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Disclaimer

The following report contains references to specific products, vendors, and trade names. MACTEC used
this information to provide examples of equipment that could be used to meet the objectives of the
various alternatives presented. MACTEC is not recommending or endorsing a specific supplier or
vendor.
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EXECUTIVE SUMMARY

MACTEC Engineering and Consulting, Inc. (MACTEC) was contracted by the U.S. Army Corps of
Engineers, (USACE) Savannah District to perform the Identification and Screening Level Evaluation
of Measures to Improve Dissolved Oxygen (DO) in the Savannah River Estuary under Contract
Number: W91278-04-D-0009, Delivery Order: CV01.
The screening level evaluation was completed to address two phases, each with multiple steps (identified
in the Scope of Work [SOW] provided by the USACE) and to identify potential DO improvement
measures that may be suitable for application in the Savannah Harbor Estuary. The Steps for Phase I
were based on potential load allocations as presented in the Draft Total Maximum Daily Load (TMDL)
for Dissolved Oxygen in Savannah Harbor River Basin: Chatham and Effingham Counties,
Georgia (Draft TMDL) (USEPA, 2004). Steps in Phase II were developed to identify DO improvement
measures to mitigate for DO impacts from past and future deepening of Savannah Harbor.

Phase/
Step

Phase and Steps Completed for this Screening Level Evaluation
Description
BOD Offset
Required
(lbs/day)

Supplemental
DO Required
(lbs/day)

Phase I
Step 1

Current BOD loads / Current GA DO standard

290,250

Step 2

Permitted BOD loads / Current GA DO standard

725,500

Step 3

Current BOD loads / Recommended GA DO standard

68,250

Step 4

Permitted BOD loads / Recommended GA DO standard

503,500

Phase II
Step 1

72,818

Step 2

0.2 mg/L DO improvement in the Harbor
0.4 mg/L DO improvement in the Harbor

145,636

Step 3

0.6 mg/L DO improvement in the Harbor

218,455

Step 4

0.8 mg/L DO improvement in the Harbor

291,273
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These criteria were developed using two critical simplifying assumptions from data obtained in the Draft
TMDL.
•
•

1 pound (lb) ultimate biochemical oxygen demand (BOD) discharged equates to 1 lb DO
consumed.
0.1 mg/L supplemental oxygen increase in the harbor equates to 36,409 lbs/day BOD reduction or
supplemental DO.

Results from the preliminary screening of potential technologies show injection of molecular oxygen to
be the most cost-effective means for achieving incremental DO improvements in Savannah Harbor.
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INTRODUCTION

MACTEC Engineering and Consulting, Inc. (MACTEC) was contracted by the U.S. Army Corps of
Engineers, Savannah District (USACE) under Contract Number: W91278-04-D-0009, Purchase Request
Number: W33SJG-4357-9959, Delivery Order: CV01 to conduct the Identification and Screening Level
Evaluation of Measures to Improve Dissolved Oxygen (DO) in the Savannah River Estuary. The
screening level evaluation was completed to address two phases each with multiple steps (identified in the
Scope of Work [SOW] provided by the USACE [Appendix A]) and to identify potential DO improvement
measures that may be suitable for application in the Savannah Harbor Estuary. This report presents the
results of the evaluation.
1.1

BACKGROUND

The Savannah River Basin is located along in the eastern portion of Georgia and southwestern South
Carolina, and has a drainage area of 10,577 square miles. The Savannah River defines the state boundary
between Georgia and South Carolina and ultimately flows into the Atlantic Ocean. The headwaters of the
Savannah River originate in the Blue Ridge Province in Georgia, North Carolina, and South Carolina. The
Savannah River Basin contains parts of the Piedmont and Coastal Plain physiographic provinces of the
southeastern United States (GADNR, 2005).
The harbor is on Georgia’s Section 303(d) list for waters that do not comply with water quality standards
for DO. The Savannah Harbor from Fort Pulaski (River Mile [RM] 0) to Seaboard Coastline Railway
Bridge (RM 27.4) is identified on the State of Georgia’s 2002 Section 303(d) List as impaired for DO.
Figure 1.1 shows the location of the DO impaired stream segment from RM 0 to RM 27.4. Water bodies on
the 303(d) list require a Total Maximum Daily Load (TMDL) evaluation be conducted to estimate the
allowable site-specific loading of the constituent for which the water body is listed.
In August 2004, the U.S. Environmental Protection Agency (USEPA) Region 4 released the Draft Total
Maximum Daily Load (TMDL) for Dissolved Oxygen in Savannah Harbor River Basin: Chatham
and Effingham Counties, Georgia for the harbor (Draft TMDL) (USEPA, 2004). To support the
designated uses in the Harbor and to meet the current Georgia DO standard, the Draft TMDL calls for
elimination of all point source waste loads exerted on the harbor, plus the addition of 90,000 pounds per
day (lbs/day) of oxygen to the harbor system during warmer periods of the summer (mid-July through mid-
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September [critical season]) and during periods of critical low flows in the Savannah River (critical flow)
(critical season and critical flow are referenced herein as critical conditions). The Draft TMDL indicated
that the waste load from point source discharges within the harbor placed a 99,000 lbs/day oxygen
demand on the system, while the load from upriver point source discharges exerts an additional 100,000
lbs/day oxygen demand in the harbor. These combined loads equate to roughly a 0.55 milligram per liter
(mg/L) contribution to the DO deficit in the critical harbor segment. Since the current Georgia DO
standard was disapproved by USEPA, USEPA recommended an alternate DO standard in the Draft
TMDL. Three-dimensional hydrodynamic and water quality modeling (Harbor Model) performed by the
USEPA in support of TMDL activities identified a portion of the listed segment as being the critical
segment (Figure 1.2). Additionally, modeling indicated that during critical conditions and with current
point and non-point source biochemical oxygen demand (BOD) loads (as measured in the 1997 and 1999
data collection efforts) (USEPA, 2004), the recommended DO standards will not be met during critical
conditions in the critical segment. Therefore, the Alternate TMDL (based on the EPA-recommended DO
standard) consisted of a 30 percent reduction in the current point source waste load to the harbor (a
reduction of about 68,250 lbs/day total ultimate BOD [TBODU] allowing a remaining load of 132,000
lbs/day TBODU).
Concurrent to development of the TMDL for the harbor, the USACE is investigating the feasibility of
further expanding and deepening the Harbor. The Savannah Harbor Expansion Project is evaluating
deepening the navigation channel in Savannah Harbor to allow passage of larger ships. The Georgia
Ports Authority examined the economic justification for a deepening project under the authority of
Section 203 of the Water Resources Development Act of 1996 (USACE, 2005). They prepared a
feasibility report that resulted in a conditional Congressional authorization of the project. Although the
economic feasibility of the project was identified, Congress stipulated that (1) the Secretary of the Army,
in consultation with affected Federal State of Georgia, State of South Carolina, regional, and local
entities, reviews and approves an EIS that examines the effects of project depth alternatives ranging from
42 feet through 48 feet, and a selected plan for navigation with an associated mitigation plan; and (2) that
the Secretary of the Interior, the Secretary of Commerce, the Administrator of the USEPA, and the
Secretary of the Army approve the selected plan and determine that the associated mitigation plan
adequately addresses the potential environmental impacts of the project.
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To identify ways to improve DO in the harbor over present conditions, the USACE and the City of
Savannah are jointly conducting the Savannah Harbor Ecosystem Restoration Study. This study is also
considering alternatives to improve DO levels in the harbor.
As components of both the Savannah Harbor Expansion Project and the Savannah Harbor Ecosystem
Restoration Study, this study identifies and conducts a screening level evaluation of potential measures
designed to improve DO in the Savannah River Estuary during critical conditions.
1.1.1

Regulatory History

The State of Georgia assesses waterbodies for compliance with water quality standards established for
their designated uses as required by the Federal Clean Water Act (CWA) and implementing regulations in
the Code of Federal Regulations 40CFR130. Assessed waterbodies are placed into three categories,
supporting, partially supporting, or not supporting their designated uses, depending on water quality
assessment results. These waterbodies are found on Georgia’s 305(b) list as required by that section of
the CWA that defines the assessment process.

Some of the 305(b) partially and not supporting

waterbodies assigned to Georgia’s 303(d) list, also named after that section of the CWA. Waterbodies on
the 303(d) list are required to have a TMDL evaluation for the constituent(s) causing exceedance of the
water quality standard.

The TMDL process establishes the allowable pollutant loadings or other

quantifiable parameters for a waterbody based on the relationship between pollutant sources and instream
water quality conditions. This allows water quality-based controls to be developed to reduce or mitigate
pollution and to restore and maintain water quality.
The Department of Natural Resources (GADNR) Environmental Protection Division (GAEPD) water use
classification for the Savannah Harbor segment of the Savannah River (i.e. from the Seaboard Coast
Railroad Bridge [RM 27.4] to Fort Pulaski [RM 0] is designated as coastal fishing. The Coastal Fishing
DO criteria are minimum instantaneous concentrations applicable throughout the water column as
follows:
•
•
•

No less than 3.0 mg/L in June, July, August, September, and October;
No less than 3.5 mg/L in May and November; and
No less than 4.0 mg/L in the remaining months (USEPA, 2004).

Upon review, USEPA Region 4 disapproved the GAEPD DO criteria for the Savannah Harbor segment
on the basis that the 3 mg/L DO the criterion during the critical summertime conditions, is not adequately
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protective of aquatic life in the upper part of the water column and is overprotective of aquatic life in the
lower parts of the water column. However, until such time that replacement criteria are adopted, the
existing state criteria (even though disapproved by USEPA) remain in effect.
Certain waters of the State, including Savannah Harbor, may have conditions where DO is naturally less
than the numeric criteria specified in the rules and therefore cannot meet these DO criteria unless
naturally occurring loads are reduced or such naturally low DO streams are artificially oxygenated. This
is addressed in Georgia’s Rules and Regulations for Water Quality Control, Chapter 391-3-6- .03(7):
Natural Water Quality.
It is recognized that certain natural waters of the State may have a quality that will not
be within the general or specific requirements contained herein. These circumstances do
not constitute violations of water quality standards. This is especially the case for the
criteria for dissolved oxygen, temperature, pH and fecal coliform. NPDES permits and
Best Management Practices will be the primary mechanisms for ensuring that the
discharges will not create a harmful situation. (GAEPD, 2005)
USEPA DO criteria are used to address these naturally occuring low DO situations. Alternative USEPA
limits are defined as 90 percent of the naturally occurring DO concentration at critical conditions.
Where natural conditions alone create DO concentrations less than 110 percent of the
applicable criteria means or minima or both, the minimum acceptable concentration is
90 percent of the naturally occurring concentration.
Accordingly, if the naturally occurring DO concentration exceeds the Georgia Department of Natural
Resources (GADNR), Environmental Protection Division (GAEPD) numeric limits at critical conditions,
then the GAEPD numeric limits apply. If naturally occurring DO is less than the GAEPD numeric limits,
then the 90 percent of the natural DO will become the minimum allowable. Based on the Draft TMDL
report low natural DO is a limiting factor for Savannah Harbor DO criteria (USEPA, 2004).
1.2

USEPA DRAFT TMDL

In August of 2004, the USEPA released the draft TMDL report (USEPA, 2004) that provided allowable
BOD loads for the Savannah River system. Additionally, the Draft TMDL recommended a new DO
standard for the harbor/estuary that would replace the current Georgia DO standard. The recommended
criteria combines the features of traditional water quality criteria with a new biological framework, one
that integrates exposure to low DO over time rather than averaging DO exposure conditions into one
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single value (USEPA, 2004). The USEPA recommended DO criteria for Savannah Harbor are expressed
as follows:
•
•
•

One-day water column average DO
Seven-day water column average DO
Thirty-day water column average DO

=
=
=

2.3 mg/L
3.0 mg/L
3.55 mg/L

The Virginian Province Saltwater Criteria, which served as the basis for USEPA’s criteria
recommendation for the Savannah Harbor, proposes a 30-day water column average of 4.8 as protective
of aquatic life. Natural conditions water quality modeling of the Savannah Harbor in the Draft TMDL for
DO indicated that the 30-day average DO of the Savannah Harbor under natural conditions in the critical
segment was 3.95 mg/L due to the deepened physical configuration of Savannah Harbor and the high
water temperatures experienced in the water column during the summer (greater than 30 degrees Celsius
[oC] for 30 days or longer).
As noted previously, GAEPD has established a 10 percent reduction below the natural minimum DO
condition as the criteria for naturally low DO waters. Applying this policy to USEPA’s recommendation
for a site-specific criterion for the Harbor, a recommended 30-day water column average for protection of
the aquatic life use is 3.55 mg/L or 90-percent of 3.95 mg/L (instead of the Virginian Province 30-dayaverage criterion of 4.8 mg/L).
USEPA’s Draft TMDL also determined the natural DO conditions of the Harbor expressed as a 1-day
water column average and a 7-day water column average. The 1-day water column “natural condition” is
3.5 mg/L and the 7-day water column “natural condition” is 3.6 mg/L. The Virginian Province criterion
documentation demonstrates that aquatic species are protected at a 1-day water column average of 2.3
mg/L and a 7-day water column average of 3.0 mg/L. USEPA’s recommended DO criteria for the
Savannah Harbor adopted the Virginian Province criteria for the 1 day and 7 day water column averages
(USEPA, 2004).
As part of the Savannah Harbor Expansion Project and a Tier II, Environmental Impact Statement (EIS)
in accordance with the National Environmental Policy Act (NEPA), is currently being developed. As part
of the EIS, the effect of the deep-draft navigation channel on the system’s ability to recover from point
and non-point source waste loads is under investigation. As part of the deepening project activities, a
Section 203 study in conjunction with the Water Resources Development Act (WRDA) examined the
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economic justification for the deepening project (USACE, 2005). With this first phase of the project
completed, the deepening project was determined to be economically feasible and stipulated two
conditions. The first condition required that the Secretary of the Army, in consultation with the affected
Federal, State of Georgia, State of South Carolina, regional, and local entities, review and approve a Tier
II EIS that includes an analysis of the impacts of project depth alternatives ranging from 42 feet through
48 feet; and a selected plan for navigation and an associated mitigation plan as required under federal law
(33 U.S.C. 2283(a)). The second condition stipulated that the Secretary of the Commerce, the
Administrator of the USEPA, and the Secretary of the Army approve the selected plan that adequately
addresses the potential environmental impacts of the project.
1.3

OBJECTIVE

The objective of the Identification and Screening Level Evaluation of Measures to Improve Dissolved
Oxygen (DO) in the Savannah River Estuary is to identify and conduct a screening level evaluation of
potential measures that could improve DO in the Savannah River Estuary. This analysis includes an
assessment of the engineering feasibility and cost effectiveness of potential improvement measures, as
well as an initial identification of potential implementation problems. This effort is directed toward both
the portion of the harbor (critical segment) and the time of year (critical season) that were identified in the
Draft TMDL as having recurring low levels of DO. The analysis will allow the USACE to consider
alternate methods of improving DO from present levels and to identify methods for incremental DO
improvement for both the Savannah Harbor Expansion Project and the Savannah Harbor Ecosystem
Restoration Study.
1.4

METHODOLOGY

This study was conducted in two phases, each with multiple steps. For Phase I, these steps were
developed to address the current and recommended DO standards and the current and potential BOD
loading scenarios presented in the Draft TMDL and included considerations for non-point BOD sources
of DO demands.
•

Phase I, Step 1 considered measures that would potentially allow the harbor to
comply with the present Georgia DO standard and provided potential options for
addressing the excess total ultimate BOD (TBODU) load of 290,250 pounds per day
(lbs/day) from current BODU loads from point sources (99,000 lbs/day from the
Harbor area dischargers and 75 percent of the 135,000 lbs/day [101,250 lbs/day]
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from the upstream river dischargers) and a portion of the load coming from non-point
sources (90,000 lbs/day).
•

Phase I, Step 2 considered measures that would allow the harbor to comply with the
present Georgia DO standard and provided potential options for addressing a total
BODU load of 725,500 lbs/day from the National Pollutant Discharge Elimination
System (NPDES) permitted loads (367,000 lbs/day from the Harbor area dischargers
and 75 percent of the 358,000 lbs/day [268,500 lbs/day] from the upstream river
dischargers) and a portion of the load from non-point sources (90,000 lbs/day).

•

Phase I, Step 3 considered measures to improve DO levels in the harbor to meet the
revised DO standard recommended in the Draft TMDL. This step addressed the
current BODU loads and measures that equated to an approximate 30 percent
reduction in the current BODU loads (68,250 lbs/day) from point source dischargers.

•

Phase I, Step 4 considered measures that would allow the harbor to comply with the
recommended DO standard and considered the effects of the excess NPDES
permitted BODU load of 503,500 lbs per day.

Phase II consisted of assessing potential measures to improve DO levels in the harbor by 0.2 mg/L
increments to a maximum increase of 0.8 mg/L and are related to DO impacts that may be caused by
future deepening of the harbor. Thus, this phase develops four potential design alternatives to improve
DO, the first capable of improving DO levels by 0.2 mg/L, the second improving DO levels by 0.4 mg/L,
the third improving DO levels by 0.6 mg/L, and the fourth improving DO levels by 0.8 mg/L. Phase II
assumed that the DO levels in the harbor meet the recommended DO standard presented in the Draft
TMDL.
Table 1.1 presents a summary of Phase I and II BOD load reductions. For this screening level evaluation,
one pound of TBODU equates to one pound of supplemental DO required, thus equal amounts of oxygen
are applied to fully satisfy the theoretical TBODU loads discharged.

This simplifying assumption

inherently over estimates the amount of supplemental oxygen required. Point source BOD loads and flows
are based on information contained in the Draft TMDL (USEPA, 2004) and the USEPA EnviroFacts
Database (USEPA, 2005). For Phase II, the required incremental DO increase was estimated using a
relationship taken from the Draft TMDL in which 0.55 mg/L of critical DO deficit equates the 200,250
lbs of BOD from all the point source dischargers combined. Using this deficit-load relationship, the
supplemental DO needed for each 0.2 mg/L of DO improvement equates to 72,818 lbs of added oxygen
required. Of course, these simplifying deficit load assumptions are subject to refinement once the final
TMDL water quality model is made available by USEPA for general use.
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ASSESSMENT OF DISSOLVED OXYGEN DEFICIT FROM POINT SOURCE AND
NON-POINT DISCHARGE

ASSESSMENT OF POINT SOURCE DISCHARGERS

According to the Draft TMDL, the NPDES permitted cumulative oxygen-demanding substance load for
facilities authorized to discharge into the Harbor (Harbor Dischargers), expressed as TBODU, is 367,000
lbs/day. Of this authorized 367,000 lbs/day, facilities were cumulatively discharging approximately
99,000 lbs/day of TBODU in the summer of 1999. This 99,000 lbs/day is known as the “existing” load;
the load authorized by point-source NPDES permits (i.e., the 367,000 lbs/day) is known as the
“permitted” load.
Loadings of oxygen-demanding substances from sources upstream of the Harbor (Upstream Dischargers),
below Thurmond Dam, also impact the Harbor DO levels and are taken into account in the Draft TMDL.
The majority of these dischargers are located in the Augusta, Georgia area.

The total loading of

oxygen-demanding substances for the upstream sources authorized by point-source NPDES permit is
358,000 lbs/day TBODU (permitted load). The total loading of existing oxygen-demanding substances
discharged in the summer of 1999 was 135,000 lbs/day (existing load). Approximately 75 percent or
101,250 lbs/day of the oxygen-demanding substances discharged in the Augusta area reach the upstream
portion of the Harbor according to the Draft TMDL (USEPA, 2004).
As part of the assessment of point source dischargers, the dischargers listed in the Draft TMDL from the
Harbor and the Upstream areas were tabulated. Permit loads as presented in the Draft TMDL were
verified using the USEPA Database, EnviroFacts (USEPA, 2005).
According to the Draft TMDL, “Oxygen-demanding loads from City of Savannah municipal storm water,
and heat loads from the three Savannah Electric power facilities were evaluated in the model and shown
to have no measurable impact on the DO levels in the critical areas of concern” (USEPA, 2004).
Notably, the current Draft TMDL does not provide separate explicit allocations for those stormwater
dischargers subject to a general NPDES permit.
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ASSESSMENT OF NON-POINT SOURCE DISCHARGE

The non-NPDES loadings of oxygen-demanding substances are from natural background sources
including detritus transported in the stream, detritus from marsh areas flowing directly into the Harbor,
and tidally-transported detritus from the ocean. The Draft TMDL describes natural background oxygen
demanding substance loads as follows.
•
•
•

Marsh
Upstream
Ocean

150,000 lbs/day
85,000 lbs/day
CBODU = 6 mg/L;
Ammonia = 0.1 mg/L

The Draft TMDL identified the critical segment of the Savannah Harbor system as the segment of the
Harbor with the lowest daily DO average. This segment is an approximate four mile segment of the
Savannah Harbor from RM 9.3 to RM 14.3 (Figure 1.2). This segment is the primary focus of the DO
improvement technologies and is also a segment proposed to be further deepened. In order to identify
screening level evaluation measures for technologies, the river system was divided into an upstream zone
referring to the Augusta area (Upstream Area) and the harbor area referring to the critical segment
(Critical Harbor Area). Next non point discharge was identified as natural background oxygen demanding
substances (marsh, upstream, ocean and stormwater).
2.3

RANKING OF TOP FIVE POINT SOURCE DISCHARGERS

In order to summarize the effect that point source dischargers have in the Savannah Harbor, a list was
compiled

using information from the Draft TMDL Table 1 and Appendix D (of that document),

respectively that included harbor and upstream point source dischargers. For each discharger as available,
the permitted flow, BOD (load or discharge concentration), and ammonia-nitrogen (load or concentration)
capacities were obtained from the Draft TMDL tables and/or the USEPA EnviroFacts Data Warehouse
Water Discharge Permits (PCS) Database. The resulting compilation is presented in Appendix B. The top
five dischargers with the largest permitted loads are presented in Table 2.1. These “top five” dischargers
with the greatest permitted BOD loading were (in order of greatest to least) International Paper –
Savannah Mill (IP Savannah), International Paper – Augusta Mill (IP Augusta), Georgia Pacific,
Weyerhaeuser, and the City of Savannah President Street wastewater treatment plant (WWTP). Though
these dischargers were identified as the top five based on permit conditions, they may not necessarily
cause the “top five” impacts to the DO deficit due to:
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•

Actual BOD loadings may be substantially less than permit limits,

•

Other dischargers with lower permit limits may have a current load that exceeds the current load
of one of the identified “top five” dischargers,

•

Degradation rates of BOD loads vary greatly between types of effluents and were not considered
in this evaluation. However, a discharge with a lower BOD and a relatively rapid BOD decay
rate may cause more impact in the critical segment than a higher BOD discharge with a slower
BOD decay rate, and

•

This analysis assumes that 1-pound of BOD loading from any point source discharge will have an
equal effect on DO deficit in the critical area. This may not be true because the BOD decay rates
differ between discharges and their location with respect to the critical area differs. More detailed
analyses with an accepted three-dimensional hydrodynamic and water quality model of theriver
and harbor should be performed before decisions are made regarding a specific DO improvement.

2.3.1

Next Two Traditional Steps for BOD Reduction - Top Five Dischargers

A request for information from the identified “top five” permitted dischargers was sent on January 31,
2005 requesting information on treatment processes currently being used and potential upgrades under
consideration to potentially meet the allocations proposed in the Draft TMDL (Appendix C).
MACTEC reviewed GAEPD permit files for permit applications, wastewater treatment process diagrams,
and other relevant information. This investigation provided information such as permit limits, wastewater
generation diagrams, and discharge monitoring reports (DMRs). However, specific information on the
design or processes of the wastewater treatment facilities for each discharger was not obtained.
As part of the public comments submitted to USEPA on the Draft TMDL, the IP Savannah and Augusta
Mills (through their Corporate Environment office) provided estimated costs required to reduce existing
loads from their two mills by 30 percent, “Both IP mills would have to significantly reconfigure their
wastewater treatment system to achieve the improved removal efficiencies. This action could only be
achieved at a significant capital cost to each mill. Using standard engineering assumptions, the estimates
to increase BOD removal efficiency at the Augusta and Savannah Mills, respectively, are $28,275,000
and $37,492,000.” The type of treatment measures and design were not specified (Appendix C).
The City of Savannah President Street WWTP is currently implementing an urban water reuse program.
Urban water reuse programs are used to irrigate large open areas such as golf courses, industrial parks,
recreational parks, etc.

Wastewater treatment standards for reuse water are more stringent than

wastewater treated to secondary treatment standards and generally require advanced treatment such as
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membrane filtration. At this time a portion of the flow from the President Street WWTP, is treated to
reuse standards and is used to irrigate two major golf courses. Irrigation is typically needed during the
DO critical season for the harbor and would reduce flows and loading from the President Street WWTP.
Increasing reuse demand would potentially allow further reduction in BOD loading to the Harbor during
the

summer

and

is

currently

under

investigation

by

City

officials

(http://www.ci.savannah.ga.us/cityweb/webdatabase.nsf). MACTEC requested additional information
from the City to use in the various design scenarios (Appendix C).
Although source-specific information was not obtained, several typical approaches to reducing BOD
loads

from

point

sources

are

available

for

consideration

and

include

technologies

and

management/operations such as:
•

Membrane filtration of effluents

•

Oxidation technologies

•

Constructed wetlands treatment (polishing)

•

Additional storage with intermittent controlled releases based on receiving water conditions

•

Changes in water management within a facility that results in waste stream generation reductions
and thereby reduces the total flow and BOD load discharged

•

Land application of treated effluent

•

Seepage lagoons

•

Water conservation education for the community to reduce flows to the municipal WWTP

•

Technologies that result in delignification of effluents allowing faster degradation of carbon
sources.

From a DO improvement perspective alone, the Draft TMDL modeling by USEPA shows that total
elimination of all point source discharges in both the Savannah and Augusta areas, would improve the
critical harbor DO by only 0.55 mg/L.
Independent of this present DO improvement screening study, USEPA Region 4 is presently considering
the potential for treatment improvement at the paper industry facilities. No information was available
from USEPA for this report.
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DISSOLVED OXYGEN IMPROVEMENT TECHNOLOGY ASSESSMENT

This section presents the screening level evaluation of DO improvement measures designed to improve
DO levels in the harbor during critical summer months. The screening was divided into two levels of
screening to assess the viability of a given alternative. These alternatives for DO improvements for the
Savannah Harbor were organized by technology or process. The tabulated information is provided as
Tables 3.1 and 3.2 and includes information on the Level I & II - Assessment of Dissolved Oxygen
Technology, respectively.
3.1

LEVEL I ASSESSMENT

Level I screening of DO improvement alternatives involved listing reasonable, available technologies to
increase DO concentrations in surface waters and evaluating the technical feasibility of each alternative
based on potential effectiveness and applicability with current site conditions. Twenty improvement
technologies were initially identified as potential solutions. Those technologies include:


Membrane Filtration
of Effluents



Cascade Aerator



CleanFlo-Natural
Inversion



Fine Bubble Diffuser
using High Purity
Oxygen



Land Treatment
Systems/Water
Reuse



Hydroflo-Aero
Transfer System



Mechanical Pumps





Praxair-In-Situ
Oxygenation

Seaward Pipeline
with Timed Tidal
Discharge



Sidestream
Pressurized
Oxygenation



Storage and
Controlled Discharge
System



Tidal Gate



Coarse Bubble
Diffuser



Fine Bubble Diffuser



Linde-Soaker Hose



Mechanical Surface
Aerators



U-Tube Oxygenation





Venturi Oxygenation

Rolling Maintenance
Shutdown during
Critical Season



Aquatic Treatment
Systems



Increased Releases
from Upstream
Reservoirs



Constructed Wetland
Treatment Systems



Discharge Collection
Network With
Supplemental
Oxygen Injection



Inflatable Weir



ECO2SuperOxygenation
(Speece Cone)
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These technologies are listed in Table 3.1 and fall into the following categories:


Advanced Treatment



Aeration



Management



Oxygen Injection



Physical Modifications

The technologies were classified as potentially effective for implementing in the harbor system and/or at
the location of a point source discharge. The first screening level took into account site-specific
conditions and requirements for either upstream or harbor implementation. Screening of the identified
technologies considered the shipping channel traffic, the zone of influence, applicability to moving or
stagnant water, power needs, required space for application of technology, and the ability to effectively
dissolve oxygen into water.
Aeration/Oxygenation Technology Comparison – Types of oxygenators were evaluated on their ability
to provide large quantities of oxygen to surface water bodies. The specific design goals for oxygenation
technologies included:


High oxygen absorption efficiency



Low unit energy consumption kilowatt hour per ton of DO (kW-hr/ton DO)



Side stream superoxygenation (50 to 100 mg/L) at reasonable capital cost

Aeration (with air) and superoxygenation (using commercial “pure” oxygen) technologies dissolve
oxygen into the water. It may appear counterintuitive to utilize commercial oxygen when air is available
from the atmosphere for free. However, the use of commercial oxygen may prove to be more economical
than air. For instance, dissolving oxygen from air into water involves considerable capital and operating
costs. Some adverse effects are also associated with the use of air which are negated using commercial
oxygen (Speece, 2005-Appendix D). The use of air in contact with water under more than ambient
pressure, on the other hand, may result in supersaturation of the water column with dissolved nitrogen
gas, potentially adversely impacting fish. Air as the oxygen source also restricts the maximum DO
concentration achievable, and therefore increases the aeration required to achieve a given daily oxygen
supplementation mass rate. In addition, the use of air necessitates almost an order of magnitude greater
energy expenditure per ton of DO dissolved into solution when compared to commercial oxygen use.
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Commercial oxygen can also be dissolved even in stratified water columns and generally becomes more
economically competitive when the target dissolved oxygen requirement exceeds 4 to 5 mg/L (Speece,
2005-Appendix D).
Technologies that require large amounts of River surface area or submerged River bed area were
generally eliminated. These types of area-extensive technologies would likely interfere with routine
maintenance dredging and future Harbor expansion projects. Also, velocities in the river may be great
enough that some of these large area technologies would not be able to withstand the dynamic forces and
may be swept away. Technologies eliminated for these reasons include: Cascade aerators, CleanFlo –
Natural Inversion Technology, coarse and fine bubble diffusers, soaker hose technologies, and
mechanical surface aerators.
Management Options - Application of employing increased releases from upstream reservoirs was
eliminated based on modeling runs completed by the USEPA observing only local increases in DO by the
increased DO levels at the dam and no noticeable increase in DO at Clyo, RM 61 (USEPA, 2003). Also,
during critical flows, the potential for release from the upstream reservoirs may be severely limited by
drought conditions and the required water volumes needed to substantially increase flows in the critical
segment may not be available.
3.2

LEVEL II ASSESSMENT

The Level I screening evaluation eliminated those technologies which if implemented would not feasibly
achieve the desired BOD reduction improvement goals or the TMDL DO requirements for the critical
segment of Savannah Harbor or did not have convincing evidence for current application. Based on the
results of the Level I screening evaluation, the following alternatives were retained for further
consideration:
3.2.1

Membrane Filtration

Membrane filtration is a tertiary treatment applied to wastewater treatment processes which removes
residual sedimentary particles and particulate organics from treated wastewater. Site specific wastewater
characterization (total dissolved solids, total suspended solids, nitrates, sulfates, dissolved organic carbon,
etc.) is needed to design membrane filtration systems in order to predict potential performance and
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relative costs. Membrane filtration systems have been employed at publicly owned treatment works
(POTWs) (Zenon, 2005).
3.2.2

ECO2 Speece Cone

The Speece Cone oxygenation device uses water pumps to move large quantities of water or treated
effluent into a cone shaped device. High purity oxygen is injected into the center of the cone. The high
velocity downflow of water inside the cone creates a “bubble swarm” which increases the concentration
of oxygen absorbed into the water. Upon exiting the Speece Cone, the high DO water may be injected
back into the harbor at various depths (minimum 10 feet to greater than 50 feet) to increase DO
concentrations. The Speece Cone has been implemented at a variety of locations including lakes and
river water bodies. Case studies include East Bay Municipal District at Comanche Reservoir, CA,
Newman Lake Homeowners Association at Newman Lake, WA, and Alabama Power at Logan Martin
Dam, GA. In comparison to a U-Tube, the main advantage of a Speece cone is that no deep excavation
costs would be required for the Savannah Harbor because the approximate 50 foot depth and associated
water pressure of the harbor can be utilized for achieving superoxygenation of the returned flow.
3.2.3

Deep U-Tube

The U-Tube technology requires installation generally into an excavation approximately 150 to 200 feet
in depth. A large pipe is fitted into the hole, and water is pumped down the length of the pipe. High
purity oxygen is injected into the bottom of the pipe as the water travels downward. The velocity of
descent exceeds the bubble rise velocity, which creates a long contact time and results in a high transfer
rate of oxygen to the water stream. As the water travels to greater depths, the pressure increases, which
also increases the absorption of oxygen into the water. The superoxygenated water rises through a middle
pipe, where it is discharged (at varying depths) into the receiving surface water being oxygenated. This
deep U-Tube application is being demonstrated at the Stockton Deep Water River Channel near San
Joaquin River at the mouth of the San Francisco Bay in California (Civil Engineering News, 2005).
3.2.4

Pressurized Side Stream Oxygenation (PSSO)

The PSSO system uses industrial water pumps to move water at high pressure through a series of looping
pipes. The length of the pipe increases residence/contact time (approximately 100 seconds) and backflow
valves increase water pressure. High purity oxygen is injected into the influent stream of water. Oxygen
absorption into the water is driven by the high residence time and high pressure. High DO water is then
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discharged and dispensed into the critical segment at depth. The PSSO systems require large tracts of
land to accommodate the length of piping necessary to achieve the desired residence time under high
pressure.
3.2.5

HydroFlo Aero Transfer System

HydroFlo technology withdraws a side stream of water into which high purity oxygen is injected, then
directed through equipment in which the oxygen absorption takes place, and sent back into the harbor.
The HydroFlo system utilizes a proprietary Aero Transfer System (ATS) to inject high purity oxygen into
the water. The HydroFlo system is able to achieve high transfer efficiencies with low power consumption
requirements. The superoxygenated water would be discharged into varying depths of the water body to
increase DO concentrations at critical depths.
3.2.6

Praxair In-situ Oxidation (ISO)

The Praxair ISO system uses a surface mounted aerator with an impellor and high purity oxygen
injection. The oxygen is injected into the surface water, where an impellor mixes the oxygen into the
water body. This movement also pushes the oxygenated water downward and away from the aerator.
The system requires low energy input per ton of oxygen dissolved and has good oxygen transfer
efficiency (>90%). However, the Praxair system is limited in coverage to the area that can be oxygenated
by a single unit, requiring several units be located within close proximity. Because these are floating
aerators, they are not the best solution for the Savannah Harbor, as they would potentially interfere with
right-of-way water traffic but may be considered for off stream storage pond aeration.
3.2.7

Venturi Injection

Venturi injection nozzles have been developed in which water is passed through a section of pipe into
which high purity oxygen is injected. The high velocity water through the venturi nozzle increases the
amount of oxygen absorbed. The residence time within the Venturi is very short even though the bubbles
are tiny and a high gas/water interface, thus the brief contact time precludes efficient absorption. Vendors
utilizing the Venturi aspiration principle to achieve absorption of purity oxygen include Air Products,
Mazzei, and Linde.
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Rolling Maintenance Shutdown during Critical Months

Many of the manufacturing facilities discharging to the Savannah River both upstream near Augusta and
within the harbor area conduct periodic planned maintenance shutdowns of their facilities.

These

maintenance shutdowns generally take some or all of the production lines off-line to clean, test, and repair
major equipment. These shutdowns are scheduled in advance and may last from several days to a week
or more depending on the requirements of the facility. As such, it may be feasible to organize the
industrial point source dischargers along the Savannah River to coordinate these shutdowns to occur
during the DO critical season to minimize treated effluent flow discharged to the river during the critical
season. As possible, these industries along the middle and lower reaches of the Savannah River/Harbor
may be able to coordinate a maintenance shutdown to occur at staggered intervals maximizing the length
of time and the load reductions to the system during summer critical conditions.
Some of the constraints that may be applicable to this management scenario include:

3.2.9



Coordination and agreement among dischargers along the river/harbor,



Maintenance requirements may not be required by a facility during the applicable critical
season, or hot weather shutdowns may not be feasible from a health and safety
perspective for maintenance workers.



Contingencies for emergency shutdowns and completing other maintenance activities
during this period thereby eliminating a need for another shutdown, and



Actual BOD load during shutdowns is not known (and may not be substantially different
from normal discharges) and would require further investigation.

Urban Water Reuse Plan

Urban water reuse (UWR) is a type of land application utilizing highly treated municipal effluent as an
irrigation source. Two golf courses in the Savannah area are currently being irrigated by UWR effluent
from the President Street WWTP. Potentially, this program could be expanded to provide irrigation for
parks, recreational areas, office parks, and other open areas to reduce the total load to the Harbor.
Demand for reuse water is at a maximum during the critical summer period when rainfall is limited
creating a complimentary situation. Also, in the cooler months when demand is low, flows in the
Savannah should be sufficient to allow the facility to discharge according to limits specified in their
NPDES permit. GAEPD rules have specific water quality limits for effluents used for UWR.
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Constructed Wetlands

Constructed wetlands are man-made systems that imitate the functions of natural wetland systems.
Constructed wetlands often perform better for treatment than natural wetlands of equal area because the
constructed system is specifically managed and controlled for treatment effectiveness. Emergent plants
provide significant amounts of reactive surface area for microbial activity that can further degrade BOD.
Additionally, depending on the design, a constructed wetland may provide habitat for wildlife.
Constructed wetlands have the potential for treating moderate to high organic loads with a BOD effluent
characteristic of 5 to 40 mg/L (Reed, 1995).
3.2.11

Oxidation/Partial-mix Aerated Pond

Oxygen in an aerated pond is supplied mainly through mechanical or diffused aeration. Aerated ponds are
generally 6-20 feet in depth with detention times of 3-10 days. The main advantage of aerated ponds is
that they require less land area in comparison to systems without aeration technology. However, as the
size of ponds increase capital and operations and maintenance (O&M) costs significantly increase.
Aerated ponds that may have application in the Savannah Harbor area would be polishing ponds to
provide further reduction of BOD from the treated wastewater collected and to provide additional storage
of treated effluents during the DO critical period for subsequent release.
The four Savannah area discharges blended together in an aerobic1 effluent storage pond would have a
CBOD decay rate of about 0.033/day (base e, 20oC – volume weighted average decay rate) based on the
Savannah Harbor Wastewater Characterization Study (LAW, 2000) effluent characterization study.
Adjusting this rate to 30oC (expected effluent temperature during the critical season) this decay rate
would be about 0.052/day.
The percent (%) reduction of CBODU as a function of storage time is as follows:
Days Storage
1
10
30
60
90
1

% CBODU reduction
2.5
21
40
48
50

Aeration/Oxygenation of the storage pond would be added as necessary to maintain aerobic conditions throughout the storage pond contents.
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The August IP effluent in aerobic1 storage would decay at about 0.036/day (base e, 20oC). At 30oC this
rate would increase to about 0.057/day.
The percent (%) decay at CBODU in storage would be as follows:
% CBODU
3
22
41
49
50

Days Storage
1
10
30
60
90
1

Aeration/Oxygenation of the storage pond would be added as necessary to maintain aerobic conditions throughout the storage pond contents.

3.2.12

Discharge Collection Network with Supplemental Oxygen Injection

Pipelines may be constructed to convey treated effluent from selected facilities to a centralized storage
lagoon. High purity supplemental oxygen may be injected into the pipe network to maintain aerobic
conditions and provide for further degradation of BOD during conveyance. A collection system would
connect the discharge collection lines into one main terminal. The discharge collection network would be
used in conjunction with a seaward pipeline scenario in the Savannah area (Section 3.2.13) or with the
effluent storage and controlled discharge scenario (Section 3.2.14).
3.2.13

Savannah Area Seaward Pipeline with Timed Tidal Discharge

This approach utilizes a pipeline to discharge Savannah area treated effluent from the centralized storage
lagoon (Section 3.2.14) downstream (seaward) of the DO critical segment. Discharges from this system
would be timed so that releases are coordinated with outgoing tides to maximize seaward transport and
dispersion. As part of this alternative, the centralized storage lagoon would need a minimum 12 hours
detention time to be able to time the release to occur on outgoing tides. Supplemental oxygen may also be
injected in the pipeline to superoxygenate the discharge before release.
3.2.14

Storage and Controlled Discharge Pond

Storage and controlled discharge ponds would be operated and constructed in addition to the discharge
collection pipe network (Section 3.2.12). Rather than discharging at a seaward location, the storage
ponds would be designed to store treated effluents during the critical season for post-critical-season
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release. Controlled discharge ponds have long retention times (in this case up to 90 days), and the effluent
is discharged (at varying rates) to coincide with instream river conditions. A variation of the controlled
discharge pond is a hydrograph controlled release lagoon. The pond discharge is matched to periods of
high flow in the receiving stream, using the stream hydrograph as the control (Reed, 1995). Typical
storage areas needed for corresponding flows are estimated below.
Pond Area (Acres) (assume 9 feet deep)

Facility Name

NPDES ID

Full
Assumed
Permit
Flow
a
Flow
(MGD)
(MGD)

12-HRS
Retention

30-Day
Retention

60-Day
Retention

Surface Total* Surface Total* Surface Total*
International Paper
(Savannah)
International Paper
(Augusta)
Fort James Paper
(GA Pacific)
Weyerhaeuser-Port
Wentworth
President Street

GA0001988

38.00

30.00

GA0002801

40.00

40.00

GA0046973

33.00

33.00

GA0002798

22.00

20.00

GA0025348

27.00

10.00

5

9

307

340

614

650

7

12

409

453

819

867

6

10

338

374

675

715

3

6

205

227

409

433

2

3

102

113

205

217

Pond Area (Acres) (assume 9 feet deep)

Facility Name

NPDES ID

Actual Assumed
Flowe
Flow
(MGD) (MGD)

12-HRS
Retention

30-Day
Retention

60-Day
Retention

Surface Total* Surface Total* Surface Total*
International Paper
(Augusta)
International Paper
(Savannah)
Fort James Paper
(GA Pacific)
Weyerhaeuser-Port
Wentworth
President Street

GA0002801

30.00

30.00

GA0001988

28.00

28.00

GA0046973

19.00

19.00

GA0002798

11.75

11.75

GA0025348

25.83

25.83

* Total area includes berm
footprint.
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5

9

307

340

614

650

5

8

287

317

573

607

3

6

194

215

389

412

2

4

120

133

240

255

4

8

264

293

529

560
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Those alternatives that were considered applicable for the Savannah Harbor area were passed to the next
screening process and were further evaluated based on the criteria listed below.
3.3

LEVEL II ASSESSMENT OF LIMITATIONS

The overall objective of the Level II screening is to identify appropriate, effective and economical
alternatives capable of achieving the required improvement. The detailed screening of potential remedies
consisted of ranking the various DO improvement alternatives according to the following criteria:
•

Performance/Effectiveness – Addresses the degree to which the alternative will
achieve the improvement measure (i.e. increase Harbor DO during critical
conditions).

