
can be removed from the wastewater by the pond as previously discussed.
Thus, the most economical system would utilize this capability to
the fullest. What is unknown, however, is the effect of given nutrient
levels within the pond upon condenser performance. Potential prob-
lems may arise from excessive biological growth within the condenser,
condenser scaling due to high phosphorus levels and condenser corro-
sion due to high ammonia concentrations.

The conclusions regarding specified pretreatment processes
for raw wastewater influents cannot be firm at this time. An optimistic
recommendation would indicate that no pretreatment would be necessary
for wastewater flows up to 12 and 28 MGD for the two basic pond sizes.
Above these flow rates, primary sedimentation alone would allow
treatment of 20 and 50 MGD, respectively.

More conservative recommendations would require that either
phosphorus or nitrogen removal or nitrogen and phosphorus removal
be included. To achieve phosphorus removal, the most likely process
would be chemical precipitation-flocculation. This well-known process
utilizes inorganic chemicals such as lime, alum, or iron salts to
precipitate phosphorus compounds and coagulate organic particulates
and colloids. The latter capability increases BOD removal over that
of primary sedimentation up to 70 percent (23). Thus, the process
could also reduce pond loadings, reduce potential odor problems, and,
most likely, lead to a better pond appearance. If lime was the choice
of chemical, alkaline fly ash could be available at some power plant
sites to supplement the lime dose and reduce costs.

If nitrogen were to be removed from the raw influent, the most
inexpensive method would be to combine nitrogen removal with phos-
phorus removal. In this instance, lime would be used to precipitate
phosphorus compounds at about pH 11; then the settled effluent could
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be air stripped to release ammonia from the wastewater. The high pH
is required so that the inorganic nitrogen compounds will be in the
more volatile, ammonia form (24). Recarbonation of stripping tower
effluent with COy for pH reduction may be needed depending on pond
alkalinity which is an unknown at this time. Nitrogen removal alone
is not feasible with raw wastewater.

Figure 1 compares expected performance and cost for combined
nitrogen and phosphorus removal with primary sedimentation alone for
a flow rate of 45 MGD. Total amortized cost for combined pretreatment
is 13.1¢/1000 gallons as compared to 5.8¢/1000 gallons for primary
sedimentation alone. If grease, grit, and floatables only were removed,
costs could be even further reduced. As previously discussed, the
choice is not clear because of the unknown pond response. To answer
the question, research must be performed.

Secondary Effluent Feed

A pretreatment recommendation for secondary effluent feed must
also acknowledge the same unknowns as discussed above. If BOD
load applied to the pond were the only criterion, no pretreatment would
be required for either of the basic pond sizes within reasonably avail~
able wastewater flows. The only cost for pretreatment would be that
for pumping. However, again the question arises as to the need for
nutrient removal. It does not appear that the 99 percent nutrient
removal required to guarantee a non~eutrophic pond is economically
feasible. Nevertheless, the considerations relating to condenser
problems as indicated above may be valid. Figure 2 shows the costs
for combined phosphorus and nitrogen removal along with expected
process performance at the 45 MGD flow rate. Costs are similar to
those for treatment of raw wastewater because required equipment and
chemical dosages will be about the same. Performance is different
because of the different character of wastewater. It should be noted
that the pretreatment shown in Figure 2 produces an effluent similar
to the influent to Lake Brauning, which is a workable closed system.

POST- TREATMENT

Post-Treatment: Cooling Water

The use of secondary effluent in powerplant cooling water
systems has been as make-up water for closed systems, i.e. no
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significant system effluent. Thus, any additional treatment beyond
secondary is accomplished only on the flow required to sustain system
losses. Some problems have occurred that require treatment of the
entire system, e.g. biological fouling of condensers, but a closed
system minimizes this possibility.

An integrated system is not a closed system (minimum waste-
water flows are a special case), and as such, any treatment required
to control problems within the condenser system will be a constant
requirement. The cooling flow for a 1000 megawatt powerplant is
approximately 1350 cfs for conventional fossil fuel. Any treatment
process associated with the condenser system would thus be required
to accomodate a flow of 875 MGD. The use of nuclear fuel powerplants
would have even higher flows reflecting the present reduction in
efficiency associated with these systems. It is obvious that a require-
ment for additional treatment of condenser flow could be prohibitive in
cost.

There are some problems that can be expected to occur in all
cooling water systems with even minimal nutrient concentrations, in
particular biological fouling of condenser surfaces. This can be
controlled by intermittent disinfection, usually chlorination. Mech-
anical methods also can be used such as increased blowdown or
injection of scouring devices (6).

Potential problems associated with corrosion and scale
deposition or excessive biological fouling must be evaluated with
respect to the cooling pond effluent. Antagonistic effects of some
problems have been reported. Scale problems may be precluded by
biological slime prohibiting hard deposition (8). Selective withdrawal
could be used to avoid high concentrations of algae, nitrogen, or
phosphorus from the pond. Research in these areas is required for
adequate definition of required cooling water quality.

Post~Treatment: Effluent

Future effluent standards will require treatment beyond that
obtained in the cooling pond. The case in which influent flow and
evaporative losses are equal is not feasible for any extended period
of time because of salt buildup. Thus, for continuing operation, there
will be pond effluent requiring further treatment. Pollutants to be
removed include algal cells (suspended solids), soluble organics
(BOD), and, in some cases, nitrogen and /or phosphorus.
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A specific pond's effluent characteristics will depend upon the
initial wastewater characteristics and flow rate, type of pretreatment,
temperature, and other secondary variables such as pond configuration,
depth, mixing pattern, prevailing winds, location of influent and
effluent piping. However, it is possible at this time to predict the
unit process most likely capable of treating the range of effluents to
an adequate degree.

Removal of suspended algal cells from stabilization pond
effluents has been shown to be most readily accomplished by chemical
flocculation (see Appendix D). Typical flocculating chemicals are
alum, lime, and iron salts along with cationic polyelectrolytes. It
is important to note that the same inorganic chemicals are used for
phosphorus precipitation. Thus, a most economical system would be
one which removed phosphorus from the pond effluent rather than the
influent. This would be dependent upon condenser fouling as discussed
above.

With the constraint of chemical flocculation being required
for effluent treatment, other processing steps follow as indicated in
Figure 3. Because of the unknown concentration of ammonia nitrogen
in the pond effluent, a removal process such as NH3 stripping may
or may not be necessary. A possible alternative would be selective
ion exchange if NH, concentrations were low. Recarbonation by COy
addition to reduce pH will be necessary when lime is used during
the chemical treatment step. If alum were the chemical of choice, no
pH adjustment would be needed.

A filtration step is recommended for two reasons. First,
suspended solids carryover from the chemical treatment system will
occur to some degree. Second, the filter will provide protection
against upset conditions in the chemical treatment section when slugs
of chemical precipitate escape the unit and could plug the activated
carbon beds. The activated carbon beds have been shown to be most
efficient in removing soluble, adsorbable organics from secondary
effluents (24). Unfortunately the process is expensive as shown in
Figure 3.

The requirement for chlorination of the effluent is shown in
Figure 3, but this could be eliminated by the use of ozonation. Though
long known as an effective bacteriacide and used mostly in Europe for
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water treatment, use of ozone has not been widely practiced in the
United States. Within the past decade a renewed interest in this
process has emerged and also, the additional use as a wastewater
treatment process is undergoing investigation (25). The ability of
ozone to oxidize most organic compounds is acknowledged, but
efficient methods of applving and maintaining residual concentrations
for the required contact time are still in the development stage.

An ozone process would be particularly attractive in the
integrated system. The ability to oxidize organics could eliminate
the activated carbon process and effluent chlorination. Indeed,
future effluent discharge may be prohibited if chlorination is practiced
because of the toxicity of chlorinated hydrocarbons. A major cost
in ozone processes is electrical energy, but costs may be reduced in
an integrated system. Also, the activated carbon process thus
eliminated is the highest cost process in the state-of-the-art
system. However, detailed investigations on the possible toxicity
of ozonated effluents have not been completed.

Effluent salt concentrations for the case shown in Figure 3
will be approximately double that of the influent to the system based
upon simplistic considerations. Most likely the dissolved solids
will be somewhat less than double that of the influent. The exact
level will depend on many interactions as yet to be defined by experi-
mentation. Future discharge requirements may dictate some level of
de-ionization and additional processing could be needed.

ESTIMATED COSTS AND COMPARISONS

The integrated system has two major advantages which reduce
treatment costs below those for a municipality. First, because the
ponds must be sized as required by heat dissipation, the conversion
of wastewater pollutants by the resident biomass can be assumed to
cost nothing. Secondly, because evaporation occurs from the pond
surface, the net outflow from the pond is less than the inflow. Thus ,
effluent treatment equipment can be sized for reduced capacity with
savings in capital and operating costs.

Table 10 summarizes the cost comparisons between several
possible flow schemes in the integrated system and a municipal
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tertiary treatment plant. Specific details of all case studies are
found in Appendix E which includes individual unit costs and flow
rates. The municipal plant is assumed to consist of conventional
activated sludge treatment followed by tertiary treatment processes.
The flow scheme is probably somewhat more costly than some of the
new, integrated treatment processes. Unfortunately, reliable full-
scale cost data is not available at this time for comparison. TFor
the integrated system, 15 MGD represents the influent of a 400 MW
powerplant system. 45 MGD corresponds to the 1000 MW case.
Capital (initial investment) cost and total amortized costs (25-year,
6 percent interest) are shown in the table.

In all cases the integrated system was less costly than
municipal treatment. To cite one example, a 45 MGD municipal plant
would cost about $29,000,000 for investment and a total amortized cost
of 34 cents per 1000 gallons. For a 45 MGD integrated system being
fed raw sewage and containing primary pretreatment, costs would be
$17,000,000 for investment and 20 cents per 1000 gallons total
amortized cost based upon influent flow rates. A further conclusion
drawn from Table 10 is that secondary effluent is much less expensive
to process than raw sewage.

Cost figures are based upon the data included in Appendix E.
The data represent average costs for many plants and, therefore, any
specific plant may have a significantly different cost. Rather than
emphasize the absolute magnitude of the individual costs, it may be
more realistic to consider the relative differences in costs between
cases. For purposes of this report, indicated costs should be suffi-
cient to demonstrate the economic feasibility of the integrated system
and provide incentive for further study.

PROPOSED RESEARCH

The major objective of the research program is to develop
data leading to least-cost design of an integrated powerplant cooling
system utilizing municipal wastewater. Review of literature and other
operating data previously discussed leaves little doubt that the concept
is feasible. Therefore, the research plan becomes one in which an
optimum system is to be developed based upon possible variations in
wastewater characteristics and available flow rates.
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Ponds 2 and 3 are loaded in the first yvear at maximum loads
for raw wastewater and secondary effluent feeds. The rationale
behind this priority is that if the maximum load cases are easily
controlled and performance is satisfactory, there is no need to
study more moderate loadings or the effect of pretreatment for
nitrogen and/or phosphorus removal.

4. As Pond 1 will require operation of the phosphorus and
nitrogen removal system, it will be closely monitored to provide
information concerning required chemical dosages, quantity and
composition of waste sludges, influent and effluent parameters of
interest., Established art concerning design of the proposed pre-
treatment processes is highly advanced and, thus, extensive
design data for these units need not be developed.

5. Response of condenser fouling as a function of changes in
pond biomass will be determined. Because the pond will develop
different biomasses as a function of type of influent and its pre-
treatment, it would be necessary to determine the degree of fouling
caused by the range of organisms and their concentrations developed
in the ponds. Eventually, upper limits of allowable pond loadings
will be established for condenser operation with and without anti-
fouling measures such as intermittent chlorination upstream of the
condensers or mechanical scouring.

6. Mass balances on materials entering and leaving the
system will be performed on key parameters. Of special importance
is the nutrient budget within the system, quantitation of water
losses, and the buildup of dissolved solids.

7. Required effluent treatment systems and design data
will be determined. Because the pond will produce some net
quantity of organisms, the effluent stream must be treated for
suspended solids removal. The most likely process is chemical
flocculation although other processes will be given cursory exam-
ination in the laboratory. It may also be feasible to return the
organisms back to the pond. Final treatment for residual solubie
BOD removal may best be accomplished by treatment with acti-
vated carbon or ozonation. If activated carbon treatment were to
be practical, additional chlorine treatment may be necessary to
control the coliform concentration. Alternatively, ozonation has
the capacity of combining organic destruction with disinfection
and is relatively unaffected by the presence of suspended matter.
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It is proposed that separate studies on effluent treatment be
performed to establish the most economic system. Experimentation on
cffluent samples will be performed comparing ozonation and activated
carbon treatment along with suspended solids removal processes. This
experimentation will continue as representative pond effluents become
available.

Phase 3 (12 months)

If during yvear 1 the operation of either Pond 2 or 3 indicates
that significant improvements in water quality, condenser operation,
or pond stability and aesthetics may be achieved by additional pre-
treatment or reduced organic load, then year 2 will be devoted to
further system optimization based upon benefits derived from nitrogen
and/or phosphorus removal by pretreatment. Other research would
also continue:

1. Continual updating of the mathematical model based on
Pond 1, 2, and 3 operation,

2. Bench-scale effluent treatment studies based on vear 2
operation of ponds, and
3. Continuation of condenser fouling studies.

It is proposed that at the end of year 1 operation, a complete

summary and data analysis be performed before making decisions
on yvear 2 objectives and scope.

Research Budget and Time Schedule

A preliminary estimate of needed research funds follows.
Costs are separated for the three phases. Phase 1 estimates
are based upon about a six-month period for design, purchasing,
construction, and preliminary operations to fill the ponds. During
-this time, only partial staff will be emplovyed. The following 12
months cover the Phase 2 research period.

At the end of Phase 2, the details of Phase 3 research will
be better known. Therefore, cost estimates for Phase 3 must be
considered extremely tentative at this time but 12-months duration
is anticipated., Depending on where the pilot plant is constructed, a
site restoration cost may be required. The research budget includes
an estimate for complete restoration which may not be required if
future use of the facility is planned.
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Proposed Research Budget

PHASE Phase 1 Phase 2 Phase 3
DURATION 6 months 12 months 12 months
A. Salaries and Wages

1. Senior Personnel

a. 33%, Principal Investigator $ 3,500 $ 7,000 S 7,000
b. 33%, Faculty Associates 3,500 7,000 7,000

SUB TOTAL 7,000 14,000 14,000

2. Other Personnel (Non-faculty)

a. 100%, Project Supervisor 6,000 12,000 12,000
b. 50%, FTour Graduate Students* - 17,400 17,400
c. 100%, Lab Technician* - 7,000 7,000
d. 100%, Operator 4,500 - 9,000 9,000
e. 100%, Secretary-Bookkeeper 3,000 6,000 6,000

TOTAL SALARIES AND WAGES ©$20,500 $65,400 $65,400

B. Staff Benefits (6% S & W) 1,230 3,924 3,924
C. Total Salaries and Wages and Benefits 21,730 69,324 69,324
D. Permanent Equipment

1. Feed Pretreatment System (10 gpm) 20,000 - -

2. Feed Storage Tanks 3,000 - -

3. Condenser and Circulation Systems 8,000 - -

4. DMonitoring and Sampling Equipment 10,000 - -

5. Lab Equipment: Autoanalyzer, Ozone 10,000 - -

generator and reactors, Activated
carbon column system

E. Expendable Equipment and Supplies 3,000 5,000 3,000
I'. Travel, Domestic 500 1,500 1,000
G. Publication Costs - 1,000 1,500
H. Computer Costs 1,000 1,500 1,000
I. Other Costs

1. Consultants 500 1,500 1,000

2. Communications 200 400 400

3. Pond Excavation, Lining and Piping 15,000 - -

4., Site Restoration - - 15,000
J. Total Direct Costs $92,930 $80,224 $92,224
K. Indirect Costs, 46% of S & W . 9,430 30,084 30,084
L. Total Costs $102,360 $110,308 $122,308
TOTAL PROJECT COST $334,976.00

*Personnel not on payroll for the first six months.
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CONCLUSIONS

1. An integrated wastewater treatment and powerplant cooling
water system is technically and economically feasible and mutually
beneficial if water quality requirements for all types of recreation
in the pond are not considered as constraints.

2. A 400 megawatt powerplant in north-central Texas using fossil
fuel would require a 560 acre pond and based on the typical topo~
graphy of the region could receive raw or secondary wastewater from
a metropolitan area containing 100,000 to 200,000 people. Likewise,
a 1000 megawatt unit would require a 1400 acre pond of the same
depth receiving similar municipal wastewaters from 400,000 to
500,000 people.

3. The principal water quality problem constraining both raw

and secondary wastewater sources is salt buildup in the pond because
of evaporation. Raw wastewater influent rates are also constrained

by odor and nuisance problems resulting from high areal organic loading.

4, To meet an effluent water quality of 20 mg/l suspended solids
and a log mean of 200 fecal coliforms per 100 ml, suspended solids
removal and disinfection must be practiced, no matter what source

of wastewater is utilized.

5. Prior to the cooling pond, treatment processes are required to
remove grease and floatables as well as suspended solids if raw
wastewater is utilized because of probable odor and nuisance con~
ditions in such large water bodies.

6. Nitrogen and phosphorus pretreatment of either wastewater
source would not decrease the nutrient loading on the pond below the
eutrophic levels reported for natural lakes. However, such pretreat-
ment might be desired to prevent condenser difficulties as regards
corrosion, scale and fouling or the degree of unaesthetic quality
associated with such large water bodies.

7. To meet probable future effluent standards, nitrogen, phos-
phorus and carbon removal processes will be required. Effluent salt
concentrations may be the overriding constraint.

8. There are no predictive models of waste stabilization ponds
which can accurately estimate all effluent water quality parameters.
Further, because gquantification of mass, energy, and their
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transformations are difficult in a six-foot waste stabilization pond,
extrapolation of the waste stabilization pond data to deep, circulated
cooling ponds is not reliable. Specific research on the proposed

system must be performed for more realistic estimates of process
requirements and performance.



APPENDIX A
PHYSICAL CHARACTERISTICS OF THE COOLING POND

In order to evaluate accurately the capability of the cooling
pond as a wastewater treatment process, it is necessary to estimate
the surface area of the cooling pond based on effluent temperature
requirements and to estimate the minimum wastewater flow to balance
evaporation and other losses expected in the north-central region of Texas.

The minimum pond surface area is dictated by the requirements
for temperature control. The report of the Committee on Water Quality
Criteria (20) recommended that heat should not be added to a stream
in excess of the amount that will raise the temperature of the receiving
water more than 5°T. TFor discharge into lakes the temperature of the
epilimnion in those areas where important organisms are most likely
to be adversely affected should not be raised more than 3°F above
levels which existed prior to the addition of artificial heat.

For a 1000 megawatt system the required daily cooling flow
is approximately 850 MGD (1350 cfs) based on a 15°F rise across the
condensers and 38 percent efficiency (26). The maximum wastewater
flow anticipated in this study is 50 MGD. Thus, the maximum cooling
pond effluent expected is 50 MGD, assuming no losses, or only 6
percent of the actual cooling flow. Hence, a recirculation system
represents a significant decrease in heat loading to the stream when
compared to a once-through system,

Surface Area Estimates

Thackston and Parker (26) presented a series of contour maps
of the United States depicting the effect of geographical location on
equilibrium temperatures, heat exchange coefficients, and cocling
pond performance. Their data were derived considering a "standard
plant" with a capacity of 1000 megawatts, a once~through cooling
water flow of 1350 c¢fs, and a temperature rise across the condensers
of 15°F. (This is equivalent to a plant efficiency of 37 to 38 percent.)
Based on their data for north-central Texas, the net temperature rise
calculated for a 1500 acre pond on July 1 is approximately 4.5°F. A
fifty percent increase in pond surface area reduced the net temperature
rise to 3.59F. In January a surface pond area between 1250 and 1500
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acres will result in a temperature rise of 7.5°F., (This higher pond
temperature probably would be of value to biological systems within
the cooling pond during the winter.)

Figure A-1 depicts a relationship between heat added and
water-surface temperature noted by Harbeck, et al. (27) at Lake
Colorado City. The surface area of Lake Colorado City varied between
1000 and 1200 acres during the study of Harbeck, et al. and is
representative of the conditions that would be encountered in the
present study, i.e. surface area and the use of recirculation. Extra-
polation of this relationship to the heat added by a 1000 megawatt
powerplant indicates atemperature rise near 10°T would be expected.
However, to establish a temperature rise below 10°F a pond size with
a surface area greater than 1200 acres would be appropriate.

A surface area of 1400 acres will be used during the present
study for a 1000 megawatt powerplant. This area has been estimated
based on a fossil fuel plant with a 37 to 38 percent efficiency using
a recirculation system. Should the powerplant utilize a nuclear fuel
source, the efficiency will be reduced to approximately 30-33 percent,
and the thermal load on the cooling pond will increase, which would
require a larger surface area to maintain the same pond temperature.
However, for the purposes of this study the 1400 acre approximation
will serve to define the constraints for the biological system within
the pond.

The 560 acre estimate for the surface area for the 400 megawatt
powerplant was based on the assumption that the scale factor is

linear. Though not exact this will serve to define the constraints
for biological systems.

Minimum Wastewater Flows

The minimum required wastewater flow to sustain the losses
in the system was approximated by assuming that only the evaporative
loss is significant and that losses from seepage and on site usage are
balanced by rainfall and runoff.

Evaporative losses were measured and compared with computed
losses by Harbeck, et al. (27) in a field study at Lake Colorado City
which is subjected to a thermal load and at a nearby reservoir, Champion
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Creek, which was not subjected to a thermal load. During an earlier
study these investigators postulated that forced evaporation at Lake
Colorado City was directly proportional to the thermal load as follows:

Ef = 710 Qg
where
E¢ = forced evaporation, in acre-feet
QS = thermal load, in billions of kilowatt-hours per year.

The field results substantiated the above calculation within 5 percent.

The geographical location and physical properties of Lake
Colorado City and Champion Creek reservoirs are assumed to be
similar to the cooling ponds required for the proposed 400 and 1000
megawatt powerplant (13.5 billion KW-hrs per year at 38 percent
efficiency),

Ef

Ef =

710 x 13.5
10,000 acre-feet per year.

The normal evaporative loss without a thermal load was
approximately 7800 acre-feet at Lake Colorado City which had a
surface area of 1100 acres during this study. The same evaporative
rate would result in 9900 acre-feet per year for a pond with a surface
area of 1400 acres.

The total evaporative loss will be 19,900 or approximately
20,000 acre-feet per year. This is equivalent to a daily flow of 17
million gallons. As a safety factor the minimum flow will be assumed
as 20 MGD.

The 5 MGD estimate for the evaporative loss for the 400
megawatt powerplant was based on the same assumptions used for
surface area.



APPENDIX B
LITERATURE REVIEW -~ WASTE STABILIZATION PONDS

The term stabilization pond generally refers to all bodies of
water artificially created or employed for the retention of municipal
or industrial wastewater until the wastes are rendered stabilized or
unobjectionable through bioclogical decomposition and the waters are
suitable for disposition either by discharge to receiving water or by

way of seepage or evaporation (28). There are three types of waste
stabilization ponds: ‘

1) anaerobic ponds in which decomposgition of organics
occurs by fermentation;

2) facultative ponds in which stratification causes a
predominance of anaerobic reactions in the lower
section and of aerobic oxidation in conjunction with
photosynthesis in the upper section; and

3) high-rate ponds in which photosynthesis is the major
source of oxygen for entirely aerobic stabilization of
organics.

In the following subsections these ponds are discussed with
emphasis on physical characteristics, design criteria and expected
effluent quality. Separate sections emphasize the probable nitrogen
and phosphorus removal in any type of waste stabilization pond.

Anaerobic Waste Stabilization Ponds

The microbial organisms remove the applied BOD primarily in
the form of methane, CO9 and hydrogen in a fashion similar to conven-
tional unheated digestors (12) and anaerobic contact processes (29).
Although high BODg removals are obtained under favorable temperature
conditions, the effluent suspended solids and BODg5 are still quite high
and do not meet present effluent standards. The anaerobic pond gen-
erally is part of a series of at least two ponds and is followed by a
facultative pond to produce an acceptable overall effluent (30).
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Depth

Recommended pond depths vary from 3 to 12 feet (12) (14) (29).
The depth is chosen to protect the settled sludge undergoing methane
fermentation from environmental changes such as dissolved oxygen (30),
provide a more compact sludge deposition zone (28), and prevent carry-
over of suspended solids in the effluent (14). Oswald (30) also points
out that the increased depth reduces the temperature.

Detention Time

Aguirre and Gloyna (31) recommended that the detention time in
anaerobic ponds be kept to a minimum of 5 days. Parker (14) has made
similar recommendations. However, Oswald, et al. (12) suggested
times of 20 to 30 days. It should be understood that these detention
times are based on seasons of the year when temperatures exceed 15°¢.

Organic Loading Rate

The range of organic loading rates is based on two factors:
1) a minimum loading to maintain anaerobic conditions, and

2) a maximum loading commensurate with aesthetic consid-
erations, e.g. excessive odors or unsightliness accept-
able at the site.

As would be expected, the ranges of these loadings vary con-~
siderably depending on the geographic location of the pond with maxi-
mum values during the warmer times of the year. Oswald (30) considers
the minimum loading to maintain anaerobic conditions throughout the
pond for summer operation of ponds in California to be approximately
400 lbs BOD/acre/day and in winter conditions possibly 100 lbs BOD/acre/
day. Cooper, et al. (29) reported minimum ranges from 220 to 660 lbs ROD/
acre/day. Van Eck and Simpson (32) reported that maximum loading rates
as high as 2590 lbs BODs/acre/day for domestic wastewaters under sum-
mer conditions gave 80 percent BOD removal in South Africa. Parker (14)
found 85 percent BOD removal for loading rates of 1800 lbs BODg/acre/day
in Australia. However, odors and nuisance problems accompanied
these high loading rates. Aguirre and Gloyna reported that loadings up
to 900 lbs BODy/acre/day with detention times of 2.3 days and mini-
mum sludge temperatures of 169C did not cause noticeable odors.
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However, a loading of 1600 lbs BODu/acre/day with a detention time of
1.3 days at 28°C did cause noticeable odors (31). Oswald (28) recom-
mends loading rates of 200 to 500 lbs BOD/acre/day to prevent nuisance
conditions from odors.