•

Reliability – Addresses the ability of the alternative to consistently maintain
effectiveness and operate continuously.

•

Oxygen (O2) Transfer Efficiency – Addresses the degree to which the technology is
capable of transferring oxygen into the water stream.

•

Unit Energy per ton DO – Addresses the energy required to introduce one ton of DO.

•

DO Concentration – Addresses the DO output concentration that may be achieved by
a given technology.

•

Capital and Added Operation and Maintenance Cost – Addresses the cost of
implementing each alternative.

•

Physical/Logistical – Addresses the location for installation of each alternative.

•

Seasonal Application – Addresses the application of each alternative on a seasonal or
annual operating basis.

The second screening evaluation, Level II, considered the individual characteristics in a more detailed
analysis. Each technology is evaluated and ranked for each characteristic and a numerical ranking is
assigned. These rankings were assigned based on the overall achievement of the project goals and
objectives for DO improvement.
For the technologies under consideration, each criterion listed above was assigned a qualitative ranking
factor based on a 3-point rating scale (3 = good; 2 = fair; 1 = poor). The ranking for each alternative was
tallied and totals were compared to facilitate selection of applicable technologies. The results of the
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improvement technology screening evaluations are summarized in Table 3.2 and Table 3.3. Criteria for
assigning a numerical value to a given characteristics are as follows:
•

•

•

Harbor Improvements Oxygen Injection Performance/Effectiveness
o

3 – low maintenance; high oxygen transfer efficiency (>90%); high production of oxygen
per horsepower hour (>10 lbs O2/hp-hr); high sidestream O2 concentration (>50 mg/l);
and low capital cost.

o

2 – moderate maintenance; medium oxygen transfer efficiency (60-90%); medium
production of oxygen per horse power hour (6-9 lbs O2/hp-hr); medium sidestream O2
concentration (10-50 mg/l); and medium capital cost.

o

1 - high maintenance; low oxygen transfer efficiency (<60%); low production of oxygen
per horse power hour (<6 lbs O2/hp-hr); low sidestream O2 concentration (<10 mg/l); and
high capital cost

Harbor Improvements Physical Performance/Effectiveness
o

3 – most applicable to DO improvement goals; low maintenance; and low capital cost.

o

2 – somewhat applicable to DO improvement goals; moderate maintenance; and medium
capital cost.

o

1 – further research needed to assess DO improvement goals; high maintenance; and high
capital cost

Point Source Performance/Effectiveness
o

3 – most benefit to DO improvement goals; low maintenance; and high BOD reduction
(250,000 to 500,000 lbs/day); low capital costs; no area constraints; and most effective
during summer critical season.

o

2 – moderate benefit to DO improvement goals; moderate maintenance; and medium
BOD reduction (100,000 to 250,000 lbs/day); medium capital costs; some area
constraints; and most effective during summer critical season.

o

1 – further research needed to assess DO improvement goals; high maintenance; and low
BOD reduction (<100,000 lbs/day); high capital costs; area constraints; and limited
seasonal application.

Although the ranking is somewhat subjective, the process provides a structured format to assess
alternatives for elimination, and often a clear-cut alternative emerges. The results of the Level II
Assessment of Limitations for Alternatives are summarized in Table 3.2 and 3.3.
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In summary, the top three oxygen injection technologies ranked from greatest to least are: Speece Cone,
U-Tube, and Sidestream Pressurized Oxygenation. Each of the physical treatment options ranked equally.
The inflatable weir, the tidal gate technology, and the mechanical pumps may apply to control salt water
intrusion and/or provide for increased mixing as the harbor is deepened but more research is needed to be
able to evaluate the potential effectiveness for DO improvements with these options.
The top three point source technologies ranked from greatest to least are: the seaward pipeline with timed
tidal discharge, storage and controlled discharge pond, and rolling maintenance shutdowns during critical
months.
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CONCEPTUAL DESIGN ALTERNATIVES

Brief descriptions of the conceptual designs retained for further evaluation are presented in the following
subsection with a discussion of application of selected technologies.
4.1

MAXIMUM TECHNOLOGY CAPABILITIES

The following section breaks each technology into a specific range of BOD loadings it is capable of
meeting per single application.
4.1.1

0 to 100,000 lbs/day

Rolling Maintenance Shutdowns for BOD Load Management (2 weeks assumption per facility) The Rolling Maintenance Shutdown Program is a management practice (MP) that is potentially applicable
for certain manufacturing facilities in Augusta and Savannah. It is not applicable for municipal WWTP
or POTWs or for facilities that do not require scheduled periodic shutdowns for maintenance. Each
summer from late July to early September, the major dischargers could coordinate maintenance activities
allowing a period of time with reduced loadings. Facility shutdowns could be timed so that shutdowns
would follow one another reducing the overall load during the critical season. For this study and to
develop the application of this scenario, an assumption that each discharger would require 2 weeks to
complete maintenance activities at their facility and that there is a total BOD load reduction of
approximately 50 percent during a scheduled shutdown period was used. For example (in a given year),
of the four applicable top five facilities, IP Savannah does not require extensive maintenance activities
and therefore does not schedule a maintenance shutdown, the remaining three manufacturing facilities
will require a brief period to shutdown part of the manufacturing process to replace and repair equipment
and agree to conduct these activities during the DO critical season. Total BOD reductions within the 0 to
100,000 lbs/day range potentially provide total BOD reductions of: Weyerhaeuser ~15,000 lbs/day (end
of July); Georgia Pacific ~21,700 lbs/day (first 2 weeks in August), and IP Augusta, ~67,500 lbs/day (last
part of August). Using data from the top five ranked facilities and the assumptions previously stated, this
alternative may provide a BOD loading reduction ranging from 15,000 to 67,500 lbs BOD/day.
Speece Cone Oxygenation - A single Speece Cone is capable of introducing approximately 10,000 to
12,000 lbs O2/day, but multiple cones may be used to supply more than 10,000 to 12,000 lbs O2/day. The
Speece Cone could be mounted on the shore alongside the river channel. No more than 4 mounted cones
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are recommended in one location (supplying approximately 40,000 to 50,000 lbs/day) though multiple
groups may be applicable for the Harbor. A mobile barge arrangement capable of traveling to an area
predicted to have critical low DO levels may have up to 8 cones supplying approximately 80,000 to
96,000 lbs/day. The discharge stream of the cones would be directed to a particular water depth to allow
for best oxygen transfer into the varying depths in the harbor. The land requirements for an oxygenation
station should be more preferably referred as dock requirements. The Speece Cone principal is to operate
under the maximum hydrostatic head available i.e. in the bottom of the harbor. Therefore it is preferably
located where it has access to the full depth of the harbor and this will probably be off the edge of a dock
where the harbor depth is maximum. Each cone is 12 ft in diameter and about 15 ft high. Each cone has
a 50 HP pump that withdraws water from the depth of the harbor and moves it through the cone. If liquid
commercial oxygen is utilized, then a storage tank of approximately 6 ft diameter by 40 ft high would
hold 7 days supply. Access to the site by a LOX tanker truck would be required. If mobile Speece cone
units were considered, two complete units fit on a standard fifty foot barge. Mixing would be provided
mainly by tidal action. The superoxygenated discharge would be horizontally directed perpendicular to
the dock and would be transported over 0.5 miles away. Depending on the output of the tidal mixing
model, if additional transport of the superoxygenated discharge was desired, a 10 HP low tip speed, 6 ft
diameter mixer could be located at the cone discharge to supplement the tidal mixing.
Storage and Controlled Discharge Pond - Phase I, Steps 1 and 2 require a 100 percent reduction of the
current load or the permitted BOD loads, respectively. Storage and controlled discharge ponds would
consist of earthen ponds constructed to periodically store treated wastewater effluent from large facilities
discharging to the Savannah River and Harbor.

These ponds may be designed to hold effluents for

varying lengths of time and be engineered to allow discharge under various scenarios such as on outgoing
tides, based on the river/harbor hydrograph, etc. The availability of land is directly proportional to the
costs for this technology. Dredged sediment storage facilities may be potential areas available for such
storage. Available areas for storage options in the Augusta region as well as storage capacities at each
point source are unknown at this time to be considered as an alternative. Storing Weyhaeuser or President
Street WWTP discharge would divert approximately 30,000 lbs BOD/day from the critical segment.
Supplemental Oxygen Injection (with Pipeline Alternative) - Supplemental Oxygen Injection involves
a mixture of high purity oxygen injected into an extended discharge pipeline. Injection technologies are
available for O2 injection at the pipe inlet or O2 injection at incremental lengths in the pipeline to maintain
aerobic conditions within the entire length of the pipeline. Oxygen injection in a pipeline creates a
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plug-flow reactor which will also allow further degradation of BOD loadings. The hydraulic residence
time is determined by the length of the pipe and the flow velocity. Because most proposed pipelines are
less than 15 miles, complex organics are not expected to further degrade in the pipe system. Preliminary
designs predict a 10 mile segment may be superoxygenated feasibly with approximately 80,000 lbs/day
(provided by Mazzei, 2005 – Appendix E)
Urban Water Reuse Plan - Municipal discharges may be reduced by the implementation or expansion of
urban water reuse programs. The City of Savannah President Street facility has implemented an urban
water reuse program. Wastewater treated to urban water reuse standards is used to irrigate two golf
courses in the Savannah Area. Potentially, this program could be expanded to provide irrigation for
parks, recreational areas, office parks, and other open areas to reduce the total load to the Harbor on a
seasonal basis. Demand for reuse water is at a maximum during the critical summer period when rainfall
is limited. Also, in the cooler months when irrigation demand is low, flows in the Savannah should be
sufficient to allow the facility to discharge according to limits specified in their NPDES permit.
Currently, the City of Savannah has identified several areas where expansion may be feasible. Cost and
material estimates for implementing the water reuse expansion program are not known at this time.
Expansion of the reuse program for the City of Savannah would decrease the volume of effluent that may
otherwise require another reduction alternative. Also, other municipalities or POTWs located along the
Savannah River may be able to implement reuse programs (depending on the availability of customers to
accept the water) reducing the overall loading of BOD during the critical summer months.
4.1.2

100,000 to 300,000 lbs/day

Discharge Collection Network (Single 36” Pipeline) - A 36 inch diameter pipeline from the IP –
Savannah facility on Hutchinson Island could be constructed to carry treated effluent wastewater east
toward an existing dredge resource location where a temporary storage pond would be constructed. The
discharge network would follow a direct route to the dredge resource location, including a segment
traveling under the Back River channel. This would route some (~267,500 lbs/day) of BOD loadings to a
storage and controlled discharge system or to a point well past the DO critical segment through a seaward
discharge pipeline with tide-coordinated discharge. Rerouting IP Savannah’s discharge to temporary
storage ponds would involve approximately 7,500 feet of pipe. Rerouting IP Savannah’s discharge toward
a seaward discharge point #1, would involve approximately 54,000 feet of pipe.
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Rolling Maintenance Shutdowns (2 weeks per facility) - The Rolling Shutdown Program management
practice (MP) is applicable for this scenario.
Storage and Controlled Discharge Pond - Phase I, Steps 1 and 2 require a 100 percent reduction of the
current load or the permitted BOD loads, respectively. Storage and controlled discharge ponds would
consist of earthen ponds constructed to seasonally store treated wastewater effluent from facilities
otherwise discharging to the Savannah River and Harbor. These ponds may be designed to hold effluents
for varying lengths of time and be engineered to allow discharge under various scenarios such as on
outgoing tides, based on the river/harbor hydrograph, etc. The availability of land is directly proportional
to the costs for this technology. Dredged sediment storage facilities may be potential areas available for
such storage. Depending on the retention time preferred, storing IP Savannah’s discharge alone would
divert approximately 267,500 lbs BOD per day from the critical segment. Twelve hour retention would
require approximately 5 acres, 30-days retention approximately 307 acres, and 60-days retention
approximately 614 acres of area assuming a pond depth of 9 feet.

Pond Acreage ft (assume 9 feet deep)

Facility Name

12-HRS Retention

30-Day
Retention

60-Day
Retention

5.1

307

614

International Paper (Savannah) 30 MGD

4.1.3

300,000 to 500,000 lbs/day

Discharge Collection Network (3 - 36” Pipelines) – Three 36 inch diameter pipelines each from
Weyerhaeuser, IP Savannah, and the President Street facilities could be constructed to convey treated
wastewater effluent east toward a centralized storage lagoon (from a converted existing dredge resource
site). The discharge network would follow a direct route to the dredge resource location, including
segments traveling under the river channel. This could potentially route approximately 327,500 lbs/day of
BOD loadings to a centralized storage lagoon. Discharges from the centralized storage lagoon may be
made using a controlled discharge or a seaward discharge pipeline with timed tidal discharge. Rerouting
the three closest dischargers to a temporary storage pond would involve approximately 36,500 feet of pipe
for Weyerhaueser, approximately 7,500 feet of pipe for IP Savannah, and approximately 10,800 feet of
pipe for President Street WWTP.
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Storage and Controlled Discharge Pond – Utilizing the storage and controlled discharge pond is
applicable for this scenario.

Pond Acreage ft (assume 9 feet deep)

Facility Name

12-Hrs
Retention

30-Day
Retention

60-Day
Retention

10

614

1228

International Paper (Savannah) 30 MGD
Weyerhaeuser-Port Wentworth 20 MGD
President Street 10 MGD

4.1.4

500,000 to 750,000 lbs/day

No single technology is available to meet or exceed a 500,000 lbs/day requirement. Only a combination
of the above listed technologies can achieve this range of oxygen addition or BOD offset. For example,
routing BOD loadings to a storage pond and multiple Speece cones along the Harbor are considered
combinations of technologies.
4.2

DEVELOPMENTAL CONCEPTUAL DESIGN ALTERNATIVES PHASE I

In general, constructing a pipeline to convey the point source discharges to the ocean is a high capital cost
but an effective solution that could be utilized year round. The cost of such a pipeline is directly
proportional to its length so considering shorter pipelines is a more feasible solution. The technologies
available for oxygen injection are more cost effective for providing oxygen in the range of 0-300,000
lbs/day if 90 days of O&M is required for 20 years. As oxygen supply requirements exceed this range
other technologies may prove more feasible thus pipelines and effluent storage systems could be
considered. The direct oxygen injection is most feasible for treating background BOD loads. In concept,
one or two injection systems could compensate for non-point source BOD loads of 90,000 lbs/day.
Management practices like scheduled maintenance shut downs are potentially the least expensive BOD
reducing measure. However, total elimination of all point sources in the Savannah and Augusta areas
would only decrease the loading by 234,000 lbs/days and, thereby, increase the critical DO deficit in the
harbor by only 0.55 mg/L.
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Phase I, Step 1, (~290,250 lbs/day Reduction)
critical season (assumed 90 days)

Options for Phase 1, Step 1 require an elimination of 99,000 lbs/day BOD from Harbor point source
dischargers and 135,000 lbs/day BOD (equating to 101,250 lbs/day in the Harbor) from upstream point
source dischargers. This step also requires removal or improvement alternatives for an additional 90,000
lbs/day BOD loading from non-point source loads.
Concept 1 Alternative 1A – Harbor Injection Technology (29 Speece Cones)
In order to provide 290,250 lbs/day of oxygen to the critical segment of the harbor, 29 Speece cones could
provide up to 290,000 lbs/day of oxygen for the critical season. This alternative could be used to further
increase DO levels in the Harbor at any period in the seasonal cycle.
Concept 1 Alternative 1B – Harbor Injection Technology (29 Speece Cones with scheduled maintenance
shut downs)
A similar conceptual design (Concept 1-1B) would use Speece cones in combination with scheduled
maintenance shut downs in four of the top five dischargers. This could reduce the need for Speece cones
to operate the entire 90 days. Utilizing a shutdown scenario should reduce the supplemental oxygen
requirements, thereby lessening the number of days that all the Speece cones need to be operated and the
total annual O&M costs.
Concept 1 Alternative 1C –Discharge Collection Network
Another design to provide a similar level of DO improvement is a discharge collection network in
conjunction with either storage, a controlled discharge pond, or a seaward discharge pipeline with timed
tidal discharge (Concept 1-1C). A discharge collection network could be installed connecting one of the
top five dischargers resulting in a potential reduction of BOD loading of up to 327,000 lbs/day (more than
needed for this phase and step) and would be capable of transferring a combined total of 30 million
gallons per day to a centralized storage lagoon during the critical season. The discharge collection
network could be injected with pure oxygen to maintain aerobic conditions. The centralized storage
lagoon (consisting of an earthen berm) could be constructed to hold up to 60 days of effluent flow and
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would require approximately 650 acres of land. The 60-day retention time would provide time for
additional degradation of BOD in the treated effluent. The discharge collection network and storage pond
could potentially eliminate most of the 367,000 lbs/day BOD from Harbor point source dischargers.
4.2.2


Phase I, Step 2, (~725,500 lbs/day Reduction)
critical season (assumed 90 days)

Options for Phase 1, Step 2 require an elimination of 367,000 lbs/day BOD from Harbor point source
dischargers and 358,000 lbs/day BOD from upstream point source dischargers (equating to 268,500
lbs/day in the Harbor) and an additional 90,000 lbs/day BOD loading removal for non-point source loads.
Concept 1 Alternative 2A – Harbor Injection Technology (73 Speece Cones)
In order to provide 725,500 lbs/day of oxygen to the critical segment of the harbor, 73 Speece cones could
provide up to 730,000 lbs/day of oxygen for the critical season. Though the Speece cone injection
technology is the most cost effective technology for seasonal application, other scenarios and
combinations of alternatives become potentially feasible as more off set of BOD is needed. Costs between
73 Speece cones and costs of other technologies begin to become comparable based on +/- 50 percent
accuracy in the estimated preliminary costs. Technologies that offer an annual treatment option include
the discharge collection network in conjunction with either storage and controlled discharge pond or a
seaward discharge pipeline with timed tidal discharge.
Concept 1 Alternative 2B – Speece Cones with Discharge Network and Storage System
Utilizing a combination of technologies, a discharge network and storage system in conjunction with
Speece cones to provide 725,500 lbs/day BOD reduction is another alternative. A discharge collection
network could be installed connecting three of the top five dischargers resulting in a potential reduction of
BOD loading of up to 327,000 lbs/day and would be capable of transferring a combined total of 60
million gallons per day (MGD) to a centralized storage lagoon during the critical season. The discharge
collection network would be injected with approximately 80,000 lbs/day of pure oxygen to maintain
aerobic conditions. The centralized storage lagoon (consisting of an earthen berm) could be constructed
to hold up to 60 days of flow and would require approximately 1200 acres of land. The 60-day retention
time would provide time for additional degradation of BOD in the treated effluent. The discharge
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collection network and storage pond could potentially eliminate most of the 367,000 lbs/day BOD from
Harbor point source dischargers. Oxygen injection using Speece cones may be appropriate to provide a
DO offset for the remaining load from Harbor sources and the 268,500 lbs/day residual BOD from
upstream point source dischargers as well as the 90,000 lbs/day BOD from non-point source loads.
Utilizing scheduled maintenance shut downs among four of the top five dischargers could reduce the need
for Speece cones to operate the entire 90 days. Utilizing a shutdown scenario may allow some number of
Speece cones to be turned off thereby reducing the supplemental oxygen requirements and O&M costs.
Approximately 40 Speece cones would be needed for this alternative.
4.2.3


Phase I, Step 3 (~68,250 lbs/day Reduction)
critical season (assumed 90 days)

Options for Phase 1, Step 3 require an elimination of 68,250 lbs/day of oxygen to the critical segment of
the harbor.
Concept 1 Alternative 3A – Harbor Injection Technology – (7 Speece cones)
Seven Speece cones could provide up to 70,000 lbs/day of oxygen for the critical season. This alternative
could be used to further increase DO levels in the Harbor at any period in the seasonal cycle. This would
account for the elimination of 68,250 lbs/day BOD from point source dischargers.
Concept 1 Alternative 3B – Harbor Injection Technology – (7 Speece cones with scheduled maintenance
shut downs)
A similar conceptual design would use the Speece cones in combination with use scheduled maintenance
shut downs in four of the top five dischargers. This would reduce the need for Speece cones to operate
for the entire 90 days.

Utilizing a shutdown scenario should reduce the supplemental oxygen

requirements, thereby lessening the number of days that all the Speece cones need to be operated and the
total annual O&M costs.
Concept 1 Alternative 3C – Seaward Discharge pipeline with tide-coordinated discharge
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Another design capable of providing this required level of DO improvement is a harbor discharge
relocation. Relocating the discharge from the largest point source discharger to a seaward location
outside the critical area could meet the DO improvements required for this step. A seaward discharge
pipeline would have to be constructed that is a little over 10 miles long.
4.2.4


Phase I, Step 4 (~503,500 lbs/day Reduction)
critical season (assumed 90 days)

Options for Phase 1, Step 4 require an elimination of of 503,500 lbs/day BOD loading (point source
dischargers set a full permitted flow) in the Savannah River Estuary during the critical period.
Concept 1 Alternative 4A – Harbor Injection Technology – (50 Speece cones)
In order to provide 503,500 lbs/day of oxygen to the critical segment of the harbor, fifty Speece cones
could provide up to 500,000 lbs/day of oxygen
Concept 1 Alternative 4B – Harbor Injection Technology – (50 Speece cones with scheduled maintenance
shut downs)
As with the previous levels of DO improvement, a variation of this design the use of Speece cones in
combination with scheduled maintenance shut downs in four of the top five dischargers. This could
reduce the need for all the Speece cones to operate for the entire 90 days.
Concept 1 Alternative 4C – (Speece cones with Discharge Network and Storage System)
A further modification of that design would be to use Speece cones, scheduled maintenance shut downs,
and a Discharge Collection Network.” Seventeen Speece cones could provide up to 170,000 lbs/day of
supplemental oxygen for the critical season. The upkeep and capital costs of the oxygen injection
technologies, used for 90 days for 20 years, would become comparable to costs for the permanent pipeline
and storage option as presented in Phase I, Step 2 (Section 4.2.2). The combined collection network and
storage pond would reduce 327,023 lbs/day BOD from Harbor point source dischargers and the Speece
Cones would offset up to 170,000 lbs/day. Oxygen supplied to the pipeline will be needed to keep the
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discharge in an aerobic state. Utilizing scheduled maintenance shut downs between four of the top five
dischargers would reduce the O&M costs for the Speece Cones.
4.3

DEVELOPMENTAL CONCEPTUAL DESIGN ALTERNATIVES PHASE II

The second phase of the screening level evaluation considers potential effects of future deepening of the
deep-draft harbor on DO levels. The alternatives purposed in Phase II of this report will address an
incremental increase of 0.2 mg/L DO concentration in the bottom waters of the Savannah Harbor. These
design alternatives may be used in addition to the Phase I design requirements to meet and exceed the
recommended DO concentrations in the critical segment of the Savannah River Estuary during the critical
summer period.
The Phase II conceptual design requires incremental increases of 0.2 mg/L up to 0.8 mg/L DO in
Savannah Harbor. Proposed high purity oxygen technology systems have been designed to increase the
DO concentration in the Harbor. Speece Cone technology can be used to inject a superoxygenated
side-stream discharge into the bottom levels of the Savannah Harbor.
4.3.1

Phase II, Step 1, Incremental Increase (0.2 mg/L)

A 0.2 mg/L increase would require ~72,818 lbs/day of oxygen during the critical season. Concept 2
Alternative 1A consists of the use of eight (8) Speece cones to supplement the oxygen at various locations
in the harbor. If mounted on barges Concept 2 Alternative 1B, the barges could be moved to supply
supplemental oxygen to various areas of the harbor depending on model predictions or real-time
monitoring data. Other methods of providing this level of DO improvement would consist of the use of
the approaches described in Section 4.1.1 to address loadings of up to 100,000 lbs/day.

4.3.2

Phase II, Step 2, Incremental Increase (0.4 mg/L)

A 0.4 mg/L increase would require ~145,636 lbs/day of oxygen during the critical season. Concept 2
Alternative 2A consists of the use of fifteen (15) Speece cones located along the shore of the harbor to
supplement the oxygen. Concept 2 Alternative 2B is very similar and consists of the use of two mobile
barges, each with eight (8) Speece cones each may be used to supplement the oxygen. These concepts
differ in their land requirements, potential effects on navigation, and flexibility to address specific sites
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that develop low DO levels. Other methods of providing this level of DO improvement would consist of
the use of the approaches described in Section 4.1.2 to address loadings between 100,000 and 300,000
lbs/day.
4.3.3

Phase II, Step 3, Incremental Increase (0.6 mg/L)

A 0.6 mg/L increase would require ~218,455 lbs/day of oxygen during the critical season. Concept 2
Alternative 3A consists of the use of twenty-two (22) Speece cones located along the shore of the harbor
to supplement the oxygen. Concept 2 Alternative 3B is very similar and consists of the same total
number of Speece cones, but in this concept the cones would be grouped together as 7-8 cones mounted
on mobile barges that could be moved where most needed in the harbor. These concepts differ in their
land requirements, potential effects on navigation, and flexibility to address specific sites that develop low
DO levels. Other methods of providing this level of DO improvement would consist of the use of the
approaches described in Section 4.1.2 to address loadings between 100,000 and 300,000 lbs/day.
4.3.4

Phase II, Step 4, Incremental Increase (0.8 mg/L)

A 0.8 mg/L increase would require ~291,273 lbs/day of oxygen during the critical season. Concept 2
Alternative 4A consists of the use of twenty-nine (29) Speece cones located along the shore of the harbor
to supplement the oxygen. Concept 2 Alternative 4B is very similar and consists of the same total
number of Speece cones, but in this concept the cones would be grouped together as 7-8 cones mounted
on mobile barges that could be moved where most needed in the harbor. These concepts differ in their
land requirements, potential effects on navigation, and flexibility to address specific sites that develop low
DO levels. Other methods of providing this level of DO improvement would consist of the use of the
approaches described in Section 4.1.2 to address loadings between 100,000 and 300,000 lbs/day..
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COST-EFFECTIVENESS EVALUATION

The “Opinion of Construction Cost” Tables 5.1 were prepared using MACTEC’s best judgment as
experienced and qualified professionals generally familiar with the construction industry. However, since
MACTEC has no control over the cost of labor, materials, equipment, or services furnished by others, or
over the construction contractor’s methods of determining prices, or over competitive bidding or market
conditions, MACTEC cannot and does not guarantee that proposals, bids, or actual construction cost will
not vary from the Opinion of Probable Construction Costs prepared by MACTEC. We have attempted to
consider major aspects of the work and site conditions based on information made available to us at this
stage of the project. Costs will need to be modified during subsequent stages as the level of project
definition increases.
The cost estimating classification for the “Opinion of Construction Costs” is an “Order of Magnitude” or
“Study” level of estimate.

Construction component items and estimated quantities were based on

available information and assumptions as indicated on the backup detailed cost tables (Appendix E). Unit
prices were obtained from published cost information, manufacturers, project experience, and other
sources as noted on the backup tables.

The source and methods of pricing were consistent with the

preliminary level of project definition. The expected accuracy is in the range of plus or minus 50 percent
using the assumptions presented. Various combinations of discharge networks, storage options (12-hour
retention, 30-day retention, and 60-day retention), and seaward pipeline discharge points are included in
Appendix E.
5.1

PHASE I

There are several assumption in the development of the “Opinion of Construction Costs” that are
applicable to the various design scenarios presented and are provided below.
ASSUMPTIONS:


15 percent oversight



50 percent capital cost contingency



30 percent annual cost contingency



no land acquisition required for proposed collection network pipelines



dredge resource areas available without cost for storage pond(s) and pipelines



50 foot barge(s) available for use with no storage expenses
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alternatives are required for a maximum of 90 days (summer critical season)



costs associated with land acquisition and acquisition of right-of-ways and required local, state
and federal permitting are not included



costs associated with construction of electrical service or costs for diesel generators are not
included.

5.1.1

Phase I, Step 1 (~290,250 lbs/day Reduction)
The most cost effective methods for meeting the total oxygen requirement of 290,250 lbs/day

during the critical summer months is through the use of oxygen injection technology in the harbor. Three
designs are presented. The first (Design 1-1A) is the use of twenty-nine (29) Speece cones for the 90
days of the summer period, injecting a total of 290,000 lbs/day. At $425,000 per cone, the capital cost
would be $12,325,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a
capital cost of $9,425,000. Assuming a 15 percent oversight cost and 50 percent contingency cost, total
capital costs for 29 Speece cones is approximately $35,887,500. During the operating period from midJuly through mid-September DO critical period, O&M and energy costs for each Speece cone are 200
kWh/ton (operation of Speece cone) and 600 kWh/ton (energy cost for pulsed swing adsorption (PSA))
respectively or $24/ton per day O2 and $72/ton per day O2.
The Speece cone alternative has higher annual costs with the assumed 90 days of operation. Over
20 years the O&M costs are considerable. However, actual durations for operating the Speece cones will
generally be much less than 90 days and will occur during periods when critical low flows coincide with
high temperatures in the Savannah River. For example, an oxygen injection system on the Tombigbee
River in Alabama has had several years where it was not needed (high flows). For other years there was
limited use (a few weeks). Periods where continuous use was needed coincided with extreme rare
drought conditions (Appendix D).
Assuming 30 percent oversight for O&M, the total annual costs are approximately $1,628,640 for
Design 1-1A. The total opinion of probable cost construction and implementation is $37,516,140.
Projecting this total probable cost over a 20 year operating cycle, results in a total cost of approximately
$68,460,300. The cost breakdown for Design 1-1A is presented in Table 5.1, Figure 5.1. Speece cone
locations in this configuration are spaced in groups of 2-3 cones along the Harbor.
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A variation on that design (Design 1-1B) consists of twenty-nine (29) Speece cones to inject DO
into the system, in combination with rolling maintenance shutdowns of four major industrial point source
dischargers (IP Augusta, GA Pacific, Weyerhaeuser, and IP Savannah). It typically requires a plant two
weeks to perform its annual maintenance shutdown, so the loads could be reduced for four two-week
periods each summer. Implementing the rolling maintenance shutdown program from the upstream area
and the harbor would limit the oxygen supplementation needed by the Speece cones and potentially
reduce O&M costs as shown below.

Table 5.0
Potential Oxygenation Cost Savings during Scheduled Maintenance
Shutdown
Facility

IP Augusta

Potential Oxygenation Cost Savings
per Day
($)
3360

GA Pacific

960

Weyerhaeuser

480

IP Savannah

6240

Assuming 30 percent oversight for O&M, the total annual costs are approximately $1,427,712 for
Design 1-1B. The total opinion of probable cost construction and implementation is $37,315,212.
Projecting this total probable cost over a 20 year operating cycle, results in a total cost of approximately
$64,441,740. The cost breakdown for Design 1-1B is presented in Table 5.1, Figure 5.1.
Another design (Design 1-1C) is the use of a Discharge Collection Network. A discharge
collection network could be installed connecting one of the top five dischargers, routing their effluent to a
storage pond, and then pumping the effluent for discharge downstream of the critical area to around River
Mile 5.5. The centralized storage lagoon (consisting of an earthen berm) could be constructed to hold up
to 60 days of flow and would require approximately 650 acres of land. The 60-day retention time would
provide time for additional degradation of BOD in the treated effluent. Roughly 10 miles of pipeline
would be required.

The total opinion of probable costs for construction and implementation are

$71,671,710. Assuming a 30 percent oversight for O&M, the total annual costs are approximately
$213,525. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $75,728,685. This alternative assumes a retention time of only 60 days rather than 90 days
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treatment as compared to the Speece Cone estimates. Storing the effluent for only 30 days reduces the
pond size and this alternative approaches similar costs as compared to the Speece cone alternative with
the total opinion of probable costs for construction and implementation of $62,709,483. Assuming a 30
percent oversight for O&M, the total annual costs are approximately $213,525. Projecting this total
probable cost over a 20-year operating cycle, results in a total cost of approximately $66,766,458.
5.1.2

Phase I, Step 2 (~727,500 lbs/day Reduction)

The most cost effective methods for meeting the total oxygen requirement of 727,500 lbs/day during the
critical summer months appear to be through the use of oxygen injection technology in the harbor. Two
designs are presented. The first (Design 1-2A) is to provide the total oxygen requirement of 725,000
lbs/day during the critical summer months through the use of oxygen injection technology in the harbor.
Seventy-three (73) Speece cones would be used to meet the required 727,500 lbs/day oxygen at a
probable cost of $94.4 million for the first year. Assuming 30 percent oversight for O&M, the total
annual costs are approximately $4,099,680 for Design 1-2A. The total opinion of probable costs for
construction and implementation are $94,437,180. Projecting this total probable cost over a 20-year
operating cycle, results in a total cost of approximately $172,331,100. The cost breakdown for Design 12A is presented in Table 5.2 Alternative 2A.
The second alternative (Design 1-2B) is to provide the total oxygen requirement of 725,000 lbs/day
during the critical summer months through the use of oxygen injection technology in the harbor.
Seventy-three (73) Speece cones would be used in combination with rolling maintenance shutdowns to
meet the required 727,500 lbs/day oxygen at a probable cost of ~$94.2 million for the first year.
Assuming 30 percent oversight for O&M, the total annual costs are approximately $3,898,752 for Design
1-2B.

The total opinion of probable costs for construction and implementation are $94,236,252.

Projecting this total probable cost over a 20-year operating cycle, results in a total cost of approximately
$168,312,540. The cost breakdown for Design 1-2B is presented in Table 5.2 Alternative 2B.
A variation on that design is Design 1-2C. This is the combination of 40 Speece cones and a Discharge
Network collecting Weyerhaeuser, IP Savannah, and President Street effluent (Appendix E, Option I-B)
and routing it to a storage pond (approximately 614 acres) for 30-day retention for subsequent discharge.
This design has a cost that is comparable to that of the use of the 73 Speece cones described above in the
previous paragraph. Figure 5.2 shows possible Speece cone locations as well as the Discharge Collection
Network, and Storage pond options depending on retention time required (12-hour, 30-day, or 60-day).
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This technology may reduce loading for 30 days during the critical season. Approximately, 400,000
lbs/day is offset with 40 Speece cones and ~327,500 lbs/day is rerouted through the Discharge Network
for three dischargers at a cost of ~$118 million for the first year. For this combination, assuming 30
percent oversight for O&M, the total annual costs are approximately $2,258,997 for Design 1-2C. The
total opinion of probable cost construction and implementation is $117,695,094. Projecting this total
probable cost over a 20 year operating cycle, results in a total cost of approximately $160,616,037. The
cost breakdown for Design 1-2C is presented in Table 5.2 Alternative C.
If Speece cones were used for either alternative, rolling maintenance shutdowns may be used to limit the
number of cones operating during the shutdowns with similar operating cost savings as presented in Table
5.0.
As previously mentioned, the Speece cone alternative has higher annual costs with the assumed 90 days
of operation. Over 20 years the O&M costs are considerable. However, actual durations for operating the
Speece cones will generally be much less than 90 days and will typically occur during periods when
critical low flows coincide with high temperatures in the Savannah Harbor.
5.1.3

Phase I, Step 3 (~68,000 lbs/day Reduction)

The most cost effective methods for meeting the total oxygen requirement of 68,250 lbs/day during the
critical summer months appear to be through the use of oxygen injection technology in the harbor. Two
designs are presented. The first (Design 1-3A) is through the use of 7 Speece cones to provide the total
supplemental oxygen requirement for the system during the critical summer months in the harbor. For 90
days of the summer, the 7 Speece cones would be required to inject approximately 70,000 lbs/day. The
capital cost for those cones is $425,000 each, for a total capital cost of $2,975,000. Each Speece cone
would require an oxygen plant at $325,000 per cone for a capital cost of $2,275,000. Assuming 15
percent oversight cost and 50 percent contingency cost, total capital costs for 7 Speece cones is
approximately $8,662,500. During the operating period from mid-July through mid-September and when
flows are near critical, O&M and energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton,
respectively or $24/ton per day O2 and $72/ton per day O2.
Assuming 30 percent oversight for O&M, the total annual costs are approximately $393,120 for Design 13A. The total opinion of probable cost construction and implementation is $9,055,620. Projecting this
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total probable cost over a 20 year operating cycle, results in a total cost of approximately $16,524,900.
Design 1-3A is presented in Figure 5.3.
The second design (Design 1-3B) is the use of Speece cones in combination with rolling maintenance
shutdowns of the four largest industrial point source dischargers. This would reduce O&M costs, as
estimated in Table 5.3. For 34 days of the summer, the 7 Speece cones would be required to operate at
their full capacity and inject approximately 70,000 lbs/day.

If Speece cones were used, rolling

maintenance shutdowns may be used to reduce O&M costs as estimated in Table 5.0.
Assuming 30 percent oversight for O&M, the total annual costs are approximately $244,608 for Design 13B. The total opinion of probable cost construction and implementation is $8,907,108. Projecting this
total probable cost over a 20 year operating cycle, results in a total cost of approximately $13,554,660.
The cost breakdown for Design 1-3B is presented in Table 5.3 and Figure 5.3.
5.1.4

Phase I, Step 4 (~503,500 lbs/day Reduction)

The most cost effective methods for meeting the total oxygen requirement of 503,500 lbs/day during the
critical summer months appear to be through the use of oxygen injection technology in the harbor. Two
designs are presented. The first (Design 1-4A) is through the use of Speece cones. Fifty (50) Speece
cones would meet the required 503,500 lbs/day oxygen need at a probable capital cost of $61,875,000
(Table 5.4 Alternative A). To estimate annual operating costs, the system is assumed to operate at full
capacity for 90 days. The annual costs for this design are estimated to be $2,808,000 while the total
probable cost to construct and operate this alternative over a 20-year period is $118,035,000.
A variation is Design 1-4B, the use of Speece cones in combination with rolling maintenance shutdowns.
Again, fifty (50) Speece cones would meet the required 503,500 lbs/day oxygen for the majority of the
critical summer period. However, the rolling maintenance shutdowns would reduce the number of days
the Speece cones would have to operate at full capacity. This would reduce annual operating costs. To
estimate annual operating costs, the injection system is assumed to operate at full capacity for 34 days.
For the remaining 56 days, injection requirements would be lower because of the reduced point source
loading. The annual costs for this design are estimated to be $2,607,072, while the total probable costs to
construct and operate this alternative over a 20-year period is $114,016,440.
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Another variation is Design 1-4C, the use of twentyfour (24) Speece cones, rolling maintenance
shutdowns, and a Discharge Network collecting the IP Savannah (Appendix E, Option II-A-1) effluent
and routing to a timed tidal discharge outfall near RM 5.5 is approximately $86..3 million for the first
year. This would transport the effluent past the critical DO segment. The annual costs for this design are
estimated to be $1,360,437, while the total probable costs to construct and operate this alternative over a
20-year period is $112,218,416. See Table 5.4 Alternative C and Figure 5.4.
Another variation is Design 1-4D, the use of twentyfour (24) Speece cones; rolling maintenance
shutdowns; a Discharge Network collecting Weyerhaeuser, IP Savannah, and President Street effluent
(Appendix E, Option I-B); and routing to a storage pond for 30-day retention with direct discharge in the
Back River. The capital cost for this design is estimated to be ~$97 million for the first year. The $10
million additional capital cost over the previous design is the result of the costs to construct the detention
pond for 30-day storage of effluent from the three industrial facilities. The multiple features in this design
would reduce loading for 30 days during the critical season. The annual costs for this design are
estimated to be $1,360,437, while the total probable costs to construct and operate this alternative over a
20-year period is $122,844,837. See Table 5.4 Alternative D and Figure 5.4.
As previously mentioned, the Speece cone alternative has higher annual costs with the assumed 90 days
of operation. Over 20 years the O&M costs are considerable. However, actual durations for operating the
Speece cones will generally be much less than 90 days and will occur during periods when critical low
flows coincide with high temperatures in the Savannah Harbor.
5.2

PHASE II

ASSUMPTIONS:


15 percent oversight



50 percent capital cost contingency



30 percent annual cost contingency



50 foot barge(s) available for use with no storage expenses



alternatives are required for 90 days (summer season)



costs associated with land acquisition and acquisition of right-of-ways and required local,
state and federal permitting are not estimated



costs associated with construction of electrical service or costs for diesel generators are not
estimated
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Phase II, Step 1, Incremental Increase (0.2 mg/L)

A DO incremental increase of 0.2 mg/L equates to approximately 72,818 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 72,818 lbs/day during the critical summer
months is to use an oxygen injection technology in the harbor, such as Speece cones. For 90 days of the
summer months, 8 Speece cones would be required to inject 80,000 lbs/day at $425,000 per cone for a
capital cost of $3,400,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a
capital cost of $2,600,000. Assuming a 15 percent oversight cost and 50 percent contingency cost, total
capital costs for 8 Speece cones is approximately $9,900,000. During the operating period from mid-July
through mid-September and when flows and temperatures are near critical, O&M and energy costs for
each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or $24/ton per day O2 and $72/ton per
day O2.
Assuming a 90 day operation and 30 percent oversight and reporting for O&M, the total annual costs are
approximately $449,280 for Phase II, Step 1. The total opinion of probable cost construction and
implementation is $10,349,280. Projecting this total probable cost over a 20-year operating cycle, results
in a total cost of approximately $18,885,600. The cost breakdown for Phase II, Step 1 is presented in
Table 5.5 and Figure 5.5.
5.2.2

Phase II, Step 2, Incremental Increase (0.4 mg/L)

A DO incremental increase of 0.4 mg/L equates to approximately 145,636 lbs/day. As stated previously,
one of the more cost-effective methods for meeting the total oxygen requirement of 145,636 lbs/day
during the critical summer months is to use an oxygen injection technology in the harbor, such as Speece
cones. For 90 days of the summer months, 15 Speece cones would be required to inject 150,000 lbs/day
at $425,000 per cone for a capital cost of $6,375,000. Each Speece cone would require an oxygen plant at
$325,000 per cone for a capital cost of $4,875,000. Assuming a 15 percent oversight cost and 50 percent
contingency cost, total capital costs for 15 Speece cones is approximately $18,562,500. During the
operating period from mid-July through mid-September and when flows and temperatures are near
critical, O&M and energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or
$24/ton per day O2 and $72/ton per day O2.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$842,400 for Phase II, Step 2. The total opinion of probable cost construction and implementation is
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$19,404,900. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $35,410,500. The cost breakdown for Phase II, Step 2 is presented in Table 5.6 and Figure
5.6.
5.2.3

Phase II, Step 3, Incremental Increase (0.6 mg/L)

A DO incremental increase of 0.6 mg/L equates to approximately 218,455 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 218,455 lbs/day during the critical summer
months is to use an oxygen injection technology in the harbor, such as Speece cones. For 90 days of the
summer months, 22 Speece cones would be required to inject 220,000 lbs/day at $425,000 per cone for a
capital cost of $9,350,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a
capital cost of $7,150,000. Assuming a 15 percent oversight cost and 50 percent contingency cost, total
capital costs for 22 Speece cones is approximately $27,225,000. During the operating period from midJuly through mid-September and when flows and temperatures are near critical, O&M and energy costs
for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or $24/ton per day O2 and $72/ton
per day O2. Assuming a summer month treatment time period of 90 days, 22 Speece cones would run for
56 days providing approximately 220,000 lbs/day.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$1,235,520 for Phase II Step 3. The total opinion of probable cost construction and implementation is
$28,460,520. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $51,935,400. The cost breakdown for Phase II, Step 3 is presented in Table 5.7 and Figure
5.7.
5.2.4

Phase II, Step 4, Incremental Increase (0.8 mg/L)

A DO incremental increase of 0.8 mg/L equates to approximately 291,273 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 291,273 lbs/day during the critical summer
months is to use an oxygen injection technology in the harbor, such as Speece cones. For 90 days of the
summer months, 29 Speece cones would be required to inject 290,000 lbs/day at $425,000 per cone for a
capital cost of $12,325,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a
capital cost of $9,425,000. Assuming a 15 percent oversight cost and 50 percent contingency cost, total
capital costs for 29 Speece cones is approximately $35,887,000. During the operating period from midJuly through mid-September and when flows and temperatures are near critical, O&M and energy costs
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for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or $24/ton per day O2 and $72/ton
per day O2. Assuming a summer operating period of 90 days, 29 Speece cones would run for 90 days
providing approximately 290,000 lbs/day.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$1,628,640 for Phase II Step 4. The total opinion of probable cost construction and implementation is
$37,516,140. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $68,460,300. The cost breakdown for Phase II, Step 4 is presented in Table 5.8 and Figure
5.8.
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FINAL SELECTION OF CONCEPTUAL DESIGN ALTERNATIVES

The conceptual design alternatives are a collection of selected DO improvement technologies, which
together will achieve the current and needed DO concentrations in the Savannah Harbor. Technologies
were evaluated based on requirements to meet current and proposed TMDL DO requirements in the
critical segment of the Savannah River Estuary.