Recirculating effluent from a facultative or aerobic pond back to
the anaerobic pond (21) (30) provides dissolved oxygen to dispel odors
as well as carry a larger fraction of the BOD load forward to the faculta-
tive pond. However, though odors may be eliminated, the loading also
is reduced for the anaerobic pond and increased for the following pond (30).

Temperature

With domestic wastewaters normally 30 to 40 percent BODg
removal can be expected from sedimentation alone, and below 15°C
this will represent the BODg removal capacity of the pond (33).
However, BOD reductions of 40 to 60 percent can be expected for
average temperature of 20°C, and reductions exceed 80 percent at
temperatures above 25°C. Minimal detention times are required to
achieve this removal; Parker (14) reported 65 to 80 percent removals
with a 1.2 day detention time during warm conditions and 45 to 60
percent for 5 to 7 days during the cold season in Australia.

Predictive Models

Assuming an influent and pond temperature of 20°C:

Lo
L =
p T, n
Kn P R+1
L
n
where
L .
o = influent BOD (mg/l)
Ly = effluent BOD (mg/1)
R = detention time for completely mixed system (days)
n = exponent, to be determined by experimentation
(for Zambia, n = 4.8) _
K, = BOD removal parameter (days ")

An example of the application of the model is presented by Gloyna (33).
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Facultative Waste Stabilization Ponds

For successful operation, a facultative pond requires sufficient
depth to maintain aerobic and anaerobic zones. In the aerobic zone
bacterial oxidation of organic matter occurs with the major portion of
the required oxygen supplied by algae utilizing the COy produced by
the bacteria. Part of the influent BOD is converted to biological growth .
which eventually settles in the pond and undergoes anaerobic decompo~
sition.

Facultative ponds often receive raw wastewater directly and in
other cases follow anaerobic ponds. Facultative ponds also serve as
polishing ponds for secondary effluents.

Fffluent quality from facultative ponds varies according to the
previously described circumstances. BOD removals range from 50 to
95 percent based on filtered effluent samples. Unfiltered samples vary
in accordance with the effluent suspended solids which range from 20 to
300 mg/1.

Depth

A major consideration in selecting the depth for facultative ponds
is the requirement to maintain a distinct anaerobic zone. Early faculta-
tive ponds were designed with depths from 1.5 to 4.0 feet (34) (35), but
difficulties arose with maintaining anaerobic decomposition of the sludge
layer (30). At present the recommended depth is 5 to 6 feet (21) (31) (33)
(36) (37). Little has been reported about pond depths in excess of the
recommended range. Oswald (30) related decreased algal counts with
increasing depth. Marais (37) and Hodgson (38) pointed out that, for
a given surface area, increased depth will provide greater retention
time and additional treatment, but that the rate of treatment will not be
increased in direct proportion to the increase in depth. They state that
there is little practical advantage in increasing the depth beyond 5 or 6
feet to reduce surface area requirements for BOD removal.

Detention Times

Detention times vary considerably with geographical location,
climatic conditions and organic loading rate. A detention time of 20 to
45 days is required by most state agencies (39). Parker (14) reported
acceptable BOD removal in Australia during summer with a one week
retention and a one month retention during the winter.
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Organic Loading Rates

Table B-1 presents the results of a survey of the 50 states of the
United States for recommended areal organic loading (39). The recom-
mended rates vary from 16.7 to 50 lbs BODS/acre/day, with the higher
loadings used in the southern states.

Oswald (30) has reported ponds in California operating without
problems with loadings of 125 lbs BODS/acre/day,, Parker, et al. (14)
suggests loadings of 100 to 60 lbs BOD,./acre/day for warm and cold
seasons in Australia. Loadings up to 200 lbs BODS/acre/day have
produced stabilized effluents from laboratory and pilot ponds operated
in southern states (39) (40).

Though a general trend upward in loading rates has occurred,
this has not been without problems. As pointed out by Svore (41), that
while increased loading rates do not reduce freatment efficiency, they
can cause nuisance conditions. During long, hot summer days in
southern states the formation of excessive concentrations of blue-green
algae lead to odors when their mats decay. This can be controlled but
requires the pond operators to break up the mats before they decay.,

Other methods can be employed with additional operational
requirements. Ponds in South Africa have been operated at loadings
of 122 1bs BODS/acre/day when temperatures are moderate and their
loading rate has been increased to as high as 250 lbs BODs/acre/day
with recirculation of the effluent. Recirculation provides additional
oxygen rich water which helps eliminate odors and reduces fluctua-
tions in organic loading (21). It was noted that although recirculation
will allow an increase in areal organic loading rates, removal of
settled sludge may be required. Recommended recirculation rates
were 1:1 with provisions for increasing this to 2:1 when variable and
higher loading rates are anticipated.

Models

Several models have been proposed for facultative waste
stabilization pond design (9) (11) (33). These models are based
generally on first order BOD removal kinetics and consider either
a completely mixed or an intermediate case between plug flow and
completely mixed conditions. Organic loading, detention time and
temperature are the major variables.
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TABLE B-1
QUESTIONNAIRE RESULTS ON ORGANIC LOADING
AND DETENTION TIME DATA
(After Carter, et al., 39)

Value Given in Region

Variable North Central South
Number of states 18 17 15
Organic Loading (Ib BODg/a/d)
Mean 26 33 44
Range 16.7-40(5)* 17.4-80(1) 30-50(2)
Median 21 33 50

Loading (population/acre)

Mean 124 189 267
Range 100-200 (7) 100-400(4) 175-300(3)
Median 100 200 295

Detention time (days)

Mean 117 82 31
Range 30-180(11) 25-180(5) 20-45(9)
Median 125 65 31

* Number in parenthesis indicates the number of states for which
no value was obtained. Note: lb/day/acre x 0.112 = g/day/sq m;

.

pop./acre + 0.405 = pop./ha.

Marais and Shaw (10) proposed a kinetic model based on first~
order kinetics for a completely mixed system independent of tempera-
ture based on existing pond performance in South Africa. Subsequently
Marais (9) incorporated a temperature relationship in the model based
on the van't Hoff~Arrhenius theory. The present equation is:

So
S = THaT
+
Kt R+1
where

SO = influent BODg (mg/1)
S = effluent or pond BODg (mg/1)
R = detention time (days) -1
K first order BOD removal parameter (days °)
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Thirumurthi (11) has proposed a kinetic model based on an
intermediate case using the Wehner and Wilhelm (42) equation for
non-ideal mixing:

S 43 1/2d
2o . -
8o (1+a)” 2/%d . (1 - a)2 e a/2d
where
a = V1+4Kd
UL L
t = detention time
K = BOD removal parameter
d = diffusivity constant or dispersion number (dimensionless)
D = axial dispersion coefficient (ftz/hr)
U = fluid velocity {ft/hr)
L = characteristic length of travel path of a typical particle

The dispersion number represents the effects of short circuiting, exit
and entrance hydraulics, and other mixing characteristics. Values of
"d" are zero and infinity, respectively, for plug flow and completely
mixed systems. For conventional design waste stabilization ponds,"d"
will seldom exceed 1.0 because of low hydraulic loads (11).

Using a laboratory-scale stabilization pond, Thirumurthi found
that the BOD removal parameter (K) varied as a function of increased
organic concentration (BODS) at a constant hydraulic load. During
these studies the areal organic loading rate varied between 16 and 66
lbs BOD/acre/day.

To verify his work, Thirumurthi utilized the Fayette, Mo. lagoon
experimental studies (17) on a common wastewater with areal organic
loading rates ranging from 20 to 100 lbs BOD/acre/day. While an
increase in the BODg concentration at a constant hydraulic load (constant
d) decreased the BOD removal parameter (K), the effect of an increased
hydraulic load (varying d) at a constant BODg concentration increased K.

A facultative stabilization pond model was developed that included
the effect of algal upsets in pond efficiency using small 3 foot deep pilot
plant units with 6.8 m3 volumes (43). This exemplifies the autofloccu~
lation phenomena reported by Oswald, et al, (13). The maximum depth of
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the experimental ponds was 3.9 feet. Oswald (30) reported that the
effects of autoflocculation have been noted many times in excessively
shallow ponds, i.e., less than 4 feet. Increased depth alleviates
this problem by providing an anaerobic sludge laver in which methane
fermentation will occur, thus preventing the release to the pond waters
of an organic load associated with the decomposing algae.

Hermann (34) proposed an empirical formulation for facultative
stabilization pond design. Using laboratory-scale experiments they
derived a basic equation for a design to provide an 80-90 percent
removal of BODg in domestic wastewater, Subseguent laboratory exper-—
iments (31) (36) plus the results of larger pilot plant studies and over
200 operating ponds (33) resulted in the following equation:

V o= Q jg_ ¢ oo™
200 °
where
v = volume
Q = flow
SO = influent BOD  (mg/1)
to = reaction time for corresponding temperature (TO)
for a waste with a BOD,; of 200 mg/1
g = 1.085
T = temperature (°C)

A depth of 5 feet is assumed to be optimum for soluble waste with an
additional foot added for sludge storage if the influent is raw waste~
water containing significant suspended solids. As stated by Aguirre
and Gloyna (31) a t, of 7 days is representative of an intermediate case
between plug flow (tO = 3.5 days) and a completely mixed case (tg = 15
days). The detention time (ty) is related to the BOD removal parameter
(K) in completely mixed systems at 35°C by the following equation (5).

The ratio S_/200 relates the effect of organic concentration at other
than 200 mg/1 on the BOD removal parameter K.

Values for K reported by Marais (9) and Thirumurthi (11) are
markedly different than those reported by Duarte in Gloyna's review (33).
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Aerobic Ponds

The basic principle of the aerobic pond requires that algal photo-
synthesis provide the required oxygen for aerobic oxidation of the or-
ganic load. As such, a balance between required oxygen and photosyn-
thetic production of oxygen must be attained. To maximize algal pro-
duction the pond needs to be shallow.

Aerobic conditions are maintained throughout the pond and this
requires some form of additional mixing to expose periodically the set-
tled sludge to the oxygen rich supernatant. But the sludge cannot be
kept in suspension as this would decrease light penetration, thereby
reducing the photosynthetic efficiency. Oswald recommends loadings
of 100 to 300 lbs BODS/acre/daya During the warm season algal yields
between 100 and 300 mg/1 can be expected for these loadings (13).

However, problems have been encountered with defining an
economical solution to algal separation; several approaches, including
centrifuges, ion exchange and various added flocculants, have been
investigated (44) (45) (46) (47). The disposal of the algal solids also
poses a problem if the sale of algae, i.e. protein, is contemplated.
Such a practice would require a market and no significant outlets have
appeared (44).

Models

Experimentally,Oswald (28) found that algal cell production is
related to efficiency of solar radiation conversion:

Ya = 0.125 FIL
where
Ya = algal yield (kg algae/ha per day)
F = light conversion efficiency (%) (2 to 9)
IL = light intensity (cal/cm? per day)

Oswald (48) obtained F from empirical formulas based on BOD and temperature.
Likewise, algal oxygen production is related to oxygen production:

O = 0.22 FIy,
where
O = oxygen production (kg/ha per day).

The ratio between oxygen production and algal cell production is about



50

1.6 to 1. The highest percentage BOD removal occurs when the ratio of
oxygen produced to oxygen required is about 1.6.

Nitrogen Removal

Three ways in which nitrogen can be removed in a wastewater
stabilization pond are:

1. incorporation within the biomass and subsequent removal
with the harvested biomass;

2. settling of the biomass and influent suspended solids to
the bottom of the pond; and

3. removal in a gaseous form either as Ny or NHS"

Biological Removal

An estimate of the nitrogen removal possible by metabolic
uptake can be shown by a simple calculation. Assuming that the
range of effluent suspended solids is 50 to 300 mg/1 and that the
solids are predominantly algae with a nitrogen content of approximately
10 percent, the quantity of nitrogen removed with the harvested biomass
is 5 to 30 mg/1 N. If the total nitrogen of the raw wastewater input
is 35 mg/1, approximately 15 to 85 percent nitrogen removal is obtained.
The higher effluent suspended solids concentrations are typically
obtained in high-rate aerobic ponds. Oswald, et al. (49) reported that
approximately 67 percent of the total nitrogen input was removed by
algae in such ponds. Gates and Borchardt (50) reported 50 percent
removals were obtained by harvesting algae grown in experimental
ponds of the same type.

Deposition

Nitrogen can be removed by sedimentation in the pond of the
biomass (as well as the influent suspended solids). Once in the
sediments the fate of nitrogen is not known. Aerobic and anaerobic
decomposition of the settled material will release the organic nitrogen
to the agueous system either as soluble organic nitrogen or ammonia.
Both of these forms also can be sorbed by the settling material (51).



N Removal as a Gas

Nitrification, oxidation of reduced nitrogen compounds forming
inorganic NOZ or NO3 , and subsequent denitrification to Nz gas has
been considered as a removal mechanism. The occurrence of denitri-
fication is acknowledged for nitrate-~containing industrial wastewaters
and has been reported (52,53). However, the mechanism of denifrifi-
cation remains unclear and its magnitude undefined in impoundments
(51) as well as in stabilization ponds (54,55),

Another gaseous nitrogen removal mechanism is the volatization
of ammonia from the water surface under alkaline conditiong. Siratton
(19) reported that significant increases in rates of volatization occurred
as the pH increased from 7 to 9 and that these rates exhibited first
order kinetics., In bench-scale units at 19.6°C at pH 8.5 an initial
concentration of 20 mg/1 NH,;~-N was reduced to less than 2 mg/1 in 20
days and at pH 9 twelve days were required to reduce 20 mg/1 NHgmN
to less than 1 mg/1. No significant evidence of biological activity
was observed in the test. Stratton (19) was not able to verify his
results in field tests. Attempts to verify this removal mechanism in
field studies were not successful with NH3-N removals much less than
predicted; about 6 percent of the predicted rate was measured. How-
ever, a total nitrogen loss of approximately 12 mg/l was noted over
a 6-day period from an impounded sample of holding pond waters at
the Santee Water Reclamation Plant, Santee, California, The pH of
the water was initially 8.2 and rose to 10.2 by the second day.

Oswald (84) reported that without chemical separation of the
algae 92 percent nitrogen removal was obtained in a pond system
involving a 10 feet deep facultative pond followed by a 3 feet deep
aerobic pond. Approximately 60 percent of the nitrogen removal was
by conversion to nitrogen gas by some unknown mechanism.

Field Studies

Table B-2 presents the results of a field study at Fayette, Mo.,
covering a two year period (56). Niirogen removals were greater than
140 mg/l in all units, far in excess of that which would be associated
with incorporation in the biomass. (No effluent suspended solids data
were presented.) However, other nitrogen removal mechanisms were
not identified. Effluent nitrogen concentrations were still too high
for probable future effluent standards.
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Total nitrogen removal for the Esparto ponds (17) also is in
excess of that associated with the effluent suspended solids, indi-
cating a non-biological removal mechanism also was involved. The
total nitrogen removal for the Israel ponds (11) cannot be evaluated
for lack of ammonia data.

Phosphorus Removal

Three ways in which phosphorus can be removed in a waste-
water stabilization pond are:

1. incorporation within the biomass and subsequent removal
with the harvested biomass:

2. settling of the biomass and influent suspended solids
to the bottom of the pond: and

w
°

chemical precipitation.

Biological Removal

The quantity of phosphorus that can be removed by harvesting
of the biomass in the pond effluent can be estimated by a simple
calculation. The range of suspended solids present in pond effluents
is 50 to 300 mg/l. Assuming the average phosphorus content is 2
percent, the range of phosphorus removal is 1 to 6 mg/l. If the total
phosphorus in the raw wastewater is 15 mg/l, approximately 7 to 40
percent phosphorus removal is obtained.

Deposition

Phosphorus removal by depcsition of the biomass and the
influent suspended solids cannot easily be estimated. The fraction
of organics entering a stabilization pond as BOD, that becomes bio-
mass deposited in the sediments as sludge has been estimated to
equal or slightly exceed the influent concentrations {28), i.e. 100
mg of BOD will produce 100 mg of sludge. If 2 percent of the sediments
is assumed, 300 mg/l BOD in the raw wastewater will remove 6 mg/1
of phosphorus. However, the sludge deposited is subject to decom-
position with the eventual release of this incorporated phosphorus to
the wastewater, particularly under anaerobic decomposition (16).
There is also removal by sorption (57) or ion exchange (58) within
the sediments, but this is a function of the particular sediments and
cannot be quantitatively defined.
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Chemical Precipitation

Phosphorus removal not associated with biological activity
can occur by chemical precipitation. The theoretical solubility of
phosphorus in the pH range encountered in natural waters (7 to 9)
with Al or Fe is in the 107° to 106 M range (< 0.3 mg/1) and with
calcium is approximately 1078 1o 10~9 (<0.3 mg/l). The actual
solubility is a function of other ionic specie present (59,60, and
61). In general most wastewaters contain concentrations of pre-
cipitating cations (particularly calcium) to effect significant chem~-
ical precipitation, but this rarely occurs in conventional wastewater
treatment processes. Several reasons for this have been postulated.

Ferguson and McCarty (59) reported that magnesium may exert
an effect on calcium-phosphorus solubility by inducing the formation
of B tri-calcium phosphate in lieu of hydroxyapatite causing a signif-
icant increase in phosphorus solubility. Some doubt exisis as to
whether this is more of a long-term kinetic effect than a difference
in the solid specie formed (60,62). Other investigations have shown
that the carbonate ion retards the precipitation of calcium-phosphorus
compounds (63,64).

Morgan (62) reported that precipitation of phosphorus with
calcium was completely inhibited in short-term tests (5 days) by
soluble organics at concentrations of carbon and calcium phosphorus
representative of wastewater e.g. 100 mg/1 COD, 2 mM (80 mg/1)

Ca and 0.33 mM (10 mg/1) P at pH 7.6. A COD of 50 mg/l] increased
the residual phosphorus concentration compared to a system with no
organics present from 0.05 mM (1.55 mg/1) to 0.185 mM (5.75 mg/1).
Yu and Mark (65) reported that the presence of blue-green algae
inhibited the formation of apatite and induced an amorphous form at
pH 10.5. The change in residual soluble phosphorus was not reported
but the solubility of amorphous forms of a precipitate is higher (66).
The soluble phosphorus present in a body of water also may be sirongly
affected by the detention time (61). The formation of apatites is
reported to be a slow process and controversy exists as to whether or
not equilibrium is obtained (67).

The pH of the water also exerts a significant effect, particularly
above pH 9. The pH range between 7 and 9 exhibits little change in
the solubility of apatite because of competitive precipitation of calcium
carbonate, but decreases rapidly above pH 9 (59).

Although the chemical precipitation of phosphorus is possible
in stabilization ponds, it is influenced by many factors. These
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factors can cause significant differences in the soluble phosphorus
present in the effluents from different stabilization ponds. The
results of several field studies of operating ponds bear this out.

Tield Studies

Table B-3 presents the results of an experimental study at
Fayette, Mo. over a two vyear period (56). The removal of phosphorus
from the influent wastewater is significantly greater than that which
would be associated with biological incorporation for the average
organic content of the wastewater. Thus, in these ponds deposition
of phosphorus by chemical precipitation can be assumed to have

occurred. However, phosphorus concentrations in the pond effluent
are still quite high.

Examination of the Israel data indicates that the only
phosphorus removal is by incorporation by the biomass.

The 1966 data for the Esparto lagoons (12) indicate that
phosphorus removal in the first pond after approximately 40 days
was associated with metabolic uptake (0.7 mg/l P with 54 mg/1 S8).
Phosphorus removal in the second pond after an additional 40 days,
7 mg/l, far exceeds the metabolic requirements for the effluent sus~
pended solids. The high phosphorus removal in the second pond

occurred essentially at the same pH, a difference of only 0.04 pH
units.

Sludge Deposition

The deposition of sludge in stabilization ponds is a function
of the influent suspended solids and the settling characteristics of
the biomass. As such, in the case of raw wastewater, an input of
suspended solids will result in the settling of the solids in or near
the input point and will cause a buildup in these immediate areas.
The settling biomass will be more evenly distributed throughout the
pond.

Anaerobic decomposition should remove most of the organic
carbon in the sludge in the gaseous form (30). Initially, sludge
accumulation proceeds at a faster rate than decomposition, but once
methane fermentation reaches full development an equilibrium is
established and no net accumulation occurs {68). Should methane
fermentation be inhibited by dissolved oxygen or changes in temperature
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and pH, sludge decomposition will impose an additional BOD upon
the pond from the by-products of partial fermentation (30). Equilib-
rium under these conditions can take several years (21).

Parker, et al. (14) reported that sludge removal from both
anaerobic and aerobic ponds was an infrequent requirement. The
Murtcain ponds, average depth 21 in., were inspected after 10 vears
of operation. The anaerobic pond had a sludge thickness from 3 to
6 inches and over 80 percent of the facultative pond had from 2 to 3
inches. Near the inlet from the anaerobic pond the sludge was from
18 to 24 inches thick due to solids carryover from the anaercobic pond.
The overall results indicate a frequency of removal of once in 6 to
10 years for the relatively shallow ponds.

After 2 years of operation,examination of a facultative pond
receiving raw wastewater at Fayette, Mo., the sludge buildup was
almost a tenth of a foot (56). However, no data on influent sus-
pended solids were reported.



APPENDIX C

TREATMENT PROCESSES

Sedimentation

The use of sedimentation in wastewater treatment can be
grouped into two major arcas: removal of untreated settlieable solids
by gravity, and gravity settling of chemically-coagulated solids.

A major form of treatment given to raw gsewage is termed
primary treatment and usually includes bar screening, grit removal,
grease removal, gravity sedimentation of settleable, putrescible
solids, and sludge disposal facilities (69). As a minimum, the
integrated system should have some degree of primary treatment
when processing raw sewage because of esthetic problems with
floatables, large solids and rags, and grit. Removal efficiences
vary widely and are a function of many factors, e.g. type of waste~
water, suspended solids content, type of suspended solids, tempera-
ture. Burns and Roe, Inc. (23) found that the range from several
sources (69,70,71,72 and 73) indicates a removal efficiency of 35 to
75 percent for suspended solids and 25 to 40 percent for BOD.

Costs for this process have been well defined and reasonable
estimates can be found from the literature (74). No unusual methods
are associated with primary treatment in relation to the integrated
wastewater and cooling water system.

Improvement in removal efficiency for suspended solids and
BOD can be obtained by the addition of a chemical coagulant. Sus-
pended solids removals can be increased to between 60 and 90
percent. Therefore, as the suspended and colloidal matter in raw
sewage contributes to BOD the BOD removal efficiency can increase
to between 40 to 60 percent (23). Soluble organics are not removed
to any significant extent by chemical coagulation. A further benefit
when using inorganic coagulants is the simultaneous precipitation
of inorganic phosphates and coagulation of organic phosphorus
containing particulates. Total phosphorus removals down to a resi-
dual of one to two mg/l of P are readily achieved without filtration (75).
Coagulant dosages which produce good phosphorus removal will
also result in good suspended solids removal if polymers are used to
aid in flocculating fine precipitates (23). The interrelationship of
phosphorus removal with coagulants to improve suspended solids removal
make the combination of these processes attractive.
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The inorganic coagulants most commonly used are alum (Al),
lime (Ca), and iron such as ferric chloride, ferric sulfate or ferrous
salts. The choice of a coagulant is dependent on the particular waste~
water, chemical cost, and the subsequent fate of the treated water.

Aluminum and the Fe compounds react with the alkalinity
present in the waters. The pH range for best coagulation with these
coagulants ranges from 5.5 to 8.5 for alum, from 3.5 up for ferric
iron, and ferrous ion at pH greater than 9. Good removals occur
through most of these ranges (23). As the alkalinity of the water is
consumed by these coagulants, the resultant pH rarely exceeds §.0.
Thus the use of an ammonia siripping process requiring a much higher
pH range, ~pH 11, will require the addition of hydroxide alkalinity,
e.g. lime, sodium hydroxide.

Hydrated lime, Ca (OH)y, when added to wastewaters, raises
the pH and converts bicarbonate alkalinity to carbonate alkalinity.
When carbonate species are formed, the solubility product of Ca603
is exceeded and precipitation commences. BAlong with CaCO5, when
pH is elevated to about 11, Mg (OH)y, calcium phosphates, and other
polyvalent metal ions are also precipitated. The system is somewhat
more complex at lower pH's where inhibition and selective precipitation
can be made to occur (59,60). However, control techniques have not,
as yet, been developed to provide reliable performance with rapidly
fluctuating wastewater characteristics. As mentioned previously,
coagulant dosages providing good phosphorus removal also provide good
suspended solids removal, and dosages will be discussed under the
subsection dealing with phosphorus removal.

Phosphorus Removal

Chemical removal of phosphorus is defined as the precipitation
of a solid form which can be removed physically from the wastewater
stream. This subsection deals with specific processes, i.e.,
controlled precipitation, coagulation, flocculation and gravity settling:
it does not include precipitation of phosphorus that may occcur within
the pond as a result of natural conditions.

The three major cations associated with chemical precipitation
of phosphorus are aluminum, calcium and iron. All form relatively
insoluble compounds with phosphorus within particular concentration
and pH ranges. In addition, all three function as chemical coagulants:
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aluminum and iron form metallic hydroxides, and calcium, added as
lime (Ca(OH),y), reacts with carbonate, and at high pH (~11),
magnesium hydroxide also will be precipitated to act as an effective
coagulant.