These technologies were evaluated on several

characteristics, including cost, energy consumption, and oxygen transfer efficiency. Those technologies
that scored best in the second level screening evaluation have been incorporated into the conceptual
design phase.
6.1

PHASE I

The following Phase I final selections are conceptual designs based on the cost effectiveness of oxygen
injection technologies for achieving required TMDL DO concentrations to counteract discharges from
Upstream and Harbor BOD point sources and BOD from non-point sources.
6.1.1

Phase I, Step 1(~200,000 lbs/day Reduction)

One of the more cost effective methods for meeting the total oxygen requirement of 290,250 lbs/day
during the critical summer months is to use an oxygen injection technology to supplement reaeration in
the harbor, such as Speece cones in combination with rolling maintenance shutdowns. During the critical
season, 29 Speece cones would be required to inject 290,000 lbs/day at $425,000 per cone for a capital
cost of $12,325,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a capital
cost of $9,425,000. The rolling maintenance shutdown program could be applied on a basin wide scale
and potentially result in long-term cost savings as shown in Table 5.0.
The total opinion of probable cost construction and implementation is $37,713,324. Projecting this total
probable cost over a 20 year operating cycle, results in a total cost of approximately $72,403,980. The
cost breakdown for Phase 1, Step 1 was presented in Table 5.1 and Figure 6.1. Speece cones would be
grouped in 3 to 4 cones per fixed location or with up to 8 cones per barge.
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Phase I, Step 2 (~725,500 lbs/day Reduction)

One of the more cost effective methods for meeting the total oxygen requirement of 725,500 lbs/day
during the critical summer months is to use an oxygen injection technology to supplement reaeration in
the harbor, such as Speece cones in combination with rolling maintenance shutdowns. During the critical
season, 73 Speece cones would be required to inject 725,500 lbs/day at $425,000 per cone for a capital
cost of $31,025,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a capital
cost of $23,725,000. The O&M and energy costs are directly proportional to the days the oxygen injection
is needed. Further study using the Harbor Model may help to refine where, when, and how much oxygen
is needed
The total opinion of probable cost construction and implementation is $95,451,921. Projecting this total
probable cost over a 20 year operating cycle, results in a total cost of approximately $192,625,920. The
cost breakdown for Phase 1, Step 2 was presented in Table 5.2 Alternative A and Figure 6.2.
6.1.3

Phase I, Step 3 (~68,000 lbs/day Reduction)

One of the more cost effective methods for meeting the total oxygen requirement of 68,250 lbs/day during
the critical summer months is to use an oxygen injection technology to supplement reaeration in the
harbor, such as Speece cones in combination with rolling maintenance shutdowns. For 56 days of the
summer months 7 Speece cones may be used to inject 70,000 lbs/day at $425,000 per cone a capital cost
of $2,975,000. Each Speece cone would require an oxygen plant at $325,000 per cone for a capital cost of
$2,275,000. Rolling maintenance shutdowns may be used to reduce the total O&M costs.
The total opinion of probable cost construction and implementation is $9,216,729. Projecting this total
probable cost over a 20 year operating cycle, results in a total cost of approximately $19,747,080. The
cost breakdown for Phase 1, Step 3 was presented in Table 5.3 and Figure 6.3.
6.1.4

Phase I, Step 4 (~504,000 lbs/day Reduction)

One of the more cost effective methods for meeting the total oxygen requirement of 503,500 lbs/day
during the critical summer months is to use an oxygen injection technology to supplement reaeration in
the harbor, such as Speece cones in combination with rolling maintenance shutdowns. Fifty (50) Speece
cones may be used to meet the required 503,500 lbs/day oxygen. During the critical season, 50 Speece
cones would be required to inject 503,500 lbs/day at $425,000 per cone for a capital cost of $21,250,000.
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Each Speece cone would require an oxygen plant at $325,000 per cone for a capital cost of $16,250,000.
Assuming a 15 percent oversight cost and 50 percent contingency cost, total capital costs for 73 Speece
cones is approximately $61,875,000. The O&M and energy costs are directly proportional to the days the
oxygen injection is needed. Further study using the Savannah Harbor model may help to refine where,
when, and how much oxygen is needed
Application of the Rolling Maintenance BMP may result in an O&M savings. Projecting this total
probable cost over a 20 year operating cycle, results in a total cost of approximately $132,014,940. The
cost breakdown for Phase 1, Step 4 is presented in Table 5.4 Alternative A and Figure 6.4
6.2

PHASE II

6.2.1

Phase II, Step 1, Incremental Increase (0.2 mg/L)

A DO incremental increase of 0.2 mg/L equates to approximately 72,818 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 72,818 lbs/day during the critical summer
months is to use an oxygen injection technology to supplement reaeration in the harbor, such as Speece
cones. For 90 days of the summer months, 8 Speece cones would be required to inject 80,000 lbs/day at
$425,000 per cone for a capital cost of $3,400,000. Each Speece cone would require an oxygen plant at
$325,000 per cone for a capital cost of $2,600,000. Assuming a 15 percent oversight cost and 50 percent
contingency cost, total capital costs for 8 Speece cones is approximately $9,900,000.

During the

operating period from mid-July through mid-September and when flows are near critical, O&M and
energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or $24/ton per day O2
and $72/ton per day O2. Assuming a summer month treatment time period of 90 days, 8 Speece cones
would run for 90 days providing approximately 80,000 lbs/day.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$449,280 for Phase II Step 1. The total opinion of probable cost construction and implementation is
$10,349,280. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $18,885,600. The cost breakdown for Phase II, Step 1 is presented in Table 5.5 and Figure
6.5.
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Phase II, Step 2, Incremental Increase (0.4 mg/L)

A DO incremental increase of 0.4 mg/L equates to approximately 145,636 lbs/day. As stated previously,
one of the more cost-effective methods for meeting the total oxygen requirement of 145,636 lbs/day
during the critical summer months is to use an oxygen injection technology to supplement reaeration in
the harbor, such as Speece cones. For 90 days of the summer months, 15 Speece cones would be required
to inject 150,000 lbs/day at $425,000 per cone for a capital cost of $6,375,000. Each Speece cone would
require an oxygen plant at $325,000 per cone for a capital cost of $4,875,000. Assuming a 15 percent
oversight cost and 50 percent contingency cost, total capital costs for 15 Speece cones is approximately
$18,562,500. During the operating period from mid-July through mid-September and when flows are
near critical, O&M and energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively
or $24/ton per day O2 and $72/ton per day O2. Assuming a summer month treatment time period of 90
days, 15 Speece cones would run for 90 days providing approximately 150,000 lbs/day.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$842,400 for Phase II Step 2. The total opinion of probable cost construction and implementation is
$19,404,900. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $35,410,500. The cost breakdown for Phase II, Step 2 is presented in Table 5.6 and Figure
6.6
6.2.3

Phase II, Step 3, Incremental Increase (0.6 mg/L)

A DO incremental increase of 0.6 mg/L equates to approximately 218,455 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 218,455 lbs/day during the critical summer
months is to use an oxygen injection technology to supplement reaeration in the harbor, such as Speece
cones. For 90 days of the summer months, 22 Speece cones would be required to inject 220,000 lbs/day
at $425,000 per cone for a capital cost of $9,350,000. Each Speece cone would require an oxygen plant at
$325,000 per cone for a capital cost of $7,150,000. Assuming a 15 percent oversight cost and 50 percent
contingency cost, total capital costs for 22 Speece cones is approximately $27,225,000. During the
operating period from mid-July through mid-September and when flows and temperatures are near
critical, O&M and energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or
$24/ton per day O2 and $72/ton per day O2. Assuming a summer month treatment time period of 90 days,
22 Speece cones would run for 90 days providing approximately 220,000 lbs/day of oxygen added.
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Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$1,235,520 for Phase II Step 3. The total opinion of probable cost construction and implementation is
$28,460,520. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $51,935,400. The cost breakdown for Phase II, Step 3 is presented in Table 5.7 and Figure
6.7.
6.2.4

Phase II, Step 4, Incremental Increase (0.8 mg/L)

A DO incremental increase of 0.8 mg/L equates to approximately 291,273 lbs/day. One of the more costeffective methods for meeting the total oxygen requirement of 291,273 lbs/day during the critical summer
months is to use an oxygen injection technology to supplement reaeration in the harbor, such as Speece
cones. For 90 days of the summer months, 29 Speece cones would be required to inject 290,000 lbs/day
at $425,000 per cone for a capital cost of $12,325,000. Each Speece cone would require an oxygen plant
at $325,000 per cone for a capital cost of $9,425,000. Assuming a 15 percent oversight cost and 50
percent contingency cost, total capital costs for 29 Speece cones is approximately $35,887,000. During
the operating period from mid-July through mid-September and when flows are near critical, O&M and
energy costs for each Speece cone are 200 kWh/ton and 600 kWh/ton respectively or $24/ton per day O2
and $72/ton per day O2. Assuming a summer month treatment time period of 90 days, 29 Speece cones
would run for 90 days providing approximately 290,000 lbs/day.
Assuming 30 percent oversight and reporting for O&M, the total annual costs are approximately
$1,628,640 for Phase II Step 4. The total opinion of probable cost construction and implementation is
$37,516,140. Projecting this total probable cost over a 20-year operating cycle, results in a total cost of
approximately $68,460,300. The cost breakdown for Phase II, Step 4 is presented in Table 5.8 and Figure
6.8.
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RECOMMENDED DESIGN ALTERNATIVES

Conclusions reached during this screening of technologies applicable to the Savannah Harbor for
improving DO concentrations as well as providing for future expansion of the harbor are as follows.
Tertiary treatment costs for each discharger may need to be researched because treatment options such as
membrane filtration requires specific effluent characterization for an effective design.

Some BOD

characterization has been performed thus far in the Savannah Harbor Wastewater Characterization Study
which analyzed samples from August 1999 for select dischargers. In any event, the complete elimination
of all point source discharges in Augusta and Savannah would only reduce the critical DO deficit by 0.55
ug/L.
Capital costs for technologies to reroute or store BOD loadings from the top five dischargers exceed the
capital costs for direct oxygen injection to supplement reaeration in the harbor. Therefore,
recommendations for each phase involve oxygen injection technology. Rolling maintenance shutdowns
may have an impact on reducing the BOD loadings but are only effective for a period of an individual
shutdown. This managerial implementation is the most cost effective technology besides direct oxygen
injection. Combined together these two technologies may satisfy any phase and step considered in this
study.
In summary, a 12 feet diameter Speece Cone 15 feet tall with the discharge placed 50 feet below the water
surface may provide the following results:


60 mg/L DO Concentration in the discharge



34 cfs cone flow



10,000 to 12,000 lbs O2/day injected



45 horsepower (hp) pump utilized



>90% oxygen absorption



<200 kW hr/ton DO consumed depending on depth



Cost of units - $85,000/ton DO/day ($500,000 per 12 feet diameter unit with pump)

The results of this system’s high efficiency and low unit energy consumption occur in part because
turbulence is confined to the inside of the cone with no bottom scouring. These results are also achieved
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without interfering with ship channel traffic. Other advantages of the Speece cone technology are the
ability to become a self contained mobile or stationary oxygenation barge.
Oxygen injection technologies may also be used to superoxygenate municipal and industrial discharges.
Using this technology, sufficient DO may be added to a discharge to provide sufficient oxygen to offset a
portion of the BOD contribution thereby limiting the impact to the harbor DO sources. (Appendix D,
Section 6).
The final selection conceptual design figures here in represent a conceptual distribution of locations for
oxygen injection technologies. Further study utilizing the Harbor Model is recommended to optimize the
locations and operating parameters for oxygen injection. One Speece cone may provide approximately
10,000-12,500 lbs/day oxygen. Combining more Speece cones in one area (up to four) may provide
40,000-50,000 lbs/day oxygen. Using a mobile injection station such as a barge with up to 8 Speece cones
providing approximately 80,000-96,000 lbs/day oxygen allows flexibility by providing oxygen to an area
based on real-time DO monitoring. Another scenario that may optimize the use of Speece cones is
injecting oxygen into the Harbor only during incoming tides.
It is also recommended to study the feasibility of using direct power for energy needs versus diesel
generators. Availability of electrical service may also help determine the locations for harbor injection
technology. A key consideration in supplementing oxygen to the harbor is the availability of land at key
location defined by DO deficient conditions within the harbor, upon which the oxygenation system may
be placed. The availability of electricity is another consideration. Generally it is quite expensive to bring
in electrical service. These two factors; the availability of real estate in the vicinity of the needed oxygen
supplementation and the availability of electricity will be significant initial cost factors. A self contained
unit, with its own PSA oxygen generation source, may be driven by an internal combustion engine which
does not require an electrical power source. Furthermore, the pumps required to move water through the
oxygen transfer vessel may be powered by combustion engine driver pumps. Thus, the barge units may
only need to be supplied with diesel fuel. Propane may also be substituted for diesel fuel.
For future expansion of the harbor, the Speece cone technology also satisfies the supplemental oxygen
need at varying depths. Speece cones have been implemented in lakes and river bodies at depths over 50
feet (Speece, Appendix D).
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For more detailed analysis of the different oxygenation technologies considered in this screening please
refer to Appendix D.
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Table 1.1
Phase I and Phase II Requirements1
Identification and Screening Level Evaluation
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
TMDL DO DO Standard
Standard Case
(mg/L)
BODU Loading Case
Phase I
Step 1 Harborb
Upstreame
Step 2 Harborb
Upstreame
Step 3 Harborb
Upstreame
Step 4 Harborb
Upstreame

Present c

3

Current (1999) d

Present c

3

Full Permitted

Proposed f

3.55/3.0/2.3

Proposed f

3.55/3.0/2.3

BOD Load (lbs/day)

Current (1999) d

99,000
101,250
367,000
268,500
NA

Full Permitted

NA

TMDL DO DO Standard DO Level Increase g
(mg/L)
Standard Case
(mg/L)

NA

200,250

200,250

90,000

290,250

NA

635,500

635,500

90,000

725,500

132,000

68,250

68,250

NA

68,250

132,000

503,500

503,500

NA

503,500

Total Oxygen
Requirement(i)
(lbs/day)

Phase II
Step 1 Harborb

Phase 1 h

3.55/3.0/2.3

0.2

72,818

Step 2

Harborb

Phase 1 h

3.55/3.0/2.3

0.4

145,636

Step 3

Harbor

b

Phase 1

h

3.55/3.0/2.3

0.6

218,455

Harbor

b

Phase 1

h

3.55/3.0/2.3

0.8

291,273

Step 4

Allowable BOD
Required PS BOD Load Oxygen Requirement PS Required NPS BOD Load Total Oxygen Requirement
Reduction (lbs/day)
(lbs/day)
Discharge (lbs/day)
Reduction (lbs/day)
BODa (lbs/day)

Notes:
Selected design criteria.
TMDL - Total Maximum Daily Load
DO - Dissolved Oxygen
mg/L - milligrams per liter
BODu - Biochemical Oxygen Demand (Ultimate)
BOD - Biochemical Oxygen Demand
lbs/day - pounds per day
PS - Point Source
NPS - Non-Point Source
NA - Not Applicable

Prepared By: ____________
Checked By: ____________

(1) Loads and standards are based on information provided in the August 2004 Draft TMDL for Dissolved Oxygen (USEPA, 2004).
(a) O2 requirements based on a 1:1 ratio of 1 lb BOD u discharged approximately equal to 1 lb O 2 required.
(b) Refers to the Harbor segment of Savannah River.
(c) The current standard of 3.0 mg/L has been disapproved by USEPA but remains until a new standard is promulgated.
(d) Current (1999) BOD loadings as measured in summer of 1999 and reported in the August 2004 Draft TMDL.
(e) Refers to the upstream channel of Savannah River. BOD loading assumes 75% of the total discharge BOD loads
impact critical segment.
(f) The proposed standard is based on the information provided in the Draft Savannah TMDL (USEPA, 2004) and must be promulgated
prior to finalizing a TMDL.
(g) Dissolved oxygen levels in the bottom of the Harbor segment.
(h) Assumes that the Phase I TMDL oxygen requirements have been met.
(i) Oxygen requirements are based on an assumption that 0.55 mg/L DO deficit is caused by 200,250 lbs of BOD as reported in the Draft TMDL.
Therefore, an 1 mg/L DO increment equates to 364,091 lbs O 2 needed.
USEPA, 2004. Draft Total Maximum Daily Load (TMDL) for Dissolved Oxygen in Savannah Harbor River Basin:
Chatham and Effingham Counties, Georgia. U.S. Environmental Protection Agency. August 2004.
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Table 2.1
Top Five Point Source Dischargers1
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia

Full Permit Limits

Facility Name
International Paper (Savannah)
International Paper (Augusta)
Fort James Paper (GA Pacific)
Weyerhaeuser-Port Wentworth
President Street

Facility Name
International Paper (Augusta)
International Paper (Savannah)
Fort James Paper (GA Pacific)
Weyerhaeuser-Port Wentworth
President Street

NPDES ID

Flowa
(MGD)

GA0001988
GA0002801
GA0046973
GA0002798
GA0025348

38.00
40.00
33.00
22.00
27.00

NPDES ID
GA0002801
GA0001988
GA0046973
GA0002798
GA0025348

TMDL
Flowb
(MGD)
1.30
NA
0.80
0.10
27.00

Oxygen Demanding Load Based on Current Permit Limits

BOD5c
(lbs/day)

NH3
(mg/L)

NH3
(lbs/day)

F-Ratio

25,000
30,000
10,850
6,700
4,166

NA
NA
NA
NA
12.9

NA
NA
NA
NA
2,905

10.7
6
5
4.5
3.9

CBODU NBODU TBODU
(lbs/day) (lbs/day) (lbs/day)
267,500
180,000
54,250
30,150
16,247

Flowe
(MGD)
30.00
28.00
19.00
11.75
25.83

NA
NA
NA
NA
13,276

267,500
180,000
54,250
30,150
29,523

Permit Limit
TBODU
(lbs/day)
267,500
135000 d
54,250
30,150
29,523

Prepared By: ____________
Checked By: ____________

Notes:
NPDES - National Pollutant Discharge Elimination System
MGD - million gallons per day
TMDL - Total Maximum Daily Load
BOD5 - Biochemical Oxygen Demand
lbs/day - pounds per day
mg/L - milligrams per liter
CBODU - Carbonaceous Ultimate Biochemical Oxygen Demand
NBODU - Nitrogenous Ultimate Biochemical Oxygen Demand
TBODU - Total Ultimate Biochemical Oxygen Demand
NA - Not Applicable
RM - River Mile
m3/ton - cubic meters per ton
(1) Based on current permit limits as reported in USEPA EnviroFacts Database. For upstream dischargers 75%
of the permitted load was used to complete the ranking.
(a) As reported in the Draft TMDL (USEPA, 2004). Values for IP-Savannah, GAPAC, Weyerhaeuser are assumed to be erroneous.
Permit limits and discharge monitoring report (DMR) data were used to provide flow information for design.
(b) Indicates the following flow assumptions:
IP Augusta maximum capacity taken from USEPA EnviroFacts Database, 2005 (80.05 m3/ton flow to surface
water multiplied by 1900 tons/day consumer packaging)
GA Pacific & IP Savannah taken from yearly maximum actual flow as reported in the facilities 1999 DMR.
Weyerhaeuser taken from yearly maximum actual flow as reported in the facilities 2000 DMR.
President Street NPDES permitted flow criteria (taken from EPA Envirofacts website)
(c) USEPA, 2004. Draft Total Maximum Daily Load (TMDL) for Dissolved Oxygen in Savannah Harbor River Basin:
Chatham and Effingham Counties, Georgia. U.S. Environmental Protection Agency. August 2004.
(d) Assumes 75% TBODU reaches the upper estuary area.
(e) Indicates the following flow assumptions:
IP Augusta 1997-2001 average flow and CBODU was taken from a graph from the Middle
Savannah River Model from the Augusta Lock and Dam (RM 199.1) to Clyo, Georgia (RM 59) (USEPA, 2003).
USEPA, 2004. PowerPoint Presentation provided by Steve Whitlock, USEPA R4.
GA Pacific & IP Savannah taken from yearly average actual flow and BOD as reported in the facilities 1999 DMR.
Weyerhaeuser taken from yearly average actual flow as reported in the facilities 2000 DMR.
President Street yearly maximum flow as reported in the facilities 1999 DMR.
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Table 3.1
Level I Assessment of Dissolved Oxygen Technology
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
DISSOLVED OXYGEN IMPROVEMENT TECHNOLOGY
Harbor and Channel

Potentially Effective and Compatible with Site-specific
Conditions - Additional Evaluation Necessary
Harbor System

Comment

Point Source Discharger

ADVANCED TREATMENT

NO

YES

Membrane filtration is effective as a tertiary treatment process by removing sedimentary particles and
particulate organics from the wastewater. However, it is not effective in reducing BOD loadings from dissolved
organics. Design criteria requires detailed wastewater characterization limiting cost analysis. To achieve
effective BOD removal, biological waste water treatment occurs at a high mixed liquor suspended solids
concentration and a shorter mean cell residence time. The high concentration of fast growing bacteria consume
readily available organic matter and are then filtered out by the membrane filters. Use of this type of
wastewater treatment processes are generally limited in pulp and paper mil effluents since the much of the
organic matter present (tannins, lignums) is difficult to degrade and requires long residence time as well,
aeration, and large storage volumes

Cascade Aerator

NO

NO

Cascade aerators increase surface area of the water in contact with the atmosphere by routing water over a
series of steps. This turbulence increases the surface area and aeration is through diffusion at the air/water
interface. This type of aeration could not be located in navigable waterways or be applicable for the volumes
and configuration of Savannah Harbor.

CleanFlo - Natural Inversion

NO

NO

The CleanFlo Natural Inversion process creates a vertical mixing zone by causing natural inversion where high
DO surface waters mix with low DO deep waters. This technology is very useful for static water bodies such as
storage lagoons or ponds but is not applicable in rivers or other fast flowing water bodies.

Membrane Filtration

AERATION ALTERNATIVES

Coarse Bubble Diffuser

NO

NO

Coarse bubble diffusers release air bubbles at the bottom of a water column. Oxygen transfer is achieved by
diffusion at the air/water interface as the bubble rise through the water column. Oxygen transfer is limited by
the bubble size (bubble surface area), atmospheric oxygen content, and water depth. Larger air bubbles have
less total surface area and, therefore oxygen transfer efficiencies are relatively low compared to other aeration
technologies. Diffusers would need to be mounted in the bottom of the navigation channel making them
unsuitable for application in the harbor.

Fine Bubble Diffuser

NO

NO

Fine bubble diffusers have higher oxygen aeration efficiencies (than Coarse Bubble) due to the smaller bubble
size creating more surface area. These diffusers require a deep water column to maximize oxygen absorption.
The diffusers would need to be mounted in the bottom of the navigation channel making them unsuitable for
application in the harbor.

Mobley - Soaker Hose

NO

NO

Soaker hose technology is similar to coarse and fine bubble diffusers. Based on the pore size of the hose and
the pressure on the air/oxygen delivery line, oxygen transfer rates are adjustable. The system is susceptible to
pore clogs and requires periodic, regular hose replacement. Deep water columns (greater than 100 feet) are
needed to maximize oxygen transfer. The hose would need to be mounted in the bottom of the navigation
channel making them unsuitable for application in the harbor.

Mechanical Surface Aerators

NO

NO

Generally, mechanical surface aerators splash water to increase surface area to increase diffusion. Oxygen
transfer is limited by the atmospheric oxygen content, not effective for deep water, and are capable of aerating
only a small total area per unit. Surface aerators would need to be placed in and along the navigation channel
making them unsuitable for use in the harbor.
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Table 3.1
Level I Assessment of Dissolved Oxygen Technology
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
DISSOLVED OXYGEN IMPROVEMENT TECHNOLOGY
Harbor and Channel

Potentially Effective and Compatible with Site-specific
Conditions - Additional Evaluation Necessary
Harbor System

Comment

Point Source Discharger

MANAGEMENT ALTERNATIVES

Rolling Maintenance Shutdown during Critical Season

NO

YES

Generally, many industries require a brief period of time to complete in depth maintenance activities at the
facility that may last from several days to a few weeks. During this time, processes may be taken off-line
reducing BOD loading to the wastewater treatment system and the ultimate BOD discharged in the effluent.
As possible, industries along the middle and lower reaches of the Savannah River/Harbor may be able to
schedule these maintenance shutdowns to coincide with the critical period in the harbor. The industries
discharging to the river/harbor may be able to coordinate shutdowns maximizing the length of time and the load
reductions to the system during drought conditions.

Increased Releases from Upstream Reservoirs

NO

NO

Increased releases from upstream reservoirs may be employed during low flow to increase water flow to the
river channel from upstream reservoirs during critical period to reduce the impacts from BOD sources on
critical segment.

OXYGEN INJECTION ALTERNATIVES

ECO2 - SuperOxygenation (Speece Cone)

YES

YES

The superoxygenation Speece Cone draws water from the water body in a sidestream location. As water flows
downward in the cone, pure oxygen in injected into the cone the resulting hydraulic turbulence creates a bubble
swarm which greatly enhances oxygen transfer efficiency. The small bubbles have high surface area and long
contact times that create a high oxygen adsorption efficiency (95%). The cones can provide oxygenated water
delivered to any depth with a variety of applications and requires low system maintenance.

Fine Bubble Diffuser using High Purity Oxygen

YES

NO

Fine bubble diffusers using high purity oxygen have high oxygen transfer efficiencies and ability to satisfy high
oxygen demands. These systems require a deep water column to maximize oxygen adsorption and diffusers are
mounted to the bottom of the water column making the unsuitable for application in the harbor.

Hydroflo - Aero Transfer System

YES

NO

Hydroflo's technology provides high oxygen transfer rates with high dissolved oxygen levels sidestream
concentrations. These systems can be mounted on the channel edge with the oxygenated water injected into
harbor.

Praxair - In-Situ Oxygenation (ISO)

YES

NO

Praxair ISO technology provides efficient oxygen transfer and have relatively low energy consumption. These
systems produce lower sidestream DO levels (than Speece Cones) and require close spacing due to a small
coverage area. They can be mounted along the channel edge with the discharge directed perpendicular to
channel.

sidestream Pressurized Oxygenation (PSSO)

YES

NO

sidestream pressurized oxygenation has efficient oxygen transfer rates with high dissolved oxygen levels. This
system requires a large land area due to length of pipe. The system is suitable for discharging superoxygenated
water into Savannah Harbor.

U-Tube

YES

YES

U-Tube technology combines high oxygen transfer efficiency and high dissolved oxygen levels with low energy
consumption. These system require deep wells of 150 to 200 feet deep.

Venturi

NO

YES

Venturi nozzles provide reliable performance, efficient oxygen transfer, and require small land area. They are
low maintenance and generally, applicable for pipeline injection.
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Table 3.1
Level I Assessment of Dissolved Oxygen Technology
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
DISSOLVED OXYGEN IMPROVEMENT TECHNOLOGY
Harbor and Channel

Potentially Effective and Compatible with Site-specific
Conditions - Additional Evaluation Necessary

Comment

Harbor System

Point Source Discharger

Aquatic Treatment Systems

NO

YES

Aquatic treatment systems are generally able to meet secondary treatment goals. These systems can be designed
with various detention times, and can produce BOD effluent characteristics as low as <10 mg/L. May be used in
conjunction with storage systems.

Constructed Wetland System

NO

YES

Constructed wetland systems are generally able to meet secondary to tertiary wastewater treatment goals and
BOD effluent characteristics are as low as 5 mg/L.

Discharge Collection Network with Supplemental Oxygen Injection

NO

YES

Inflatable Weir

YES

NO

PHYSICAL MODIFICATIONS

The discharge collection network could collect and route effluent from point source dischargers to a central
storage system. Introduction of oxygen into pipeline would maintain or increase DO levels and may allow
additional treatment of BOD during travel time prior to discharge. A discharge collection system would have a
relatively high capital cost and would take require lengthy construction time.
Inflatable weirs are intermittent control structures that can be mounted to the bottom of the river. When needed
air bladders are expanded and the weir rises into position. The inflatable weir could be used to limit the
saltwater wedge from intruding upstream during the tidal cycle and to increase mixing in the vertical direction
by forcing incoming water to pass over the weir adding destratification of the harbor system and , thereby,
potentially increase DO levels in the lower portion of the water column.

Land Application Systems (LAS)/Urban Water Reuse (UWR)

NO

YES

Land application systems or urban water reuse programs take treated effluent and apply it directly to land
surfaces. Effluent quality for LAS generally meet secondary standards and spray effluents into restricted access
areas. UWR effluents are highly polished with BODs generally as low as <2 mg/L. UWR effluents are used
for irrigation in areas with public access. UWR demands (and LAS application rates) are highest when the need
for BOD reductions would be greatest resulting in a complimentary situation.

Mechanical Pumps

YES

NO

Mechanical pumps could be used to increase mixing of low DO waters on the bottom with higher DO surface
waters adding destratification.

Seaward Pipeline with Timed Tidal Discharge

NO

YES

The seaward pipeline builds upon the discharge collection network system by routing the treated effluent from
point source dischargers further seaward, well past the critical DO segment. This system requires construction
of a pipeline from the centralized storage pond to the discharge point. Additionally, discharges from the system
could be timed to discharge with the out going tidal flow.

Storage and Controlled Discharge System

NO

YES

The storage and controlled discharge system builds upon the discharge collection network by routing of point
source effluent to storage system where the treated effluents could be held for discharge. Discharge from the
storage system would be done continuously during periods of higher flows and/or cooler temperatures. During
drought conditions, discharge could be held until flows are higher.

Tidal Gate

YES

NO

The tidal gate control system could be used to limit the tidal flow into the harbor during tidal cycles reducing
stratification. This system could be further studied as a method for controlling upstream salt water intrusion
from further deepening.
Prepared By: ____________
Checked By: ____________

Notes:
BOD - Biochemical Oxygen Demand
DO - Dissolved Oxygen
mg/L - milligram per liter
LAS - Land Application Systems
UWR - Urban Water Reuse
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Table 3.2
Level II Assessment of Limitations - Harbor Improvements
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
Evaluation Criteria
Alternatives

Performance/Effectiveness

Reliability

Sidestream O2 Conc.
Capital Cost
(mg/L)

O2 Adsorption Efficiency
(%)

Unit Energy per lbs. O2
(lbs O2/hp-hr)

> 90

8

60 - 200

Medium

3

2

3

2

Placement

Score

OXYGEN INJECTION
ECO2® - SuperOxygenation (Speece Cone)

Effective in O2 transfer
3

Fine Bubble Diffuser using High Purity Oxygen

Hydroflo - Aero Transfer System

Praxair - In-Situ Oxygenation

Requires deep water column. Bottom
mounted not suitable for harbor expansion.
Suitable for storage pond applications

Moderate
Maintenance

60
(Assuming 40 ft water
column)

NA

NA

Medium

1

2

1

0

0

2

Good Technical Specifications - limited by
volume of DO required

Low
Maintenance

60

5

?

High

1

1

2

1

2

3

Floating aerators - Not practical for river
channel. Suitable for storage pond.

Low
Maintenance

1

10

Medium

3

3

1

2

70 - 80

2

100

Medium

2

1

3

2

75 - 90

16

50 - 100

High

3

2

3

3

1

Low
Maintenance

60

5

10

Medium

2

3

1

1

1

2

NA

NA

NA

Medium

Effective in O2 transfer

Venturi Nozzle

13

Good Technical Specifications - limited by
quantity of DO required

3
U-Tube

> 90

3
Low
Maintenance
3
Low
Maintenance
3

Effective in O2 transfer

Sidestream Pressurized Oxygenation

Low
Maintenance
3

River Bank,
Barge
16
River Bottom
6
River Bank
10
River
Channel/Pond
13
River Bank
14
River Bank
15
River Bank
10

PHYSICAL MODIFICATIONS
Bottom mount not practical for harbor
Low
expansion. Measure for controlling salt water
Maintenance
intrusion & increasing mixing

Inflatable Weir

Mechanical Pumps

Tidal Gate

1

3

0

0

0

2

High energy mixing, low dissolved oxygen
improvements

Low
Maintenance

NA

NA

NA

Medium

1

3

0

0

0

2

Measure for controlling salt water intrusion,
not effective for increasing DO
concentration.

Low
Maintenance

NA

NA

NA

Medium

1

3

0

0

0

2

Ranking Scale:
Fair / Moderate = 2
Poor / Low = 1

River Channel
6
Side Channels

Harbor Improvements Oxygen Injection Performance/Effectiveness
3 – Low Maintenance; High Oxygen Transfer Efficiency (>90%); High Production of oxygen per horse power hour (>10 lbs O2/hp-hr); High Sidestream O2 concentration (>50 mg/L); and Low Capital Cost.
2 – Moderate Maintenance; Medium Oxygen Transfer Efficiency (60-90%); Medium Production of oxygen per horse power hour (6-9 lbs O2/hp-hr); Medium Sidestream O2 concentration (10-50 mg/L); and Medium Capital Cost.
1 – High Maintenance; Low Oxygen Transfer Efficiency (<60%); Low Production of oxygen per horse power hour (<6 lbs O2/hp-hr); Low Sidestream O2 concentration (<10 mg/L); and High Capital Cost
Harbor Improvements Physical Performance/Effectiveness

Good / High = 3

6

6

Physical RankingOxygen Injection Ranking Summary: Prepared By: ____________
Inflatable Weir 6- SuperOxygenation (Speece Cone) 16 Checked By: ____________
U-Tube 15
Mechanical Pumps 6
Tidal Gate 6destream Pressurized Oxygenation 14

Notes:
NA - Data is Not Available or Not Applicable
lbs O2/hp-hr - pounds of oxygen per horsepower hour
lbs/day - pounds per day
DO - Dissolved Oxygen
ECO2 - Eco Oxygen Technologies, LLC

Good / High = 3

River Channel

3 – Most applicable to DO improvement goals; Low Maintenance; and Low Capital Cost.
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Table 3.3
Level II Assessment of Limitations - Point Sources
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia

Alternatives
ADVANCED TREATMENT
Membrane Filtration

Evaluation Criteria
Capital Cost

Performance/Effectiveness

Reliability

BOD Reduction (lbs/day)
(lbs/day)

Tertiary treatment system

Medium
Maintenance

Particulate organics
(does not remove dissolved organics)

1

2

1

Score
Constraints

Seasonal Application

High

Wastewater treatment system reconfiguration and site land
availability

Annual

1

2

3

Summer

10

MANAGEMENT

Rolling Maintenance Shutdown
during Critical Months

Maintenance shutdown at a
facility producing 50% reduction in
that dischargers effluent flow

Low Maintenance

0 - 134,000

Low

No area required. Requires coordination and agreement
among dischargers along the river/harbor. Maintenance may
not be required by a facility during the applicable season.
Contingencies for emergency shutdowns and completing
other maintenance activities during this period (thereby
eliminating a need for another shutdown) requires
consideration. Actual BOD load during shutdowns in not
known and would require further investigation

3

3

2

3

3

2

Reuse of treated wastewater for
irrigation during summer period

Medium
Maintenance

0 - 30,000

High

Construction of a distribution network and an increase in
consumer demand

Summer

2

2

1

1

2

2

Reduces BOD loadings by
collecting discharge and piping
seaward to be discharged with tidal
cycle

Medium
Maintenance

0 -500,000

High

Available land and right of ways for pipeline construction

Annual

3

3

3

3

3

3

Reduces BOD loadings by
collecting discharge.

Medium
Maintenance

~80,000

Medium

Available land area and need for right of ways for pipeline

Annual

3

3

1

2

2

3

Treatment system with increased
residence time for polishing of BOD
in treated wastewater

Medium
Maintenance

0 - 500,000

High

Large land requirement also availability of suitable land and
need for right of ways for pipeline construction

Annual

2

3

3

1

3
Annual
3

16

PHYSICAL MODIFICATIONS
Urban Water Reuse Plan

Seaward Pipeline with Timed
Tidal Discharge

Discharge Collection Network with
Supplemental Oxygen Injection (Venturi
Nozzle)

Constructed Wetlands

Storage and Controlled Discharge Pond

2
Storage of discharge reduces BOD
loadings in the Harbor segment
during critical period
3

Low Maintenance

0 - 500,000

Medium

Large land requirement also availability of suitable land and
need for right of ways for pipeline construction

3

3

2

3

Notes:
BOD - Biochemical Oxygen Demand

Ranking Scale:
Good / High = 3
Fair / Moderate = 2
Poor / Low = 1

Ranking Summary:
Seaward pipeline with timed tidal discharge 18
Storage and controlled discharge pond 17
Rolling maintenance shutdown during critical months 16
Point Source Performance/Effectiveness
3 – Most benefit to DO improvement goals; low maintenance; high BOD reduction (250,000 to 500,000 lbs/day); low capital costs; no area constraints; and most effective during summer season..
2 – Moderate benefit to DO improvement goals; moderate maintenance; and medium BOD reduction (100,000 to 250,000 lbs/day); medium capital costs; some area constraints; and most effective during summer season.
1 – Further research needed to assess DO improvement goals; high maintenance; and low BOD reduction (<100,000 lbs/day); high capital costs; area constraints; and limited seasonal application.