Reqguired dosages of aluminum and iron are a function of the
amount of phosphorus to be removed, i.e. a stoichiometric reguirement.
In practice the stoichiometric dosages are not adequate and from 1.5
to 3 times are required to develop clear effluents (24). Also, aluminum
and iron remove hydroxyl ions with a resulting decrease in pH. In
some instances, if the alkalinity of the wastewater is not sufficient,
base must be added to remain within the pH range for coagulation.
These ranges were discussed in the subsection on sedimentation.

The lime dose required for phosphorus removal is independent
of the amount of phosphorus present in wastewaters of typical ionic
character. Rather, it is a function of the alkalinity of the wastewater.
This is related to the desire to form a dense CaCOg precipitate which
exhibits rapid settling and a clear effluent. To obtain Mg (OH)Z , and
the effect of this gelatinous precipitate to remove colloidal particles,
requires pH 11 or above (75). Burns and Roe (23) present a graphical
summary of lime requirements as a function of alkalinity.

Two processes employing lime (calcium) as the precipitating
cation have been investigated (75): 1) single stage in which a low
pH, approximately 9.5, is used, and 2) two-stage in which a high
pH, approximately 11, is achieved in the first reactor followed by a
second stage where first-stage effluent is recarbonated with CO, to
pH less than 10. The second stage removes excess calcium as calcium
carbonate and stabilizes the water if pH is reduced to about 8.5. The
choice of process is dependent on alkalinity of the wastewater as well
as the required removal of phosphorus. With high alkalinity waste~
waters, above 200 mg/1, well settling floc will form at a pH as low
as 9.5 (75), but the effluent will contain some colloidal precipitate.
Without additional treatment, e.qg. filtration, the phosphorus content
of the effluent will be greater than the high pH process. The use of
single stage phosphorus removal appears to be limited to an alkalinity
of 150 mg/1 or greater in wastewaters with significant organic particulates.
Above 200 mg/1 alkalinity, settleability is likely to be satisfactory (75).

Another consideration of single versus two-stage processes is
the additional cost of recarbonation and an additional clarifier. At the
same time, the high pH of the two-stage process provides the pH range
for ammonia stripping. This has been done and found to work well at
South Tahoe (76).



Chemical removal of phosphorus from wastewaters can be
accomplished either by chemical addition during primary treatment or,
in the case of a stabilization pond, by chemical treatment of the effluent.
Should removal of suspended solids from the raw wastewater be required,
the addition of a coagulant would increase the effectiveness of solids
removal and also accomplish a significant removal of phosphorus.

Incremental costs for adding phosphorus removal to primary
sedimentation are mostly due to chemical cost. Equipment costs add
a relatively small amount to the total, approximately 0.15¢/K gal for
alum and Fe Clj and 0.3¢/X gal for lime at flows of 100 MGD (75).
As a basis for estimating chemical costs, lime at a dosage of 300
mg/1 as CaO with a cost of $20/ton add approximately 2.8¢/K gal.
For alum and FeCl3 one may assume an influent phosphorus concen-
tration and an 80 percent phosphorus removal with 1.5 molar ratios
defining the dosage. With alum at $60/ton (17.1 percent AlZOB),
iron at $90/ton (as Fe 013) and the addition of a polymer at a rate
of 0.5 mg/1 costing $1.50/1b the costs would be 3.6¢/K gal for iron
and 4.2 ¢/K gal for alum (75).

Although lime has the least chemical cost, the alkalinity of
the wastewater will affect the required dosage, i.e. 450 mg/l CaO would
be 4.2¢/K gal. Additionally, sludge handling problems would be larger
with lime compared to the other chemicals. Some cost reduction may
be achieved withthe use of alkaline fly ash from lignite power plants.
At this time there is no basis to estimate the savings, but the scope of
proposed research includes this evaluation.

Chemical treatment of the cooling pond effluent also requires a
system including feeding equipment and clarifiers. Removal at this
point is the same as tertiary processes associated with advanced
wastewater treatment systems (76). Consideration of the following
processes as well as peculiarities of the effluent associated with
stabilization ponds is necessary. Appendix D will deal with algal
removal from the effluent.

The choice of chemical for effluent treatment is restricted
normally to alum and lime because of residual iron remaining in the
treated water. Alum doses of 50 to 100 mg/1 are normally sufficient
to achieve phosphorus removal and effluent clarification (75). Again,
lime dosage is dependent on alkalinity of the wastewater.

With respect to lime treatment of effluent, recarbonation will
be required before discharge to most receiving waters because of high
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pH. The presence of high organic concentrations in the sludge from
primary sedimentation does not allow recalcination but the lower organic
content of pond effluent will permit recalcination. This effects a saving
in lime costs as well as reduces the volume of sludge produced to

a small fraction and reduces attendant cost of sludge handling. Based on
recalcining lime, the costs for a 45 MCGD flow is 4.7¢/K gal for single-
stage and 6.8¢/K gal for two-stage. The addition of dual media
filtration is recommended to insure meeting discharge requirements

and will add 1.8¢/K gal to both (75). The estimated cost for phosphorus
removal with alum, including filtration, is 7.1 ¢/K gal for a 100 MGD
flow (75). Ultimately, the choice of where and how phosphorus removal
will be accomplished depends on the performance of the cooling pond

as a waste stabilization pond.

Sludge disposal problems associated with phosphorus removal
in primary sedimentation can pose problems. In natural gas or nuclear
powerplants this will be an added cost, but in coal or lignite power-
plants this sludge could be added to the fly ash sludge. A 1000 mega-
watt plant will produce approximately 1500 tons of fly ash per day and
the addition of approximately 200 tons per day from primary sludge
will not exert a significant effect. The use of powerplant heat also
may be advantageous with respect to recalcination should lime be
used for phosphorus removal.

Nitrogen Removal-Ammonia Stripping

The inclusion of a nitrogen removal process will be dependent
on possible future discharge requirements. Should this requirement
exist, the lowest cost process would be air stripping (24) of the
wastewater at elevated pH to remove ammonia. The process is des~-
cribed in detail in several reports (27,76). In general, ammonia
stripping follows a high pH phosphorus removal process to provide
the pH range required, approximately 11. In this way costs are
minimized; however, the use of any source of caustic alkalinity that
can provide the pH range is all that is required.

The percent reduction of ammonia is a factor that should be
considered. Slechta and Culp (76) reported costs of $13.85/MG for
95 percent removal, but only $8.80/ MG for 80 percent removal,
mostly due to lower air stripping requirements. Ammonia siripping
during pretreatment could take advantage of a lower percent removal
because the pond could remove most of the remaining nitrogen compounds.
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The major cost saving in this process in the integrated system
would be in reduced electrical power costs which represent close to
50 percent the total cost. The use of stack gases from fosgil fuel
powerplants could be considered, but the problems encountered with
delivering the required gas flow would have to be considered, i.e.
ducting, distance, etc. Also, precipitate formation because of high
CO, concentrations in the stack gases could cause severe operating
problems. Moreover, effluent dissolved solids would increase.

Basic limitations to the ammonia stripping process include
freezing and poor removal during cold weather, calcium carbonate
deposition on the tower packing, and the possible polilution of
receiving waters by re-deposition of NH4 from atmosphere into sur-
rounding water bodies. For the envisioned locations of the integrated
system, only the scaling problem will remain which is simply a
maintenance problem. The southern climate rarely reaches freezing
temperatures for more than a few days a year. Also, powerplant
locations containing the integrated system most likely will not be
near large oligotrophic water bodies or within large metropolitan cities.
If for some reason ammonia stripping is unacceptable for a specific
location, alternative processes are ammonia removal by selective
ion exchange (76) and biological nitrification~denitrification (76).
Unfortunately, these latter processes are several-fold more expensive
than ammonia stripping.

Activated Carbon

Adsorption processes utilizing granular activated carbon in
columns or reactors have been well studied in large-scale equipment
for the removal of soluble organic materials from wastewaters.
Applications in municipal wastewater treatment have been to remove
refractory organic materials not removed by biological processes (24),
and as a major component in new, complete, physical-chemical treat-
ment processes.,

Accurate design requirements can only be based on a knowiedge
of specific influent wastewater characteristics. As an estimate, how-
ever, Culp and Culp indicate a reduction of 55 percent COD is typical
for a secondary effluent and can be obtained in about 15 minutes con-
tact time (24). Further reduction in effluent COD will require greater
contact times, but this requires increased capital and carbon costs.
The same effect occurs if the influent COD concentration is doubled;
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thus a balance between pretreatment and required contact time must
be decided. Table C-l presents the effects of pretreatment on required
carbon dosage.

Costs for activated carbon treatment are also dependent on the
influent wastewater. The South Tahoe plant uses activated carbon
to treat a wastewater that has received pretreatment as described in
the last column of Table C-l. With this level of pretreatment, the
total costs for March, 1968 through February 1969 for a 7.5 MGD
plant were 3.61¢/K gal. This cost level can be considered as the
minimum and requires a high level of pretreatment. Smith (74) reported
a cost of approximately 8.8¢/K gal adjusted to June 1967 for a 7.5 MGD
plant. Costs based on EPA 150 index (January 1971) now show a cost
of approximately 14¢/K gal (2).

It is apparent that the authors based their costs on different
influent wastewater quality. Effluent from a stabilization pond will
require additional treatment prior to carbon adsorption, and the level
of this treatment must be balanced with the carbon processes.
Ultimately, the costs for activated carbon are dependent on this pre-

TABLE C-1

THE EFFECTS OF PRETREATMENT ON CARBON DOSAGE AND CARBON
COLUMN EFFLUENT QUALITY. (After Culp and Culp)

Secondary, Chemically
Plus Plain Flocculated and
Primary Filtration Filtered Secon-
Downflow series Downflow dary Effluent
Pretreatment 2 beds 4 beds 4 series beds Upflow Counter-
Carbon contact 15 min 30 min 20 min current- 17 min
Carbon dosage lb/mg 1,200 800 500 250
SS, mg/1 10 5 ¢1 <1
BOD, mg/1 20 10 <1 <1
COD, mg/1 65 45 12 12
TOC, mg/1 20 10 3 3
Color, units - - 4 4
Turbidity, JU - - 1.5 0.5




65

treatment which can most accurately be evaluated at this time only
on the basis of further research.

An important phase of the activated carbon process is carbon
regeneration. This requires drving and baking of the absorbates
between 212 and 1500°F followed by reactivation of the carbon at
temperatures above 1500°F, Fossil fuel plants could provide this
regeneration at slightly reduced costs, but this is not significant in
overall costs. Tor the South Tahoe plant, fuel was approximately
6 percent of the regeneration costs which were 20 percent of the
total cost (24). Thus, fuel costs for regeneration represent approxi-
mately 1.2 percent of overall costs.

The use of powdered activated carbon adsorption may prove
advantageous if carbon requirementis are low enough to allow one-
time use. Advantages of powdered activated carbon are increased
rates of adsorption, and the possibility of dosing the wastewater in
the same equipment used for chemical flocculation (77). Much research
is being performed at this time on the use and regeneration of powdered
activated carbon. Preliminary results are encouraging and, therefore,
the proposed research plan will include efforts to evaluate its use.

Ozonation

Because the integrated system is intimately associated with a
nearby source of electrical energy, generation of ozone for disinfection
and residual organic destruction may be an attractive alternative to
chlorination and activated carbon treatment of final effluent. Recent
pilot studies undertaken by Air Reduction Company for The Environmental
Protection Agency indicate that treatment of secondary effluents by
ozonation is a viable alternative to activated carbon adsorption (78).
Sixty percent COD reduction (35 mg/1 to 15 mg/1) was achieved at an
ozone dosage of 50 mg/l1. Cost comparisons between ozonation and
activated carbon adsorption indicated that for a 10 MGD plant and 80
percent ozone utilization efficiency, operating costs were estimated
at 7.7¢/1000 gal. More than half of the operating cost is due to
electric energy reqguirements. TFor comparison, activated carbon ad-~
sorption operating cost was quoted as being 8.3¢/1000 gal.

Other benefits acrue from ozonation as compared to activated
carbon adsorption. In order of importance, they are: disinfection,
aeration to increase dissolved oxygen, no odor as during anaerobic
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column operation, and turbidity reduction. Disinfection with ozonation

is particularly important as it cccurs automatically and without addition-
al cost. Also, it appears that chlorination of wastewater effluents may

not be acceptable in the future because of the chlorine-induced toxicity

(79). Studies are underway to compare the toxicity of several disinfec-

tion schemes including ozonation (80).
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REMOVAL OF ALGAE FhOM WASTE STABILIZATION

POND EFFLUENTS — A STATE OF THE ART
by V. Kothandaraman and Ralph L. Evans

Introduction

Treatment of municipal, industrial, and agricultural wastes employing stabilization
ponds or lagoons has found increasing application within the past 20 or 30 years. Where
land values are not excessive, the low cost of construction and operation and the demand
for less technical competence in their operation compared with more sophisticated treat-
ment facilities make lagooning, in one form or the other, the method of choice for the
stabilization of many different types of waste materials.

Regardless of whether the lagoon is an oxidation pond, an amaerobie cell followed by
an aerobic polishing pond, or a facultative lagoon, the effluent from each facility is likely
to contain a significant concentration of algae. In some areas, notably the state of Michi-
gan, the complete retention of wastewater in oxidation ponds is required except for a few
occasional discharges during periods of high water in the receiving streams.! Where the
total inflow into lagoons exceeds the evaporation losses, there is bound to be effluent dis-
charges unless adequate capacities are provided. The planktonic algae discharged from
lagoons have the potential for oxygen production in the receiving stream, but they also
represent a significant load of energy-rich organic matter to the receiving stream.

With the adoption of wastewater effluent standards by water pollution abatement
agencies, particularly with respect to suspended solids and biochemical oxygen demand,
it becomes imperative either to design the oxidation pond facilities on a total wastewarter
retention basis or to provide means for separating the algae from pond effluents and dis-
posing of the harvested residue.

This report summarizes the investigations of other research workers concerning meth-
ods of harvesting algae and disposing of that harvest, and should be helpful to consulting
engineers and stream pollution abatement agencies. It was prepared by the Water Quality
Section of the Illinois State Water Survey under the general supervision of Dr. William C.
Ackermann, Survey Chief. Since several of the separation techniques employed in these
investigations are physiochemical processes, a brief introduction to the algal cell wall
characteristics is presented before discussing the algal removal methods.

CELL WALL CHARACTERISTICS

Ives? first demonstrated experimentally that algal cells
carry a negative electric charge and developed expressions
for charge density variations. The charge density was
found to be a function of the viscosity and dielectric con-
stant of the disperse medium, temperature of the medium,
and the concentration and valency of the ionic species in
the medium. A suspension of Chlorella in distilled water
exhibited marked pH dependence of charge densities, as
shown in figure 1. The charge density was lowest at a pH
of around 7. However, the algae remained electro-nega-
tive at all pH values investigated.

Ives? postulated that the mechanism of algal removal
by chemical coagulants was charge neutralization of the
negatively charged algae by the positively charged metal

and hydroxy metal ions and subsequent agglomeration and
sedimentation. Other previously held theories like mechan-
ical enmeshment, adsorption, and the protogel theory de-
veloped by Hay were considered by Ives as secondary in im-
portance for the precipitation of algae.

Golueke and Oswald® conducted a series of experiments
to investigate the relation of hydrogen jon concentrations
to algal flocculation. The relationship between pH levels
and the tendency of the algae to flocculate measured by
the increase in clarity of the supernatant is shown in fig-
ure 2. A pH value of about 3 seems to be a critical point
since flocculation was most extensive in this region. The
flocculation cells were found ro form compact clumps in a
fashion indicating direct surface attraction. They postu-
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lated that the free H* not only served to satisfy the surface
charge of the algal cells but also acted as 2 bonding agent.
The greater the density of surface charge, the more pro-
nounced was bonding. An indication that the H* is bound
by algal cells was inferred from the fact that an increase in
ion concentration was required for maximum precipitation
when the algal concentration was increased.

Although harvesting of algae by passage through ion-
ical, 34
exchange column studies reveal much about their surface
properties.  Golucke and Oswald® found that pond algal
culture when passed through strong and weak anion ex-

exchange columns is uneconom resules of ion-

change resin columns resulted in no algal removal. How-
ever thev found that algae could be removed by passing an
algal suspension through a column either of a strong or
weak cation exchange resin. The mechanism of removal
apparently involved flocculation that resulted from a
change in surface charge of the algal cells brought about by
the charge of the resin.

This was demonstrated by the failure of the exchange
columns to remove algae after their exchange capaciry had
been exhausted and their renewed ability following regen-
eration. The changed characreristics imparted to the algal
cells persisted even after the algae had been removed from
the columns by backwash. Algae in the backwash water
promptly coagulated and settdled. As the columns lost their
ion-exchange capacity, the algae also lost their rendency to
coagulate. The jon-exchange columns were effective, as far
as algal removal was concerned, only when they were regen-
erated with H*. Use of Na* or of any cations other than’
H* interfered with the algal removal capacity of the
columns.  Operating characteristics such as throughput
rates, regenecration of columns, column lengths, methods
of improving the regeneration efficiency, etc., are discussed
in detail by Golueke and Oswald.?

It appears that the mechanism by which the cells were
agglomerated in the presence of free H* involves a combi-
nation of electrostatic forces and physical changes in the
membrane of the cell. It is a physiological axiom that the
pH of the medium in which algae are suspended exerts a
strong influence on the permeability of the algal cell walls
and may change the nature of the walls and aitect the sur-
face physiochemical make up of the walls.



ALGAL SEPARATION

Methods and cost of algae removal assume great impor-
tance when planktonic algae must be removed from the
effluent of a conventional stabilization pond before dis-
charge into a receiving body of water. The mode of final
disposal of the harvested algae in turn dictates the methods
of algal removal from pond effluents and further pro-
cessing. Algae intended for animal or human consumption
must be processed so that they can be stored for long
periods of time without deterioration. When the algae are
harvested for their food values, a careful choice of chemi-
cals must be made so that the chemicals do not have any
toxic or other deleterious effects when ingested. Gradation
in actual and in permissible costs of harvest will range from
the lowest for the mere removal of algae, to higher for pro-
cessing of the algae as a livestock feed, and to the highest
for processing algae that are to be used as human food.

Technical and economic problems in algal harvest are
largely due to the size, specific gravity, and morphology of
the algal cells, their limited concentration and low market
value. A combination of small size (5 to 15 microns) and
low specific gravity results in a settling rate that is too slow
to permit the use of settling as a routine procedure for har-
vesting algal cells. The small size of algal cells also neces-
sitates the use of screens or filters having a pore size within
the micropore range. The limited concentrations, 200 to
about 4000 mg/l in oxidation ponds, involve handling of
large volumes of liquid in order to recover a comparatively
small amount of product.

Harvesting of algac generally involves three steps.’:S
The first step, concentration or removal, increases the solids
concentration from about 0.02 to 0.40 percent by weight
to about 1 to 4 percent. The second step is dewatering
which then brings the solids to 8 to 20 percent. Finally in
the third step, the algal mass is dried to 85 to 92 percent
solids by weight.

Relatively little work has been done on algal separation,
especially at pilot scale levels. Oswald and Golueke3® pre-
sent a comprehensive review of the results of several years
of work on the problems of separating algae grown on sec-
ondary sewage effluent. Also recently, the California De-
partment of Water Resources® reported on the feasibility
of nitrate removal from agricultural drainage by an algal
system including harvesting of algae, based on pilot scale
studies. In general, their results indicate that algae could be
most economically concentrated by coagulation, floccula-
tion, and sedimentation. Dewatering was accomplished by
centrifugation, with final drying in the open. An alterna-
tive to separate dewatering and drying steps was to spread
the concentrated slurry on sand beds, which brought about
the desired solids concentration without the intermediate

step of dewatering. North American Aviation, as indicated
in the California Department of Water Resources report,’
found sand bed dewatering and drying feasible in the har-
vesting of sewage grown algae. In their studies also, the
algae were concentrated by sedimentation after coagulation
and flocculation and then spread on sand beds.

Chemical Precipitation

Several investigators have reported on the efficacy of
using chemicals, both mineral and organic, for coagulating
and precipitating algae from suspension based on laboratory
Lin, Evans, and Beuscher?
found that an overall algal reduction in excess of 85 percent

scale investigations.®%:7:8.9

in Illinois River water could be achieved using aluminum
sulfate at a concentration of about 30 mg/l. Tenny etal.,®
using mixed cultures of algae obtained from laboratory
reactors and organic flocculants, found that algal floccula-
tion occurred only with the addition of cationic polyelec-
trolytes and not with the addition of anionic and nonionic
polymers. They postulated that a bridging phenomenon be-
tween discrete algal cells and the linearly extended cationic
polymer chains, forming a three dimensional matrix that is
capable of subsiding under quiescent conditions, was the
possible mechanism involved. A concentration of the cat-
ionic polymer (C-31 of Dow Chemical Co.) in the range of
2 to 3 mg/l at a pH range of 2 to 4 was most effective.

Oswald and Golueke? and McGarry® found that anionic
and nomnionic polymers were ineffective in causing coagula-
tion and precipitation of algae. However, the California De-
partment of Water Resources found, on the basis ot labora-
tory scale studies, that a few anionic polymers were experi-
mentally beneficial and economically feasible aids in coag-
ulation. These anionic polymers were not used in pilot
scale evaluation.

Golueke and Oswald® reported that cationic polyelectro-
lytes, in the concentration range of 2.5 to 3.0 mg/, resulted
in an algal removal of about 80 to 90 percent. Complete re-
moval of algae was achieved at a concentration of about 10
mg/l. The efficiency of algal removal by the cationic poly-
electrolytes investigated were not affected in the pH range
of 6.0 to 10.0.

The California Department of Water Resources’ report-
ed that out of 60 polyelectrolytes tested, 17 compounds
were found to be effective coagulants and their costs were
economically competitive when compared with mineral co-
agulants alone. Generally less than 10 mg/l of the polyelec-
trolytes was required for effective coagulation. A signifi-
cant feature of this report is that a daily addition of 1 mg/l
of ferric chloride ro the algal growth pond resulted in signif-
icant reductions in the required dosages of both organic
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and inorganic coagulants. After commencing the addition
of ferric salt to the algal growth pond, 90 percent of the
algae could be removed with 6.5 mg/l of Cat-Floc (cationic
polyelectrolyte, Calgon Corp.). The cost of treating 1 mil-
lion gallons of algal pond effluent at this concentration of
Cat-Floc was esumated to be about $2.00. Results of the
reduction in mineral coagulant dosages due to the addition
of ferric salt to the growth pond were presented also.

McGarry® has reported results of factorially designed ex-
periments to optimize the process of chemical coagulation
in harvesting algae obrained from a pilot high rate pond.
Tests were performed to identify the economically feasible
polyelectrolvtes used as primary coagulants alone, or in
combination with alum, and to investigate the independent
variables which affected the flocculation process. Among
the conclusions of the author, the significant ones are: 1)
alum was effective for separation of algae from high rate
oxidation pond waters and 2) the overall minimum cost per
unit of algal vield was obtained with alum alone in the dos-
age range of 75 to 100 mg/l of alum. The polyelectrolytes
used in the study did not reduce the overall costs of algal
separation.

Speedy, Fisher, and McDonald!® investigated the effec-
tiveness of various prototype unit processes in a water treat-
ment plant in removing algae from the raw water supply.
They came to the conclusion that the use of alum as a coag:
ulant is moderately effective in algal removal. However, use
of lime as a coagulant appeared to be much more efficient.
They found that different steps of treatment removed dif-
ferent kinds of algae at different rates.

Van Vuuren and Van Duuren?! reported on the results
of removal of algae from the Pretoria (South Africa) waste-
water maturation pond effluent. They found that chemical
coagulation with either alum or excess lime applied to al-
gac-laden pond effluent yielded an acceprably clear and col-
orless water. They found also that all the polyelectrolyte
coagulant aids at varying concentrations, tested in conjune-
tion with lime or alum, failed to give improved results. The
authors chose high concentrations for the primary coagu-
fants, namely 110 mg/l of alum and 220 mg/ of lime,
which probably masked the effectiveness of the several co-
agulant aids tested.

The California Department of Water Resources® evalu-
ated the use of lime, alum, and ferric sulfate as primary co-
agulants during their laboratory and pilot scale studies for
harvesting algae. Their experience shows that the concen-
tration required of each of these chemicals to remove the
desired amount of algae varied according to the operating
conditions of the growth units and was relatively indepen-

dent of the initial algal concentration.
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The concentration of lime needed for 98 percent remov-
al of algae varied from 20 to 200 mg/l. Another benelit as
a result of the use of lime as a coagulant was the almost
complete removal of phosphorous. However, the pH of the
lime treated effluent may have to be brought back to ac-
ceptable levels before final discharge to the receiving waters.
Alum concentrations of about 50 to 200 mg/l were requir-
ed to bring about 90 percent algal removal. The require-
ment of ferric sulfate was found to be about 140 mg/.