3-1

10

18

14

14

17

Prepared By: ____________
Checked By: ____________
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TABLE 5.1 Concept 1 Alternative 1A – Harbor Injection Technology (29 Speece Cones)
Cost Assessment for Design Phase I Step 1
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required point source BOD reduction is 200,250 lbs/day
(99,000 lbs BOD/day removal from harbor & 101,250 lbs BOD/day removal from upstream)
Required nonpoint source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 290,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 290,000 lbs O 2 /day
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers (will vary based on actual maintenance needs))
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Item

Unit

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

29

cone

$

425,000

$

12,325,000

Harbor injection technology (PSA O2 plant)

29

cone

$

325,000

$

9,425,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

21,750,000
3,262,500
10,875,000
35,887,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

13,920

$

1,252,800

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

10,560

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

12,960

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

13,440

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

7,680

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

1,252,800
375,840
1,628,640

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS OVER 20 YEARS

$
$
$
$

35,887,500
1,628,640
37,516,140
68,460,300

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance

Prepared By:
Checked By:
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TABLE 5.1 Concept 1 Alternative 1B – Harbor Injection Technology (29 Speece Cones with scheduled maintenance shut downs)
Cost Assessment for Design Phase I Step 1
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required point source BOD reduction is 200,250 lbs/day
(99,000 lbs BOD/day removal from harbor & 101,250 lbs BOD/day removal from upstream)
Required nonpoint source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 290,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 290,000 lbs O 2 /day
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers (will vary based on actual maintenance needs))
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Item

Unit

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

29

cone

$

425,000

$

12,325,000

Harbor injection technology (PSA O2 plant)

29

cone

$

325,000

$

9,425,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

21,750,000
3,262,500
10,875,000
35,887,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

13,920

$

473,280

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

10,560

$

147,840

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

12,960

$

181,440

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

13,440

$

188,160

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

7,680

$

107,520

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

1,098,240
329,472
1,427,712

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS OVER 20 YEARS

$
$
$
$

35,887,500
1,427,712
37,315,212
64,441,740

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance

Prepared By:
Checked By:
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TABLE 5.1 Concept 1 Alternative 1C - Disharge Collection Network 60-day retention
Cost Assessment for Design Phase I Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required point source BOD reduction is 200,250 lbs/day
(99,000 lbs BOD/day removal from harbor & 101,250 lbs BOD/day removal from upstream)
Required nonpoint source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 290,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 290,000 lbs O 2 /day
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers (will vary based on actual maintenance needs))
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Unit

Harbor injection technology (Speece Cone)

0

cone

$

425,000

$

-

Harbor injection technology (PSA O2 plant)

0

cone

$

325,000

$

-

Discharge Collection Network 60-day HRT Pond (Option II-C-1)

1

network

$ 42,902,991

$

42,902,991

Supplemental Oxygen Injection

10

mile

$

40,500

$

405,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

$
Subtotal $
Oversight (15%) $
Contingency (50%) $
TOTAL CAPITAL COSTS $

43,307,991
6,496,199
21,653,996
71,458,185

Item

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

0

day

$

19,200

$

-

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

15,840

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

18,240

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

18,720

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

12,960

$

-

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

164,250
49,275
213,525

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

71,458,185
213,525
71,671,710
75,728,685

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance

Prepared By:
Checked By:
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TABLE 5.1 Concept 1 Alternative 1C - Disharge Collection Network 30-day retention
Cost Assessment for Design Phase I Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required point source BOD reduction is 200,250 lbs/day
(99,000 lbs BOD/day removal from harbor & 101,250 lbs BOD/day removal from upstream)
Required nonpoint source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 290,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 290,000 lbs O 2 /day
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers (will vary based on actual maintenance needs))
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Unit

Harbor injection technology (Speece Cone)

0

cone

$

425,000

$

-

Harbor injection technology (PSA O2 plant)

0

cone

$

325,000

$

-

Discharge Collection Network 30-day HRT Pond (Option II-B-1)

1

network

$ 37,471,338

$

37,471,338

Supplemental Oxygen Injection

10

mile

$

40,500

$

405,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

$
Subtotal $
Oversight (15%) $
Contingency (50%) $
TOTAL CAPITAL COSTS $

37,876,338
5,681,451
18,938,169
62,495,958

Item

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

0

day

$

19,200

$

-

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

15,840

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

18,240

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

18,720

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

12,960

$

-

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

164,250
49,275
213,525

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

62,495,958
213,525
62,709,483
66,766,458

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance

Prepared By:
Checked By:

1 of 1

USACE SHEP/SHERS
Chatham County, Georgia

MACTEC Project Number: 6301-05-0001
Contract Number: W912798-04-D-0009: CV01
June 1, 2005

TABLE 5.2 Concept 1 Alternative 2A – Harbor Injection Technology (73 Speece Cones)
Cost Assessment for Design Phase I Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required Point Source BOD reduction is 635,500 lbs/day
Required Nonpoint Source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 725,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 730,000 lbs O 2 /day
Inject harbor near midpoint of Hutchinson Island and via mobile barge
Barge available for use and no storage expense
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from an individual discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Unit

Harbor injection technology (Speece Cone)

73

cone

$

425,000

$

31,025,000

Harbor injection technology (PSA O2 plant)

73

cone

$

Discharge Collection Network 30-day HRT Pond

0

network

Rolling Maintenance Shut Down (IP Augusta)

2

Rolling Maintenance Shut Down (GA Pacific)

2

Item

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS

325,000

$

23,725,000

$ 39,556,271

$

-

weeks

$

-

$

-

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

54,750,000
8,212,500
27,375,000
90,337,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

35,040

$

3,153,600

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

31,680

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

34,080

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

34,560

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

28,800

$

-

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

3,153,600
946,080
4,099,680

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

90,337,500
4,099,680
94,437,180
172,331,100

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.2 Concept 1 Alternative 2B – Harbor Injection Technology (73 Speece Cones with scheduled maintenance shutdowns)
Cost Assessment for Design Phase I Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required Point Source BOD reduction is 635,500 lbs/day
Required Nonpoint Source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 725,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 730,000 lbs O 2 /day
Inject harbor near midpoint of Hutchinson Island and via mobile barge
Barge available for use and no storage expense
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from an individual discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Unit

Harbor injection technology (Speece Cone)

73

cone

$

425,000

Harbor injection technology (PSA O2 plant)

73

cone

$

Discharge Collection Network 30-day HRT Pond

0

network

Rolling Maintenance Shut Down (IP Augusta)

2

Rolling Maintenance Shut Down (GA Pacific)

2

Item

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
$

31,025,000

325,000

$

23,725,000

$ 39,556,271

$

-

weeks

$

-

$

-

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

54,750,000
8,212,500
27,375,000
90,337,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

35,040

$

1,191,360

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

31,680

$

443,520
477,120

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

34,080

$

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

34,560

$

483,840

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

28,800

$

403,200

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

2,999,040
899,712
3,898,752

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

90,337,500
3,898,752
94,236,252
168,312,540

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.2 Concept 1 Alternative 2C – Speece Cones with Discharge Network and Storage System
Cost Assessment for Design Phase I Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
Present TMDL requirements based on current Georgia DO standard and current (1999) BOD loadings
Required Point Source BOD reduction is 635,500 lbs/day
Required Nonpoint Source BOD reduction is 90,000 lbs/day
Total Oxygen Requirements = 725,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 400,000 lbs O 2 /day
Inject harbor near midpoint of Hutchinson Island and via mobile barge
Discharge Collection Network (Includes Weyerhaeuser, IP Savannah, and President St. discharge) (327,500 lbs/day rerouted)
Supplemental oxygen injection for 10 miles capable of 80,000 lbs O 2 /day
(requires 22 injectors and 44 nozzles every 2400 feet)
Storage pond system (30-day retention)
Barge available for use and no storage expense
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Item

Quantity

Unit

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

40

cone

$

425,000

$

17,000,000

Harbor injection technology (PSA O2 plant)

40

cone

$

325,000

$

13,000,000

Discharge Collection Network 30-day HRT Pond (Option 1-B)

1

network

$ 39,556,271

$

39,556,271

Supplemental Oxygen Injection

10

mile

$

40,500

$

405,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

69,961,271
10,494,191
34,980,636
115,436,097

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

19,200

$

652,800

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

15,840

$

221,760

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

18,240

$

255,360

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

18,720

$

262,080

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

12,960

$

181,440

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$
$

1,737,690
521,307
2,258,997

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

115,436,097
2,258,997
117,695,094
160,616,037

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.3 Concept 1 Alternative 3A – Harbor Injection Technology (7 Speece cones)
Cost Assessment for Design Phase I Step 3
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and current (1999) BOD loadings
Required Point Source BOD reduction 68,250 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 68,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 70,000 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Item

Unit

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

7

cone

$

425,000

$

2,975,000

Harbor injection technology (PSA O2 plant)

7

cone

$

325,000

$

2,275,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

- $
Subtotal $
Oversight (15%) $
Contingency (50%) $
TOTAL CAPITAL COSTS $

5,250,000
787,500
2,625,000
8,662,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

3,360

$

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

-

$

302,400
-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

2,400

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

2,880

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

-

$

-

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

302,400
90,720
393,120

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

8,662,500
393,120
9,055,620
16,524,900

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.3 Concept 1 Alternative 3B – Harbor Injection Technology (7 Speece cones with scheduled maintenance shut downs)
Cost Assessment for Design Phase I Step 3
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and current (1999) BOD loadings
Required Point Source BOD reduction 68,250 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 68,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 70,000 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity

Item

Unit

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

7

cone

$

425,000

$

2,975,000

Harbor injection technology (PSA O2 plant)

7

cone

$

325,000

$

2,275,000

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

- $
Subtotal $
Oversight (15%) $
Contingency (50%) $
TOTAL CAPITAL COSTS $

5,250,000
787,500
2,625,000
8,662,500

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

3,360

$

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

-

$

114,240
-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

2,400

$

33,600

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

2,880

$

40,320

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

-

$

-

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

188,160
56,448
244,608

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

8,662,500
244,608
8,907,108
13,554,660

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.3 Concept 1 Alternative 3C - Seaward Discharge
Cost Assessment for Design Phase I Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and current (1999) BOD loadings
Required Point Source BOD reduction 68,250 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 68,250 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 70,000 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity
Unit
Unit Cost
Item

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

0

cone

$

425,000

$

-

Harbor injection technology (PSA O2 plant)

0

cone

$

325,000

$

-

Supplemental Oxygen Injection

0

mile

$

40,500

$

-

Discharge Collection Network Seaward Pipeline with Timed Tidal

1

network

$ 33,116,016

$

33,116,016

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

33,116,016
4,967,402
16,558,008
54,641,426

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

0

day

$

24,000

$

-

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

20,640

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

23,040

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

23,520

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

17,760

$

-

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

164,250
49,275
213,525

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

54,641,426
213,525
54,854,951
58,911,926

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.4 Concept 1 Alternative 4A - Harbor Injection Technology (50 Speece Cones)
Cost Assessment for Design Phase I Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and Current (1999) BOD loadings
Required Point Source BOD reduction 503,500 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 503,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 500,000-503,500 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity
Unit
Unit Cost
Item

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

50

cone

$

425,000

$

21,250,000

Harbor injection technology (PSA O2 plant)

50

cone

$

325,000

$

16,250,000

Supplemental Oxygen Injection

0

mile

$

40,500

$

-

Discharge Collection Network Seaward Pipeline with Timed Tidal

0

network

$ 33,116,016

$

-

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

37,500,000
5,625,000
18,750,000
61,875,000

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

24,000

$

2,160,000

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

0

day

$

20,640

$

-

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

0

day

$

23,040

$

-

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

0

day

$

23,520

$

-

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

0

day

$

17,760

$

-

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

2,160,000
648,000
2,808,000

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

61,875,000
2,808,000
64,683,000
118,035,000

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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Checked By:

1 of 1

USACE SHEP/SHERS
Chatham County, Georgia

MACTEC Project Number: 6301-05-0001
Contract Number: W912798-04-D-0009: CV01
April 7, 2005

TABLE 5.4 Concept 1 Alternative 4B - Harbor Injection Technology (50 Speece cones with scheduled maintenance shutdowns)
Cost Assessment for Design Phase I Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and Current (1999) BOD loadings
Required Point Source BOD reduction 503,500 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 503,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 500,000-503,500 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity
Unit
Unit Cost
Item

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

50

cone

$

425,000

$

21,250,000

Harbor injection technology (PSA O2 plant)

50

cone

$

325,000

$

16,250,000

Supplemental Oxygen Injection

0

mile

$

40,500

$

-

Discharge Collection Network Seaward Pipeline with Timed Tidal

0

network

$ 33,116,016

$

-

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

37,500,000
5,625,000
18,750,000
61,875,000

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

24,000

$

816,000

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

20,640

$

288,960

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

23,040

$

322,560

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

23,520

$

329,280

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

17,760

$

248,640

Supplemental Oxygen Injection (energy required)

0

day

$

1,780

$

-

Supplemental Oxygen Injection (O&M)

0

$

40,500

$

-

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

2,005,440
601,632
2,607,072

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

61,875,000
2,607,072
64,482,072
114,016,440

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
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TABLE 5.4 Concept 1 Alternative 4C - Speece Cone & Seaward Pipeline with Timed Tidal Discharge
Cost Assessment for Design Phase I Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and Current (1999) BOD loadings
Required Point Source BOD reduction 503,500 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 503,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 240,000 lbs O 2 /day
Inject near midpoint of Hutchinson Island
Discharge Collection Network (Includes IP Savannah discharge)
Supplemental Oxygen Injection for 10 miles capable of 80,000 lbs O 2 /day
(requires 22 injectors and 44 nozzles every 2400 feet)
Storage pond system ( 12-hours retention)
Seaward pipeline with timed tidal discharge at RM 5.5 (reroutes 267,500 lbs/day)
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity
Unit
Item

Unit Cost

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

24

cone

$

425,000

$

10,200,000

Harbor injection technology (PSA O2 plant)

24

cone

$

325,000

$

7,800,000

Supplemental Oxygen Injection

10

mile

$

40,500

$

405,000

Discharge Collection Network Seaward Pipeline with Timed Tidal (Option II - A-1)

1

network

$ 33,116,016

$

33,116,016

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

51,521,016
7,728,152
25,760,508
85,009,676

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

11,520

$

391,680

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

8,160

$

114,240

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

10,560

$

147,840

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

11,040

$

154,560

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

5,280

$

73,920

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

1,046,490
313,947
1,360,437

CAPITAL COSTS $
ANNUAL COSTS $
$
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS $

85,009,676
1,360,437
86,370,113
112,218,416

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance
RM - River Mile
Prepared By:
Checked By:
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TABLE 5.4 Concept 1 Alternative 4D - Speece Cone & Discharge Collection Network Alternative
Cost Assessment for Design Phase I Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Study
Chatham County, Georgia
MAJOR ASSUMPTIONS
TMDL proposed DO Standard requirements and Current (1999) BOD loadings
Required Point Source BOD reduction 503,500 lbs/day
Required Nonpoint Source BOD reduction is Not Applicable
Total Oxygen Requirements = 503,500 lbs/day
Supplemental DO needed during summer months
Harbor injection technology capable of 240,000 lbs O2/day
Inject near midpoint of Hutchinson Island
Discharge Collection Network (Includes Weyerhaeuser, IP Savannah, and President Street discharge)
Supplemental Oxygen Injection for 10 miles capable of 80,000 lbs O2/day
(requires 22 injectors and 44 nozzles every 2400 feet)
)
Storage pond system ( 30 day retention) to Direct Outfall Discharge to Back River
Rolling maintenance shut downs for 8 weeks reduces Speece cone O&M
50 % BOD loading reduction from discharger during the scheduled facility maintenance period
(assumes 2-weeks to perform required facility maintenance for top five dischargers)
Additional load reduction may be possible if shutdowns are implemented basin wide for every discharger
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited
and thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Quantity
Unit
Unit Cost
Item

Opinion of Probable Cost

CAPITAL COSTS
Harbor injection technology (Speece Cone)

24

cone

$

425,000

$

10,200,000

Harbor injection technology (PSA O2 plant)

24

cone

$

325,000

$

7,800,000

Supplemental Oxygen Injection

10

mile

$

40,500

$

405,000

Discharge Collection Network 30-day HRT Pond (Option 1-B)

1

network

$ 39,556,271

$

39,556,271

Rolling Maintenance Shut Down (IP Augusta)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (GA Pacific)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (Weyerhaeuser)

2

weeks

$

-

$

-

Rolling Maintenance Shut Down (IP Savannah)

2

weeks

$

-

$

-

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$

57,961,271
8,694,191
28,980,636
95,636,097

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

34

day

$

11,520

$

391,680

Speece Cone O&M plus O2 generation energy (IP Augusta shutdown)

14

day

$

8,160

$

114,240

Speece Cone O&M plus O2 generation energy (GA Pacific shutdown)

14

day

$

10,560

$

147,840

Speece Cone O&M plus O2 generation energy (Weyerhaeuser shutdown)

14

day

$

11,040

$

154,560

Speece Cone O&M plus O2 generation energy (IP Savannah shutdown)

14

day

$

5,280

$

73,920

Supplemental Oxygen Injection (energy required)

90

day

$

1,780

$

160,200

Supplemental Oxygen Injection (O&M)

0.1

$

DO - dissolved oxygen
BOD - biochemical oxygen demand
O&M - Operations and Maintenance

40,500

$

4,050

Subtotal
Oversight & Reporting (30%)
TOTAL ANNUAL COSTS

$
$
$

1,046,490
313,947
1,360,437

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS

$
$
$
$

95,636,097
1,360,437
96,996,534
122,844,837
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Summary Information
1
Description
Capital Costs
($)
37,516,140

Annual Operating
Costs
($)
1,628,640

Total Life Cycle
Costs
($)
68,460,300

29 Speece cones +
rolling maintenance
shutdowns

37,315,212

1,427,712

64,441,740

Disharge Collection
Network 60 day
retention
Disharge Collection
Network 30 day
retention

71,671,710

213,525

75,728,685

62,495,958

213,525

66,766,458

73 Speece Cones

94,437,180

4,099,680

172,331,100

94,236,252

3,898,752

168,312,540

117,695,094

2,258,997

160,616,037

9,055,620

393,120

16,524,900

Phase 1, Concept 1 Alternative 3B 7 Speece cones + rolling
Step 3
maintenance shutdowns

8,907,108

244,608

13,554,660

Phase 1, Concept 1 Alternative 3C
Step 3

Seaward Discharge

54,854,951

213,525

58,911,926

Phase 1, Concept 1 Alternative 4A
Step 4
Phase 1, Concept 1 Alternative 4B
Step 4

50 Speece Cones

64,683,000

2,808,000

118,035,000

64,482,072

2,607,072

114,016,440

86,370,113

1,360,437

112,218,416

96,996,534

1,360,437

122,844,837

Phase 1, Concept 1 Alternative 1A
Step 1
Phase 1, Concept 1 Alternative 1B
Step 1
Phase 1, Concept 1 Alternative 1C
Step 1
Phase 1, Concept 1 Alternative 1C
Step 1

Phase 1, Concept 1 Alternaive 2A
Step 2
Phase 1, Concept 1 Alternaive 2B
Step 2
Phase 1,
Step 2

29 Speece cones

73 Speece Cones +
rolling maintenance
shutdowns
Concept 1 Alternaive 2C
Speece Cones with
Discharge Network and
Storage System

Phase 1, Concept 1 Alternative 3A
Step 3

7 Speece cones

50 Speece cones +
rolling maintenance
shutdowns
Phase 1, Concept 1 Alternative 4C Speece Cone & Seaward
Pipeline with Timed
Step 4
Tidal Discharge

Phase 1, Concept 1 Alternative 4D
Step 4

Speece Cone &
Discharge Collection
Network

Notes
1) Cost do not include land acquisition/right of way, required local, state, and federal permitting, construction for electrical service
or costs for diesel generators.
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TABLE 5.5 Concept 2 Alternative 1A - Harbor Injection Technology
Cost Assessment for Design Phase II Step 1
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
MAJOR ASSUMPTIONS
Phase I requirements have been met, using one of the first four design packets
Total Oxygen Requirements = 72,818 lbs/day
50 foot barge available for use and no storage expense
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited to several
days per year thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Item
Quantity
Unit
Unit Cost
Opinion of Probable Cost
CAPITAL COSTS
Harbor injection technology (Speece Cone)

8

cone

$

425,000

$

3,400,000

Harbor injection technology (PSA O2 plant)

8

cone

$

325,000

$

2,600,000

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

6,000,000
900,000
3,000,000
9,900,000

$

345,600

$
Subtotal $
Oversight & Reporting (30%) $
TOTAL ANNUAL COSTS $

345,600
103,680
449,280

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

3,840

O&M - Operations and Maintenance

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS
Prepared By:
Checked By:
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$
$
$
$

9,900,000
449,280
10,349,280
18,885,600
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TABLE 5.6 Concept 2 Alternative 2A - Harbor Injection Technology
Cost Assessment for Design Phase II Step 2
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
MAJOR ASSUMPTIONS
Phase I requirements have been met, using one of the first four design packets
Total Oxygen Requirements = 145,636 lbs/day
50 foot barge available for use and no storage expense
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited to several
days per year thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Item
Quantity
Unit
Unit Cost
Opinion of Probable Cost
CAPITAL COSTS
Harbor injection technology (Speece Cone)

15

cone

$

425,000

$

6,375,000

Harbor injection technology (PSA O2 plant)

15

cone

$

325,000

$

4,875,000

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

11,250,000
1,687,500
5,625,000
18,562,500

$

648,000

$
Subtotal $
Oversight & Reporting (30%) $
TOTAL ANNUAL COSTS $

648,000
194,400
842,400

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

7,200

O&M - Operations and Maintenance

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS
Prepared By:
Checked By:
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$
$
$
$

18,562,500
842,400
19,404,900
35,410,500
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TABLE 5.7 Concept 2 Alternative 3A - Harbor Injection Technology
Cost Assessment for Design Phase II Step 3
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
MAJOR ASSUMPTIONS
Phase I requirements have been met, using one of the first four design packets
Total Oxygen Requirements = 218,455 lbs/day
50 foot barge available for use and no storage expense
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited to several
days per year thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Item
Quantity
Unit
Unit Cost
Opinion of Probable Cost
CAPITAL COSTS
Harbor injection technology (Speece Cone)

22

cone

$

425,000

$

9,350,000

Harbor injection technology (PSA O2 plant)

22

cone

$

325,000

$

7,150,000

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

16,500,000
2,475,000
8,250,000
27,225,000

$

950,400

$
Subtotal $
Oversight & Reporting (30%) $
TOTAL ANNUAL COSTS $

950,400
285,120
1,235,520

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

10,560

O&M - Operations and Maintenance

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS
Prepared By:
Checked By:

1 of 1

$
$
$
$

27,225,000
1,235,520
28,460,520
51,935,400
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TABLE 5.8 Concept 2 Alternative 4A - Harbor Injection Technology
Cost Assessment for Design Phase II Step 4
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
MAJOR ASSUMPTIONS
Phase I requirements have been met, using one of the first four design packets
Total Oxygen Requirements = 291,273 lbs/day
50 foot barge available for use and no storage expense
O&M costs were based on a 90 day operation schedule. However, based on river flows, operation may be limited to several
days per year thereby substantially reducing O&M costs.
Costs NOT included in the estimate:
Land Acquisition/Right of Way and required local, state and federal permitting
Construction for electrical service or costs for diesel generators
Item
Quantity
Unit
Unit Cost
Opinion of Probable Cost
CAPITAL COSTS
Harbor injection technology (Speece Cone)

29

cone

$

425,000

$

12,325,000

Harbor injection technology (PSA O2 plant)

29

cone

$

325,000

$

9,425,000

Subtotal
Oversight (15%)
Contingency (50%)
TOTAL CAPITAL COSTS

$
$
$
$
$

21,750,000
3,262,500
10,875,000
35,887,500

$

1,252,800

$
Subtotal $
Oversight & Reporting (30%) $
TOTAL ANNUAL COSTS $

1,252,800
375,840
1,628,640

ANNUAL COSTS
Speece Cone O&M plus O2 generation energy

90

day

$

13,920

O&M - Operations and Maintenance

CAPITAL COSTS
ANNUAL COSTS
TOTAL OPINION OF PROBABLE COSTS
TOTAL OPINION OF PROBABLE COSTS FOR 20 YEARS
Prepared By:
Checked By:

1 of 1

$
$
$
$

35,887,500
1,628,640
37,516,140
68,460,300
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Summary Information
Description Capital Costs 1

Concept 2 Alternative 1A 8 Speece cones

($)
10,349,280

Annual
Operating
Costs
($)
449,280

Concept 2 Alternative 2A

19,404,900

842,400

35,410,500

28,460,520

1,235,520

51,935,400

37,516,140

1,628,640

68,460,300

Design Alternative

Phase 2,
Step 1
Phase 2,
Step 2
Phase 2,
Step 3
Phase 2,
Step 4

MACTEC Project Number: 6301-05-0001
Contract Number: W912798-04-D-0009: CV01
June 01, 2005

Concept 2 Alternative 3A
Concept 2 Alternative 4A

15 Speece
cones
22 Speece
cones
29 Speece
cones

Total Life
Cycle Costs
($)
18,885,600

Notes
1) Cost do not include land acquisition/right of way, required local, state, and federal permitting, construction for
electrical service or costs for diesel generators.
Prepared By:
Checked By:
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Harbor Injection Technology Location (Approximately 1 mile apart)

Discharger (NPDES ID)
(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)
Mile Marker
(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
Screven, Effingham, and Chatham Counties, GA, 1:24,000, updated 5/2000.)
Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
Engineer District, Savannah, Corps of Engineers, Savannah, Georgia)
Savannah River and Harbor
(SOURCE: NOAA Medium Resolution Digital Vector
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(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)

Mile Marker
(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
Screven, Effingham, and Chatham Counties, GA, 1:24,000, updated 5/2000.)
Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
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Savannah River and Harbor
(SOURCE: NOAA Medium Resolution Digital Vector Shoreline of Georgia, 1997)
0

Prepare by:
Checked by:

1

2

Miles

3

Mile Marker
0.0 (Approximate

#
*

River Mile
0.0 (Approximate)

"

IDENTIFICATION AND SCREENING LEVEL EVALUATION
OF MEASURES TO IMPROVE DISSOLVED OXYGEN IN
THE SAVANNAH RIVER ESTUARY
SAVANNAH HARBOR EXPANSION PROJECT
&
SAVANNAH HARBOR ECOSYSTEM RESTORATION STUDY
CHATHAM COUNTY, GEORGIA
Prepared for:
United States Army Corp of Engineers
Savannah District
Savannah, Georgia

ERHOUSER-PORT WENTWORTH
30150 lbs/Day
WEYERHAEUSERPORT WENTWORTH
(GA0002798)

!
"
Î
;

FIGURE 6.5
SELECTED CONCEPTUAL DESIGN ALTERNATIVE
PHASE II, STEP 1

Mile Marker
19.9

IP SAVANNAH
(GA0001988)

PROJECT NUMBER: 6301-05-0001

!
"
Î
;

River Mile
9.3

#
*
! !!
! !! !
!

IP SAVANNAH
267500 lbs/Day

Mile Marker
9.3

Mile Marker
River
14.3Mile
14.3

#
*

!
"
Î
;
SAV PRESIDENT ST. WPCP
(GA0025348)

Legend
!!!!
!!!! Mobile Harbor Injection Technology Location (not drawn to scale)
!
"
Î
;

c:/projects/savana_harbor/SHEP_FIG5-5.mxd

#
*

Discharger (NPDES ID)
(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)
Mile Marker
(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
Screven, Effingham, and Chatham Counties, GA, 1:24,000, updated 5/2000.)
Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
Engineer District, Savannah, Corps of Engineers, Savannah, Georgia)
Savannah River and Harbor
(SOURCE: NOAA Medium Resolution Digital Vector
Shoreline of Georgia, 1997)
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Discharger (NPDES ID)
(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)

Mile Marker
(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
Screven, Effingham, and Chatham Counties, GA, 1:24,000, updated 5/2000.)
Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
Engineer District, Savannah, Corps of Engineers, Savannah, Georgia)
Savannah River and Harbor
(SOURCE: NOAA Medium Resolution Digital Vector Shoreline of Georgia, 1997)
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(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)
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(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
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Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
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(SOURCE: NOAA Medium Resolution Digital Vector Shoreline of Georgia, 1997)
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Discharger (NPDES ID)
(SOURCE: USEPA "EPA OW Permit Compliance System of Georgia," 1998)

Mile Marker
(SOURCE: USGS 7.5 Minute Topographic Quadrangle: Richmond, Burke,
Screven, Effingham, and Chatham Counties, GA, 1:24,000, updated 5/2000.)
Dredge Resource Site
(SOURCE: Savannah Harbor, Georgia, Revised July 2001, U.S. Army
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(SOURCE: NOAA Medium Resolution Digital Vector Shoreline of Georgia, 1997)
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SCOPE OF WORK
IDENTIFICATION AND SCREENIING LEVEL EVALUATION
OF MEASURES TO IMPROVE DISSOLVED OXYGEN
IN THE SAVANNAH RIVER ESTUARY
SAVANNAH HARBOR EXPANSION PROJECT
&
SAVANNAH HARBOR ECOSYSTEM RESTORATION STUDY
CHATHAM COUNTY, GEORGIA

1.0 INTRODUCTION.
As components of both the Savannah Harbor Expansion Project and the Savannah Harbor
Ecosystem Restoration Study, Savannah District needs to identify and conduct a screening
level evaluation of potential measures that could improve dissolved oxygen in the Savannah
River Estuary.
The Savannah Harbor Expansion Project is evaluating deepening the navigation channel in
Savannah Harbor. Such deepening could reduce dissolved oxygen levels in some locations
within the river during some periods of the year. The project desires to consider methods to
reduce or eliminate that potential adverse effect. The project is also identifying cumulative
impacts to the harbor’s ecosystem that have resulted from previous developments.
The Savannah Harbor Ecosystem Restoration Study is examining ways to improve dissolved
oxygen levels in the harbor. That study is focused on methods of improving existing levels of
dissolved oxygen in the harbor during the critical summer months.

2.0 BACKGROUND.
Portion of Savannah Harbor has not met Georgia’s water quality standards for dissolved oxygen
in some locations during the summer months. The harbor is on Georgia’s Section 303(d) list for
waters that do not comply with water quality standards for dissolved oxygen. EPA Region 4
released a Draft TMDL for Dissolved Oxygen for the harbor in August 2004. That document
identified a portion of the harbor which experiences low levels of dissolved oxygen during the
summer months. The Draft TMDL calls for elimination of all point source waste loads exerted
on the harbor, plus the addition of 90,000 lbs/day of oxygen to the harbor system during critical
conditions. EPA’s document indicates that the waste load from discharges within the harbor
places a 99,000 lbs/day oxygen demand on the system, while the load from upriver discharges
exerts an additional 100,000 lbs/day oxygen demand in the harbor. These combined loads
equate to roughly a 0.4 mg/l of the oxygen deficit in the critical harbor segment. Roughly half of
that load originates from discharges within the harbor, while the other half result from upriver
discharges. EPA proposed an alternate TMDL consisting of a revised water quality standard
and a 30 percent reduction in the total point source waste load to the harbor (a reduction of
about 57,000 pounds/day TBODu to produce a remaining load of 132,000 pounds/day TBODu).
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It is unlikely that the present Georgia water quality standard for dissolved oxygen will remain in
place in its present form. EPA has stated that it is not effective and has proposed an alternate
standard in the August 2004 Draft TMDL. The public comment period has not yet closed on
EPA’s proposal, so we cannot know if their proposal will be adopted as proposed. The effect of
the deep-draft navigation channel on the system’s ability to recover from the waste loadings is
unknown at this time, but this factor is being investigated.
The Savannah Harbor Expansion Project has not determined the precise extent of its potential
impact on dissolved oxygen levels. However, we believe it could reduce already low D.O. levels
at the bottom by as much as 0.5 mg/L. The Expansion Project has identified several measures
that could be used to improve dissolved oxygen within the harbor. Those measures are as
follows:
•

•
•
•
•

Add air or oxygen to low dissolved oxygen waters
• Add air or oxygen upstream of the deep-draft harbor (Augusta to Savannah)
o Floating aerators, air injection system, D.O. injection system
• Add air or oxygen within the deep-draft harbor
o Floating aerators, air injection system
o D.O. injection system on bottom of river
o D.O. injection system on Hutchinson Island
Mix low dissolved oxygen waters on the bottom with higher D.O. surface waters
• Inflatable weir
• Pumps
Increase releases from upstream reservoirs
Reduce the BOD loads from industrial and municipal discharges in the harbor
Reduce the BOD loads from industrial and municipal discharges further upriver

Other measures may also exist that are feasible and implementable. This initial study focuses
on the potential improvements that are associated with BOD load reduction and addition of air
or oxygen. The potential feasibility of other measures will be examined qualitatively. As part of
its assessment of cumulative impacts, the Expansion Project is also identifying effects that past
development of the harbor have produced on water quality.

3.0 OBJECTIVE. The objective of this study is to identify and conduct a screening level
evaluation of potential measures that could improve dissolved oxygen in the Savannah River
Estuary. This analysis will include an assessment of the engineering feasibility and cost
effectiveness of potential improvement measures, as well as identification of implementation
problems. This effort will be directed toward both the portion of the harbor and time of year that
were identified in EPA’s Draft TMDL for Dissolved Oxygen as having recurring low levels of
D.O. The analysis will allow both Corps projects to consider alternate methods of improving
dissolved oxygen from its present levels, as well as developing several increments of D.O.
improvement.

4.0 METHODOLOGY. This study will be conducted in two phases, with multiple steps in each
phase. Models currently exist for both the riverine portion of the Savannah River from
Thurmond Dam to downstream of Clyo, Georgia (River Model) and for the Savannah Harbor
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from Clyo to the Atlantic Ocean (Harbor Models). These models need not be used in this
screening level evaluation.
Phase I will be an assessment of potential D.O. improvement measures that could be used
either singly or as a package to meet the Georgia water quality standard for dissolved oxygen.
Since EPA has disapproved the present Georgia standard for D.O., this phase will include four
steps. The first step will consider measures that would allow the harbor to comply with the
present Georgia D.O. standard under existing waste loads.
This would address the
approximate 200,000 lbs/day excess oxygen demand presently in the harbor. The second step
will consider measures that would allow the harbor to comply with the present Georgia D.O.
standard under full permitted waste loads. This would address the discharged loads of
approximate 367,000 lbs/day TBODu that are permitted in the harbor plus 75 percent of the
358,000 lbs/day TBODu that are permitted in the upriver areas. The third step will consider
measures that would improve D.O. levels in the harbor to the extent that it meets the D.O.
standard that EPA proposed for Georgia in its August 2004 Draft TMDL. This step would
consider the effects of the existing waste loads. This step would develop plans that have the
same effect as the 30 percent reduction in BOD loading proposed by EPA in its Alternate TMDL.
The fourth step will also consider measures that would allow the harbor to comply with the D.O.
standard that EPA proposed for Georgia in its August 2004 Draft TMDL. This step would
consider the effects of full permitted waste loads -- 367,000 lbs/day TBODu permitted in the
harbor area plus 75 percent of the 358,000 lbs/day TBODu that is permitted upriver. These
steps can be summarized as follows:

Step
1
2
3
4

D.O. Standard
Present GA D.O. Standard
Present GA D.O. Standard
EPA proposed standard
EPA proposed standard

Point Source Loading
Present loading
Full permitted loads
Present loading
Full permitted loads

Phase II would consist of assessing potential measures that could be used either singly or as a
package to further improve dissolved oxygen levels in the harbor. The improvements evaluated
in this second phase could be larger scale designs of those identified in the first phase effort or
could be a separate set of design solutions. This phase would also consist of four incremental
steps, each improving bottom D.O. levels by 0.2 mg/L. Thus, this phase will develop four
incremental designs for improving dissolved oxygen, the first capable of improving bottom D.O.
levels by 0.2 mg/L, the second would improve D.O. levels by 0.4 mg/L, and the third would
improve D.O. levels by 0.6 mg/L., and the fourth would improve D.O. levels by 0.8 mg/L. The
work on this phase would assume the harbor already meets the D.O. standard the EPA
proposed in August 2004.

5.0 WORK TO BE PERFORMED BY THE CONTRACTOR.
The scope of this study is to assess the feasibility and cost effectiveness of potential measures
to improve dissolved oxygen (focusing on BOD load reduction and addition of air or oxygen) in
the harbor during the summer months. Major steps within this study are:
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1) Review the Draft TMDL for Dissolved Oxygen for the harbor that was proposed by EPA
Region 4 in August 2004.
2) From EPA’s Draft TMDL and the inputs to the computer models upon which it is based,
conduct a screening level assessment of the potential contribution to the D.O. deficit
from individual point source discharges along the river. This will include each of the
discharges included in the TMDL models, whether they are located in Savannah,
Augusta, or in between. Table 1 in EPA’s Draft TMDL shows the permit loads calculated
for dischargers in Savannah, while similar information for the upstream dischargers can
be found in Appendix D of that report.
3) Develop a comprehensive list of potentially feasible measures to improve D.O. levels in
Savannah Harbor during the summer months. This should include measures to address
point source loads (upriver and in the harbor), non-point source loads, and storm water
loads.
4) Identify and assess the largest contributors of BOD loads to the Savannah River.
Develop a table ranking the BOD loads contributed by each source to identify the
sources contributing the largest BOD loads. For the five largest point source
contributors of BOD to the system, summarize their existing treatment systems. For
each of those five sources, list the next two steps that would most traditionally be
employed for additional BOD reductions and the estimated extent of reduction to be
expected from each of those steps.
5) Assess the feasibility of each of the potentially feasible D.O. improvement measures
identified above in step 3 in light of the conditions occurring in the Savannah River
system. Briefly describe the conditions under which each measure would typically be
most effective and the conditions that reduce its effectiveness.
6) For each step in Phase I, develop one suitable method for making the desired D.O.
improvement. This will include a conceptual-level design for each alternative method.
Coordination with either the point source dischargers or GA DNR-EPD may be
necessary to obtain additional information on the physical and biological characteristics
of each discharge. That information could be needed to assess the technical feasibility
of potential improvement methods. This conceptual design will include description of the
process to be employed and the size/scale of the major features. As part of the
conceptual designs, identify problems or considerations that may limit the effectiveness
of the measure or render it un-implementable. For Phase II, develop conceptual-level
designs for making four incremental steps of improvement in D.O. in the harbor.
Develop a conceptual design – as described above -- for each of those four levels of
D.O. improvement. The conceptual designs are expected to be screening level design
layouts and include major features and/or BOD load reductions. Modeling to assess the
impact of the conceptual designs to D.O. in the harbor will not be performed in this
study. As part of each conceptual design, include the reasoning for why the design
identified would be the most cost effective approach.
7) Evaluate the cost-effectiveness of the four conceptual designs for improving D.O. levels
that were developed in Phase I and the four designs developed in Phase II. This will
include implementation (access, land, equipment, construction, etc.) and operation
costs. Cost estimates provided will be feasibility level cost evaluations and will be used
to assess the cost-effectiveness of each conceptual design.
8) Identify the most cost effective D.O. improvement measure for each of the four steps in
Phase I.
9) For the most cost-effective D.O. improvement designs developed through Phase I and
the designs developed through Phase II, provide the following information to aid in the
description of those designs: (A) general location map, and (B) site map showing its
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relation to nearby properties. Site maps will utilize readily available GIS/CADD tax
parcel files. If files are unavailable, a figure showing predominant land use in the area
may be substituted.
10) Prepare a report describing the procedures used, the measures that were considered,
the conceptual designs that were developed, and the conclusions reached in the study.

6.0 MATERIALS TO BE FURNISHED BY SAVANNAH DISTRICT. Savannah District will
provide no materials for this Delivery Order. However, the Savannah District may be able to
research tax records in Savannah and surrounding areas.
7.0 DELIVERABLES. All deliverables should be provided to the U.S. Army Corps of
Engineers, Attn: CESAS-PD-E (Mr. William Bailey), P O Box 889, Savannah, GA 31402.
7.1 MONTHLY PROGRESS REPORTS (Deliverable 1). Submit one (1) copy by the 10th of
each month documenting the previous month’s efforts.
7.2 DRAFT SUMMARY REPORT (Deliverable 2). Submit ten (10) bound copies of a report
describing the procedures used in this work, as well as the findings and conclusions. Submit
ten (10) CDs containing the report developed through this work.
7.3 FINAL SUMMARY REPORT (Deliverable 3). Submit twenty (20) bound copies of a report
describing the procedures used in this work, as well as the findings and conclusions. Submit
twenty (20) CDs containing the report developed through this work. Submit one (1) CD
containing the report in both Microsoft WORD and ADOBE Acrobat formats.

8.0 SCHEDULE. The Contractor shall adhere to the following project schedule.
Milestone
Initiate work
Monthly Progress Reports
Draft Summary Report
Final Summary Report

Due Date
1 week after issuance of the Delivery Order
10th of each month until completion of the D. Order
12 weeks from issuance of the Delivery Order
3 weeks from receipt of comments on Draft Report

The Government expects to provide comments on the Draft Summary Report after a 30-day
review period.

9.0 POINT OF CONTACT. Mr. William Bailey (CESAS-PD-E) will be the US Army Corps of
Engineers’ point of contact for this work. He can be reached at 912-652-5781 (FAX 912-6525787) or at the following address:
Mr. William Bailey
ATTN: PD-E
US Army Corps of Engineers
Savannah District
P.O. Box 889
Savannah, GA 31406-0889
All billing invoices should be sent to Mr. William Bailey.
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10.0 REFERENCES.
EPA, Region 4, August 2004. Draft Total Maximum Daily Load (TMDL) for Dissolved Oxygen in
Savannah Harbor, Savannah River Basin, Chatham and Effingham Counties, Georgia.
Report prepared by EPA Region 4, Atlanta, Georgia.
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APPENDIX B
POINT SOURCE DISCHARGES

USACE SHEP/SHERS
Chatham County, Georgia

MACTEC Project Number: 6301-05-0001
Contract Number: W912798-04-D-0009:CV01
March 31, 2005

Appendix B
Point Source Dischargers1
Identification and Screening Level Evaluation of Measures to Improve Dissolved Oxygen in the Savannah River Estuary
Savannah Harbor Expansion Project & Savannah Harbor Ecosystem Restoration Project
Chatham County, Georgia
Oxygen Demanding Load Based on Current Permit
Limits

Current Permit Limits

NBODU
(lbs/day)

TBODU
(lbs/day)

Permit
Limit
TBODU
(lbs/day)

12,947
2,636

12,947
18,015
125
138
304
1,757
1,571
2,895
370
2,308
1,885
28,170
4,670
54,250
582
180,000
37,320
2,606
4,030
2,526
267,500

9,710
c
13,511
c
94
c
104
228
c
1,318
c
1,178
c
2,171
c
277
c
1,731
c
1,414
21,128 c
c
3502
c
40,688
c
436
c
135,000
c
27,990
c
1955
4,030
2,526
267,500

29,523
1,238
30,150
5,799

29,523
1,238
30,150
5,799

GA0026786

0

0

GA0003816
GA0003751
GA0003883
SC6641003
SC0042803
SC0000582

26.0
1.8
11.2

7,156
564
4,031

11.0

2,385

3
3
3

21,468
1,692
12,093

10,901

0
0
0
32,369
1,692
12,093

0
0
0
c
24,276
1,269
c
9,070

SC0047431
SC0039918
SC0034584

142.9
4.0
1.0

834
253

20.0

667

3
2

2,502
506

3,048

5,550
506

0
4163c
380c

a

Facility Name

Arcadian (PCS Nitrogen)
City of Augusta (Butler Creek)
City of Harlem
City of Sardis
City of Springfield
City of Sylvania
City of Thomson
City of Waynesboro
Columbia County (Crawford Creek)
Columbia County (Little River)
Columbia County (Reed Creek)
DSM Chemicals
Fort Gordon
Fort James Paper (GA Pacific)
Gracewood School and Hospital
International Paper (Augusta)
NIPRO
Richmond County (Spirit Creek)
Engelhard
Garden City
International Paper (Savannah)
Kerr-McGee Pigments
President Street
Travis Field
Weyerhaeuser-Port Wentworth
Wilshire
Georgia Power Co. Plant Votgle
(Southern Nuclear)
Savannah Electric Plant Kraft
Savannah Electric Plant Riverside
Savannah Electric Plant McIntosh
City of Aiken (Horse Creek)
Clariant Corporation-Martin Plant
Kimberly-Clark
Savannah River Site
SC Electric and Gas, Urquhart
Town of Allendale
Town of Hardeeville

b

Flow
(MGD)

BOD5
(lbs/day)

GA0002071
GA0037621
GA0020389
GA0020893
GA0020770
GA0021386
GA0020974
GA0038466
GA0031984
GA0047775
GA0031992
GA0002160
GA0003484
GA0046973
GA0022161
GA0002801

3.00
46.10
0.25
0.20
0.50
1.51
2.50
2.00
1.50
3.00
4.60

GA0047147
GA0048330
GA0031038
GA0001988
GA0003646
GA0025348
GA0020447
GA0002798
GA0020443

2.24

751
3,845
63
33
104
378
313
500
150
375
384
250
1,001
10,850
125
30,000
3,300
560

NPDES ID

4.00
0.50

2.00
3.60
0.60
27.00
1.50
0.10
4.50

Notes:
NPDES - National Pollutant Discharge Elimination System
MGD - million gallons per day
TMDL - Total Maximum Daily Load
BOD5 - Biochemical Oxygen Demand
lbs/day - pounds per day
mg/L - milligrams per liter
CBODU - Carbonaceous Ultimate Biochemical Oxygen Demand
NBODU - Nitrogenous Ultimate Biochemical Oxygen Demand
TBODU - Total Ultimate Biochemical Oxygen Demand
NA - Not Applicable
NH3 - Ammonia
RM - River Mile

NH3
(mg/L)

NH3
(lbs/day)

1.5

2,833
577

5.0
5.0
17.4
5.0
15.0
1.2
8.7
2.0
17.5

8
21
219
104
250
15
218
77
6,000
584

17.4

73

500
25,000

17.4

6,000
325
882
290

4,166
250
6,700
1,126

12.9
11.6

2,905
145

17.4

653

17.4

F-Ratio

CBODU
(lbs/day)

4
2
3
2
2
3.5
3.5
2
3.5
4
3
2
5
2
6
3
2

15,379
125
100
209
756
1,095
1,751
300
1,314
1,535
750
2,002
54,250
250
180,000
9,900
1,121

2.4
10.7

1,201
267,500

3.9
2.3
4.5
2.5

16,247
575
30,150
2,815

38
95
1,001
476
1,143
70
995
351
27,420
2,668
332
27,420
1,486
4,030
1,325

13,276
663
2,984

c

Prepared By: ____________
Checked By: ____________

m3/ton - cubic meters per ton
(1) Based on current permit limits as reported in USEPA EnviroFacts Database. For upstream dischargers 75%
of the permitted load was used to complete the ranking.
Information not available
(a) As reported in the Draft TMDL (USEPA, 2004). Values for IP-Savannah, GAPAC, Weyerhaeuser are assumed to be erroneous.
Permit limits and discharge monitoring report (DMR) data were used to provide flow information for design.
(b) USEPA, 2004. Draft Total Maximum Daily Load (TMDL) for Dissolved Oxygen in Savannah Harbor River Basin:
Chatham and Effingham Counties, Georgia. U.S. Environmental Protection Agency. August 2004.
(c) Assumes 75% TBODU reaches the Harbor.
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APPENDIX C
CORRESPONDANCES

Subacz, Jonathan
From:
Sent:
To:
Subject:

Kinnard, Tanya
Wednesday, April 06, 2005 11:18 AM
Subacz, Jonathan
FW: Reuse system questions

______________________________________________
From:
Tanner, Margaret
Sent:
Monday, March 21, 2005 3:40 PM
To:
bob_scanlon@savannahga.gov
Cc:
Neal, Larry; Kinnard, Tanya; Subacz, Jonathan; Latalladi, Monique
Subject:
Reuse system questions

Here are our questions and information needs for the City of Savannah Reuse plan.
Current Water Reuse Plan
What were the costs to provide reuse water to the golf course on Hutchinson Island?
What is the average design flowrate to the golf course during the summer months?
What is the pipe diameter?
What is the BOD loading or BOD5 concentration in the reuse water?
What is the total golf course area currently being irrigated with the reuse water?
You mentioned that there was another golf course receiving reuse water. What is the name? Also, do you have
information similar to the questions for the Hutchinson Island golf course? When did reuse start for this course (was it
included in the flow estimates for the 1999 data)? Also, EPA is using DMR data to conduct the modeling from 1997-2003.
When did the Hutchinson Island course go on line?
What is the total quantity of water currently designated for reuse?
Potential Future Water Reuse
On the City’s website, we found information that suggested that there was some potential to provide reuse water to:

•

Forsyth Park

•

Daffin Park

•

Paulsen Softball Complex

•

Guy Minick Sports Complex

•

County Soccer Complex

Can you provide addresses or (lat/lon data) for these sites?
Do you have the areas to be irrigated and the volume of reuse water to be provided for each of these sites?
Will each be supplied from the President’s street facility? If not, what facility will supply the reuse water?
Has any type of cost analysis been done to assess the feasibility of this plan? If so, can this be provided?
Will the wastewater treatment plant need to be expanded to provide for increase reuse water usage? If so by what design
flow? Have costs been developed for changes to the facility?
MARGARET E. TANNER – Senior Engineer
MACTEC Engineering and Consulting, Inc.
Kennesaw Technical Center
Office 770.421.7032 – Mobile 770.605.3957 – Fax 770.421.3486
Email metanner@mactec.com – Web www.mactec.com

1

RE: Question on Savannah RIV1 Model

Subacz, Jonathan
From:

Whitlock.Steve@epamail.epa.gov

Sent:

Thursday, February 10, 2005 6:02 PM

To:

Bailey, William G SAS

Cc:

greenfield.jim@epamail.epa.gov

Subject: RE: Question on Savannah RIV1 Model
Bill,
Preliminary results are in:
I ran scenarios with upper boundary DO at normal observed levels and
then at 20% higher. At Clyo I saw no noticeable difference in DO. Also,
since I did not change the BOD decay rate there was no difference in
BOD. This means additions of DO at the Dam would
only affect local DO and not the downstream reaches of the river or
harbor.
...........................................................................
Steve Whitlock
US EPA Region 4, Water Management Division
TMDL Modeling and Support Section
61 Forsyth Street, SW, Atlanta, GA 30303-3104
phone 404-562-9242, fax 404-562-9224
whitlock.steve@epa.gov
............................................................................

4/6/2005
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January 31, 2005

Bob Scanlon
City of Savannah
P.O. Box 1027
Savannah, GA 31402

Regarding:

FILE COPY

Information request for the SHER and SHEP Projects
Screening Level DO Improvement Alternatives for Savannah Harbor
USACE SHEP/SHER Project
Project Number: 6301-05-0001

Dear Mr. Scanlon:

As components of both the Savannah Harbor Expansion Project (USACE, 2004) and the
Savannah Harbor Ecosystem Restoration Study (USACE, 2004.), the U.S. Army Corps of
Engineers (USACE) has contracted with MACTEC Engineering and Consulting (MACTEC)
to identify and conduct a screening level evaluation of alternative potential measures to
seasonally improve dissolved oxygen (DO) concentrations in Savannah Harbor. Low DO
levels in Savannah Harbor are the subject of an EPA Region 4 Draft Total Maximum Daily
Load (TMDL) for Dissolved Oxygen (EPA, 2004). According to EPA, the particular harbor
segment for which DO improvement is needed is an approximate four mile length between
Talmadge Bridge and Elba Island and the critical season of the year for such DO
improvement is the three-month period from June 15th through September 15th.
The EPA TMDL modeling attributes an approximate 0.5 mg/L critical segment DO deficit to
all point sources of BOD (combined) with roughly one half of this point source deficit
resulting from upriver point source BOD loads reaching the upper end of the estuary and the
other half resulting from point source BOD loads directly to the estuary. This EPA finding
means that total elimination of all point source BOD loads between Thurmond Dam and the
sea could improve critical segment DO concentrations in Savannah Harbor by only 0.5 mg/L.
The Draft EPA TMDL, based on meeting newly recommended DO criteria, calls for an
approximate 30-percent overall reduction of point source BOD loading from the overall point
source BOD loading experienced during the summer critical period of 1999.
The types of potential measures identified in the current harbor DO improvement screening
for the Army Corps include: directly adding air or oxygen to low DO waters in the critical
harbor segment; mixing low DO waters on the bottom of the harbor with higher DO surface
waters; seasonally increasing flow releases from upstream reservoirs; seasonally reducing
BOD loads from industrial and municipal discharges to the harbor and upriver. A potential
benefit to point source BOD dischargers of the Corps’ DO mitigation and restoration projects

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

is that the federal government may fund a portion of the costs for design and construction of
whatever DO improvement measures may be authorized.
For purposes of screening the potential for seasonal BOD load reductions, MACTEC is
contacting the larger point-source BOD dischargers seeking their ideas as to what measures
might be considered for such screening. The objective is to identify potential means and
general order of costs for reducing BOD discharges by about 30 percent or more during the
three month critical season (June 15th through September 15th). Potential alternatives might
include added effluent storage capacity, critical season land application or wetlands
polishing, supplemental or short-term enhanced treatment, plant process changes, coordinated
plant shut-down/maintenance schedules during the critical season, water conservation
measures, or (in the estuary) piping BOD discharges farther seaward. Considering the
limited impact of point sources on the critical DO deficit (only 0.5 mg/L according to EPA) it
seems unlikely that point source BOD load reduction measures would prove to be a cost
efficient means for significantly improving DO. Nonetheless, consideration of BOD load
reduction alternatives is a required component of this DO improvement screening project.
To accomplish the screening level evaluation of potential BOD point source load reductions,
MACTEC requests information relating to the wastewater treatment process at your facility.
Specifically, waste stream generation process flow diagrams, wastewater treatment process
flow diagrams, and unit operations information. Additionally, MACTEC recognizes that this
information may be sensitive and will not include specific plans or diagrams in the final
report and will only use them to identify the potential “next steps” for BOD reduction.
Representatives of MACTEC will be calling from February 2 through February 11 (or as
necessary) to discuss this project and information with you for your facility.
Thank you for your cooperation.
Sincerely,
MACTEC Engineering and Consulting

Larry A. Neal, P.E.
Senior Principal Engineer
Vice President

Margaret E. Tanner
Senior Engineer

References:
USACE, 2005. Savannah Harbor Expansion Project website.
http://www.sysconn.com/harbor/
USACE, 2005. Savannah Harbor Ecosystem Restoration Dissolved Oxygen (DO) website.
http://www.sas.usace.army.mil/projects/projects/shdo.htm

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

January 31, 2005

Michelle Liotta
Georgia-Pacific
P.O. Box 828
Rincon, GA 31326-0828

Regarding:

FILE COPY

Information request for the SHER and SHEP Projects
Screening Level DO Improvement Alternatives for Savannah Harbor
USACE SHEP/SHER Project
Project Number: 6301-05-0001

Dear Ms. Liotta:

As components of both the Savannah Harbor Expansion Project (USACE, 2004) and the
Savannah Harbor Ecosystem Restoration Study (USACE, 2004.), the U.S. Army Corps of
Engineers (USACE) has contracted with MACTEC Engineering and Consulting (MACTEC)
to identify and conduct a screening level evaluation of alternative potential measures to
seasonally improve dissolved oxygen (DO) concentrations in Savannah Harbor. Low DO
levels in Savannah Harbor are the subject of an EPA Region 4 Draft Total Maximum Daily
Load (TMDL) for Dissolved Oxygen (EPA, 2004). According to EPA, the particular harbor
segment for which DO improvement is needed is an approximate four mile length between
Talmadge Bridge and Elba Island and the critical season of the year for such DO
improvement is the three-month period from June 15th through September 15th.
The EPA TMDL modeling attributes an approximate 0.5 mg/L critical segment DO deficit to
all point sources of BOD (combined) with roughly one half of this point source deficit
resulting from upriver point source BOD loads reaching the upper end of the estuary and the
other half resulting from point source BOD loads directly to the estuary. This EPA finding
means that total elimination of all point source BOD loads between Thurmond Dam and the
sea could improve critical segment DO concentrations in Savannah Harbor by only 0.5 mg/L.
The Draft EPA TMDL, based on meeting newly recommended DO criteria, calls for an
approximate 30-percent overall reduction of point source BOD loading from the overall point
source BOD loading experienced during the summer critical period of 1999.
The types of potential measures identified in the current harbor DO improvement screening
for the Army Corps include: directly adding air or oxygen to low DO waters in the critical
harbor segment; mixing low DO waters on the bottom of the harbor with higher DO surface
waters; seasonally increasing flow releases from upstream reservoirs; seasonally reducing
BOD loads from industrial and municipal discharges to the harbor and upriver. A potential
benefit to point source BOD dischargers of the Corps’ DO mitigation and restoration projects

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

is that the federal government may fund a portion of the costs for design and construction of
whatever DO improvement measures may be authorized.
For purposes of screening the potential for seasonal BOD load reductions, MACTEC is
contacting the larger point-source BOD dischargers seeking their ideas as to what measures
might be considered for such screening. The objective is to identify potential means and
general order of costs for reducing BOD discharges by about 30 percent or more during the
three month critical season (June 15th through September 15th). Potential alternatives might
include added effluent storage capacity, critical season land application or wetlands
polishing, supplemental or short-term enhanced treatment, plant process changes, coordinated
plant shut-down/maintenance schedules during the critical season, water conservation
measures, or (in the estuary) piping BOD discharges farther seaward. Considering the
limited impact of point sources on the critical DO deficit (only 0.5 mg/L according to EPA) it
seems unlikely that point source BOD load reduction measures would prove to be a cost
efficient means for significantly improving DO. Nonetheless, consideration of BOD load
reduction alternatives is a required component of this DO improvement screening project.
To accomplish the screening level evaluation of potential BOD point source load reductions,
MACTEC requests information relating to the wastewater treatment process at your facility.
Specifically, waste stream generation process flow diagrams, wastewater treatment process
flow diagrams, and unit operations information. Additionally, MACTEC recognizes that this
information may be sensitive and will not include specific plans or diagrams in the final
report and will only use them to identify the potential “next steps” for BOD reduction.
Representatives of MACTEC will be calling from February 2 through February 11 (or as
necessary) to discuss this project and information with you for your facility.
Thank you for your cooperation.
Sincerely,
MACTEC Engineering and Consulting

Larry A. Neal, P.E.
Senior Principal Engineer
Vice President

Margaret E. Tanner
Senior Engineer

References:
USACE, 2005. Savannah Harbor Expansion Project website.
http://www.sysconn.com/harbor/
USACE, 2005. Savannah Harbor Ecosystem Restoration Dissolved Oxygen (DO) website.
http://www.sas.usace.army.mil/projects/projects/shdo.htm

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

January 31, 2005

Jeremy Pearson
International Paper– Augusta Mill
P.O. Box 1425
Augusta, GA 30903

Regarding:

FILE COPY

Information request for the SHER and SHEP Projects
Screening Level DO Improvement Alternatives for Savannah Harbor
USACE SHEP/SHER Project
Project Number: 6301-05-0001

Dear Mr. Pearson:

As components of both the Savannah Harbor Expansion Project (USACE, 2004) and the
Savannah Harbor Ecosystem Restoration Study (USACE, 2004.), the U.S. Army Corps of
Engineers (USACE) has contracted with MACTEC Engineering and Consulting (MACTEC)
to identify and conduct a screening level evaluation of alternative potential measures to
seasonally improve dissolved oxygen (DO) concentrations in Savannah Harbor. Low DO
levels in Savannah Harbor are the subject of an EPA Region 4 Draft Total Maximum Daily
Load (TMDL) for Dissolved Oxygen (EPA, 2004). According to EPA, the particular harbor
segment for which DO improvement is needed is an approximate four mile length between
Talmadge Bridge and Elba Island and the critical season of the year for such DO
improvement is the three-month period from June 15th through September 15th.
The EPA TMDL modeling attributes an approximate 0.5 mg/L critical segment DO deficit to
all point sources of BOD (combined) with roughly one half of this point source deficit
resulting from upriver point source BOD loads reaching the upper end of the estuary and the
other half resulting from point source BOD loads directly to the estuary. This EPA finding
means that total elimination of all point source BOD loads between Thurmond Dam and the
sea could improve critical segment DO concentrations in Savannah Harbor by only 0.5 mg/L.
The Draft EPA TMDL, based on meeting newly recommended DO criteria, calls for an
approximate 30-percent overall reduction of point source BOD loading from the overall point
source BOD loading experienced during the summer critical period of 1999.
The types of potential measures identified in the current harbor DO improvement screening
for the Army Corps include: directly adding air or oxygen to low DO waters in the critical
harbor segment; mixing low DO waters on the bottom of the harbor with higher DO surface
waters; seasonally increasing flow releases from upstream reservoirs; seasonally reducing
BOD loads from industrial and municipal discharges to the harbor and upriver. A potential
benefit to point source BOD dischargers of the Corps’ DO mitigation and restoration projects

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

is that the federal government may fund a portion of the costs for design and construction of
whatever DO improvement measures may be authorized.
For purposes of screening the potential for seasonal BOD load reductions, MACTEC is
contacting the larger point-source BOD dischargers seeking their ideas as to what measures
might be considered for such screening. The objective is to identify potential means and
general order of costs for reducing BOD discharges by about 30 percent or more during the
three month critical season (June 15th through September 15th). Potential alternatives might
include added effluent storage capacity, critical season land application or wetlands
polishing, supplemental or short-term enhanced treatment, plant process changes, coordinated
plant shut-down/maintenance schedules during the critical season, water conservation
measures, or (in the estuary) piping BOD discharges farther seaward. Considering the
limited impact of point sources on the critical DO deficit (only 0.5 mg/L according to EPA) it
seems unlikely that point source BOD load reduction measures would prove to be a cost
efficient means for significantly improving DO. Nonetheless, consideration of BOD load
reduction alternatives is a required component of this DO improvement screening project.
To accomplish the screening level evaluation of potential BOD point source load reductions,
MACTEC requests information relating to the wastewater treatment process at your facility.
Specifically, waste stream generation process flow diagrams, wastewater treatment process
flow diagrams, and unit operations information. Additionally, MACTEC recognizes that this
information may be sensitive and will not include specific plans or diagrams in the final
report and will only use them to identify the potential “next steps” for BOD reduction.
Representatives of MACTEC will be calling from February 2 through February 11 (or as
necessary) to discuss this project and information with you for your facility.
Thank you for your cooperation.
Sincerely,
MACTEC Engineering and Consulting

Larry A. Neal, P.E.
Senior Principal Engineer
Vice President

Margaret E. Tanner
Senior Engineer

References:
USACE, 2005. Savannah Harbor Expansion Project website.
http://www.sysconn.com/harbor/
USACE, 2005. Savannah Harbor Ecosystem Restoration Dissolved Oxygen (DO) website.
http://www.sas.usace.army.mil/projects/projects/shdo.htm

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

January 31, 2005

Brittany Robinson
International Paper– Savannah
P.O. Box 570
Savannah, GA 31402

Regarding:

FILE COPY

Information request for the SHER and SHEP Projects
Screening Level DO Improvement Alternatives for Savannah Harbor
USACE SHEP/SHER Project
Project Number: 6301-05-0001

Dear Ms. Robinson:

As components of both the Savannah Harbor Expansion Project (USACE, 2004) and the
Savannah Harbor Ecosystem Restoration Study (USACE, 2004.), the U.S. Army Corps of
Engineers (USACE) has contracted with MACTEC Engineering and Consulting (MACTEC)
to identify and conduct a screening level evaluation of alternative potential measures to
seasonally improve dissolved oxygen (DO) concentrations in Savannah Harbor. Low DO
levels in Savannah Harbor are the subject of an EPA Region 4 Draft Total Maximum Daily
Load (TMDL) for Dissolved Oxygen (EPA, 2004). According to EPA, the particular harbor
segment for which DO improvement is needed is an approximate four mile length between
Talmadge Bridge and Elba Island and the critical season of the year for such DO
improvement is the three-month period from June 15th through September 15th.
The EPA TMDL modeling attributes an approximate 0.5 mg/L critical segment DO deficit to
all point sources of BOD (combined) with roughly one half of this point source deficit
resulting from upriver point source BOD loads reaching the upper end of the estuary and the
other half resulting from point source BOD loads directly to the estuary. This EPA finding
means that total elimination of all point source BOD loads between Thurmond Dam and the
sea could improve critical segment DO concentrations in Savannah Harbor by only 0.5 mg/L.
The Draft EPA TMDL, based on meeting newly recommended DO criteria, calls for an
approximate 30-percent overall reduction of point source BOD loading from the overall point
source BOD loading experienced during the summer critical period of 1999.
The types of potential measures identified in the current harbor DO improvement screening
for the Army Corps include: directly adding air or oxygen to low DO waters in the critical
harbor segment; mixing low DO waters on the bottom of the harbor with higher DO surface
waters; seasonally increasing flow releases from upstream reservoirs; seasonally reducing
BOD loads from industrial and municipal discharges to the harbor and upriver. A potential
benefit to point source BOD dischargers of the Corps’ DO mitigation and restoration projects

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

is that the federal government may fund a portion of the costs for design and construction of
whatever DO improvement measures may be authorized.
For purposes of screening the potential for seasonal BOD load reductions, MACTEC is
contacting the larger point-source BOD dischargers seeking their ideas as to what measures
might be considered for such screening. The objective is to identify potential means and
general order of costs for reducing BOD discharges by about 30 percent or more during the
three month critical season (June 15th through September 15th). Potential alternatives might
include added effluent storage capacity, critical season land application or wetlands
polishing, supplemental or short-term enhanced treatment, plant process changes, coordinated
plant shut-down/maintenance schedules during the critical season, water conservation
measures, or (in the estuary) piping BOD discharges farther seaward. Considering the
limited impact of point sources on the critical DO deficit (only 0.5 mg/L according to EPA) it
seems unlikely that point source BOD load reduction measures would prove to be a cost
efficient means for significantly improving DO. Nonetheless, consideration of BOD load
reduction alternatives is a required component of this DO improvement screening project.
To accomplish the screening level evaluation of potential BOD point source load reductions,
MACTEC requests information relating to the wastewater treatment process at your facility.
Specifically, waste stream generation process flow diagrams, wastewater treatment process
flow diagrams, and unit operations information. Additionally, MACTEC recognizes that this
information may be sensitive and will not include specific plans or diagrams in the final
report and will only use them to identify the potential “next steps” for BOD reduction.
Representatives of MACTEC will be calling from February 2 through February 11 (or as
necessary) to discuss this project and information with you for your facility.
Thank you for your cooperation.
Sincerely,
MACTEC Engineering and Consulting

Larry A. Neal, P.E.
Senior Principal Engineer
Vice President

Margaret E. Tanner
Senior Engineer

References:
USACE, 2005. Savannah Harbor Expansion Project website.
http://www.sysconn.com/harbor/
USACE, 2005. Savannah Harbor Ecosystem Restoration Dissolved Oxygen (DO) website.
http://www.sas.usace.army.mil/projects/projects/shdo.htm

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

March 15, 2005

Rick Hamilton
Weyerhaeuser
P.O. Box 668
Savannah, GA 31402

Regarding:

FILE COPY

Information request for the SHER and SHEP Projects
Screening Level DO Improvement Alternatives for Savannah Harbor
USACE SHEP/SHER Project
Project Number: 6301-05-0001

Dear Mr. Hamilton:

As components of both the Savannah Harbor Expansion Project (USACE, 2004) and the
Savannah Harbor Ecosystem Restoration Study (USACE, 2004.), the U.S. Army Corps of
Engineers (USACE) has contracted with MACTEC Engineering and Consulting (MACTEC)
to identify and conduct a screening level evaluation of alternative potential measures to
seasonally improve dissolved oxygen (DO) concentrations in Savannah Harbor. Low DO
levels in Savannah Harbor are the subject of an EPA Region 4 Draft Total Maximum Daily
Load (TMDL) for Dissolved Oxygen (EPA, 2004). According to EPA, the particular harbor
segment for which DO improvement is needed is an approximate four mile length between
Talmadge Bridge and Elba Island and the critical season of the year for such DO
improvement is the three-month period from June 15th through September 15th.
The EPA TMDL modeling attributes an approximate 0.5 mg/L critical segment DO deficit to
all point sources of BOD (combined) with roughly one half of this point source deficit
resulting from upriver point source BOD loads reaching the upper end of the estuary and the
other half resulting from point source BOD loads directly to the estuary. This EPA finding
means that total elimination of all point source BOD loads between Thurmond Dam and the
sea could improve critical segment DO concentrations in Savannah Harbor by only 0.5 mg/L.
The Draft EPA TMDL, based on meeting newly recommended DO criteria, calls for an
approximate 30-percent overall reduction of point source BOD loading from the overall point
source BOD loading experienced during the summer critical period of 1999.
The types of potential measures identified in the current harbor DO improvement screening
for the Army Corps include: directly adding air or oxygen to low DO waters in the critical
harbor segment; mixing low DO waters on the bottom of the harbor with higher DO surface
waters; seasonally increasing flow releases from upstream reservoirs; seasonally reducing
BOD loads from industrial and municipal discharges to the harbor and upriver. A potential
benefit to point source BOD dischargers of the Corps’ DO mitigation and restoration projects

MACTEC Engineering and Consulting, Inc.
3200 Town Point Drive NW, Suite 100 y Kennesaw, GA 30144
770-421-3400 y Fax: 770-421-3486

is that the federal government may fund a portion of the costs for design and construction of
whatever DO improvement measures may be authorized.
For purposes of screening the potential for seasonal BOD load reductions, MACTEC is
contacting the larger point-source BOD dischargers seeking their ideas as to what measures
might be considered for such screening. The objective is to identify potential means and
general order of costs for reducing BOD discharges by about 30 percent or more during the
three month critical season (June 15th through September 15th). Potential alternatives might
include added effluent storage capacity, critical season land application or wetlands
polishing, supplemental or short-term enhanced treatment, plant process changes, coordinated
plant shut-down/maintenance schedules during the critical season, water conservation
measures, or (in the estuary) piping BOD discharges farther seaward. Considering the
limited impact of point sources on the critical DO deficit (only 0.5 mg/L according to EPA) it
seems unlikely that point source BOD load reduction measures would prove to be a cost
efficient means for significantly improving DO. Nonetheless, consideration of BOD load
reduction alternatives is a required component of this DO improvement screening project.
To accomplish the screening level evaluation of potential BOD point source load reductions,
MACTEC requests information relating to the wastewater treatment process at your facility.
Specifically, waste stream generation process flow diagrams, wastewater treatment process
flow diagrams, and unit operations information. Additionally, MACTEC recognizes that this
information may be sensitive and will not include specific plans or diagrams in the final
report and will only use them to identify the potential “next steps” for BOD reduction.
Representatives of MACTEC will be calling from February 2 through February 11 (or as
necessary) to discuss this project and information with you for your facility.
Thank you for your cooperation.
Sincerely,
MACTEC Engineering and Consulting

Larry A. Neal, P.E.
Senior Principal Engineer
Vice President

Margaret E. Tanner
Senior Engineer
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Section 1. TMDL Compliance
Allowable BOD Loading
Regulations requiring that treated effluents be discharged to receiving waters at
elevated D.O. concentrations are specified in some discharge permits. Conventional
aeration techniques may achieve these higher concentrations but usually entail
prohibitively high unit energy consumption and are limited in the D.O. levels that can be
achieved. Using standard aeration equipment to increase the D.O. from 0 to 7 mg/L in
water at 25oC would require approximately 2700 kwhr/ton of D.O. added, which is
equivalent to over $200/ton of D.O. for electricity rates of $0.08/kwhr.
An efficient oxygenation system, on the other hand, can achieve the higher D.O.
requirements both more easily and more economically. Technology is now available to
produce heretofore impossibly high superoxygenation levels, allowing TMDL D.O.
standards to be reached in many applications without the necessity for tertiary treatment.
TMDL Requirement Solutions
Reduction of pollutant loading, water augmentation in low flow situations and
aeration are the methods traditionally used to reach TMDL levels. One aspect of the
TMDL process mandated for surface waters is to establish the D.O. level appropriate for
the resident fishery. This then leads to designation of the allowable BOD and/or nutrientloading rate applicable to all entities discharging to the waterway. For impounded or
slow flowing rivers with attendant low reaeration rate, k2, as found in the relatively flat
terrain, the allowable pollutant loading rates are accordingly quite low, resulting in the
need to achieve especially high pollutant removal rates by the contributing entities. Such
advanced removals cause exponential increases in wastewater treatment costs for
relatively small incremental removal of pollutants. At present secondary treatment is
mandated in all states for all wastewaters, resulting in more than 90% removals
commonly being realized, but tertiary removals with their attendant high cost may also be
necessary to meet the TMDL levels in many cases. However tertiary treatment may no
longer be necessary in most cases when using a newer method which supplements D.O.
in very high concentrations sufficient to achieve TMDL standards for D.O.. However, as
presented in this paper, a newer method of supplementing superoxygenation directly to
the river, promises significant advantages not achievable in the past.
The rate of reaeration of a river is shown in the following equation by Thackston:
k2 = 0.000025[ 1 + 9 {F}0.25][(h Se g)0.5]/h
Where: u = velocity – ft/sec
h = depth – ft
Se = slope – ft/ft
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Fig. __ depicts the k2 corresponding to velocity and depth combinations.
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The allowable BOD loading in a segment of river is a function of the allowable
D.O. deficit (or target D.O.) and the k2 of that segment as shown in Fig. __
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Strategy for D.O. Supplementation:
• Add D.O. equivalent to ultimate BOD in discharge so no oxygen resources
in the harbor are consumed in metabolizing residual BOD.
• Higher D.O. from oxygenation station permits increased spacing between
oxygenation stations.
 This permits economy of scale.
 Cost to bring in electrical power much reduced
 Delivery of LOX
• Propeller pumps to assist in D.O. transport away from oxygenation station.
D.O. Supplementation Trading for Advanced BOD removal
The allowable BOD loading on a river is a function of kr, kd, and k2. For example
if River A has a depth of 10 ft and velocity of 1 ft/sec it will have a k2 = 0.65/day while
River B, with a depth of 2 ft and velocity of 4 ft/sec will have k2 = 2.3/day. Thus the
allowable BOD loading at 25 oC for a D.O. deficit of 3 mg/L and for River A is 10 mg/L.
By comparison, the allowable BOD loading for River B is 28 mg/L.
Lower aeration rated rivers should not be penalized if successful reaeration rates
are reached by means of superoxygenation. When water quality trading is implemented
locally, then, supplemental oxygenation of the receiving water body will also be an
acceptable solution for meeting TMDL standards.
On Jan 13, 2003 EPA announced a new Water Quality Trading Policy to provide
guidance on how trading can occur under the Clean Water Act while implementing
regulations. Water quality trading is a market-based approach that is intended to provide
greater efficiency in achieving water quality goals and watersheds by allowing one source
to meet its regulatory requirements by using pollutant reductions created by another
source that has lower pollution control cost.
Supplemental oxygenation of a river as a trade-off for non-point source pollution
control measures has been used successfully. A study performed to remediate Snake
River D.O. deficiency related to TMDL (caused by non-point source phosphorous
loading) established that oxygen could be supplemented directly to the river for 3 % of
the cost to reduce phosphorous from non-point sources to achieve comparable D.O.
standards.
Ruane has postulated how the South Fork Holston River in Tennessee
point/nonpoint-source pollutant trading within a watershed might be implemented.
Although several hundreds of millions of dollars were invested for waste treatment
facilities in the 1970s, nevertheless D.O. levels in the South Fork Holston River dropped
to 2 mg/L under low flow conditions. D.O. concentrations were even predicted to range
from 0 to 1 mg/L if industrial and municipal facilities discharged to the limits of their
permitted waste loads.
TVA investigators considered a number of options for improving D.O. conditions
in the South Fork Holston River, including advanced waste treatment for the dischargers,
turbine aeration at Fort Patrick Henry Dam, various levels of flow augmentation at the
dam, and in stream aeration. The results of this exploratory analysis indicated that D.O.
standards of 5 mg/L in the river could not be attained using the advanced effluent
treatments that were being considered by the industrial and municipal dischargers, but a
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water quality trade off could meet the requirements. For example, it was predicted that
state water quality standards could be met by augmenting flow releases from the dam,
coupled with additional aeration by the hydroelectric project either at the dam or
downstream. The annual cost of the trade off option would range from $298,000 to
$395,000, compared to an estimated annual cost of $44,000,000 for the industrial and
municipal dischargers to operate advanced (but insufficient) waste treatments.
Superoxygenation provides a significant advantage by increasing river D.O.
without processing the entire river. Also much smaller sidestream flows and civil works
are required for superoxygenation than for aeration. Compelling cost comparisons favor
use of this newest type of technology to achieve TMDL standards since pure oxygen is
available for only $60 to $100/ton, depending on the usage rate. Successful
superoxygenation can dissolve oxygen into water with 90% oxygen absorption efficiency
for a total cost of approximately $100/ton D.O. (which includes amortization of the
capital cost @ $10/ton D.O., energy consumption of 400 kwhr/ton D.O. @ $0.05/kwhr =
$20/ton D.O., and the cost of oxygen at $70/ton D.O.) while achieving 70 mg/L D.O. in a
sidestream. When using pure oxygen vs aeration only about one tenth as much energy
(300 kwhr/ton D.O.) is consumed per ton of D.O. supplemented than required for
aeration yet D.O. concentrations in the river equivalent to air saturated D.O. can be easily
achieved with these economies. The Chicago Canal sidestream aeration system, which
moves the entire canal flow through the cascade aerators with an increase of only 1 to 3
mg/L D.O. involves energy consumption of over 3000 kwhr/ton of D.O. supplemented,
which is ten times the energy requirement necessary for pure oxygen supplementation.
If the discharge has received secondary treatment there will be nil degradation of
the river quality. Deep, slow moving rivers no longer need to be penalized in TMDL
analyses when adopting superoxygenation technology. Advanced treatment will no
longer be required.
Tertiary Removal of BOD
Tertiary treatment to lower the five-day BOD below 20 to 30 mg/L does little to
improve the river habitat. The costs of tertiary treatment may exceed the cost of
secondary biological treatment. If an increase in D.O. is a major need to improve the
river habitat, then oxygen supplementation instead of tertiary removal of BOD should be
implemented, especially with pooled rivers or harbors having very low aeration rates. For
water quality limited harbors receiving secondary biologically treated industrial or
domestic affluence. It is possible that an agreement could be reached with the state
regulatory agency to allow oxygen to be supplemented directly to the harbor in order to
maintain regulated D.O. concentrations.
As shown in the Figs. below, the health of a water body is directly correlated with
the D.O. maintained therein.
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Fig. Correspondence of biocriteria to environmental gradients: dissolved oxygen
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Section 2. Worldwide Applications of Oxygen
Supplementation to Rives, Lakes and Harbors
2.

Existing Oxygenation System Installations.
I. Background.

Some of the world's most beautiful harbors and lagoons and its most heavily
trafficked seaports face severe flooding problems during storm tide seasons. But
remedial steps to minimize flood damage may in turn cause other water quality
dilemmas, which must also be addressed at the same time.
Venice's magnificent architecture is being threatened by each successive flood
season, yet its historic lagoon would also experience serious oxygen depletion if isolated
by tidal gates. The busy Thames River’s innovative tidal gates are successfully holding
back potentially damaging flood tides at this time, but are accompanied by mobile
oxygenation barges which alleviate consequent D.O. deficiencies.
Other oxygen poor harbors on the other hand, such as Shanghai Harbor, sustain
serious pollution damage during dry seasons and the serious malodorous conditions
which have plagued the city's inhabitants for decades have also caused the fish and
shrimp to die until rehabilitation efforts were undertaken in 1988, and in 2001 when an
oxygenation barge was deployed there with good results.
Savannah Harbor's main pollution source is decaying vegetation from the
surrounding marshes. The Stockton, California Deepwater Ship Channel also must
address constant new nutrient enrichment problems along with combined sewer
overflows. Manchester Ship Canal in England has excessive algae growth, caused by
heavy nutrient load and accumulation of sludges on the bottom, with consequent fish
kills.
Ship traffic restricts equipment location, which precludes some types of aeration
equipment. However, modern oxygenation designs using pure oxygen to raise the D.O.
levels show great promise in solving worldwide harbor water quality dilemmas as well as
those of rivers, lakes and bays.
II. Descriptions of oxygenation systems and specific equipment site data
Described below in approximate chronological order according to installation
dates, are successfully operating installations which use HPO technology to achieve
regulatory compliance and enhance resident fisheries.
Richard B. Russell Reservoir Georgia
Newman Lake Washington
Camanche Reservoir California
Thames River England
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Tombigbee River Alabama
Logan Martin Dam Alabama
Emscher River Germany
Hallwilersee Lake Switzerland
Patrick Henry Reservoir Tennessee
Douglas Reservoir Tennessee
Fontana Reservoir Tennessee
Androscoggin River Maine
Cardiff Bay Barrage England
Amsterdam Canals, Netherlands
Suzhou Creek, Shanghai Harbor
Richard B. Russell Dam, Georgia, Diffuser Systems
Richard B. Russell Dam is located on the Savannah River above Augusta
Georgia. At Richard B. Russell Dam a first ever solution to D. O. depletion using fine
bubble diffusers placed along the bottom of the 140 foot deep impoundment at
approximately 1 mile in front of the dam. Oxygen supplementation was implemented
within the hypolimnion from which layer the turbines withdraw water for power
production and then discharge it downstream. Oxygen supplementation is practiced for
approximately 7 months out of the year in order to maintain a downstream D. O.
concentration of >6 mg/L for enhancement of the fishery therein.
During maximum power generation the dam release is over 60,000 ft.³ per second.
Like all deep lakes in the Southeast, Russell Lake stratifies during summers. Warm light
waters sit on a colder dense layer in the bottom. Only the top 30 feet, which is the
epilimnion is circulated by wind action. With no means to replenish D. O. consumed in
biological and chemical activity the D. O. levels in the depths of the lake, namely the
hypolimnion layer, are gradually exhausted after stratification sets in. The water quality
standards were set at 6 mg/L of D. O. in the reservoir releases. Since Russell Dam’s
waters needed D. O. improvement from 1 mg/L background to 6 mg/L in the discharge a
more powerful oxygen enhancement system was needed than could be achieved by
turbine venting or turbine oxygen injection. Proof of concept studies were conducted in
the summer of 1975, 1976 and 1977 by a Drexel University team directed by Prof.
Speece.
In order to generate absorption data for mass balance and efficiency studies an
experimental system was suspended at the face of the dam. Fine bubble diffuser
performance were evaluated by placing the diffusers at various depths below the water
surface. An 11 foot diameter bubble collection of hood was placed at the surface above
the bubble plume, so that the entire off gas from the bubble plume could be captured and
quantified. Various diffuser loading rates were observed. Results from Phase 1 indicated
that by using low porosity diffusers and O2 loading rates of 0.5 to 2.0 feet per minute
90% of the oxygen was absorbed within a bubble rise of 100 feet. The next evaluation
phase involved placing a rack of fine bubble diffusers 100 feet horizontally in front of the
penstock intakes and measuring the D. O. in the discharge from those penstocks. When
oxygen was injected in front of the hydropower discharge it raised the D. O. from a
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background level of 2 mg/L to a discharge level of 8.1 mg/L. More than 90% oxygen
absorption efficiency was achieved under these conditions.
The prototype diffuser system had
two 1200 foot long assemblies of fine
bubble diffusers and was suspended 5 feet
above the impoundment bottom and located
100 feet apart in parallel. The fine bubble
ceramic diffusers had a characteristic
porosity of 2 feet per minute.
The first season of oxygen injection
began with the onset of lake stratification on
April 3, 1985 at an O2 loading rate of 25
tons per day. A maximum oxygen loading rate of a hundred tons per day occurred in
September and October of that year. Oxygenated water was shown to stay in the lower
layer of the lake and a daily average of 6 mg/L was maintained. By the time injection
was terminated in December, after the Fall turnover over 14,000 tons of oxygen had been
injected.
In May to November of 1986. Some 10,000 tons of oxygen were injected,
peaking at 90 tons per day. In 1987 only 7800 tons of oxygen were injected. Due to the
natural aging of the lake the oxygen demand decreased.
This original fine, bubble system using ceramic diffusers was replaced after about
15 years by soaker hose technology.
In 2001 the original ceramic diffusers were replaced with a soaker hose diffuser
design utilizing 10 - 4000 foot long lines along the old river channel upstream from the
dam. High oxygen transfer efficiencies are achieved by spreading the diffuser hose over
a larger area, (Mobley, Adams, Haynes and Sykes 2003).
They continued:
The diffuser installation in the reservoir was conducted from the
surface without divers. The diffusers were assembled from a
temporarily closed boat ramp and floated into final position in the
reservoir in sections. Floating over a mile of diffuser pipeline at a
time, across the popular reservoir required seven work boats, deep
anchor points. Long rope spans and patrol boats to warn public
boaters. The work boats and anchor points were used to maintain the
diffuser location, despite changing wind directions. Once the diffuser
was satisfactorily floating above the final location, the buoyancy
chamber was pumped full of water to sink the diffuser in a controlled
manner to the bottom. The process can be reversed to retrieve the
diffuser for maintenance or repositioning.
The diffuser installation was completed with some preliminary
testing in September 2001. Results indicated some disparity and
individual diffuser line flows and difficulty in attaining full system
design flow during test conditions that included temporary piping and
flow control.
During 2002 the existing liquid oxygen supply facility was
modified to reliably achieve the maximum design flow capacity, a new
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oxygen flow control system was installed, and several diffuser lines
were modified to provide better flow capacity. Start up testing was
completed in August 2002 including operation of the system at over
200 tons of oxygen per day. The oxygen system was operated
successfully for the remainder of the 2002 season.
Newman Lake, Washington, Speece Cone Oxygenation
Quoted from Barry C. Moore, Washington State University “Downflow Bubble Contact
Aeration Technology (Speece Cone) for Sediment Oxygenation”
Internal phosphorus recycling during summer stratification has led
to the accumulation of large amounts of organic sediments in the bottom
of Newman Lake, which is the centerpiece of a residential area in western
Washington state. The resulting anaerobic sediment water interface
allows phosphorus recycling at rates several orders of magnitude greater
than under aerobic conditions (Bastrom et al, 1988, Funk and Morris,
1988).
A 1985 - 86, study concluded that 3000 pounds of oxygen per day
would be required to meet the daily summer hypolimnetic oxygen
demand, (McLean and Lean, 1986, Ashley et al. 1987). A Speece Cone
was installed in 1992 to maintain oxic conditions with the view to
eliminating unsightly algae growth visible to the residents and to restore
the lake fishery.
Studies on Newman Lake conducted in 1985/1986 allowed
calculation of a nutrient budget in which about half of the total net
phosphorus loading was estimated to be associated with internal cycling
(Funk and Moore, 1988). Therefore, intervention into processes leading to
mobilization of sediment phosphorus was determined to be critical for
reducing summer algae productivity and for restoring acceptable water
quality. For Newman Lake, maintaining aerobic conditions during summer
stratification offered the best means to reduce internal phosphorus
recycling. Previous studies on sediment transport showed that, if the
sediment/water interface is maintained in an aerobic state, then
phosphorus solubility and mobility are greatly reduced (Bostrom et al.,
1988).
Over the years, export of materials of both natural and
anthropogenic origin from the watershed, combined with plant materials
produced within the lake basin itself, have led to the accumulation of
large volumes of organic sediments on the lake bottom. During summer
stratification, microbial breakdown of these sediments exerts oxygen
demand that leads to depression and depletion of oxygen in the lake
hypolimnion (bottom waters). The resulting anaerobic sediment/water
interface allows phosphorus to be recycled into overlying waters at rates
several orders of magnitude greater than under aerobic conditions
(Bostrom et al., 1988, Funk and Moore, 1988). High phosphorus
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concentrations in Newman Lake have been determined to be the primary
cause of excessive summer algae biomass, which is major water quality
problem (Funk and Moore, 1988).
TABLE 1. System specifications for the Newman Lake Speece Cone.
Cone volume
Cone height
Oxygen delivery
Dual Air/Sep O2 generators
Dual rotary screw compressors
In-lake water pump
Distribution manifold

11.1 m3 (315 ft3)
4.6 m (15 ft)
1,360 kg/day (3,000 lbs/day)
680 kg/day (1,500 lbs/day) each
50 hp each
40 hp @ .73 m3/sec (21 ft3/sec)
100 ft (31 m) w/ 2” ports @ 2 ft spacing

In 1992, a Downflow Bubble Contact Aerator (DCBA) system,
known as a Speece Cone, was installed in Newman Lake, Washington,
USA. The principal purpose of the system is to provide sufficient oxygen
to prevent hypolimnetic oxygen depletion and to maintain an aerobic
sediment/water interface and is the first use of Speece Cone technology
for lake restoration application. This later function was targeted to reduce
recycling of nutrient compared to flux rates under anaerobic interfacial
conditions. The system also contains other significant innovations,
including pressure-swing molecular sieve technology for on-site oxygen
generation, and a multi-ported exhaust manifold to reduce water
velocities and prevent sediment entrainment. Compared to other
available technologies, the system also represents significant savings in
capital and operating costs. An evaluation of the Speece cone
performance using a 17-year data set was made. When operated as
designed, the system has been able to maintain elevated dissolved
oxygen in the summer hypolimnion. Variations in operational and
environmental parameters have provided a wealth of information on the
Speece Cone, demonstrating that this is a economic and efficient
technology that should receive wider application. Probably most
significant are data that support the reality of a phenomenon known as
induced oxygen demand, in which post-oxygenation O2 demand rates
exceed those observed prior to implementation.
Moore concludes his study with several recommendations for consideration of
sediment oxygenation.
A recent review has concluded that improved water quality can be
realized by hypolimnetic oxygenation, and that the method deserves more
widespread application (Beutel and Horne 1999). In conclusion, it should
be noted that the Speece Cone is an appropriate technology for delivering
oxygen in water and sediment oxygenation applications. Methods that
account for induced sediment oxygen demand are essential for predicting
post-treatment oxygen requirements. Proper sizing of the system to meet
that demand is crucial in order to realize environmental oxygenation goals.
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When data on the range of environmental variability is limited, it should
be understood that the associated high degree of uncertainty necessitates
application of liberal safety factors to reduce risk of system under-sizing.
For such situations, an economic analysis that balances risk versus cost of
increasing system capacity may be an appropriate decision-making tool.