The dramatic effect of the daily addition of 1 mg/t of
ferric chloride to the growth pond on required dosages of
all three chemicals is Mustrated in figure 3. Without any
additional chemical, the removal level was increased from
40 to 70 percent, presumably as a result of coagulation by
the ferric chloride added for growth. The effective level of
Fea (804); dosage was reduced from 140 to § mg/d. The
concentrations of both lime and alum were also reduced,
with alum being effective at about 20 mg/l and lime at 46
mg/l. However, 3 steady build up of iron in the supernat-
ant, due to the addition of ferric chloride to the growth
pond, was noticed. Shown in table 1 are cost estimates of
removing 90 percent of the algae from 1 million gallons of
pond effluent.’ Figures in the rable show that the cost of
these chemicals for separation of algae may be reasonable
and that ferric sulfare is the cheapest of the primary floccu-
lants tested.
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Table 1. Estimated Cost of Lime, Alum, and
Ferric Sulfate to Remove 80 Percent
Total Suspended Solids

(Dollars/midllion gallons)

Volatile
solids Ferric
Date (sng/1) Alum Lime sulfate
11/19/6% 250 11.30 16.80 14.40
12/03/69 200 12.30 14.60
12/711/69 100 14.00 20.00 25.00
1/09/70 175 13.30 20.80 23.80
1716770 71 11.90 15.90 22.30
1/23/70 91 12.70 8.20 24.40
2/11/70*% 114 3.50 11.00
2/18/70 210 13.00 5.40 1.50
2/25/70 417 2.35 1.30 0.25
3/117790 265 3.46 3.28 0.40
3/18/70 229 3.50 3.23 0.62

*Commenced { mg/l daily addition of Fe*** to pond on 1/26/70

In their pilot studies, the settling chamber consisted of a
module of settling tubes inclined at an angle of 7%° up-
ward in the direction of flow. This was a part of the self-
contained water treatment plant called the “Water Bov”
manufactured by Neptune Microfloc, Corvallis, Oregon. The
sturry taken directly from the tubes contained from 1.1 to
1.6 percent solids. Overnight settling of the slurry increased
the percent solids to 4 to 6 percent. However, tests of set-
tling as a function of time indicated that 80 percent of the
sertling occurred in the first 6 to 8 hours.

Golueke and Oswald3 reported on the efficacy of algal
removal using aluminum sulfate based on laboratory, pilot,
and field scale studies. Laboratory studies were concerned
with determining the relation between dosage and pH level,
the effect of floc aids, of stirring and settling times, the a-
mount of aluminum in the precipitated product, and ways
of removing aluminum from the harvested product and of
determining the quality of the supernatant. Best removal
of algae was obtained when the pH of the suspension was
6.5. Removal became increasingly poorer as the pH was
raised above 7.0. A mixing time of 3 minutes was found to
be adequate at a blade tip velocity of 12 inches per second.
A settling time of about 15 minutes was sufficient.

The greatest yield of algae per milligram of alum was ob-
tained at a dosage of 70 mg/l. However, highest clarity of
the supernatant was obtained in the dosage range of 90 o
100 mg/l. In their experiments in which flocculant aids
were added in addition to the alum coagulant, no improve-
ment with respect to settling characteristics of the floc par-
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ticles, clarity of supernatant, or amount of required dosage
was noted over that obtained with alum slone.

In the pilot and field scale studies, similar results were
obtained. The sediment concentration in the flocculation-
sedimentation unit with a detention time of 2 te 3 hours
averaged 1.5 percent by wet weight,

The authors found that most of the algae could be re-
moved by raising the pH to 10.6 or above with lime. Very
lictle algal precipitation occurred at pt levels from 9.5 o
10.5. Their results showed that the use of ferrous sulfate as
an additive brought about g distinct improvement in precip-
itation, the extent of which was in direct proportion to
FeSQ4 dosage until a critical point of 40 mg/l was reached.
Above this concentration further gain in clarity was not
accomplished. The required dosage of Ca{OH); was reduc-
ed correspondingly. A combined dosage of 40 mg/l Fe5Q,
and 120 mg/l Ca(OH), resulted in a supernarant clarity
having 86 percent light transmission; whereas at 200 mg/l
Ca{OH), and no FeS04, it was only 78 percent.

The advantage in reduction of cost of chemicals that
could result from the use of an iron salt in conjuncrion
with a primary coagulant has to be weighed by the disad-
vantages resulting from the production of an algal slurry
and a supernatant containing iron. Iron in the floc would
constitute an undesirable element in algal product used as
a feedstuff for livestock, and its excess in the supernatant
would make the latter undesirable for discharge into receiv-
ing waters.

Centrifugation

Oswald and Golueke® experimented with centrifuges
to determine the effect of feed throughput rates, cell con-
centration, rotational velocity, underflow discharge rates,
power requirements, etc.

Removal of algae from the influent algal culture (con-
centration 200 mg/l) ranged from 84 percent at a through-
put rate of 100 gpm to abourt 64 percent at 385 gpm at ro-
tational velocities of 3600 ro 3300 rpm. The details of the
effect of throughput rate, the disc angle and the rotational
speed of bowl on power requirements are given in the ref-
erence, The authors estimated that the minimum power re-
quirement for concentrating algal culture at 2 concenration
of 200 mg/l to be abour 2.7X107 kwh per ton (dry weight)
of algae. The power requirements could be halved by doub-
ling the tnitial algal concentration.

The California Department of Water Resources’ report-
ed the results of the evaluation of the De Laval self-cleaning
centrifuge both as a primary concentration and as a dewa-
tering device. Used as a primary concenirator, the unit re-
moved up ro 95 percent of the influent algae (concentra-



tion 800 mg/l). The flow through the unit was 6 gpm and
the effluent slurry contained about 10 to 12 percent solids.
A problem in plugging was encountered because of incom-
plete discharge of material in the bowl. This problem was
solved by an operational procedure called ““double shoot.”
After the change in the operational procedure, 2 product
with 17 percent solids was obtained, but the percent ye-
moval dropped to about 80. The self-cleaning centrifuge,
used as a dewatering device, was tested with an influent
containing 20,000 to 30,000 mg/l solids. Ata flowrate of
2.75 gpm, the slurry contained about 10 percent solids. At
that loading, the centrifuge removed more than 98 percent
of the influent suspended solids.

Although centrifugation offers the advantage of simplic-
ity and continuity of operation and the production of ma-
terial high in quality and devoid of additive reagents, it has
the obvious economical disadvantages of high initial cost,
and relatively high demand of electrical power. '

Flotation

Golueke and Oswald? reported on laboratory scale flota-
tion experiments.  Of 18 different flotation reagents tried
in their experiments, appreciable concentration of algae was
obtained only with two reagents. Even with those two, the
extent of removal was too small to be practical. However,
Levin et al.'? reported a flotation method in which the ceil
concentration of the harvest is a function of pH, feed con-
centration, age of the culture, and height of foam in the
processing column. A pH level of about 3.0 was found to
give best results. Levin et al.'? used synthetic medium to
raise 6 different algal species in their laboratory scale batch-
type harvesting studies. Without any chemical additives,
thev were able to concentrate algae in the foam to the ex-
tent of 5 to 8 percent of solids content.

A major disadvantage of this method is the need to re-
duce the pH of the pond liquid to the required low level
and subsequent readjustment to an acceptable level before
discharge to receiving waters.

Microstraining

Though successful application of microstrainers in the
removal of algae from raw water supplies has been report-
ed,!31% their use with pond effluents appears to be very
much limited. Golucke and Oswald? carried out pilot scale
experiments to evaluate the use of microstrainers in algae
removal. Flow rates varied from 50 to 100 gpm and the mi-
crostrainer was rotated at 10, 20, and 30 rpm. Only very
small amounts of algae were removed even with the addi-
tion of filter aids, a decrease of flow rates, and slowing of
the rotational speed of the filter.
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The California Department of Water Resources® reported
that screens of pore sizes 25 and 35 microns were ineffec-
tive in algal removal. Removals up to 30 percent were oh-
tained, but most of this was due to algal settling in the in-
fluent and effluent chambers.

Upfiow Clarifiers

Upflow clarifier with detention times of about 1 hour

was found to be effective in concentrating zlgaec |
effluents.® With an sddition of 10¢ io 200 mg/

g/l of sodium

“hydroxide, the upflow clarifier was found to remove as

much as 95 to 100 percent of suspended solids and produc-
ed 3 slurry containing 2 to 10 percent solids.

Although the unit did an effective job of removing the
algae, many operational problems arose which prevented
long run times. The most serious of the problems was caus-
ed by the consolidation of the algal mat, which caused in-
creased hydraulic pressure resulting in sloughing of the al-
gal floc. When this occurred, normal operation of the unit
did not resume until the mat built up sgain. Also, the pH
of the effluent from the clarifier should be readjusred to an
acceptable level before final disposal.

Fiitration

Borchardt and O'Melial® carried out laboratory scale
studies on the removal of uni-algal cells by sand filtration.
The effects of variables such as algal concentration in the in-
flow, sand size, sand depth, flow rate, etc. on head loss and
the efficiency of algal removal were reported. The removal
efficiency was found to decrease with time and the algal
cells were found to penetrate through the sand bed even jn
the early stages of each of their filtration experiments.

Foess and Borchardt,'® in laboratory scale studies, re-
ported that the attachment mechanism for discrete algae in
sand filtration involved a surface interaction between the
particle and the sand grain which can be chemically con-
trolled. Stock cultures of Chlorella or Scenedesmus in re-
quired concentrations were used in their studies. Solution
pH was determined to be an effective parameter for conr
trolling the filtration process. When the pH was lowered,
making interaction energies between diffuse layers of the
sand and algal particles more favorable for adearptiva of the
two particles, removals significantly increased.

Golueke and Oswald® reporred on the laboratory scale
experiments on filtration with the use of a Buchner funnel
and a 3-cm diameter filter leaf. Diatomaceous earth, corn
meal, corn starch, and calcined rice hulls were used as filcer
aids. Effectiveness of paper, fine mesh metal, nylen, cot-
ton, and woolen screens of a wide variety of porosities, as
well as teflon cloth (14-20 micron pore size), was evalu-




ated. 1In the absence of filter aids, algae were able to pass
through all filter media wied. Complete removal of cells
was obtained when diatomaceous earth, corn starch, and
calcined rice hulls were used as filtering aids.

Concentration of algae by gravity filtration does not ap-
pear to be pronusing because of clogging of the filter media
with the concomitant increase in head loss and decrease in
throughput rates. Frequency of backwashing has to be in-
creased to maintain a desirable filtration rate. No pilot
scale or field scale operation of algal removal by filtration
has been attempted yet.,

Miscellaneous Methods

Golueke and Oswald® reported the phenomenon of nat-
ural flocculation and precipitation of oxidation pond algal
cells under certain conditions. They termed this phenom-
enon as autoflocculation. The required conditions were an
actively photosynthesizing algal mass in a shallow pond,
sunlight, and a relatively warm day. Separation of algae by
autoflocculation alone would necessitate a large surface area

DEWATERING METHODS

Algal concentration resulting from the first step of algae
separation from the pond cffluent varies from 1 to 4 per-
cent by weight. For economical handling of the algae for
final disposal, it is necessary to dewater so thar the solids
concentration could be increased to at least 10 to 20 per-
cent by weight.  Pilot scale studies of vacuum filtration,
centrifugation, and gravity filtration were reported as de-
watering steps by Golueke and Oswald? and the California

Department of Water Resources.®

Vacuum Filtration

Attempts to dewater an algal slurry with a vacuum fil-
ter were found to be unsuccessful by Golueke and Oswald?®
hecause of the inability to form a cake of sufficient thick-
ness to permit its removal. The California Department of
Water Resources® experimented with a continuous belt vac-
uum filter. It was found that at a belt speed of 2.9 ft/min
and with a vacuum of 15 to 20 inches of mercury, the unit
could produce sludge containing 18 to 25 percent solids
and remove 90 to 95 percent of the influent suspensions.
Average concentration of solids in the effluent was about
300 mg/l which necessitated recycling of the effluent from
the unit.

Centrifugation

Golueke and Oswald3® reported on the results of de-
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for the pend. The authors advocate the substitution of
chemical separation on days when weather conditions are
not conducive for autoflocculation.

The same authors examined the possibility of aigal sepa-
ration by sonic vibration and by the passage of the pond ef-
fluent through a charged field. When algae were exposed to
ultrasonic waves of 15,000 cycles and up, they were dis-
persed effectively atall of the frequencies tried. Algal sepa-
ration by passage through an electric field was also tried.
Excellent separation of algae occurred when aluminum or
copper electrodes were used because of the formation of
copper or aluminum hydroxide due to the release of Cut*
or AL3* from the electrodes. No separation took place
when two carbon electrodes were used. Copper, carbon,
and aluminum electrodes were used either as pairs of only
one of the materials, or as pairs composed of two different
materials. Distance between the electrodes varied from 1/8
to 1/2 inch. Tested flow rates ranged from .05 to 1.2
gpm/cu ft of electrolyte cell volume, Current was varied
from 0 to 900 milliampers. Applicability of this method on
a large scale was not investigated.

watering algal slurry using four different centrifuges, name-
ly, the Byrd solid bowl, the Tolhurst solid bowl, the De
Laval, and the MercoBowl (Dorr-Oliver) centrifuges. Ex-
cept for the Byrd cenrrifuge, excellent results were cbrain-
ed. At a feed rate of 2 to 4 gpm with an initial solids con-
centration of about 1100 mg/l, the centrifuged slurry was
found to have a solids concentration of about 12 percent.
The percent removal was about 78 percent. The experience
of the California Department of Water Resources in dewa-
tering by centrifuges has been mentioned earlier.