Camanche Reservoir, California, Speece Cone Oxygenation
Horizontal discharge of a super oxygenated sidestream is an important feature of
the Speece Cone technology designed for Camanche Reservoir located in the foot hills of
California, as may be seen in the photo (Figs -- --). During drought seasons the water
depth, which usually varies up 135 feet, drops to only 25 feet. A yearly D.O. pattern of
the hypolimnion is depicted in Fig. ---.
This reservoir discharges through a bottom pen stock during most of the
stratification season and feeds a coldwater salmon fishery as well as a salmon hatchery
immediately downstream from the dam. The discharge of 400 to 800 ft.³ per second
during the stratification season is also used to generate power before discharge as the sole
headwater of the Mokolumne River, which is a salmon habitat.
The river and hatchery require a coldwater discharge from the reservoir
hypolimnion, so stratification must be carefully maintained. By mid June, the D.O. in the
hypolimnion discharge is below 7 mg/L, which is the regulated D.O. for rivers in
California classified for salmon. Therefore, at this time the hydropower generation must
be bypassed and the water discharged through a Howell Bunger valve for aeration. Such
cessation of electricity generation results in revenue losses of approximately $5,000 per
day per 400 ft.³ per second by-passing the generators.
By late June or early July anaerobic conditions are established in the bottom of
the hypolimnion, where the discharge is located, causing iron and manganese to be
6

solubilized and hydrogen sulfide to be produced. Hydrogen sulfide is toxic to the fish,
corrosive to electrical connections in the vicinity of the Howell Bunger valve where it is
stripped during aeration, and eventually is offensive to personnel and visitors to the river
below the dam.
In 1996, a Speece Cone hypolimnion oxygenator with horizontally induced flow,
which dissolves 18,000 pounds of oxygen per day to the sidestream discharge from the
oxygenation system back into 100 foot long diffuser, was installed on the bottom of the
reservoir at the toe of the dam.
When the water is 100 foot deep, the oxygenated sidestream has a dissolved
oxygen concentration of about 100 mg/L. A D.O. increase of 4 mg/L was observed in the
hypolimnion 10,000 feet from the diffuser two weeks after the oxygen supplementation
commenced operation.
Oxygen supplementation of the hypolimnion allows power to be generated,
prevents hydrogen sulfide production, and meets river and hatchery D.O. criteria for the
State of California. An additional advantage is that the equipment is hidden from public
view at the bottom of the reservoir.
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Thames River, England, Mobile Oxygenation Barge
An early network for the London sewer system was built in the 1850s with
various catchments for drainage and pumping stations. Originally the design target was
to intercept the dirty water coming down the river and divert it to London's east side, to
minimize the pollution for the main part of the city. Both surface runoff and foul sewage
enter the Thames. Two London areas, Becton and Crossness on the Eastside and
Modem at the top of the tidal stretch of the river are the locations of the main sewage
works. (Health and Public Services Committee, September 14, 2004 transcript).
During heavy rains, the system channels excess water back into the Thames. To
avoid flooding in the city, according to the report cited above, the networks in London
are so convoluted with its legacy that the normal rules do not apply. Therefore you need
to have a rather individual approach to try to cure the problem.
The London sewage works are some of the largest in Europe, but when storm
flows rise, untreated sewage as well as surface runoff are discharged into the Thames.
Storm tank storage is limited so excessive flows cannot be contained. In order to avoid
basement and house flooding, the sewage system must release storm runoff as frequently
as 50 to 60 times a year, resulting in fish kills nearly every 10 to 16 weeks in the
tideway,( loc. Cit. 2004).
A Thames Bubbler barge and a
Thames Vitality barge authorized by
the National Rivers Authority and the
British government, containing venturi
jets to diffuse the oxygen produced on
board, have been deployed to prevent
fish kills during storm tides. But even
with these and the addition of
hydrogen peroxide at the treatment
works effluent, these oxygenation
systems on the river failed to prevent
fish kills in August and September of
2004. About 30 tons per day of
oxygen are generated by each barge.
Oxygen transfer efficiency is estimated
to be about 65% from the venturi jets.
According to the report, it has
always been recognized that the Bubbler barges were a temporary solution until
something more permanent comes along.
Tombigbee River Alabama, U-Tube Oxygenation
During periods of drought, the normally sufficient D.O. levels in the Tombigbee
River, located near two paper mills in Alabama, dropped below minimum state standards.
In times of prolonged drought after the 30 day treated effluent storage capacity of each
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mill becomes full, mill production capacity had to be curtailed to maintain river D.O.
levels, negatively impacting mill profits.
Both mills discharge efficiently treated waste water, so an agreement was reached
with Alabama state authorities to add D.O. directly to the Tombigbee River. Since the
Gulf States mill is located about 35 miles upstream from the James River mill, both mills
impact the D.O. concentration downstream of the James River mill discharge. It was
therefore a mutual benefit to design one common oxygen supplementation strategy. A
D.O. water quality model of the river had demonstrated this oxygen supplementation
strategy would allow both mills to operate at full capacity under the most critical low
flow and high temperature conditions in the Tombigbee River.
The mutually beneficial agreement between the Gulf States and James River
paper mills was reached on a solution for maintenance of the regulated D.O.
concentrations in the Tombigbee River to minimize the fraction of river flow which must
be moved through the oxygenation system. Therefore the D.O. concentration achieved
had to be maximized.
The agreement allows 12,000 pounds per day of D.O. to be added to the James
River mill effluent and 40,000 pounds per day of D.O. to be added 35 miles down river.
One stipulation is that the D.O. in the river can never exceed 100% of air oxygen
saturation, namely 7.9 mg/L at 28° centigrade, which is a typical hot summer river
temperature during drought flows.
The James River effluent storage pond is located about 30 feet above the river
level and flows by gravity through a U-Tube oxygenation device, where it is
superoxygenated to 50 mg/L, and then passes into a diffuser on the bottom of the river.
At the second location, called McCarty's Landing, 125 MGD of water must be pumped
from the river through the U-Tube oxygenation device and back into a diffuser on the
bottom of the river. Here again the D.O. is raised to 50 mg/L for discharge into the river
diffuser.
A number of oxygenation systems and oxygen sources were evaluated. Air as an
oxygen source was rejected because of the low potential D.O. concentration saturation
and also potential dissolved nitrogen supersaturation problems in the river. Conventional
surface aerators were rejected because of the excessive energy consumption per ton of
D.O. supplemented to maintain the D.O. at 5 mg/L under summertime temperatures.
Logistics due to barge traffic and policy considerations would not allow an oxygenation
system to be located on the surface of the river, where it would obstruct barge traffic.
Diffused aeration was rejected because of the low potential D.O. saturation, which would
require pumping the entire river through the diffused aeration basin. Dissolved nitrogen
gas supersaturation would result, possibly impairing the health of fish in the river. Again,
excessive energy consumption per ton of D.O. supplemented was required to maintain a
target D.O. of 5 mg/L.
Pressurized sidestream pipe reactor oxygenation was rejected because of
excessive energy consumption per ton of D.O. supplemented and potential effervescent
loss of supersaturated D.O. due to turbulence at the throttling valve used to maintain
pressure in the reactor. Costs were considerable to supply 1000 feet of stainless steel
pipe required to provide the required bubble contact time of over 100 seconds at the 10
fps water velocity necessary to maintain two-phase flow.
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The overwhelming economical and practical advantages of using commercial
oxygen emerged in the selection process, narrowing the search to two systems, the UTube and the Speece Cone technologies. Excessive cost to excavate deeply enough to
withstand water levels in the 100 year flood disqualified the Speece Cone. The U-Tube
oxygenation system was selected for its energy efficiency and capacity to produce very
high D.O. concentrations of 50 mg/L with associated high oxygen absorption efficiency.
The U-Tube oxygenation system incorporates prolonged contact of the oxygen
bubbles with the water as well as hydrostatic pressurization of the bubble water mixture
as it passes down through the U-Tube.
Oxygen transfer is enhanced by the
Tombigbee River
turbulence and extended contact time, but
40,000 lb D.O./day
mainly by the hydrostatic pressurization as
the water goes down the depth of the UTube and back up out the discharge. A
depth of 175 feet was selected as the
design depth for the U-Tube.
U-Tube oxygenation was selected
for both of the two locations on the
Tombigbee River. The U-Tube with
oxygen injection produced an affluent D.O. of 50 mg/L at 28°C with an oxygen
absorption efficiency of 80 to 90% for a unit energy consumption and 94 kWh per ton of
D.O. The oxygenation capacity was 5400 mg/L of D.O. per cubic feet per hour and the
head loss across the 175 foot deep U-Tube was 5 feet.
A bubble harvester was incorporated to harvest any undissolved bubbles and
recycle them back to the influent of the U-Tube. By discharging a highly elevated D.O.
sidestream into the river through a diffuser in the bottom, advantage was taken in the
hydrostatic head to prevent effervescent loss of D.O. and a high D.O. discharge was
mixed throughout the river cross-section within a short distance downstream.
A schematic diagram shown in (Figs. ___) of both a gravity fed U-Tube which
puts in 12,000 pounds of D.O. per day, as well as a schematic of the U-Tube where 125
MGD of water is pumped from the river through the U-Tube and then discharged back
into the river with 50 mg/L of supersaturated D.O. concentration, resulting in 40,000
pounds per day of D.O. supplementation.
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Field testing of the oxygenation system performance of the U-Tube installation which
oxygenated the treated James River Mill effluent on the Tombigbee River yielded the
following data:
• up to 50 mg/L discharge D.O. at 25°C in the water
• 5.3 foot head differential across the U-Tube
• up to 18,000 pounds of D.O. per day oxygen transfer
• 80 to 90% oxygen absorption efficiency
14

Logan Martin Dam, Alabama, Speece Cone Oxygenation
Logan Martin Dam, owned and operated by Alabama Power Co., is located on the
Coosa River and was constructed on a karst stone geological foundation, 60 feet deep
near the dam. The river flows 35 miles downstream past a paper mill, with less than 4
mg/L of D.O. on the weekends due to hydropower turbine shut down. Since it is
operated as a peaking power dam, water is only released through the turbines between 9
a.m. and 10 p.m. on weekdays, causing approximately 900 cfs of water to leak out
through the conduits in the karst foundation, in spite of extensive grouting to prevent it.
These conduits in the rock below the dam are somewhat similar to biological
trickling filters in that a biological slime develops on the surface of these conduits.
Consequently, even though the water contains about 8 mg/L of D.O. in the reservoir
behind the dam, by the time the water leaks through these conduits beneath the dam,
essentially all of the D.O. is removed. Then on weekends when water is not released to
the hydropower turbines, the only water passing into the tail water zone is comprised of
this 900 ft.³ per second of leakage water, which contains essentially zero D.O..
The resident fishery in the tail water below the dam is noticeably stressed during
these weekend periods of low D.O. Fish by the dozens can be seen standing on their tails
gulping air in an attempt to compensate for the low D.O. in the tail water. By Monday
when the water now containing less than 1 mg/L of D.O., slowly passes the paper mill
discharge point, the mill must curtail operation until the D.O. level again reaches about 4
mg/L.
In 1990 a Speece Cone oxygenation system was installed to meet one third of the
18,000 pound per day of oxygen required to raise the D.O. in the leakage flow to the
required level. The 21 ft.³ per second system also incorporated into the final design an
additional system capable of handling another 42 ft.³ per second.
This oxygenation system receives 21 ft.³ per second of water from a pipe
connected to the
pool above the dam.
The Speece Cone
oxygenation system
was installed at the
base in the dam so
that the water from
above the dam
passes through the
Speece Cone oxygenator and discharges about 30 foot below the tail water surface. A
throttling valve is located at the discharge in the tail water to allow pressurization of the
oxygenation system. This pressure corresponds to the difference in water elevation
between the upstream pool and the tail water.
The water pressure in the Speece Cone is advantageous because it allows oxygen
transfer to take place at a pressure of 50 foot of hydrostatic head above ambient pressure.
Consequently, the discharge D.O. has a concentration of approximately 50 mg/L.
Approximately 5000 pounds of D.O. is added to the tail water each day by this
supplemental oxygenation system. There is a D.O. rich zone in the vicinity of the Speece
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Cone discharge into the tail water of Logan Martin Dam which can provide a respite for
fish when the bulk of the tail water is very low in D.O.
The performance characteristics of the Logan Martin Dam oxygenation system
have been thoroughly evaluated. When the water throughput is at the design level, over
90% oxygen absorption efficiency is realized within the Speece Cone. Maximum
oxygen absorption efficiency occurs at a water flow rate of 21 to 25 ft.³ per second
through the system. A slight reduction of oxygen absorption efficiency occurs below this
range and a more rapid decline at higher velocities.
The pressure at the oxygenation discharge with no flow through the system is 52
feet, reflecting the static head of water above the dam with respect to the location of the
oxygenation cone. With no oxygen injection the discharge pressure registers 44 and 42
feet at water flows of 22 and 25 ft.³ per second, respectively and an oxygen to water
injection rate of 4% results in discharge pressures of 38 and 37 feet. It is to be noted that
the total head loss across the oxygenation cone is nearly constant at 6.2 feet regardless of
water flow through the system when oxygen is subjected at 4% oxygen water ratio.
At the design flow of 21 ft.³ per second and 4% oxygen water ratio, the system
added 48 mg/L of D.O. to a background influent D.O. of 3.6 mg/L for a total of 5600
pounds of D.O. per day or 9 pounds of D.O. per cubic feet of reactor per day, which is
100 mg/L per minute at 90% oxygen absorption efficiency. The average pressure in the
Speece Cone is approximately 29 feet at the centerline of the cone and the water
temperature is 86°F. At this pressure and temperature the saturation D.O. concentration
would be 66 mg/L, if the gas phase is 100% oxygen. The discharge D.O. was 51 mg/L
and the oxygen content of the bubbles within the oxygenation cone was approximately
83% as measured and with a 4% oxygen to water injection rate, indicating the
oxygenation system is able to achieve 94% of theoretical saturation under these
conditions. These results are indicative of an excellent oxygen transfer system since the
hydraulic retention time is only about 30 seconds.
In the flow range of 22 to 25 ft.³ per second with an oxygen ejection ratio of 3%,
the discharge D.O. was 42 mg/L for a net increase of 38 mg/L over the background level.
Under these conditions, the absorption efficiency was 95%.
The Logan Martin Dam with its full-scale application of Speece Cone technology
has been in operation for over 10 years.

16

Emscher River, Germany, UNOX
Oxygenation
Located in the Ruhr District of
Germany, and a tributary of the Rhine, the
Emscher River receives untreated and
mechanically treated wastewater from a
catchment area of 768 square kilometers.
Industrial loading, mainly from chemical
and food industries, makes up about 50%
of the organic pollution. Up to 80% of the
river flow is wastewater during dry
weather conditions. (Bjerre, Jacobson,
Teichgraber and te Heesen 1995).
At one point along the Emscher the
river is diverted through primary clarifiers
and farther along it enters a biological
treatment plant for removal of dissolved
and colloidal organic matter and
phosphorus precipitation, before discharge
into the Rhine. However hydrogen sulfide problems in transit are an indirect effect of
anaerobic processes occurring in the river. An oxygenation station is being used to
remediate foul odors experienced by populations living near the river.
The attached photos show the channelized Emscher River. Note the concrete
structure, which is similar in concept to the UNOX pure oxygen transfer system with
baffles at the beginning and end to enclose a headspace for oxygen enriched gas to be
trapped above the river level.
Surface aerators splash the river water in contact with the enriched oxygen to
achieve elevated D.O. concentrations so as to avoid odor generation before the water
enters a 10 km stretch before reaching the secondary wastewater treatment plant. Dry
season flows into the treatment works inlet vary from 9 to 13 m³ per second, and the
detention time is approximately 2 days.
The oxygenation system raises the D.O. in the entire river about 15 mg/L and
supplements about 30,000 pounds of D.O. per day to the river.
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Halwillersee Lake, Switzerland, Tanytarsus Oxygenation
In 1986, a tanytarsus diffuser system was installed in a medium-size lake in the
Swiss plateau, which had experienced anoxia for a century. Lake Halwiler was
eutrophic, due to excessive phosphorus loading characteristics of lakes and reservoirs in
Switzerland and required deepwater oxygen bubble plume injection to prevent intrusion
of hypolimnion water into the thermocline. As described by McInnis, Lorke, Wuest,
Stockli and Little 2004, this system can be switched between artificial mixing using
coarse air bubbles and hypolimnion lake oxygenation using fine oxygen bubbles. The six
diffuser racks are 6 1/2 meters in
diameter and are in a 300 m diameter
circular configuration near the center
of the lake.
The accompanying figures
show the whole lake contour plots of
typical oxygen distributions with the
plume operating with pure oxygen. Of
particular note is the observation that
this free bubble rise system is unable
to oxygenate below the diffuser
system. This results in great areas of
the sediment water interface, which
remain anaerobic even though the
water column higher in the
hypolimnion is well oxygenated.
Patrick Henry Reservoir,
Tennessee, Ceramic Diffusers
Liquid oxygen and ceramic
diffusers, mounted on frames
supported by columns anchored on the
reservoir bottom, were installed from
1973 to 1976 as a pilot demonstration
study ( Fain 1978), following Ruane
and Vigander's 1972 research on
reservoir diffuser systems for
hydropower sites for the Tennessee
Valley Authority in Tennessee.
Later, following laboratory
tests and comparison of diffuser
equipment prices, a standard alumina
tube with pore sizes of 15 to 20 µ was
chosen to be installed on frames about
8 feet above the bottom. Transfer
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efficiencies were not as high - 30 to 90%, as had been recorded in laboratory tests -- 80 to
90%. However smaller pore size diffusers were found to achieve higher transfer rate (
Ruane, Vigander and Nicholas, Journal of Hydraulics Division of the American Society
of Civil Engineers, October 1977.
Douglas Dam, TVA, Membrane and Soaker Hose Diffusers
An early hydropower installation using a membrane diffuser was chosen for
Douglas Dam in 1988 by the Tennessee Valley Authority. A 20 foot by 33 for diffuser
frame was placed on adjustable legs to fit the bottom topography in front of one of the
intakes. Oxygen transfer efficiencies of about 72% were measured late in the D.O.
season of 1988, when weak stratification conditions existed ( Mobley, 1989). D.O.
improvements in the releases were about 2 milligram per liter. However, during the peak
of the 1989 D.O. season, the oxygen improvement in the releases dropped to nearly 0
mg/L. This was attributed to oxygen demand stirred up from near the reservoir sediments
and mixed by the strong plumes induced by the diffusers. No clogging of the membrane
diffusers was experienced, but the Unit 4 generator cooling system was clogged with
sediment and organic growth due to the pumping action of the diffuser plumes. This
necessitated outages for cleaning and chemical treatments to reduce organic buildup.
This experience indicated a clear need for a means to spread the bubbles over large areas
to reduce mixing and entrainment of the sediments.
Sixteen smaller PVC diffuser frames, measuring 100 foot by 120 feet, are shown
in the accompanying figure and were successfully deployed in the Douglas Reservoir
in1993. There were 80 hoses per frame for a total of 12 miles of porous hose. The
system capacity was 3000 m³ per hour or 110 tons per day of oxygen. The redesigned
oxygen distribution header was made of flexible hose. These diffusers have been used
since 1993, to provide up to 2 mg/L of D.O. improvement in 16,000 ft.³ per second power
discharges from the four turbines at Douglas Dam. Although these diffusers are effective
and are still in use, the frames and buoyancy connections were too unwieldy and
expensive for future designs.
In 1991 soaker hose equipment measuring 400' x 100' suspended on a PVC
diffuser frame was built to support 50 foot long porous hoses. The common gardenvariety soaker hose stretches slightly under pressurization so that O2 diffuses out through
the walls. This was an attempt to distribute the oxygen bubbles more extensively to
reduce mixing and oxygen demand from the sediment layer.
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Installations using line diffusers

The following excerpts were taken from reports by Mark Mobley.

Normandy TVA 1994.
The next diffuser application at TVA was for a nonpower reservoir
where aeration was desired to remove dissolved metals and hydrogen
sulfide in the reservoir by aeration and precipitation. This system was
supplied with compressed air. This installation was the first for the line
diffuser design, and the clamps on saddle shoes for hose connections were
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found to be expensive and leaky. The drilled holes to provide an orifice
for flow control, were also found to be expensive and unnecessary.
Blue Ridge TVA 1994,
A linear arrangement of four, 1800 foot long diffuser lines were
deployed in the fore bay to provide a 3 mg per liter dissolved oxygen
improvement using 24 tons of oxygen system capacity per day. The
design used small check valves at hose connections that were determined
to be ineffective since the diffusers sank anyway, when left overnight.
The long linear arrangement of the diffusers was found to provide
insufficient oxygen to the small minimum flow turbine so an additional
diffuser was installed immediately upstream of the intake tower.
Cherokee TVA 1994-1995.
Peak hydropower water flows at Cherokee dam can approach
20,000 ft.³ per second and despite having operational installations of both
turbine venting and surface water pumps can require up to 2 mg per liter
of additional dissolved oxygen improvement for the line diffuser system to
meet 4 milligram per liter in the releases. The system capacity was 150
tons per day, with 48,000 lineal feet of line diffuser in the four bay. The
system has automatic valves open to provide a high rate of oxygen flow
while the turbines are in use. When the turbines flows are often small,
oxygen bypasses the valves to maintain a background buildup of D.O. in
the reservoir. The oxygen input from the diffusers provided oxygenated
cold water in the fore bay that created a striped bass habitat during the
warm summer sessions. High concentrations of fish lead to intense fishing
pressure. But despite the repeated anchoring of boats in the area, no
significant damage to the diffusers has been experienced. At this
installation, the elastic cords for anchor attachment failed, allowing
sections of the diffuser to float to the surface, creating a boating hazard. A
new anchor connection using stainless steel cables was retrofitted by
refloating each diffuser.
Fort Loudoun TVA 1995.
This mainstream, Tennessee River dam has hydropower flows
approaching 38,000 ft.³ per second. But require only a small boost in
D.O., mostly associated with reduced flows during weekends. The Fort
Loudoun application included a single 10,000 foot long line diffuser used
to spread oxygen input over the reservoir volume of an average day's
generation. The diffuser was equipped with progressive orifice sizes at the
hose connections to obtain uniform flow over the entire length. The
installation was complicated by intense recreational boat use and
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commercial navigation traffic. The elastic cord anchor connections were
redesigned during this installation and retrofitted on the first diffuser.
Hiwassee Dam TVA 1995.
The original designs for the Hiwassee reservoir diffuser system
were to use air but the total dissolved gas limitations in the tailrace shifted
the design from air to oxygen. The installation of an on-site pressure
swing absorption oxygen generation system was attempted for this
application with unsatisfactory results. The diffusers are now supplied
with liquid oxygen storage tank.
Watts Bar TVA 1996.
Watts Bar is another mainstream hydropower project with flows
and oxygen requirements similar to Fort Loudoun. The diffusers were
deployed to oxygenate an average daily flow volume and a more compact
diffuser placement was utilized immediately upstream of the dam to
provide for the increased oxygen needs during initial or single turbine
operations. The multi-diffuser design used in the immediate fore bay,
proved to be difficult to deploy and retrieve.
Buzzard Roost Hydroelectric Station, Duke Energy 1997.
The line diffuser at Buzzard's Roost was installed to provide
enough oxygen input to allow Duke Energy to meet the FERC water
quality requirements at the site. This installation included 9000 feet of
line diffuser in the shallow excavated hydropower intake channel. The
diffuser lines were placed within 20 m of each other in only 40 foot of
water as compared with a typical spacing of 100 foot gaps.

Summary of existing line diffuser installations.
A total of 153,000 feet of line diffusers have been installed at the
eight reservoirs described above and three other applications. The
diffusers have required no maintenance of the inspection of the bubble
pattern at the beginning of each season. Reservoir diffuser installations
and other aeration applications have resulted in improved conditions in the
hydropower tail waters, according to Scott et al. 1996. Installation costs
of line diffusers have been $25-$30 per foot.
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Androscoggin River, Maine, Bubble Diffusers
The Androscoggin River in Maine has a minimum flow of 1700 ft.³ per second
and requires supplemental oxygenation from June the first until September the 30th, the
deepest part of the forebay is 60 feet, and the oxygen transfer requirements are 40,000
pounds per day. The ambient D.O. is 5 mg/L and the design D.O. minimum is 6.5 mg/L.
Additional mechanical aeration of Gulf Island Pond is a critical component of the overall
plan to bring the Androscoggin River into D. O. attainment. The current model indicates
that a total of 150,000 pounds per day to 210,000 pounds per day of oxygen must be
supplied based on the current transfer efficiency of about 30%. This is in combination
with additional controls at the paper mills in order to bring Gulf Island Pond into
attainment for D.O.. In addition, the model indicates that attainment of D.O. criteria
everywhere in Gulf Island Pond cannot be attained with a single point injection system at
its current location. Multiple point oxygen injection systems are needed, unless there is
sufficient proof to show
that the attainment can be
met using a different
configuration.
The present oxygen
supplementation system
injects pure oxygen into
fine bubble diffuser plates
located at a depth of
approximately 30 feet
within the Androscoggin
River. The diffuser loading
rate is about 2 feet per
minute. Coalescence of
fine bubbles occurs and fouling of the diffusers has been noted over time.
Due to the biological oxygen demand in wastewater discharges from the three
paper mills located on the Androscoggin River and the sediment oxygen demand of the
river due to the impoundment of the Androscoggin River created by the Gulf Island dam,
the D.O. content that is required for class C waters may not be achieved during the
summer months of July, August and September. Consequently the paper companies and
Central Maine Power Company entered into an agreement to oxygenate the river.
The State of Maine, Department of Environmental Protection board requires that
27,000 pounds of oxygen per day be dissolved into the river water column. This requires
a minimum 73,000 pounds per day of oxygen delivered to the river by the oxygen plant
based on 35% O2 absorption efficiency. It is expected that this level of oxygen will meet
water quality standards over most of Gulf Island Pond during July, August and
September. A system was designed to introduce oxygen approximately 4 miles north of
Gulf Island Pond through fine bubble porous ceramic diffusers which are located along
the river bottom approximately 30 feet below the surface of the water.
Future oxygen supplementation requirements are from 40,000 to 70,000 pounds
of oxygen per day to Gulf Island Pond. It is proposed to use 12 foot diameter by 18 feet
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high Speece Cones, each capable of dissolving 10,000 pounds of oxygen per day. A 100
HP submersible pump will move water through the oxygenation cones. The water flow
will be 30 ft.³ per second against 25 foot of head and contain 60 mg/L of D.O. in the
discharge. Oxygen absorption efficiency of over 90% is specified and the unit energy
consumption will be approximately 400 kWh per ton of D.O.. The discharge will be
diluted quickly by a combination of diffuser and banana propeller pumps.
In order to transport the oxygenated discharge from the oxygenation cones at the
dam to the upstream pond area, each will be equipped with a 7 foot diameter 10 HP
banana propeller pump capable of moving about 200 ft.³ per second horizontally under
negligible head.
Life Cycle costs are strongly affected by the O2 absorption efficiency achieved in
the oxygenation system as shown in the following table.
Table. Comparison of % O2 Absorption and Costs for 40,000 lb D.O./day

%O2 Absorp O2 Added

100
90
75
60
50
40
25

ton/yr
2000
2200
2670
3330
4000
5000
8000

O2 Lost

Cost of O2 Lost

Present Worth O2 Lost

ton/yr
0
200
666
1330
2000
3000
6000

$/yr
0
66,000
222,000
444,000
666,000
999,000
2,000,000

$
0
693,000
2,310,000
4,620,000
6,930,000
10,400,000
20,800,000

Amsterdam, Netherlands, Canal Mobile Barge Oxygenation
There is at present no complete sewer system operating in the lovely concentric
canals of central Amsterdam, which therefore continually receive raw sewage directly.
The low flow velocity in addition to deep waters, and the pooled nature of the canals, all
contribute to low reaeration rate and zero D.O. levels. Hydrogen sulfide generation thus
mars the historic
picturesqueness of the area
and assaults the urban
population.
A motorized barge,
containing a liquid oxygen
storage tank and an oxygen
injection system was
deployed to withdraw canal
water, super oxygenate it
under elevated pressure,
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and then discharge it back into the canal. The barge system has been successful in
increasing D.O. concentrations in the canals sufficiently to prevent hydrogen sulfide
production.
Shanghai Harbor, Suzhou Creek, China, Mobile Oxygenation
As Shanghai has grown commercially to become China's largest industrial center,
Suzhou Creek has suffered increasingly severe pollution. From the 1920s the river began
to smell and turn a blackish color, causing the extinction of fish and shrimp in the river.
Until 1978, the entire Shanghai section of the Suzhou Creek was thoroughly polluted.
Stretches of the 125 km Suzhou Creek have experienced anaerobic conditions,
which means there are insufficient levels of oxygen to support fish or other aquatic life.
Pumping oxygen into the water, by means of the barge, will assist the natural process of
decomposition of pollutants and the restoration of oxygen levels needed to prevent H2S
odors and sustain aquatic life.
A decade later, the
Shanghai municipal
government started a
cleanup project to restore
the river. A total of 8.7
billion yuan i.e. one billion
US dollars, was spent
completing the first stage
of work on the project. The
plan to clean up Suzhou
Creek was launched in
1998, with the creation of
the Shanghai Suzhou Creek
Rehabilitation and
Construction Company
(SSCRCC). Its goal was to
rehabilitate Suzhou Creek,
to enable it to reestablish an ecosystem and raise public health standards for nearby
residents.
British Oxygen Corp. designed and supplied the environmental technology for
China's first mobile oxygenation barge. The self-sufficient barge represents the first step
in a 12 year plan to rehabilitate Suzhou Creek. The Suzhou Creek project is China's most
ambitious water reclamation project to date. The mobile oxygenation system is capable
of generating 5 tons of oxygen per day and injecting it into venturi jets which discharge
into the water at 20°C with a concentration of 6 mg/L D.O.
The oxygenation barge, which was officially handed over to the Chinese
government in November 2001, contains a BOC Novox TM oxygen generator and two
Vitox TM venturi oxygen injectors. Water from Suzhou Creek is withdrawn from the
river, oxygenated on the barge at a rate of 5 tons per day, and then returned to the river
via 20 Vitox venturi distribution nozzles mounted on each side of the barge.
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This is the latest version of Thames Bubbler and Thames Vitality technology that
BOC had developed for use in two barges used on stretches of the Thames River in
England. Two delegations from SSCRCC, visited Vitality and talked with BOC
engineers in Guilford, UK before BOC was awarded the contract for the Suzhou Creek
project.
At the official dedication ceremony, which took place in Shanghai on November
2, 2001, Chinese environmental officials said they had originally planned to build several
land-based oxygenation stations along the banks of Suzhou Creek, but decided it would
be more effective to use a mobile oxygenation station to deal with shock pollutant loads
during emergencies. An SSCRCC representative said, “ the barge can go wherever it is
needed to improve the oxygen level quicker and cultivate beneficial aerobic bacteria.”
The $1,600,000 barge will be working on a one-month trial basis. More barges
are expected to be built to improve Harbor water quality even more.

II. Proposed Appropriate Sites for Oxygen Supplementation to Water Bodies
Oxygenation technology is being considered to remediate D.O. depleted waters in
the following locations:
Cardiff Bay, England
Stockton, California Deep Water Ship Channel.
Onondaga Lake, New York
Chicago Canal System, Illinois
Brownlee Reservoir, Snake River, Idaho
Hood Canal, Washington
Manchester, England Ship Channel.
Jamaica Bay, New York.
San Diego water reuse reservoir.
New York City water supply reservoirs.
Venice Lagoon, Italy.
.
Cardiff Bay, England, Speece Cones on Oxy/Cat Mobile Barges
The barrage erected across Cardiff Bay in about 1995 to isolate tidal activity
outside and maintain a constant pooled water surface inside the barrage has impounded
approximately 440 acres of water in a permanent pool behind the dam. The pool prevents
the tidal mud flats from being exposed and their associated bad odors are avoided. It has
resulted in a real estate boom on the water front. However characteristically the pooled
water is deficient in D.O.
An air diffusion system designed by Ken O’Hara was adopted, but it could not
satisfy D.O. standards in the harbor under all conditions. Therefore a mobile oxygenation
unit was proposed to serve the impoundment that could be moved to remediate specific
oxygen depleted areas. A system was proposed, which incorporated Speece Cone oxygen
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transfer technology in combination with a twin hauled barge. The design features an
adjustable discharge boom, which can deliver a super oxygenated sidestream horizontally
through this diffuser to variable depths of between 1 to 8 m in the water column.
More than 90% oxygen absorption can be achieved, while consuming 1100 kWh
per ton of D.O. added from an on barge oxygen storage tank. The Oxy/Cat dimensions
are 15 m length and 7 1/2 meters width with a loaded draft of 0.75 m and light air draft of
3.5 m. The system is comprised of two Speece Cones, a LOX tank capable of holding 6
tons of liquid oxygen and two Perkins, 185 D diesel engines which drive two 12 inch
pumps to move the water through the oxygenators.
A comparison of the Liverpool Water Witch Marine and Engineering Co.
Ltd.'s/ECO2 Oxy/Cat system with the BOC Vitox oxygenation barge reveals several
important differences:
Speece Cone oxygenation system.
• 90 % oxygen absorption regardless of the depths to which the water is discharged.
• Gas transfer accomplished before discharge into the bay.
• Closed system readily monitored using a flowmeter to determine flow rate in inlet an
meter to measure D.O. prior to discharge.
• No effervescent loss of D.O. due to instant dilution.
• Absorption efficiency not dependent upon water column D.O. concentration.
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Vitox System.
• Percent absorption dependent upon deeper depths.
• Gas transfer occurs after discharge into the baying causing turbulence.
• An open system, not easily monitored for flow rate and D.O. levels.
• Dissolving takes place during rise of bubbles to the surface in the water column.
• Absorption efficiency depended upon D.O. concentration in water column.

Stockton Deep Water Ship Channel
Evaluation of Aeration Technology for the Stockton Deep Water Ship Channel.
Report to CAL FED Bay Delta Program.
Sacramento, California.
Dr. Russ Brown.
April 19, 2002.

Quoted from the Executive Summary
This report describes the scientific background for quantitatively
understanding aeration processes that transfer oxygen between the
atmosphere (gas) and a water volume (dissolved gas). Although water
(H2O) is composed of 89% oxygen, fish and aquatic organisms require
D.O. gas (O2) for respiration and cannot utilize the oxygen in the water
molecules. The natural reaeration that occurs at the surface of the San
Joaquin River and the Stockton Deep Water Ship Channel (DWSC) is
described to introduce the equations and coefficients that are used to
quantify this process.
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The basic methods that have been used to augment or artificially
increase this oxygen gas transfer process in rivers and lakes (or reservoirs)
are then described. The performance of the existing Corps of Engineers
jet-diffuser device is summarized, and the engineering feasibility of
alternative methods to increase D.O. (DO) concentrations in the DWSC
with aeration technology are compared. Each alternative is described for
possible application to the DWSC worst-case summer design condition
where the DO recorded at the Rough & Ready DO monitoring station is
assumed to be 2 mg/l below the DO objective for the DWSC.
Figure 1 shows the location of the City of Stockton River water
quality stations within the DWSC. The Department of Water Resources
(DWR) continuous DO monitoring station is located at the downstream
end of Rough & Ready Island, near the R5 sampling station. Data from
these stations are used to estimate the DO deficit below applicable water
quality objectives for the DWSC (i.e., 5 mg/l from December through
August and 6 mg/l from September through November). This DO deficit
is the necessary amount of DO augmentation that would be necessary to
meet the DO objectives in the DWSC. Based on the daily minimum DO
concentrations at the Rough & Ready monitoring station, a total of about
1,000,000 pounds of oxygen would have been needed in the summer of
2001. An aeration device that delivered about 10,000 lb/day would have
satisfied the measured DO deficit during the summer of 2001. The
required amount of DO supplied by aeration in 1999 and 2000 would have
been somewhat less, although the 10,000 lb/day capacity would likely
have been needed in each year. For an assumed DWSC reaeration transfer
distance of 0.5 m/day with a DO deficit of 4 mg/l, reaeration will supply
about 18 pounds of oxygen per acre per day. There are about 250 acres
between R3 and R5, so the reaeration in this portion of the DWSC would
be about 4,500 lbs/day. The DO concentration increase from one day of
reaeration would be about 0.25 mg/l (i.e., 0.06 * 4 mg/l). This is only a
moderate reaeration term compared with the RWCF and SJR river loads of
BOD, and the assumed transfer velocity of 0.5 m/day is uncertain.
D.O. Concentration Pattern in the DWSC
The DO concentration patterns in the DWSC are controlled by
reaeration and algae production of DO as well as BOD (and SOD) decay
processes. The BOD loads originate from the Stockton RWCF effluent
and from upstream SJR sources, as well as from sediment oxygen demand
and algae biomass growing within the DWSC. The City of Stockton water
quality model uses a typical first-order DO sag equation coupled to the
governing hydrodynamic equations for tidal flow within the DWSC. The
current model does not include effects from stratification on algae growth
and reaeration (i.e., mixed depth dynamics). The DO modeling simulates
the longitudinal DO pattern and identifies the location of the lowest DO
concentration (greatest DO deficit.
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Figure 2 shows the measured minimum and maximum DO
concentrations at the DWR Rough & Ready monitoring station during
2001. The minimum DO concentrations were generally about 3 mg/l
during the worst-case episodes. The saturated DO concentration is shown
for comparison to indicate that the minimum DO concentrations were
generally 4-5 mg/l less than saturation during the summer period. The
minimum DO concentrations were therefore about 2 mg/l less than the DO
objective of 5 mg/l during these worst-case episodes. The maximum DO
concentrations measured during the afternoon are influenced by algae
photosynthesis and are usually about 2-3 mg/l higher than the minimum
DO values, and may approach saturation concentrations on some days.
The reaeration rate, which is controlled by the DO deficit, is therefore less
during these afternoon periods. A DO sag may also occur after September
1 when the DO objective changes to 6 mg/l. The pattern and magnitude of
DO sag in September is similar to conditions prior to September because
water temperatures are slightly cooler and the saturated and measured DO
concentrations are slightly higher.
Figure 3 shows the minimum DO pattern measured in 1999 along
with the UVM net flow estimates during the year. The daily calculated
DO required to satisfy the DO target concentration (DO objective + 0.5
mg/l) are also shown. The DO concentration was below the DO target
concentration from about July through September of 1999 (although the
DO in October was not recorded). The daily DO deficit was often 10,000
lb/day with a few peaks of 15,000 lb/day. An aeration device with a daily
DO delivery of 10,000 lb/day would likely have maintained the DO
concentration in the DWSC at the DO target during 1999. The total DO
deficit in 1999 was at least 650,000 pounds, although a deficit might have
also occurred in October. The total cost for oxygen (at $0.10/lb) in 1999
(including some in October) would have been about $75,000.
Figure 4 shows the minimum DO pattern measured in 2000 along
with the UVM net flow estimates during the year. The DO concentration
was below the DO target concentration from about mid-June through
September of 2000 (although the DO in October was again not recorded).
The daily DO deficit was often 10,000 lb/day with a few peaks of 15,000
lb/day. An aeration device with a daily DO delivery of 10,000 lb/day
would have maintained the DO concentration in the DWSC at the DO
target during 2000. The total DO deficit in 2000 was at least 475,000
pounds, although a deficit might have also occurred in October. The total
cost for oxygen in 2000 would have been about $50,000.
Figure 5 shows the daily calculated DO source required to satisfy
the DO target concentration in 2001. The DO concentration was below
the DO target concentration from early June through early October of
2001. The daily DO deficit was often 10,000 lb/day with a few peaks of
15,000 lb/day. An aeration device with a daily DO delivery of 10,000
lb/day would have maintained the DO concentration in the DWSC at the
DO target during 2001. The total DO deficit in 2001 was about 1,000,000
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pounds. The total cost for this oxygen would have been about $100,000 in
2001.
Aeration Design Conditions
These worst-case summer conditions have been previously
characterized with the results from DWR Rough & Ready Island DO
monitor as well as City of Stockton water quality monitoring results
(Jones & Stokes 1997, 2001). Net SJR flows through the DWSC during
low flow summer period of about 500 cfs can be expected to occur on a
routine basis, and the travel time for water between R3 and R6 at 500 cfs
is about 10 days (because the DWSC volume from the turning basin to R6
is about 10,000 acre-feet). Monitoring data indicates that similar DO sag
concentrations can occur to a flow of about 2,000 cfs. Generally, the
maximum DO sag is located further downstream in the DWSC as flows
increase. When flows exceed 2,000 cfs, the magnitude of the DO sag
within the DWSC is reduced due to shorter residence times, higher natural
reaeration rates, or lower BOD concentrations entering the DWSC. As
hydraulic residence time decreases with increasing flow, the time available
for BOD decay is reduced. At higher streamflow rates, a greater portion
of the BOD load passes through the DWSC out to the other Delta
channels. Higher flows may reduce the SJR concentrations of BOD and
dilute the RWCF effluent BOD loads.
At a flow of 1,000 cfs, a 2 mg/l DO decline below the 5 mg/l
objective is equivalent to a daily DO mass deficit of 10,800 lb/day (i.e.,
5.4 * 1,000 * 2 = 10,800). This is the quantity of oxygen that needs to be
added into the DWSC on a daily basis to result in average DO
concentrations near the DO sag location that meet the Basin Plan DO
objective of 5 mg/l. This is taken as the worst-case design capacity for the
alternative DWSC aeration devices.
Figure 6 illustrates the major factors and processes that influence
the DO concentration pattern within the DWSC. The initial BOD
concentration (and BOD decay rate) along with the sediment oxygen
demand (SOD) govern the DO losses along the DWSC. The reaeration is
the major source of DO and depends on the DO deficit (below saturation).
The net flow controls the travel time as the water moves through the
DWSC from R3 to R6.
An estimate of worst-case total BOD
concentration is about 10 mg/l (equivalent to a 5-day BOD measurement
of about 4 mg/l). At a flow of 1,000 cfs, this is a total BOD load of 54,000
lb/day. The City of Stockton RWCF and the SJR are the sources for this
BOD load. SOD has been estimated to range from 0.5 to 1.0 g/m2/day
and is assumed to be uniform throughout the DWSC (Litton 2001). This
range of SOD exerts a daily oxygen demand of about 1,115 lb/day to
2,230 lb/day based on the channel bottom area (i.e., 250 acres) between
stations R3 and R6. The origin of this SOD, however, may be settling of
some of the total BOD from the river and RWCF discharge.
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1) Reaeration depends on the estimated transfer velocity (i.e., 0.5 m/day) and
the DO deficit. For an average deficit of 4 mg/l, the reaeration between
R3 and R6 would add only about 4,500 lbs/day. However, the intermittent
development of stratification near the water surface may restrict the
reaeration of the DWSC. Algae photosynthesis in the surface of the
DWSC will add DO but also increase the BOD concentration. Although
the net effect of algae growth and respiration in a closed tank would be no
change in DO concentration, the effects of algae growth in the DWSC are
not well documented. It is apparent from this simple comparison that the
BOD loading far exceeds the oxygen source from natural reaeration (with
algae growth and respiration assumed to provide no net increase in DO).
Artificial aeration or oxygenation will be needed to provide a balance in
the DO budget within the DWSC.
2) One problem with the bubble devices as that the aerated water ends up on
the surface where the DO may already be high, rather than in the bottom
layer where the DO is lowest.
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Figure 2. DO Minim
and Maximum Measured at Rough & Ready DO Monitor During 2001
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Figure 3. Calculated DWSC D.O. Deficit During 1999.
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Onandaga Lake Hypolimnion Oxygenation, Syracuse NY
Taken from US Army Contract Description
Onondaga Lake an urban lake located in metropolitan Syracuse, NY
is approximately 4.6 miles long by 1 mile wide has mean and maximum
depths of 35 and 63 feet respectively and a drainage basin of 248 square
miles. The major hydrologic inputs to Onondaga Lake are several creeks
and the Syracuse Wastewater treatment plant. The lake outlet is located at
the northern end of the lake where it empties into the Seneca River.
Onondaga Lake’s present water and sediment quality and biological
conditions are the result of more than a century of waste inputs.
Contributing factors include extensive quantities of treated domestic
wastewater, combined sewage overflows, various industrial wastes, runoff
from urban and agricultural land and leaching of various substances from
hazardous waste sites around the lake. Another likely factor is the
probable release of mercury, phosphorous and other contaminants from
the lake’s bottom sediments. Fishing was banned in 1970 because of
mercury contamination and currently, a fish advisory exists which
severely limits fish consumption. Some of the water quality problems in
Onondaga Lake result from the fact that the effluent from the municipal
wastewater treatment plant represents approximately 20% of the annual
inflow to the lake and 60 to 70% of the total inflow during low flow
conditions. Pollutant loading in this effluent may contribute to low
hypolimnetic D.O. concentration. In addition, during late summer and
early fall turnover, Onondaga Lake has undergone temporary lake-wide
D.O. depletion resulting in violation of NY State’s minimum D.O.
concentration of 4 mg/L for several weeks.
The hydraulic residence time in Onondaga Lake is about 3 months.
During stratification the hypolimnion waters are basically stagnant while
the inflow water flows over the top of the lake and out.
Preliminary recommendations are to supplement approximately 30
tons of D.O. per day to the lake hypolimnion for the next decade to satisfy
the accumulated oxygen demand in the sediments and reduce the rate of
mercury methylation.
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Chicago Urban Canals Supplemental Oxygenation
The urban canals of Chicago receive storm runoff and combined sewer overflows.
Their impounded flow prevents periodic scouring of benthic deposits and also results in
very limited reaeration capacity. Consequently prior to about 1990 the D. O. was often
near zero for extended periods. Chicago’s urban canal system is used for barge
transportation as well as conveyance of treated waste waters away from the metropolitan
area. Lake Michigan is a high-quality water resource that serves as the water supply for
Chicago. By federal decree, only an annual average of 90 m³ per second of water could
be diverted from Lake Michigan. A proposed system of 10 strategically placed diffused
aeration stations having a combined reaeration capacity of 134,000 kg of oxygen per day
was proposed to maintain minimum D. O. concentrations. However, 18 m³ per second of
Lake Michigan water would have still been required as an integral part of this
supplemental reaeration scheme.
An economically competitive supplemental reoxygenation system utilizing pure
oxygen and a system of five reoxygenation stations was proposed which would maintain
the D. O. standards and require no diversion of Lake Michigan water. The diverted water
thus saved was freed to serve as a much-needed water supply for communities in the
metropolitan area. The reoxygenation stations proposed were two U-Tubes of 75 m
depth and capable of raising a sidestream from the canal up to 35 mg/L D. O. This
sidestream would then be blended with the canal flow to raise the canal D. O. to
approximately 15 to 25 mg/L. Negligible stripping of this supersaturated canal D. O.
would have occurred because of the low reaeration rate of this pooled canal. Yet the
number of required reaeration stations was markedly reduced from 10 to 5 over the case
where air would be used as the oxygen source. Only two reoxygenation stations were
required on the canal using U-Tube oxygenation and pure oxygen injection versus 10 for
diffused aeration station. Three U-Tube pure oxygen stations were to be located on the
outfall of the three major wastewater treatment plants.
The Chicago Canal system consists of three segments, North Shore 12.8 km long,
Main 48 km long main and Calumet Sag 26 km. These canals connect with the original
river channels to form a 130 km system. The average depth varies from 3.6 m in the
North Shore Canal to 7.6 m in the main with width varying from 21 m in the North Shore
Canal to 60 to 90 m at places in the Main and Calumet sag segments.
Dry weather flows result in extended travel times of four days in the North Shore,
five days in the main and four days in the Calumet sag canals. Combined sewer
overflows discharge into the canal system to prevent local flooding. The average
frequency of combined sewer overflows was once per four days before the large tunnels
were constructed for storage of storm overflows. The average BOD of the overflow
events is 273,000 kg. The long-term effects of these combined sewer overflows is the
accumulation of sludge deposits of 1 to 2 m depth in the canal system, causing the
benthic deposits to exert an oxygen demand of 64,000 kg per day.
The stations would pose no interferences to navigational use of the waterways.
Each would be designed to oxygenate a sidestream effluent of canal water drawn out of
the main flow through a screen into a pump. The flow to be oxygenated would be
pumped into the U-Tube against approximately 4 m of head by a low lift pump station.
Pure oxygen would be injected in the down flow leg of the U-Tube at a rate required to
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produce the desired discharge D. O.. The upflow leg of the U-Tube would discharge into
a diffuser pipe located on the bottom of the canal at right angles to the direction of flow
and approximately 20 meters downstream from the intake screen.
Main canal. The low flow at the head of the main canal is approximately 19 m³
per second. By raising the dissolved oxygen concentration from 4 to 14 mg/L. The D. O.
standards would be satisfied with no discretionary diversion from Lake Michigan until
the flow reached the West Southwest sewage treatment plant. The U-Tube would add 34
mg/L of D. O. to a flow of 7 m³ per second.
Brownlee Reservoir on the Snake River, Idaho
Taken from “Application for Certification Pursuant to Section 401 of the
Federal Clean Water Act for the Relicensing of the Hells Canyon Hydroelectric
Complex. FERC No. 1971 Submitted to Oregon Administrative Rules Chapter
340, Division 48 , July 2003
Brownlee Reservoir is on the Snake River between Idaho and
Oregon and is part of the Hell’s Canyon Complex of hydropower dams.
The water quality standard is 6.5 mg/L. Currently D.O. levels in
Brownlee Reservoir do not always meet the D.O. targets nor are they
adequate to support all designated beneficial uses. D.O. in Brownlee
Reservoir can become severely degraded, especially during summer, a
condition that has occasionally caused fish mortality.
The D.O. was below this target 55% of the time in Brownlee
Reservoir and the metalimnion had the highest number of measurements
below target. Excessive algal profileration is reported to be the cause of
the D.O. deficiency and a phosphorous reduction has been recommended.
To fulfill regulatory requirements it is proposed to supplement
1450 tons of O2 per year into Brownlee Reservoir into the transition zone
or the upstream end of the lacustrine zone.
Percy Priest Lake

The basic purpose of the Percy Priest Lake oxygenation system is to meet the
water quality discharge criteria in the hydropower discharges. This involves D.O., Fe,
Mn, and H2S. Is it possible to leverage the engineering solution such that significant
additional benefits can be realized without additional costs? It seems kind of a shame to
just meet the letter of the law when significant environmental enhancement of the
hypolimnion could be realized for not additional cost. In this proposed oxygenation
design there are even considerable savings in capital costs as the hypolimnion is
enhanced and the discharge water quality criteria are still achieved.
The real burden of the oxygenation system for Percy Priest lies in accommodating
the peaking power releases - which may occur only once or twice a summer. An oxygen
demand of 37 tons/day is required in the dam vicinity where it will have least
enhancement to the fishery habitat. So much oxygen is put into the reservoir for so little
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time - perhaps a few hours! Two thirds of the total oxygen transfer capacity is required
just to meet these sporadic releases.
Why does so much oxygen have to be added at the dam vicinity? Because it is not
in the water already. If it was already in the water, there would be no need for such large
instantaneous oxygen dissolution capacity.
If it is assumed that a given amount of oxygen is required per season, why not buy
it a few months early and store it in the hypolimnion? This would require that oxygen
injection would have to be initiated about one month earlier than normal when the
hypolimnion D. 0. dropped to 5 mg/L to maintain it at that level. In such a case there
would be no need to instantaneously meet a sporadic discharge event. Maintenance of 5
mg/L of D.O. in the water column does not cause a significant increase of oxygen
demand from the sediments or the water column.
To avoid high peaking oxygen demands, it is necessary to determine the
maximum discharge-duration event. If it is assumed the maximum discharge would be
4600 cfs for 7 days, this would be 9000 acre-ft per day of which 80% comes from the
hypolimnion or 7200 acre-ft per day times 7 days = 50,000 acre-ft. Since the hypolimnion
has a volume of 178,000 acre-ft (below elevation 470 ft.) there is sufficient hypolimnion
volume to meet this design event. A volume of 50,000 acre-ft contains 340 tons of
oxygen at 5 mg/L.
If it is assumed that the projected oxygen use per season is 2500 tons and the
season is 170 days, the base rate of oxygen supplementation is 15 tons per day.
If it is not sufficient to just dissolve the oxygen, it needs to be moved throughout
the hypolimnion. The major cost of this oxygen supplementation project is getting the
oxygen in solution. A relatively minor cost is involved in moving it horizontally
throughout the hypolimnion. To accomplish this function, it is proposed to utilize 3 - 10
HP 8 ft diameter, horizontal axial flow pumps capable of mixing 200 cfs each. The
mixing characteristics of such a pump are that it will reach 3 km away in I day and 6 km
away in 6 days.
PROPOSED OXYGENATION LAYOUT
A Speece Cone is proposed to be located at the Corps boat dock and has the
flexibility of delivering the highly oxygenated side stream in the direction of the dam, in
the direction parallel to the dam across the reservoir or upstream in the reservoir in the
direction opposite to the dam. Its "zone of influence" can be enhanced over 6 km away
within a week by the use of the aforesaid pumps.
It is recommended for this design that a Speece Cone be placed in the old river
bed channel near the Corps boat dock. A 10 ton/day Pulsed Swing Adsorption (PSA)
oxygen generator would supply this Cone.
An addition Speece Cone is recommended at approximately 5 miles upstream
(below Hobson Pike) and having a capacity of 5 tons/day of oxygen dissolution capacity.
It would be fed by a PSA oxygen generator of 5 tons/day capacity.
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There would be 3 locations where a 200 cfs 10 HP large diameter, horizontal axial
flow pump would be located. One would be located at each Speece Cone location and a
third would be located above Elm Hill Marina. This third large axial flow pump would
move oxygenated water pumped from the Cone at the Corps boat dock and move it
further upstream.
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Gowanus Canal New York City
Following is a proposal for supplemental oxygenation of the Gowanus Canal. It is
understood that 6100 lbs of D.O. is to be supplemented each day and that a D.O. of 8 mg/L is
to be maintained in the canal under summer temperatures of 25 oC. The canal is assumed to
be 20 ft. deep. D.O. Csat for air at mid-depth would therefore be 10.4 mg/L (1.3 atm at middepth x 8 mg/L Csat at 25 oC.) The D.O. deficit at which an aeration process would be
working would therefore be 10.4 – 8.0 = 2.4 mg/L.
Super oxygenation technology for discharge horizontally through a diffuser located
off the bottom of the canal (to prevent sediment suspension) where it is rapidly diluted down
to 8 mg/L D.O. is recommended. This also accomplishes mixing and transport of the D.O.
along the canal. A system would raise the D.O. in a sidestream to about 90 mg/L and
guarantee over 90% dissolution and retention in the water. The size of this Speece Cone
system would be nominally 8 ft in diameter and about 20 ft tall supplied with a 200 HP
pump.
The system has an energy consumption of about 1000 kwhr/ton of D.O. added. This
would be about $300/day for electricity at $0.10/kwhr to add 6100 lbs D.O. per day. The
entire system can be mounted on a barge moored on the side of the canal or placed on land
where space is available.
For a permanent solution, the oxygenation vessel could be placed in an excavated
caisson about 40 ft deep so that it could use the hydrostatic pressure instead of pumped
pressure to achieve superoxygenation. This would reduce the energy consumption to less
than 300 kwhr/ton of D.O. as has been done for an industrial client in Oklahoma. In this case
30 cfs was pumped through an oxygenator and raised the discharge D.O. to 60 mg/L in water
that was 25 oC. It then entered a 5-mile long pipeline flowing full to prevent any hydrogen
sulfide formation during transit. This system dissolves about 10,000 lbs of D.O. per day. A
40 HP pump is used to move water through each oxygenator.
New York Water Supply Reservoirs
The New York City Water Department withdraws cold hypolimnion water
from stratified New York State reservoirs except during summer months when complete
D.O. depletion occurs in some of the reservoirs caused by algae proliferation in warm surface
waters. Under such anaerobic conditions, Fe, Mn and H2S production is exacerbated by
algae decay, consuming all the D.O. Since no subsequent treatment has been provided to
date, these reservoirs must be taken off line until colder weather results in destratification.
Direct supplementation of oxygen to the hypolimnion, however, would avoid this
problem while not destratifying the reservoir. In addition the potential problem of dissolved
nitrogen supersaturation which often arises when using air may be avoided when
superoxygenation is utilized as the treatment protocol.
For stratified reservoirs with D.O. deficiency in the hypolimnion, oxygen can be
dissolved directly into the hypolimnion to effectively offset the oxygen demand from algae
settling down from the euphotic zone as well as sediment oxygen demand. This would be
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similar in concept to the Camanche Reservoir hypolimnion oxygenation system utilizing the
Speece Cone.
San Diego Water Reuse Reservoirs
One novel application of hypolimnion oxygenation with induced horizontal flow
propagation is in regions which have a chronic summer water shortage. Reuse of treated
wastewater to augment the water supply is being considered in San Diego. It is desirable to
have a storage period delay of over a month after the wastewater is treated before it is used as
a water supply. The treated warm wastewater would be discharged and stored in the
epilimnion providing the requisite storage delay before reuse and the hypolimnion would
have to be supplemented with oxygen to prevent water quality deterioration throughout the
stratification season.

Manchester Ship Channel England
Presently supplementation of D.O. is practiced in this ship channel with aeration
techniques that incorporate air aspiration into Venturi ejectors. Due to the inability to meet
the target D.O. criteria, superoxygenation has been recommended.
Hood Canal Washington

Hood Canal is a long narrow branch off Puget Sound. It is about 50 km long, 2 km
wide and an average of 100 m deep with an entrance sill of 50 m. Maximum depth is about
200 m. Persistent stratification is maintained from gradients in both salinity and
temperature. There is a strong density difference located at 5 to 10 m depth. Strong water
column stratification with low dissolved oxygen levels are typical throughout the year but are
more pronoumced in the southern portion of Hood Canal and during the Fall. Because of the
canal’s depth and shape, the water exchange is slow, taking about a year for the canal to
exchange its waters with Puget Sound. Fish and invertebrate mortalities are believed to be
due to low dissolved oxygen . (“First Record of a Heterosigma Akashiwo Bloom in Hood
Canal Washington, USA. By Connell, L.B., Newton, J.A. and Craig, S. D.
Weather conditions can cause upwelling in the ocean so that the water flowing into
the Puget Sound is also lower in oxygen and higher in nutrients. The daily D.O. demand in
the lower regions of the canal is in the order of 100 tons per day.
Venice Lagoon Italy
Storm tides which sometimes flood the beautiful city of Venice, Italy are gradually
undermining its magnificent architecture. Future efforts to prevent flood damage, however,
must accommodate an additional set of problems. Since the city still has no sewerage
collection and treatment system, should tidal gates be built to isolate the lagoon during high
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tide emergencies to prevent further architectural and artistic deterioration, severe oxygen
depletion could soon occur in the lagoon. In the absence of flushing tides the undesirable
visual spectacle of algae scum forming and the possibility of serious fish kills occurring
would have to be addressed in the design criteria for tidal gate use. This lagoon is an
excellent candidate for superoxygenation to achieve water quality objectives.

Jamaica Bay, New York
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Section 3. Air as a Supplemental Oxygen Source
3.

Aeration Technology

I. Supplemental Aeration Characteristics
A. Selecting Tertiary Treatment Alternatives
After it has become evident that a more cost-effective solution than tertiary
treatment is necessary for removal of a small increment of residual BOD in the treated
wastewater, selecting the best oxygenation equipment available is advisable.
The objectives of oxygen supplementation to a harbor differ substantially from
ordinary aeration of wastewater. The dissolved oxygen deficit in a harbor is about 4 mg
per liter (8 – 4 mg/L), or about half of that found in wastewater treatment (9 – 1 mg/L).
The 4 mg per liter dissolved oxygen level must be maintained even during the warmer
temperatures in the summer, which reduce the air saturation concentration to 8.2 mg per
liter, which constitute the critical seasonal conditions.
The cost of electricity has risen in many areas and must be factored into
equipment selection. Since the unit energy consumption of conventional aeration is
inversely proportional to the dissolved oxygen deficit driving force, a doubling of energy
consumption will result if the D.O. deficit is halved, adding $60 to $120 per ton to the
other costs of dissolved oxygen supplemented. At $0.06 per kilowatt hour and in water
that has only 2 mg per liter of dissolved oxygen, 1000 to 2000 kWh per ton of dissolved
oxygen is required.
Aeration technology utilizes various generic designs for dissolving oxygen from
air into water such as surface aeration devices, coarse or fine bubble diffusers, Venturi
aspirators and cascade/weir aeration equipment. Each of these systems can effectively
dissolve oxygen from air into water if target D.O. in the water is low and the cost of
electricity is minimal.

B. Inherent Disadvantages of Aeration in Many Applications
Traditionally aeration technology was developed to meet the need to dissolve a
large quantity of dissolved oxygen into wastewater to support the aerobic microbial
metabolism of organic pollutants. Therefore the most commonly used aeration
techniques were optimized for this purpose. However, it should be recalled that the
systems were developed when electricity was still cheap, required bulk D.O.
concentrations were 1 to 2 mg/L and compact aeration equipment was not necessary.
Air as a supplemental oxygen source has distinct disadvantages. Since air is
composed of 79% nitrogen, the accompanying nitrogen gas can cause serious
supersaturation problems if it comes into contact with water at above ambient pressure,
which occurs in diffused aeration systems (not a problem with surface aerators).
Nitrogen gas supersaturation can impair fish health, and even be lethal to them, (see a
more extensive discussion later in this report).
1

Another disadvantage is that with the air as the oxygen source, if a discharge
concentration of less than 5 mg per liter dissolved oxygen is produced by the aeration
system, almost 100% of the harbor flow must be moved through the oxygenation system.
Significant pumping and river diversion problems must then be addressed.

C. Historical Attempts to Use Surface Aerators for Supplemental Aeration
Shown in these photos are prototype installations which attempted to achieve
supplemental aeration in shipping channels. They proved to be rather ineffective and
quite energy intensive. The projects were abandoned.

Chicago Canal
Supplemental
Aeration
~1960’s

Historical Applications of Surface Aeration for Oxygen Deficient Water Bodies

The following photos show the close spacing required of conventional surface
aerators in wastewater treatment. This type of equipment placement is not appropriate
for the Savannah Harbor shipping channel, which must remain unobstructed.
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Conventional Aeration Systems Occupy Entire Volume of Aeration
II. Impact of Changing D.O. Requirements on Aeration Technology
Applications
A. Aeration Technology Cost Effectiveness
Nowadays the increased cost of electricity has caused conventional aeration
technology to become impractical if D.O. standards are set above 4 mg/L. Should
dissolved oxygen standards for Savannah Harbor be raised in the future, many systems
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may even be rendered obsolete. Table I indicates the approximate electricity
consumption per ton of D.O. for surface aerators, coarse bubble diffusers or cascade weir
aeration at 25 oC.
Table I. Unit Energy Consumption and Costs for Surface Aeration, Coarse Bubble
and Cascade Weirs
D.O. D.O. Deficit
(mg/L)(mg/L)
0
8.2
1.2
7.0
2
6.2
3
5.2
4
4.2
5
3.2
6
2.2
7
1.2

# O2/kw-hr

kw-hr/ton D.O.

2.6
2.0
1.8
1.5
1.2
0.9
0.6
0.35

770
1000
1100
1300
1700
2200
3300
5700

$0.05 $0.08 $0.11
(Dollars/Ton of D.O.)
38
62
85
50
80
110
55
88
120
65
104
143
85
136
187
110
176
242
165
264
363
285
456
630

The waterfall height required to achieve indicated dissolved oxygen levels, along
with attendant unit energy consumption at 25°C. Using cascade/weir aeration, is shown
in Table II.
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Table II. Height of Cascade Fall to Achieve Indicated D.O. Increase and
Resultant Unit Energy Consumption
Change in D.O. (mg.L)
2 to 3
3 to 4
4 to 5
5 to 6
6 to 7
2 to 4
3 to 5
4 to 6
5 to 7
4 to 7

Required height -ft
1.0
1.1
1.4
2.0
4.0
1.6
2.1
3.3
8.1
13.6

kw-hr/ton of D.O. added
903
1070
1320
1890
3780
740
990
1560
3830
4290

Under the conditions described in Table III, superoxygenation becomes more
cost effective than conventional aeration technology at 25 oC:
Table III Cost Effectiveness Criteria for Aeration and Oxygenation
Target D.O. mg/L
Cost of electricity

>5
$0.05

>3
$0.08

>1.2
$0.11

An example of the
impact of higher D.O. standards
and increased energy costs
would be the beautiful Chicago
Canal Cascade Aeration System
(see photo) which already
consumes unusually large
amounts of electricity (3000
kwhr/ton D.O.) to meet the
present low standard of only 3 to
4 mg/L. If higher dissolved
oxygen standards are mandated,
this system will have to be
completely replaced with a more
Chicago Canal Cascade Aerators
cost effective oxygenation
system.
The following Figures... depict the performance characteristics of cascade/weir
aerators. The upstream D. O. is related to downstream D. O as a function of fall height.
The energy consumed by the pumps used in the process is shown for the various
combinations of D. O. and fall height.
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Weir aeration can be expressed as:
Log Do = (0.815 Log Di – 0.385 Log height of fall) ((1.024) T-20 + 0.062)
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III.

Dissolved Nitrogen Problems Associated with Deep Water Air Injection

A. Reaeration Coefficient (k2) Factors
It is often prematurely assumed that supersaturated gases will be stripped back
down to saturation levels in a short distance as the water flows freely downstream. Gas
transferred into or out of a river is generally characterized by a parameter called the
rearation coefficient (k2 ) in units of per day. The rearation coefficient is a function of the
depth of the river and the energy dissipation rate. Energy dissipation, in turn, is a
function of velocity and the slope or fall of the river. Therefore in a shallow river with a
steep slope such as a mountain stream, the rearation coefficient is high, perhaps in excess
of 10 per day, and D.O. and DN tend to approach saturation in relatively short distances.
However, hydropower discharges frequently feed deeper slow moving
downstream reaches, which often have reaeration coefficients of less than 0.1 per day.
For instance the Columbia River is pooled between dams for navigation purposes, and
thus has minimal energy dissipation which is compounded by its considerable depth.
Consequently in the Columbia River, D. N. values of 130% have been measured with
very little decrease over distances of 50 to 80 miles downstream. One cause for this
slowness of reaching equilibrium is the gradual warming of the water which increases
supersaturation by approximately 2.5% per degree C. increase.
Therefore it is significant that stripping of supersaturated dissolved gases will be
intolerably slow in deep harbors and thus cannot be considered as a mitigating factor to
achieve compliance with water quality standards for D. O. and DN and /or for total gas
pressure (TGP).

B. TGP and D.O./D.N. Ratios in Preventing Fish Mortality
When supersaturation was first recognized on the Columbia River, 110%
dissolved nitrogen was adopted by several U. S. northwestern states and the National
Academy of Sciences and Oregon adopted 105%, as the maximum standard. However it
was later determined that gas bubble disease is related to TGP so at present the U.S.
Environmental Protection Agency has established 110% TGP as the water quality
criteria. This TGP standard replaces standards based on only dissolved nitrogen (U.S.
EPA 1976).
Several studies show that a high dissolved oxygen pressure can reduce the
potential of a given TGP to produce gas bubble disease ( Rucker 1976; Nebeker, Bouck
and Stevens 1976; Nebeker, Hauck and Baker 1979). Even though gas bubble disease is
related to TGP rather than just dissolved nitrogen, the D. O./ D. N. ratio is important in
determining the severity of symptoms and rate of mortality (Nebeker and Brett 1976).
According to their study there was a significant decrease in mortality when the ratio of D.
O./ D.N. was increased while holding TGP constant.
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C. Need for a New EPA TGP Standard for Superoxygenation
Nebeker and Brett’s finding raises a question as to the validity of the present day
EPA water quality criteria of 110% TGP being applicable to both spillway discharges and
hydropower discharges. It is crucial to differentiate the impacts of air entrainment in
spillways and hydropower releases from oxygenation using pure oxygen. The former
increases D.N. – the major component in gas bubble disease – while oxygenation with
pure oxygen does not increase D.N. at all. These two types of configuration have
characteristically different DO/DN ratios, which are a definite factor in fish response in
mortality. Bouck previously stated that “a single numerical criterion is a simplistic
approach, which can be defended only as a first step in a sequence, culminating in field
verification.”
As a case in point, two fish kills occurred below the Mactaquac hydroelectric
station in New Brunswick, Canada in the summer of 1968. Gas bubbles were observed on
the dead and dying Atlantic salmon and eels. Due to the opening of the automatic
vacuum breakers at low discharge rates, the DO and DN were elevated to 80% oxygen
and 120% nitrogen. Even though this total gas pressure of 112% was only slightly above
the present EPA water quality criteria of 110%, it resulted in killing 10% of the 1968 up
river run of Atlantic salmon (Mac Donald and Hyatt 1973). This author believes that a
revaluation of the present EPA standard of 110% TGP should be undertaken to reflect
more accurately N2 or O2 supersaturation as the actual cause of fish stress/mortality .
The EPA TGP standard was developed in the context of hydropower and spillway
discharges and was developed based on air aspiration at dams and spillways on the
Columbia River. However it has been noted that spring water fed to fish hatcheries with
diurnal heating that 103% TGP gave 100% kill over long seasons.

D. Gas Bubble Disease: Result of Several Causes
Lethality occurs only at high total gas pressures and is not the sole factor to be
considered. Fish under stress can be in a weakened state, making them susceptible to
bacterial infections and parasites (McLaughlin and Busch 1981). Elevated D.N. levels
are always dangerous to the resident fishery.
Physical symptoms of gas bubble diseases in fish have been reported to be:
• emphysema
• lesions
• gil congestion
• popeye
• cardiac blockage by embolism
(Fickeisen and Montgomery 1978, Bouck 1980, Weitkamp and Katz 1980).

E. Dissolved Nitrogen Problems Associated with Air Injection
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When air is introduced into a water column, both oxygen and nitrogen gas are
dissolved. Fig. shows the projected D.N. increase when air was injected into a water
supply reservoir in Germany. These are rather high D.N. concentrations. This figure
indicates that the dissolved nitrogen in the plume of an airlift aeration device is increased
from a background saturated level of about 16 mg per liter by an additional 9 mg per liter
in the airlift plume, resulting in 150% dissolved nitrogen supersaturation in the discharge.
Injection of air with its 79% N2 content into a harbor would result in both O2 and
N2 dissolution in the water column. Natural waters are always 100% saturated with
dissolved nitrogen (D.N.) in equilibrium with 0.79 atmospheres partial pressure of N2,
corresponding to about 16 mg/L at 20 oC and sea level. Aquatic life is not adversely
affected by D.N. as long as it remains below ambient air saturation. However injection of
air into the water column results in raising the D.N. above this level and can result in gas
bubble disease.
The State of Michigan has also reported high mortality rates in fish hatcheries
which incorporate deep aeration basins used for the purpose of D.O. enhancement.
Therefore caution should be exercised to prevent such an occurrence when using air
aspiration into turbine vents of hydropower dams. As mentioned previously oxygenation
with pure O2 does not result in an increase in D.N.
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IV.

Aeration System Evaluations

A. Chicago Canal Aeration System
The following section is quoted from a report on evaluation of the cascade
aeration system used on the Chicago Canals.
Review of Chicago SEPA Stations Performance by Dr. Russ Brown
The most well known waterfall facility for aeration of a river is the
Metropolitan Water Reclamation District's side-stream elevated pool
aeration (SEPA) stations along the Calumet Waterway Cal-Sag channel.
This 17-mile long navigation channel (connecting the Des Plaines River
with Lake Michigan is 225 feet wide, 9 feet deep, and is extremely slow
moving. The low-flow condition in the channel is estimated to be about
1,200 cfs. The DO objective established by the Illinois Pollution Control
Board is 3 mg/l. Each of the five SEPA stations are designed to lift about
400 cfs with 2-5 rotary or screw pumps about 12 to 15 feet and discharge
over a series of 3-4 waterfalls (i.e., cascade). The number of pumps
operated can be adjusted to match the ambient DO conditions to minimize
electrical costs. The design assumption was that the waterfalls would
increase DO to 95% of saturation. The SEPA stations were completed in
1993 at a cost of about $40 million.
The Illinois State Water Survey (ISWS) conducted a 2-year
measurement program following the construction and operation of the
SEPA stations to determine the actual performance of the five stations for
a range of ambient DO conditions and temperatures.
They report (Butts et al 1998) that the cascades (3-4 waterfalls of
3-5 feet each) produced water that was more than 90% saturated with DO.
A majority of the aeration occurred in the large screw pumps. A cascade
of 3 waterfalls with a combined drop of 10 feet will likely provide a
reaeration efficiency of 90%.
The effects of the waterfall stations on the river DO were more
difficult to detect (Butts et al 2000). Mixing of the waterfall water back
into the channel occurred near the surface and the downstream channel
measurements could not easily determine an increase compared with the
upstream river measurements. Algae and macrophyte (i.e., aquatic plants)
productivity and natural aeration caused the surface DO concentrations to
fluctuate and made it more difficult to isolate the effects of the waterfall
aeration. More attention should be given to mixing the aerated waterfall
effluent back into the river.
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B. San Joaquin Ship Channel Aeration Performance Evaluation

The San Joaquin River flows from Stockton, California toward the San Francisco
Bay and is used for shipping. The current is slow moving, causing the reaeration rate to
be quite low, resulting in D.O. deficiency. Note the low oxygen efficiency of the aeration
equipment.
The following is quoted from a report by Dr. Russ Brown on the performance of
this system.
The manufacturer design documents
suggested that these two sets of bubble-jets
would each transfer 1,250 lb/day of oxygen.
The depth of 25 feet suggested a maximum
transfer efficiency of 20% for the oxygen
dissolved from the bubbles into the water.
The actual performance on September 26,
2001 was about 75% of the design value for
the south jet (i.e., 925/1250 = 75% of
design). This seems quite good considering
that the DO deficit was only about 2 mg/l.
The oxygen absorption would be greater at
a higher deficit. The north bubble-jet was
operating at less than 20% of the design
value (i.e., 225/1250 = 18% of design). It is
likely that the performance can be increased
considerably by simply turning up the air
flow rate to increase the bubble column
upwelling and flow-away current. How
Bubble Jet Aerators
much of this potential DO increment is
transferred to the DSWC depends on the
surface DO of the DWSC during the day.
If the average DO increment measured at the railroad bridge is
reliable, the overall efficiency of the Corps aeration device was about 30%
of the design value (i.e., 740/2500 = 30% of design). However, because
the air bubbles do not appear to be spread across the river channel, and a
considerable amount of the compressed air is allowed to vent to the
atmosphere, some design changes should be considered. It appears that a
single 20 hp air blower (260 scfm) could produce an equivalent air bubble
column from traditional diffuser heads (i.e. ceramic head or holes in pipe).
The water jets with the two 15 HP jet pumps could be eliminated, and an
equivalent amount of oxygen transfer from the upwelling currents could
be achieved for less than 30% of the energy (i.e., 20 hp compared to 70 hp
for current device).
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A preliminary estimate of upwelling flow that could be generated
from an equivalent air delivery rate to a single line diffuser can be derived
from the equations presented above (Brown et al. 1989). Assuming the
260 scfm is distributed through a 10-m long diffuser, an upwelling flow of
about 675 cfs of oxygenated water could be produced. Even with
conservative assumptions that the oxygen transfer efficiency is the same
between the line diffuser and jet-type aerator, this would represent a
slightly greater amount of oxygenated water being distributed into the
channel The upwelling equations suggest that similar entrainment of
water could be generated without the need for a supplemental water jet
pump and its associated power consumption costs.
Another possible design change would replace the air compressor
with pressurized (i.e., liquid) oxygen gas, to increase the amount of
oxygen dissolved by these relatively shallow bubble columns. The
compressor power costs would be saved but the oxygen costs to satisfy the
design (i.e., 2,500 lb/day) would be about $250/day. This aeration facility,
if converted to an oxygen supply, might allow more than the current
increment of 2,500 lb/day of oxygen to be added to the DWSC. The
ability to remove the diffusers from the water during the winter and spring
remains a very nice design feature of the Corps device. Its location along
the side of the SJR channel is another very important design feature.
No measurements of supersaturation levels of D.N. caused by air injection 25 ft
below the water surface were made.
V.

Conclusions

With low target D.O. levels and inexpensive electricity rates, aeration equipment
can suffice in some locations to bring water quality into compliance. However D.O.
target levels above 4 mg/L and rising energy costs will preclude many aeration
technology applications in the future and mandate replacement of some existing
installations now in use.
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Section 4. Oxygenation Technology
4. Oxygenation Technology
I.

Background

The unit energy consumption of a successful oxygenation system is relatively
insensitive to the discharge D.O. up to about 70 mg/L, as shown in Fig. 2 (Speece,
Khandan and Tchobanoglous). But recent developments in superoxygenation technology
make possible highly elevated discharge D.O. concentrations economically achieved
which solve many water quality issues.
Successful oxygenation of a surface water body is predicated on efficient
dissolving of gaseous oxygen into water. The specific design constraints for
superoxygenation technology which must be achieved are:
•
high oxygen absorption efficiency
•
low unit energy consumption (kwhr/ton D.O.)
•
side stream superoxygenation (50 to 100 mg/L) at reasonable capital cost
•
retention of superoxygenated D.O. in solution
II. Comparison of commercial oxygen vs air as the oxygen source
A. Disadvantages of air as the oxygen source
It may appear counterintuitive to utilize commercial oxygen in raising D.O.
concentrations when air is available free. There are several mitigating factors, however,
which make the use of commercial oxygen more economical than air in most cases. For
instance dissolving oxygen from air into the water involves considerable capital and
operating costs. There are also some adverse effects associated with the use of air which
are negated using commercial oxygen.
The use of air in contact with water under more than ambient pressure results in
supersaturation of the water column with dissolved nitrogen gas with its potential adverse
impact on fish. Air as the oxygen source also restricts the maximum dissolved oxygen
concentration achievable in a sidestream, and therefore increases the required sidestream
flow to achieve a given daily oxygen supplementation mass rate.
In addition the use of air necessitates almost an order of magnitude greater energy
expenditure per ton of dissolved oxygen increase when compared to commercial oxygen
use. Conventional aeration devices consume 1000 to 2000 kWh per ton of oxygen
dissolved, requiring energy expenses of $0.05/kwhr or $50-$100 per ton of oxygen
dissolved, with amortization of the capital adding still more cost. Commercial oxygen
costs $40 to $200 per ton in bulk, depending on site-specific conditions. Commercial
oxygen can be dissolved even in stratified water columns and generally becomes more
economically competitive when the target dissolved oxygen goal exceeds 4 to 5 mg/L.
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B. Advantages of pure oxygen as the oxygen source
Equipment is now available for superoxygenation (using pure oxygen) to achieve
discharge D.O. concentrations of 50 to 100 mg/L. Contrary to a popular misconception,
these high D.O. concentrations of less than 100 mg/L do not spontaneously effervesce,
but are kept in solution. It is now possible to pull a small sidestream from a river,
superoxygenate it, and dilute it back into the main river to satisfy D.O. deficiencies
without treating the entire river.
To minimize the fraction of river flow thus moved through the oxygenation
system, the D.O. concentration achieved must be maximized. This necessitates the use of
commercial oxygen, either liquid oxygen (LOX) trucked in or high purity oxygen (HPO)
produced on site. Commercial oxygen can be dissolved at elevated pressures without the
adverse effects of nitrogen gas supersaturation, which occur when using air under
pressure. Use of commercial oxygen allows exceptionally high D.O. concentrations to be
produced in the oxygenation system effluent.
Advantages of superoxygenation treatment, when compared to aeration, pollutant
reduction, or low flow augmentation in raising the D.O. levels include:
• no measurable negative impact on water quality and the receiving water
• no dissolved nitrogen (DN) supersaturation problems
• a smaller footprint for the oxygenation installation
• less energy consumption
• higher sidestream D.O. levels of 50 to 100 mg/L achieved and kept in
solution
• wider spacing of oxygen supplementation stations
• more practicality than tertiary removal of BOD
• less cost than aeration if the dissolved oxygen target exceeds 5 mg/L and
electrical costs exceed $.05 per kilowatt-hou
Highly supersaturated D.O. concentrations are possible if special provision is
made to prevent effervescent loss before dilution with the bulk harbor water. This makes
it possible to supplement the desired oxygen tonnage into a relatively small side stream,
minimizing the size of the oxygenation system and associated pumping requirements, and
thus increasing the required spacing between oxygenation stations.
A good system for transferring oxygen from air will probably be a poor system
for transferring pure oxygen into water. Air dissolution systems are designed to
minimize the unit energy consumption and have low O2 absorption efficiencies, because
the air is available free. Conversely, a good oxygen absorption system must achieve high
O2 absorption efficiency, because the cost of oxygen is the dominant Life Cycle Cost
component and the cost of energy consumption per ton is minor (i.e. 200 to 500 kwhr/ton
D.O.), being only about 10 % of the oxygen cost.
Even pure oxygen is sparingly soluble in water. In order to assure efficient
absorption of pure oxygen in water two requirements must be met:
1) the oxygen gas must be maintained in contact with the water for a
prolonged period of time to achieve efficient oxygen absorption
2) dissolved oxygen stripping from the water into the oxygen bubble
must be minimized
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Since the water is initially saturated with dissolved N2 from being in contact with
air, this dissolved N2 will partition back into the pure oxygen bubble. Consequently the
partial pressure of O2 in the bubble will be reduced progressively below its initial 100%
purity. This in turn will lower the D.O. saturation concentration as well as the D.O.
deficit. Higher pressures inside the oxygenation system reduce the stripping potential of
nitrogen gas dissolved in the water into the gas phase and therefore tend to reduce
dilution of the pure oxygen feed by stripped nitrogen gas.
C. Effervescence
At steady state the concentration of D.O. in water will eventually reach that
concentration which corresponds to saturation in contact with the gas phase. However
the time to reach steady state can be quite prolonged. For instance the Columbia River
flows for 80 miles at 130% supersaturation of dissolved gas and loses very little in transit.
Of course the rate at which D.O. in undersaturated water reaches equilibrium is the same
as the rate at which supersaturated D.O. reaches equilibrium. This is directly a function
of the reaeration rate, k2, of the river. Slow moving, deep rivers have very low rates of
reaeration while fast moving, shallow rivers have high rates of reaeration. The very low
rate of gas exchange at the surface of Savannah Harbor is perhaps the reason for its
chronic low D.O. concentrations. Conversely if a gas transfer device were used in the
harbor which could raise the D.O. to 10 to 20 mg/L in a restricted region where it was
produced, there would be negligible loss to the atmosphere.
In laboratory tests, it has been shown that the D.O. in water can be raised to 120
mg/L (D.O. deficit of 80 mg/L) using pure O2 under pressure and no spontaneous
effervescent loss of this high concentration of D.O. will result upon depressurization of
the system. This is shown in the accompanying Fig. ___. Furthermore the D.O. can be
raised to as high as 250 mg/L using pure O2 under pressure and 90% of this can be
retained in solution if it is diluted rapidly with water having a D.O. of less than 10 mg/L.
In a third experiment in which water was highly superoxygenated to over 250 mg/L D.O.
with pure O2 under pressure, if no care was taken to dilute it rapidly and spontaneous
effervescence was allowed to occur, the residual D.O. after all effervescence had ceased
was approximately 150 mg/L (380% saturation for pure O2).
These observations are corroborated by results from dissolved air flotation
systems. DAF units operate the gas saturation vessel at about 60 psig which is 5
atmospheres absolute or about 400 to 500% saturation in the discharge. If the gas
saturation reactor is not operated this high, then relatively little gas effervesces when it
passes through the exit throttling valve.
The 45 – 50 ft depth of Savannah Harbor can be utilized advantageously for
depressurization of pressurized superoxygenated side streams. The theoretical dissolved
oxygen saturation concentration for pure oxygen at a 45 foot depth is 90 mg per liter.
Since spontaneous effervescence does not occur below about 250 % of dissolved oxygen
saturation when using pure oxygen it would thus be possible to raise the dissolved
oxygen to about 2 1/2 times the 90 mg per liter of saturation i.e. 225 mg/L D.O. without
the problem of effervescent loss of dissolved oxygen when it leaves a pressurized oxygen
transfer vessel.
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EFFERVESCENCE TURBULENCE TESTS

Effervescence above this D.O.
No effervescence below
D.O. Deficit of 80 mg/L
Equivalent to D.O.= 120
mg/L

No effervescence
below this D.O.