Gravity Filtration

Conventional types of filter media such as those used in
sludge dewatering, namely, nylon, wool felr, canvas, paper,
and paper backed with sponge, were tried by Golueke and
Oswald.® All media proved to be capable of retaining the
algae and suspended solids contained in the algal clurry.
Nylon filters were easy to clean and proved durable. Wool
felt was an effective medium but the felt fibers became en-
tangled in the algal cake. Consequently, it was not found
suitable as a filter medium. All the industrial filter papers
proved satisfactory.

Inpilot scale studies by Golueke and Oswald,? algal slurry
was dewatered on sand beds framed with boards and cover-
ed with an industrial grade filter paper. In these studies it
was shown that at an initial slurry depth of 2 inches, the



agal slurry could be dewatered and air dried on the paper
to a 12 to 15 percent moisture content within 24 to 30
hours. The paper could be used repeatedly.

The process of dewatering algal slurry on sand beds by
drainage and allowing it to dry by evaporation was found to
be the cheapest means of dewatering and drying algal slur-
rics. In pilot plant studies the sand used had particle
sizes such that all of it passed through a 50-mesh screen
and all but 11 percent was retained on a 140-mesh screen.
A slurry was applied to the bed at a2 depth of 4.5 to §

inches. Spoilage was found to occur when the applied

DISPOSAL OF HARVESTED ALGAE

Harvested algae must be disposed of ultimately in a man-
ner which does not create nuisance conditions or heaith
hazards. The California Department of Water Resources
considered the following alternatives for the final disposal
of harvested algae.

Animal Food Supplement

Recently, there has been interest in the possible uses of
unicellular algae as a protein source, especially for livestock
fecding.  As reported by the California Department of Wa-
ter Resources,® the North American Aviation Company,
Hintz et al., Leveille et al., Foree and McCarty, and others
have experimented with sewage grown algae as livestock
feed.  Their investigations indicate that algae can be used
as a substitute for such protein supplements as soybean,
cottonseed, or fish meal especially in pouliry feeding. A

SUMMARY

With exacting requirements for treated waste effluents,
particularly with regard to the suspended solids, the prob-
lem of algal removal from oxidation ponds and lagoons has
become increasingly important.

Uni-algal cells have been found to carry a negative charge
in the pH range of 2 to 11. They possess high charge den-
sities at pH of 2 and 11, and a very low negative charge den-
sity at a pH of around 7. The chemical precipitation of al-
gae has been postulated to be due to charge neutralization,
agglomoration, and sedimentation. Even in sand filtration,
surface interaction between algae and sand particles was
found to be more significant than physical straining.

The handling of algae, in the removal process, consists
essentially of three steps, namely, concentration, dewater-
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depth was greater than § inches. Afier 24 1o 48 hours the
dewatered material had a solids content of 7 to 10 percent.
Five to seven days of drying were required 1o bring the
moisture content down to 15 1o 20 percent. When dried,
the algae formed chips. Most of the sand adhering to the
dried algal chips could be removed by sieving the flakes
over a 1/16-inch mesh screen. Firmly attached sand con-
stituted from 2 to 3 percent of the dry weight of algal
chips.  Golueke and Oswald® estimated that about 6400
square feet of drying bed per acre of pond {algal concentra-
tiont 200 mg/l) would be required. Also, a loss of about 15
percent of the sand per year should be expected,

lucrative and sustained market for algae as a food supple-
ment is yet to develop in this country.

Soil Conditioner
The California Department of Water Resources is of the

opinion that, becaunse algal products have a higher nizrogen
content than dried activated sludge, they may find a vecep-
tive market as a soil conditioner, particularly for lawn, golf
greens, eic. Presence of various salis in the algal product
combined with its slow rate of decomposition, make algae 2
desirable lawn conditioner.

Gas Production
Suggestions have been made that an algal product can be

converted to usable energy through methane fermentation
with subsequent use of the methane gas to provide heat
and/or electric power.

ing, and drying. 1In the first step, concentration of algae in
the pond effluent varying from 200 mg/l to 4000 mg/l is in-
creased to 1 to 4 percent by weight. In the dewatering step,
the concentration of algae is increased to 8 to 20 percent;
and in the final step it is increased to 85 to 90 perceni,

Chemical coagulants, primarily cationic polymers, lime,
alum, and ferric salts are effective in bringing about the
coagulation and sedimentation of algal cells, Addition of
small quantities of ferric salts either ro the algal growth
ponds or in the coagulation step, along with the primary
coagulants like lime, alum, and cationic polymers, greatly
enhanced the removal efficiency at much lower dosage rates.
of the primary coagulants compared with results for the pri-

mary coagulants alone.



Dewatering and drying of the algal slurry obtained from
the concentration step could be most economically carried
out by sand bed application. Vacuum filtration has been
found to be only partially successful. High initial cost and
recurring power costs render centrifugation only marginally
attractive,
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APPENDIX E

COSTS OF POTENTIAL SYSTEMS

Tables E~1 through E-5 summarize the capital and total
amortized costs used for economic evaluation in this study. The
cost estimating procedures and the process system cost elements
are delineated in Tables E-6 and E~7, respectively. Figures E-1
through E-7 summarize the data compiled by Southwest Research
Institute (2).
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Table E~-1
Raw Wastewater

560 Acre Pond

Total Amortized Costs

Flow, MGD ¢/K gal of Annual Cost Capital Cost

Process Through Units Plant Inflow $ x 103 $ x 100
Primary 15 7.9 430 2.8

Pond 15 ~ - -

SS + P Removal* 10 5.3 290 0.8

NHj Stripping 10 3.3 180 1.1
Filtration 10 2.4 130 . 0.7
Activated Carbon 10 8.3 460 2.2
Chlorination 10 0.7 40 0.1

TOTAL 27.9 1,530 7.7

Raw Wastewater
1400 Acre Pond

Primary 45 5.8 950 6.4
Pond 45 - - -

SS + P Removal* 25 3.9 640 1.7
NH3 Stripping 25 2.4 390 2.5
Filtration 25 1.3 220 1.2
Activated Carbon 25 6.0 990 5.0
Chlorination 25 0.6 90 0.2
TOTAL 20,0 3,280 17,0

* Two-stage lime treatment plus chemical costs
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Table E-2

Raw Wastewater
560 Acre Pond

Total Amortized Caosts

Flow, MGD ¢/K gal of Annual Cost  Capital Cost

Process Through Units  Plant Inflow $ % 10° $ x 106
Primary*
(w/lime addition) 15 11.3 620 3.1
NH3 Stripping 15 4.6 250 1.6
Pond 15 - - -
SS + P Removal** 10 5.3 290 0.8
Filtration 10 2.4 130 0.7
Activated Carbon 10 8.3 460 2.2
Chlorination 10 0.7 40 0.1
TOTAL 32.6 1,790 8.5

Raw Wastewater

1400 Acre Pond
Primary *
(w/lime addition) 45 9.1 1,500 7.0
NH, Stripping 45 4.0 660 3.2
Pond 45 - - -
SS + P Removal** 25 3.9 640 1.7
Filtration 25 1.3 220 1.2
Activated Carbon 25 6.0 990 5.0
Chlorination 25 0.6 90 0.2
TOTAL 24.9 4,100 18.3

* Primary treatment plus lime addition equipment and chemical costs.
*% Two-stage lime treatment plus chemical costs.
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Table E-3

Secondary Effluent

560 Acre Pond

Total Amortized Costs

Flow, MGD ¢/K gal of Annual Cost Capital Cost

Process Through Units Plant Influent $ x 103 5 x 10
Pond 15 - -

SS + P Removal* 10 5.3 290 0.8
NH3 Stripping 10 3.3 180 1.1
Filtration 10 2.4 130 0.7
Activated Carbon 10 8.3 460 2.2
Chlorination 10 0.7 40 0.1
TOTAL 20.0 1,100 4.9

Secondary Effluent

1400 Acre Pond

Pond 45 -~ - -

SS + P Removal* 25 3.9 640 1.7
NHj Stripping 25 2.4 390 2.5
Filtration 25 1.3 220 1.2
Activated Carbon 25 6.0 990 5.0
Chlorination 25 0.6 90 0.2
TOTAL 14.2 2,330 10.6

* Two-stage lime treatment plus chemical costs,
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Table E-4
Secondary Effluent
560 Acre Pond

Total Amortized Costs

Flow, MGD ¢ /K gal of Annual Cost  Capital Cost

Process Through Units Plant Inflow $ % 103 $ x 100
Phosphorus

Removal * 15 7.1 390 1.1
NHjStripping 15 4.6 250 1.6
Pond | 15 - - -
SS Removal* 10 5.3 290 0.8
Filtration 10 2.4 130 0.7
Activated Carbon 10 8.3 460 2.2
Chlorination 10 0.7 40 0.1
TOTAL 28.4 1,560 6.5

Secondary Effluent
1400 Acre Pond

Phosphorus

Removal * 45 6.6 1,100 2.8
NH3 Stripping 45 4.0 660 3.2
Pond 45 - - -
SS Removal * 25 3.9 640 1.7
Filtration 25 1.3 220 1.2
Activated Carbon 25 6.0 990 5.0
Chlorination 25 0.6 90 0.2
TOTAL 22.4 3,700 14.1

* Two-~stage lime treatment plus chemical costs.



Table E-5
Municipal Costs
15 and 45 MGD Flows

Total Amortized Costs
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Flow, MGD ¢/K gal of Annual Cost Capital Cost
Process Through Units  Plant Influent $ x 103 $ x 108
Activated Sludge 15 12.0 660 5.5
(includes primary)
P Removal * 15 7.1 390 1.1
NHj Stripping 15 4.6 250 1.6
Filtration 15 3.0 160 0.8
Activated Carbon 15 12.0 660 3.1
Chlorination 15 1.1 60 0.2
TOTAL 39.8 2,180 12.3
* Two-stage lime treatment plus chemical cost
Activated Sludge 45 10.5 1,700 13.0
(includes primary)
P Removal * 45 6.6 1,100 2.8
NHj Stripping 45 4.0 660 3.2
Filtration 45 2.1 340 1.7
Activated Carbon 45 10.0 1,650 8.3
Chlorination 45 0.9 150 0.3
TOTAL 34,1 5,600 29.3
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Table E~6
Cost~Estimating Procedures

(after Southwestern Research Institute, 2)

Capital costs include plant and equipment, land, and indirect
capital costs. Indirect capital costs of 20 percent are included to
cover interest during construction and contingency costs. These are
adjusted to coincide with the EPA Treatment Plant Cost Index of 150,

Operating and maintenance costs include salaries, wages,
electricity, chemicals, and other supplies, plus miscellaneous items,
and are adjusted to the U.S. Department of Labor Average Earnings
for Nonsupervisory Workers in Water, Steam, and Sanitary Systems
Index of 3.50.

Amortization of capital costs is based on a 25-year loan at
6 percent interest, as suggested by the EPA, Pipeline costs are
amortized on a 50~year loan period.

Total unit costs for each process are the sum of the amortized
capital investment and operation and maintenance costs stated on a
unit cost basis of ¢/1000 gal of product water processed.
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Table E-7
Process System Cost Elements

(after Southwestern Research Institute, 2)

Primary Treatment: Costs include screening, comminution,
main-lift pumping, grit removal, and primary clarification of waste
waters. Sources of capital costs are from Smith (74); operating and
maintenance costs are from Michel, Pelmoter and Palange (81).

Activated Sludge Treatment: Costs include primary treatment,
followed by an activated sludge treatment process consisting of
aeration, sedimentation, clarification, and sludge handling (81, 82,
74) .

Lime Treatment Without Chemicals: The costs shown include
lime addition facilities, solids contact clarifiers, and sludge con-
centrating equipment. For purchased lime and FeSOy, 2 .7¢/K gal
should be added to the O & M cost (83).

Ammonia Stripping: The costs associated with this process
are for stripping towers, complete with fans and lift pumps (74,83).

Rapid Filtration Through Sand or Graded Media: Costs shown
are for filtration at a rate of 4 gpm/sq ft with associated backwash
equipment (74,83).

Granular Carbon Adsorption; Costs include carbon adsorption
columns, initial carbon charge, backwash and regeneration, and ash
disposal facilities required for treatment of secondary effluent (74,
83).

Chlorination of Secondary Effluent: Costs are based on 15-
min contact time with the addition of 8 mg/1 (74).




Capitat Costs, millions of doliars

85

EPA = 150
Bis =3.50
10.0 100.0
.,/
pd
4’/4 X
/ﬁy
e
P
V’/
4
\ // §
a2
7\ 2
10 e 7 e . - 10.0 g
\‘ pd ——— 5
—— £
. — ] £
A T
S
N\:;:\
N\
N
0.1 1.0
1.0 10.0 100.0
MGD
Cc = Capital Cost, millions of dollars
A = Debt Service, ¢/1000 gal (6% - 25 vr)
O&Mm = Operating and Maintenance Cost, ¢/kgal
T = Total Treatment Cost, ¢/1000 gal Source: Southwest Research Institute (2)
Figure E~-1

PRIMARY TREATMENT



86

Capital Costs, millions of dolars
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