D.O. loss only
through water
surface

D. Types of Oxygen Absorption Technology
Pure oxygen absorption systems are generally grouped into the following
categories:
Jet/Venturi Aspirators
Soaker Hose
Contained Atmosphere Surface Splashing
Side Stream Pressurization
U-Tube
Speece Cone
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E. Pure oxygen source advances
Appropriate technology for supplementation of pure oxygen is determined by the
following three factors:
• the present worth of the equipment – (purchase or rental)
• the present worth of total oxygen required (therefore oxygen absorption efficiency
becomes important)
• the energy consumption per ton D.O. supplemented.
There is generally a trade-off between equipment cost and oxygen absorption
efficiency. At low oxygen absorption efficiency the cost of equipment may be
insignificant but the present worth of ‘Oxygen Not Dissolved’ may be large. An example
of a low capital cost system with low O2 absorption efficiency would be injection of
gaseous O2 through diffusers in waters with depths of less than 60 to 80 ft. Another
example is a Venturi system which shears the bubbles to small diameters but depends on
their rise up through the water column for most of the absorption. Thus shallow depths
result in lower oxygen absorption efficiency for such a system.
Optimal high oxygen efficiency and
minimal energy expenditure must be
incorporated into the design of the
oxygenation system adopted. Pressurized
systems are desirable for producing
superoxygenated D.O. concentrations in the
discharge, but it is considerably more
energy-efficient to achieve pressurization
by hydrostatic head than by pumped head.
Generally the unit energy consumption is <
400 kwhr/ton D.O. having a concentration
of D.O. of >50 mg/L if the natural
hydrostatic head is the means of
pressurization vs the case where the
pressurization is achieved by pumping
against a throttling valve in the discharge
line.
Fig. Present Worth of Oxygen
A superoxygenation device used in
a harbor must be capable of highly superoxygenating a sidestream so that the amount of
water to be treated is proportionately smaller. But this system must be located where the
oxygen is needed. The Praxair ISO has a small zone of influence. This means that the
modules have to be placed within the shipping channel involving many individual units
with their electrical power lines strung across the surface area of the shipping channel.
Recent developments in molecular sieves and pulsed swing adsorption (PSA)
technology for producing gaseous high purity oxygen (HPO) allow a practical and
economical scale-down to capacities of < 1000 lb. O2/day. PSA oxygen generators are
much less complicated than cryogenic oxygen units because they require only a
conventional air compressor, an air preparation package to remove water vapor and
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hydrocarbons from the feed air and molecular sieve beds. In addition there is no on-site
storage of oxygen as is the case when using liquid oxygen (LOX).
Vacuum PSA (VPSA) units are as energy efficient as cryogenic oxygen
consuming <500 kwhr/ton O2 for delivery pressure of 0 to 2 psig. The capital costs also
are competitive at about $70,000 per 1 ton O2/day using the PSA system. This capital
cost is generally flat over the O2 production capacity of 1 to 40 ton/day. Oxygen purity is
90 to 95%. VPSA systems are operationally more attractive than PSA. For smaller
oxygen users, however, the LOX tank rental cost can be almost as much as the cost of the
LOX itself.
III. Evaluation of Types of Oxygenation Systems
In evaluating D.O. supplementation technology, the following considerations
must be critically addressed:

D.O. concentration in side stream discharge

O2 absorption efficiency

depth of water column

location in water column where D.O. is needed

target D.O. in harbor

mixing requirements

unit energy consumption per ton of D.O. added

capital cost of oxygenation system

required spacing of D.O. supplementation stations

placement outside the shipping channel
Praxair ISO
Praxair Company markets an oxygen transfer system which consists of a floating
device which has a down pumper. There is also a large diameter shroud at the top which
captures fugitive bubbles from the system. The down pumping device moves water
downward and entrains gas from the headspace into the down flowing water. In this
manner the oxygen enriched bubbles are moved down through the water in the downward
plume and then the bubbles rise back to the surface as they migrate outside the downflow
plume. As the oxygen bubbles rise they are captured as they exit the water by the shroud
at the top. This mechanism satisfies the contact time requirement for efficient absorption
of high purity oxygen because the bubbles are kept in contact with the water for over a
hundred seconds. The pump works under very little head, requiring very little power to
move the water in a downward direction.
This device achieves high oxygen absorption efficiency with a capacity of over
90% oxygen absorption efficiency. It also entails low unit energy consumption per ton of
oxygen dissolved. However it is not able to raise the dissolved oxygen in a sidestream to
more than about 10 mg/L of dissolved oxygen because the Praxair device operates under
ambient pressure.
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The downward pumping of the water drags bubbles down approximately 10 feet
from which they then rise back to the surface. Thus the bubbles are under a maximum of
about 1.3 atm absolute of pressure which corresponds to only about 10 foot below the
surface in a harbor.

Fig. Aire Liquide Surface
Oxygenator

Fig. Praxair ISO Schematic

Fig. Praxair ISO Photo
The performance characteristics of the Praxair ISO system are:
• oxygen absorption efficiency is related to depth of water column
• unit energy consumption – 200 kwhr/ton D.O.
• cost of units - $/ton D.O./day capacity (rental $1500/month per unit)
• 5400 lb D.O./day per unit
• 25 Kw pump / unit
Venturi Systems
According to the Venturi principle of oxygen absorption, water is pumped at a
high velocity through a Venturi throat section into which high purity O2 is aspirated.
Due to the high velocity there is a high degree of shear, which results in the production of
very small bubbles forming a high gas/water interface to be generated by the production
of very fine bubbles in the throat of the Venturi.
A major drawback is that since the residence time within the Venturi is very short,
even though the bubbles are tiny and have a high gas/water interfacial area, the brief
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contact time precludes efficient absorption. Since these microbubbles are not absorbed in
the Venturi they remain in the discharge of the jet where some additional oxygen
absorption takes place as the jet containing the microbubbles enters the bulk of the liquid
for additional oxygen absorption. But this phenomenon causes the absorption efficiency
of any Venturi device to be dependent upon the following factors:
• proper depth of the water column into which the oxygen is being absorbed
• appropriate energy input into the throat of the Venturi
• adequate relative rate of oxygen injection to water flow through the Venturi
• amount of velocity in the throat of the venture
• correct rate of entrainment of the bulk liquid after the water bubble mixture
leaves the throat of the Venturi
• efficiency of oxygen dissolution in the bulk liquid
• overall target dissolved oxygen level for the entire system
Oxygen absorption efficiency is increased by deepening the water column,
lowering the O2/water injection rates, and lowering D.O. in the water column.
Venturi systems produce oxygen absorption efficiency in the range of 60% and
the unit energy consumption per ton of dissolved oxygen is in the range of approximately
1000 kWh per ton of dissolved oxygen. These systems are not able to transfer oxygen
into water favorably, producing a discharge of only about 10 mg/L using high purity
oxygen. Consequently the required spacing between the supplemental oxygenation units
in the system is relatively short. However they could be located at the edge of the
shipping channel and discharge their high velocity jet perpendicularly into the shipping
channel.
In the evaluation of any Venturi type oxygen transfer system, the four key criteria
for evaluation of performance which must be considered are:
• oxygen absorption efficiency
• unit energy consumption per ton of dissolved oxygen
• level of dissolved oxygen which can be achieved in the discharge
• relative spacing between the supplemental oxygenation units within
the harbor.
O2 absorption efficiency increases as the relative O2/water ratio decreases, thus
reducing the mass rate of D.O. addition per module. Likewise the unit energy
consumption increases because the input HP remains constant.
Vendors which utilize the Venturi aspiration principle to achieve absorption of
high purity oxygen include Air Products, Mazzei and Linde (similar technology - see
photo).
Air Products: Oxy Dep
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Venturi aspirators are utilized by these vendors as the oxygen dissolving systems.
Water is pumped through a venturi at high velocity and oxygen gas in introduced at the
throat. The venturi per se is not an oxygen absorber, but a high turbulence zone. Due to
the high velocity/turbulence, the oxygen bubbles are sheared into very small diameters
having high gas interfacial area. This enhances oxygen transfer primarily after the water
enters the water column. Thus oxygen absorption efficiency is related to the depth below

Fig. Venturi Aspirator Throat
Fig. Air Products Oxy
Dep

Fig. Venturi Oxygenator Schematic

Fig. Linde Venturi Oxygenator

the surface at which the venturi discharges. The information needed to evaluate the
performance of a venturi aspirator oxygenation system is:
• oxygen absorption efficiency for jet/Venturi aspirators injecting pure oxygen over
a wide range of oxygen feed rates
• oxygen absorption efficiency as a function of depth of water column
• corresponding unit energy consumption – kwhr/ton D.O.

9

•

cost of units - $/ton D.O./day capacity

Fig. Mobile Venturi Oxygenator Schematic
Oxygen Bubble Injection
In the past high purity oxygen has been injected directly into various water
bodies, but typically inefficiently. The issue is the difficulty encountered in absorbing
oxygen into water efficiently at various depths. Table III shows oxygen absorption
efficiencies for oxygen injection as fine bubbles associated with a range of depths are
indicated. Fig. ___ shows % oxygen remaining vs bubble rise height.
Field evaluation of the O2 absorption efficiency achieved by injection of fine
bubbles ~2 mm diameter, into various depths of water columns was made in Clark Hill
Reservoir in 1978 and the results are shown in Table III.
Table III Oxygen absorption efficiency from free rising oxygen bubbles in a 140
ft deep impoundment
Depth-ft
10
20
40
60
80
100

Oxygen Absorption Efficiency-%
20
45
62
78
85
90

Vertically induced flow from a bubble plume has a horizontal recycle cell zone of
influence of about 4 times the bubble rise height within the hypolimnion. Thus for a
hypolimnion depth of 100 ft, the oxygenated water would distribute itself within a cell of
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at most only 400 ft diameter around the bubble source axis. On the other hand although
vertical circulation is hindered by density gradients due to temperature, horizontal
momentum of a cold-water inflow (which encounters negligible density differences) has
been observed to travel the entire 45 miles length of a run-of-the-river impoundment at
Clark’s Hill Reservoir in the Savannah River.
Practically it may be of significant benefit in extending the zone of influence
within the hypolimnion of the highly oxygenated sidestream to install low speed large
diameter impellers directed in the line of flow from the discharge. This boost in
momentum after a month of operation potentially could double the effective distance to
4-miles to which the oxygenated water is transported.
Figs. ___ and ____ demonstrate graphically the inability of free rising oxygen
bubble plumes to oxygenate the zone at the sediment water interface. Due to the nature
of the mixing in the free rising bubble plume, oxygen supplemented water always comes
to equilibrium at some distance above the bubble diffuser. For instance in Lake
Hallwilersee in Switzerland, using a fine bubble diffuser fed with pure O2, there is a 4
kilometer zone of sediment water interface which is not supplemented with D.O.
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Soaker Hose
The so-called soaker hose oxygen transfer technology utilizes porous tubing
similar to the tubing that is used in landscaping that allows water to escape slowly from
the hose. The porous nature of the hose is utilized for absorption of high purity oxygen
by placing the hose in the bottom of an impoundment and pressurizing it with pure
oxygen. A series of feeder hoses and weights are incorporated to anchor the system to
the bottom of the impoundment. Since the soaker hose system is a linear diffuser, its
operational performance is dependent on the following principles.
• O2 unit loading rate (0.015 to 0.12 scfm/ft – 1.8 to 14 lb O2/ft/day)
• % O2 absorption vs depth
• vertical circulation pattern (not horizontal)
All of the oxygen transfer takes place as the bubbles diffuse from the soaker hose
and freely rise up through the water column. Therefore the oxygen absorption efficiency
is very much related to the oxygen loading rate on the soaker hose or ft3 O2 per min per
foot of hose. At low oxygen loading rates relatively smaller bubbles are formed, whereas

Hallwilersee: Limitated Oxygen Coverage

Fig. Circulation Pattern from Free Rising
Bubbles

Fig. O2 Remaining vs Rise Height

D.O. Distribution from Fine Bubble Diffusers in Swiss
Lake – Note no D.O. at sediment interface below diffuser
when the oxygen loading rate increases, the relative diameter of the bubbles rising from
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the soaker hose also increases. Thus at low oxygen loading rates fine bubbles are
generated but at high oxygen loading rate relatively larger oxygen bubbles are generated.
Since oxygen absorption efficiency in free rising bubbles is related to the size of the
bubble, the oxygen absorption efficiency deteriorates as the oxygen loading rate
increases.
Another mitigating factor is that the oxygen absorption efficiency is also very
much related to the depth of the water column in which the soaker hose is placed. The
oxygen absorption efficiency versus water column depth takes on a characteristic pattern,
as shown in Fig. __ . Thus to achieve an oxygen absorption efficiency of over 80%, it is
necessary that the soaker hose be placed in water columns that are in excess of about 100
feet. Since Savannah Harbor is approximately 50 ft deep, only relatively low oxygen
absorption efficiency would result using soaker hose technology. O2 loading rates might
need to be reduced by a factor of 10 to achieve more efficient absorption but such a
reduction would require 10 times the lineal feet of soaker hose to transfer a given tonnage
of O2 in more shallow water columns.
A second disadvantage of soaker hose technology for oxygen transfer in
Savannah Harbor is that the soaker hose would have to be placed within the main channel
and therefore be subject to the high turbulence of all of the propellers of the large ships
traversing the channel.
The installed cost for soaker hose installation is reported to be about $50/lineal
foot. In some installations the cost estimate has been as high as $75/ft. The O2 loading
rate is controlled by the depth of installation. In order to achieve 90% O2 absorption in
50 ft of water, the O2 loading rate would have to be reduced to <2lb O2/ft/day. At $50/ft
installed cost, this would be $50,000 capital cost per ton D.O./day.
No experimental mass balances are available to determine O2 absorption
efficiency as a function of depth and O2 loading rate per lineal foot. Claims for O2
absorption efficiency are based on a computer model that was calibrated by air, not O2
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Fig. Soaker Hose Schematic, D.O. Placement and Photo

injection, in a 14 meter deep tank.
Speece Cone Oxygenator
The Speece Cone oxygenator incorporates efficient oxygen absorption with low
unit energy consumption per ton of D.O. discharged and achieves highly
superoxygenated discharge levels. Speece Cone technology can achieve O2 absorption
efficiencies in excess of 90% while producing D.O. concentrations of 50 mg/L at unit
energy consumption rates of <300 kwhr/ton D.O. if placed on the bottom of a 50 ft deep
impoundment or harbor.
An outstanding feature is that the equipment can be located outside of the
shipping channel by directing its superoxygenated discharge perpendicularly across the
ship channel (see Fig. _________). The cone discharges the highly superoxygenated
sidestream back into the harbor in a horizontal direction through a diffuser with 2 inch
diameter ports at port velocities of 10 to 20 ft/sec. This type of diffuser accomplishes
two crucial functions:
• the dilution of the D.O. in the highly oxygenated sidestream
• the transport of this oxygenated water horizontally
Even though the cone discharge is highly oxygenated (50 mg/l) it is not above
saturation level for its hydrostatic pressure and therefore has no effervescence potential.
The D.O. is diluted down to below approximately 10 mg/l within a short distance of the
discharge ports.
This device incorporates an inverted conical gas transfer vessel in which the water
is introduced at the top of the cone, flowing in a downward direction. As the water flows
downward its velocity decreases in proportion to the cross-section of the cone. Pure O2
is also injected into the cone and the resulting hydraulic turbulence creates a bubble
swarm which has an exceptionally high oxygen/water interfacial area, which greatly
enhances oxygen transfer.
By sizing the cross sectional area of the cone so that the downward velocity of the
water slows to a point where it is less than the buoyant velocity of the bubbles within the
cone, it is possible to retain the oxygen bubbles within the cone for prolonged periods of
time, far in excess of the 100 seconds required for efficient oxygen absorption.
The pressure differential
across the cone is rather small,
being primarily in proportion to the
void volume of the bubble swarm
within the cone. Thus the unit
energy required to pump water
through the bubble swarm is
relatively small, and therefore the
unit energy per ton of D. O.
dissolved is also relatively small.
The concentration of D. O.
that can be produced in the
discharge is related to be depth of
submergence or the hydrostatic
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pressure within the cone. This feature also greatly enhances the oxygen transfer process.
The deeper the cone is placed below the surface of the harbor, the higher the dissolved
oxygen concentration produced in the discharge. Although the discharge D.O. increases
in proportion to depth of submergence, the required pumping energy remains essentially
constant, resulting in lower unit energy Kwhr/ton vs depth.
Oxygen transfer is enhanced by pressurizing the oxygen transfer reactor. This
allows the achievement of higher dissolved oxygen
concentrations in the discharge. Higher oxygen
concentration in the discharge, however, has the
disadvantage of also consuming more energy per
ton of D. O. absorbed. Typically the unit energy
consumption per ton of D.O. added is
approximately 1000 kWh per ton of D.O. absorbed,
if the oxygen transfer takes place under pumped
pressurized conditions. However, if placed in an
excavated caisson (see Fig. ___) the gas transfer
vessel is statically pressurized by the hydrostatic
head without the need for pumping against a back
pressure throttling valve energy. The water simply
flows down into the gas transfer reactor and back
out, achieving natural hydrostatic pressurization.
If a deep caisson is unavailable and
pressurization by pumping against a back pressure throttling valve is required, a
proprietary system of oxygen transfer is available to recover the energy of the water
leaving the pressurized vessel by use of a regenerative turbine or pump (Vendor: ECO2).
For instance, if the efficiency of the pump pressurizing the feed to the gas transfer reactor
is 80% efficient, and the energy recovery from the pressurized discharge is 80% efficient,
then 64% of the energy can be recovered in this arrangement.
This pressurized arrangement allows pressurization with its associated high
discharge D.O. concentrations, while consuming only approximately 500 kwhr/ton D.O.
added and producing as much as 500 mg/L D.O. in the discharge.
It is possible to operate the cone at even higher pressures than in the water column
by pumping through the system against a back pressure imposed by a throttling valve
located on the discharge. Whenever water is pumped against an imposed back pressure
the unit energy consumption will rise to about 1000 kwhr/ton D.O. This principle holds
for pressures required to produce D.O. concentrations over the broad range of 100 to 500
mg/L. Thus if an increased unit energy consumption is acceptable, the tonnage of D.O.
/day can be produced in a proportionately reduced size of oxygen transfer reactor. With
proper design of the discharge diffuser it is possible to depressurize and dilute these very
high D.O. concentrations without effervescent loss of D.O.
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Table IV. Expected Results of a Speece Cone Installation at 50 ft Depth
A Speece Cone 12 feet in diameter and 15 ft tall placed 50 ft below the water
surface will give the following results using a 45 HP pump:
• 60 mg/L discharge D.O.
• 34 cfs flow through cone
• 12,000 lb D.O. required per day
• >90% oxygen absorption
• 200 kwhr/ton D.O. consumed (if depth is 50 ft.)
• cost of units - $500,000 per 12 ft diameter unit with pump
The excellent results of this system (>90% O2 absorption efficiency) and low unit
energy consumption (<200 kwhr/ton D.O. produced) occur in part because turbulence is
confined to the inside of the cone with no bottom scouring. These outstanding results are
achieved without interfering with ship channel activity.
Pressurized Energy Recovery Oxygen Transfer System
This type of exceptionally high superoxygenated discharge has the advantage of
requiring fewer supplemental oxygenation stations positioned at greater intervals.
The dissolved oxygen produced in the discharge of the Pressurized Energy
Recovery System is proportional to the pressure under which the system operates. If the
operating pressure is doubled, the dissolved oxygen concentration in the discharge would
also be doubled along with a doubled energy requirement. Consequently the higher the
pressure under which the system operates, the higher the dissolved oxygen in the
discharge and the higher the energy consumption.
Thus exceptionally high dissolved oxygen concentrations can be produced by a
recent proprietary system in pressurized vessels for 1000 kWh per ton of D. O. even at
D.O. concentrations of 500 mg/L. Therefore if the D. O. in the discharge is kept below
the spontaneous effervescence level, exceptionally high concentrations of D. O. can be
produced with a unit energy consumption of approximately 1000 kWh per ton of D.O.
The only practical limit to this concept is the spontaneous effervescence level but
this problem can be kept under control by proper dilution. The spontaneous
effervescence level for pure oxygen dissolved in water is approximately 250% or 100
mg/L.
Turbine Mixers Operating In Confined Headspace – Emscher River Installation
The Emscher River in Germany has historically served as an open sewer because
no prior treatment is applied to the municipal and industrial wastewaters which are all
discharged into it. Subsequently the entire river is diverted through primary clarifiers and
is then redirected into the river channel where it is completely diverted through an
activated sludge treatment facility about 10 miles downstream from the primary
clarification location. Ultimately a supplemental oxygenation system was installed on
the Emscher River to raise the D.O. to approximately 10 mg/L so that it would remain
oxic and thus odor free in this 10 mile stretch
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The D.O. supplementation facility consists of a covered concrete tunnel through
which the entire river flows. Submerged baffles at the beginning and end of this tunnel
serve to provide a confined headspace above the water surface which is filled with an
oxygen rich atmosphere into which the river water is splashed to accomplish oxygen
transfer by means of surface aeration equipment suspended from the roof of the
oxygenation tunnel. This system is similar to the principle of the old UNOX oxygen
transfer process.
These systems can achieve high oxygen absorption efficiency with low unit
energy consumption but are affected by dissolved nitrogen stripping. Target D.O. levels
are limited to about 10 mg/L. Turbine mixers can scour basin bottoms if earthen. It
should be noted, however, that these installations must be placed within the river channel
to be effective.
Contained Atmosphere Surface Splashing

The original UNOX activated sludge process used pure oxygen and utilized a
water sealed head space which was equipped with surface splashing turbines. One
version utilized injection of the O2 down a hollow shaft below a submerged mixer as
well as surface splashing turbines. Thus the water was splashed in contact with enriched
O2 in the head space. The system operated at ambient pressure and was able to keep the
O2 in contact with the water for an extended time. It could only operate with a D.O. in
the water of less than 10 mg/L to insure an increased D.O. deficit. With a D.O. of less
than 10 mg/L the unit energy consumption is below 1000 kwhr/ton of D.O. transferred.
The entire reactor surface area is required for oxygen transfer, but achieves > 90%
absorption affectively.

Sidestream Pressurized Oxygenation

Sidestream pressurization is a gas transfer technology which withdraws a
relatively small sidestream of water, injects pure oxygen into the pressure side of the
pump, and pumps it at high pressure through a long pipe loop. The water velocity is
maintained sufficiently high enough to assure two-phase flow so that the gas/water
interfacial area is quite high to maximize the rate of gas transfer. The system is
pressurized to as much as 100 psig by a throttling valve on the discharge end which
results in a Csat concentration for pure O2 of 300 mg/L at 25 oC.
Depending on the diameter of the pipe loop, a velocity of at least 10 ft/sec is
required to generate the turbulence required to maintain two phase flow. Since it requires
nominally about 100 seconds of contact time between the O2 bubbles and the water
regardless of the water pressure to achieve > 90% O2 absorption, the pipe loop must be
about 1000 ft long. Since this is an excessively long pipe loop, it is common to make it
shorter and thus sacrifice O2 absorption efficiency.
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Criteria used to evaluate performance of this system involves: the oxygen
absorption efficiency attainable, the unit energy consumed per ton of dissolved oxygen
added, the dissolved oxygen concentration in the discharge, and the capital cost.
Sidestream systems are able to achieve very efficient oxygen absorption
efficiency if the length and retention time within the pipe loop are sufficiently long (at
least a hundred seconds). Operated at very high pressures, these systems can produce a
highly superoxygenated discharge.
An advantage of such a system in Savannah Harbor would be that the system
could be located along the edge of the shipping channel and discharge a highly
superoxygenated effluent perpendicular to the harbor axis into the main channel.
Disadvantages of the of the system are the high unit consumption required plus the
limited oxygen absorption efficiency that is usually obtained if the length of the pipe loop
and the residence time is not long enough to achieve very high oxygen absorption
efficiencies.
To raise the rate of gas transfer, the gas/water interfacial area should be
maximized and the D.O. deficit should also be optimized. Gas/water interfacial area is
enhanced by increasing the amount of gas injected per unit volume of water and
minimizing the resulting bubble diameter. The D.O. deficit is maximized by pressurizing
the gas transfer system. The gas transfer equation is as follows:
dc/dt = Kl (A/V)(Csat – Cact)
Under these conditions of 100 psig pressurization, it is possible to achieve over
200 mg/L D.O. in the discharge. By proper design, most of this superoxygenated water
can be retained in solution. Discharge at 50 ft below the surface and rapid dilution just
after the pressure drop at the throttling valve would need to be incorporated. Rapid
dilution can be achieved by directing all of this energy in the high velocity discharge into
a shroud discharge tunnel which entrains bulk water containing low D.O., similar to that
used with Venturi/jet gas transfer systems.
A sidestream pressurization unit capable of dissolving 40,000 lb D.O. per day
would have the following design parameters:
• discharge D.O. : 200 mg/L
• flow of side stream ; 37 cfs (if 200 mg/L D.O. in the discharge)
• diameter of pipe constituting contact loop ; 26 inches
• cost of 1000 ft of 26 “diameter 316 SS ;__________________
• pump HP @ 70% efficiency ; 1380 HP (pumping against 100 psig)
• cost of pump ;____________
• unit energy consumption ; 1200 Kwhr/ton D.O.
• O2 absorption efficiency ; >90% (if pipe loop 1000 ft long)
• operating cost per ton D.O. ;___________(6 months/yr 6%, 15 yr)
Thus high levels of superoxygenation can be achieved, which proportionately
reduce the fraction of a side stream required for a given tonnage of D.O. per day. As
with all pressurized systems pumping against a throttling valve to achieve pressurization
of the gas transfer reactor, the unit energy consumption rate is high, e.g. 1200 kwhr/ton
D.O., which is a major drawback. Additionally the length/cost of the pipe loop are
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comparatively high so that less than 100 seconds detention time frequently results from
the short lengths utilized in most cases.
U-Tube Oxygenation Technology
The U-tube aeration concept first applied in the Netherlands in 1958 exhibits
excellent potential for dissolution of insoluble gas into a liquid. This process involves
passage of a gas water mixture vertically down a shaft underneath the baffle and back up
to the surface, providing prolonged contact of the bubbles with the water and
pressurization of the bubbles by the hydrostatic head. Water is pumped down the center
of this shaft to the bottom and then flows back through an annular space to the surface. A
vertical shaft of considerable depth is required for this type of oxygen transfer
technology.
Several reactions occur by injecting high purity oxygen into the downward flow:
the contact of gaseous oxygen with the water will be in proportion to the depth and
velocity characteristics of the system and since the water is flowing vertically downward
or vertically upward, there will be no problem in maintaining two-phase flow of the
oxygen bubbles and water if the velocity is sufficiently high. Also the head loss across
the system will be relatively small due to friction loss (most of the head loss is related to
the void volume differential of gas in the down leg and the up leg).
The oxygen absorption efficiency characteristic of a U-Tube oxygen transfer
system will be related to the O2/water ratio that enters the system. Consequently at low
O2/water injection ratios, higher absorption efficiency will be achieved, but lower
discharge D.O. concentrations result. Conversely when the O2/water injection ratio is
increased, the oxygen absorption efficiency will decrease but the discharge D.O.
concentration will increase. It thus becomes obvious that higher oxygen absorption
efficiency is realized at the expense of the D. O. concentration in the discharge.
Even though the depth of the U-tube is approximately 200 feet deep, oxygen
absorption efficiency may not exceed 80 - 90% depending upon the water velocity
through the system, the depth of the system, and the O2/water injection ratio realized.
See Fig. __ for a schematic view of the system.

Advantages of U-Tube Technology
U-Tube oxygenation technology incorporates several desirable features when
compared to other methods of raising D.O. levels. The major advantages of U-tube
oxygenation are as follows:
• Oxygen transfer occurs in a pressurized reactor, which results in very high D.O.
concentrations up to 50 mg/L at 28°C. A high rate of oxygen transfer per unit
volume of reactor, up to 5400 mg/L per hour, may be achieved versus 100 mg/L
per hour for conventional aeration tanks.
• Unit energy consumption per ton of D.O. is approximately only 400 kWh per ton,
which is quite low because the head loss across the system is minimal, even
though the oxygen transfer occurs at hydrostatic pressures of up to 175 feet.
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The oxygen bubble contact time is prolonged in transit through the U-Tube.
Exceptionally high saturation concentrations are generated, enabling
supersaturation of D.O. in the discharge.
• Oxygen gas bubble pressurization is accomplished hydrostatically, thus
consuming low energy. Contrasted with the excessive energy consumption of
pumped pressurization vessels which lose all of the input energy across the
pressure throttling valve, no supersaturated D.O. may be lost by effervescence
with pumped pressurization.
• No external pumping is necessary if the hydraulic head of the effluent is at least 5
feet above the harbor surface.
• Dissolved nitrogen stripping is minimized from the water as well as nitrogen gas
dilution of the oxygen composition of the bubbles because gas transfer occurs in a
pressurized vessel. Water saturated with nitrogen gas in air will strip if the
nitrogen partial pressure in the gas phase is less than .79 atm. If the process is at
atmospheric pressure, the nitrogen composition approaches 79%, but at 4
atmospheres the nitrogen composition approaches only 20%. This results in
oxygen compositions of 21 % and 80% for 1 and 4 atm respectively.
The U-tube is comprised of a deep hole about 150 to 200 feet deep. The water
flows down an open-ended pipe inside a casing and back up to the top through the
annular space between the two pipes. See Fig___. The water velocity is approximately
6 to 10 fps, which greatly exceeds the 1 fps bubble rise velocity of the bubbles.
Therefore when oxygen gas is introduced at the inlet, the bubbles are dragged along with
the water flow down to the bottom and back to the top. Oxygen transfer is achieved by
the hydrostatic pressurization, but also is enhanced by the turbulence and extended
contact time. At 175 feet of hydrostatic head, the pressure is over 6 atm and with a 100%
oxygen bubble, the saturation D.O. concentration is over 250 mg/L.
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Hydroflo
HydroFlo technology withdraws a sidestream of water into which high purity
oxygen is injected, then directed through equipment in which the oxygen absorption takes
place, and sent back into the harbor. Similar criteria are used to evaluate the HydroFlo
technology performance as have already been mentioned: the oxygen absorption
efficiency achieved, the unit energy consumption per ton of dissolved oxygen, the level
of super oxygenated water present in the discharge, and the relative required spacing of
units throughout the harbor.
HydroFlo units could be located on the edge of the shipping channel and
discharge their high velocity superoxygenated stream back into the ship channel.
However proprietary data needed to determine oxygen absorption efficiency which can
be achieved by the HydroFlo technology is not available at this time.
Mobile Oxygenation Barge
Mixing and transporting of the super oxygenated water within the harbor are key
goals which must be achieved in a successful D.O. supplementation project. Oscillating
tidal currents will be one of the main mechanisms which can be capitalized upon for
movement of superoxygenated side streams away from the zone where they are
generated. However a hydraulic model of water movement within the harbor would
probably indicate some locations which will not have adequate transport of supplemented
D.O. so as to meet compliance. Furthermore these D.O. deficient regions may change
with flow and temperature conditions.
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In such cases a logical solution would be to incorporate a means to deliver D.O.
directly to the locations which are out of compliance. The concept of a self contained
mobile oxygenation system could be used to address such deficiencies in tidal mixing
effectiveness for effective transport of D.O. to all regions where needed.
A self-contained mobile oxygenation system would include on-board oxygen
generation by pulsed swing adsorption or vacuum swing adsorption. This feature would
avoid the safety concern of needing to store oxygen. Diesel or propane driven engines
could either directly drive the oxygen generation system and pumps to move water
through the oxygen transfer system or could generate electricity on board to power such
components.
It would be advantageous to capitalize on the hydrostatic depth of the harbor for
enhancement of oxygen transfer by placing the oxygen transfer reactor as far below the
surface as possible. Of course there may be regions outside the main deep ship channel
where the depths are much less deep that may require the aid of a mobile oxygen
supplementation system.
The following Figs. __ show schematics of a mobile oxygenation system. It
would be capable of withdrawing denser water from the bottom of the water column,
superoxygenating it and discharging it horizontally back at the same depth by means of
an adjustable discharge boom. Sound insulation for the diesel could mitigate the noise
pollution arising therefrom.
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IV. On-Site Performance Studies of Selected Superior Oxygenation
Systems
A. Speece Cone Performance, Logan Martin Dam
This oxygenation system was designed to handle 21 ft.³ per second. The top
diameter is 20 inches and the diameter at the bottom of the cone is 9 feet with a cone
height of 15 feet and a bottom cylindrical skirt that was 5 feet high to contain the
discharge piping. It was projected that the 21 ft.³ per second system could add 55 mg/L
of D. O. if the inlet D. O. was 0 mg/L and the O2/water ratio injection ratio was 5%.
This proposed system would satisfy about one third full-scale D. O. requirements
of 18,000 pounds of oxygen per day for a leakage flow of 700 ft.³ per second to raise the
D. O. to 4 milligram per liter in the discharge from a background D. O. concentration of 1
mg/L in the influent. Therefore if this 21 ft.³ per second system was found to be
successful it was decided that it would be combined in the final design with an additional
system capable of handling another 42 ft.³ per second. This system was installed to
determine its operational performance so that scale up problems for a full-size system
would be minimized.

Oxygen/Water Ratio
The data are presented graphically showing O2/water ratio ratios of 3, 4, 5 and
6% respectively. The relevant points that can be drawn from the graphs are as follows.
Maximum oxygen absorption efficiency occurred at a water flow rate of 22 to 25
ft.³ per second through the system. A slight reduction in absorption efficiency occurred
below this range and a more rapid decline occurred at higher velocities.
All oxygen absorption efficiency decreased with increasing O2/water ratios.
Likewise all oxygen absorption efficiencies declined with increasing water flow rate in
excess of 22 to 25 ft.³ per second.
The greatest D. O. increase resulted at water flows of 22 to 25 ft.³ per second for
all oxygen water ratios, as mentioned previously, because increased water flow resulted
in bubbles being swept out of the system prematurely. Thus oxygen absorption
efficiency was thereby reduced, as reflected in the lower D. O. concentration in the
oxygenation system discharge.
The pressure losses across the system are plotted in Fig. __. Pressure at the
oxygenation discharge with no flow-through the system was 52 feet, reflecting the static
head of water above the dam with respect to the location of the oxygenation cone. With
no oxygen in the injection, the discharge pressure was 44 and 42 feet at water flows of 22
and 25 ft.³ per second, respectively and at an O2/water injection rate of 4%. Discharge
pressures were 38 and 37 foot. It is to be noted that the total head loss across the

25

oxygenation cone was nearly constant at 6.2 feet regardless of water flow through the
system when oxygen was injected at 4% O2/water ratio.

Results

The oxygenation cone has a volume of 320 ft.³. The five foot-high cylindrical
section on the bottom of the cone that contains the discharge piping also had a volume of
320 ft.³, resulting in a total volume of 640 ft.³. At the design flow of 22 ft.³ per second
and 4% O2/water ratio, the system added 48 mg/L of D. O. to a background influent D.
O. of 3.6 mg/L for a total of 5600 pounds of D. O. per day. This is equivalent to 9
pounds of D. O. per cubic foot per day or 100 mg/L per minute of D. O. at 90% oxygen
absorption efficiency. The average pressure in the cone was approximately 29 feet at the
centerline of the cone and the water temperature was 86°F. At this pressure and
temperature the saturation D. O. would be 66 mg/L, if the gas phase was 100% oxygen.
The discharge D. O. was 51 mg/L and the oxygen content of the bubbles within the
oxygenation cone was approximately 83%, as measured with a 4% O2/water injection
rate, indicating the oxygenation system was able to achieve 94% of theoretical saturation
under these conditions. This is indicative of a very good oxygen transfer system since the
hydraulic retention time is only about 30 seconds.
In the flow range of 22 to 25 ft.³ per second with an O2/water injection ratio of
3%, the discharge D. O. was 42 mg/L for a net increase of 38 mg/L over background.
Under these conditions the absorption efficiency was 95%. When the O2/water injection
ratio was increased to 4% under the same water flow conditions, the discharge D. O. was
51 mg/L over the background concentration of 4 mg/L, resulting in an oxygen absorption
efficiency of 87%.

Pressurized oxygen transfer
The nature of pressurized oxygen transfer is demonstrated by the fact that when
pressurization was incorporated it increased the unit energy consumption rate to about
1200 kWh per ton of D.O. In cases where no pressurization was utilized, such as placing
the oxygen transfer device on the bottom of the ship channel 50 foot below the surface, a
discharge from a Speece Cone would be about 60 mg per liter of dissolved oxygen. A 12
foot diameter cone can handle 35 ft.³ per second of water flow. The head loss across the
cone is approximately 10 feet, which would thus require a 55 hp pump, if it were
operating at 70% efficiency. Thus each cone could deliver approximate by 11,000
pounds of dissolved oxygen per day and the unit energy consumption would be
approximately 200 kWh per ton of dissolved oxygen added.
If the Speece Cone were operated at a pressure of 215 feet of head it would
produce a discharge dissolved oxygen level of 200 mg per liter and a 12 foot diameter
cone would be able to deliver 38,000 pounds of dissolved oxygen per day. To pump 35
ft.³ per second against a head of 215 foot of head plus 8 foot of head loss would require a
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1300 hp pump. The unit energy consumption would be approximately 1200 kWh per ton
of dissolved oxygen.
200 mg.L
Kwhr/ton
D.O.
1200

D.O
.

Pressure in Cone

These data suggest that a Speece Cone operating under ambient pressure at the
bottom of the Savannah Harbor Ship Channel would produce 60 mg/L in the discharge
and be able to deliver 11,000 pounds of dissolved oxygen per day with a unit energy
consumption of less than 200 kWh per ton of D.O. If the cone was operating at 215 ft of
pressure it would produce 200 mg/L D.O. in the discharge and deliver 38,000 pounds of
oxygen per day, with a unit energy consumption of 1200 kWh per time of dissolved
oxygen.

Life cycle costs of non-pressurized, pressurized, and energy recovery oxygen
transfer

Since the above systems achieve greater than 90% oxygen absorption efficiency,
whether operated under ambient or pressurized conditions, the key comparison is life
cycle cost of energy consumption and additional oxygen transfer volume. The nonpressurized system would require approximately 3 1/2 times as many Speece Cones as
would the pressurized system. Therefore the reduction in energy costs must be compared
with the increase in capital cost for additional cones.
Assuming 50% utilization of the system throughout the year, the following life
cycle costs result for transfer of 38,000 lb D.O. per day.
Assume equivalent power costs for diesel engines to be $0.12/kwhr. Power for
non-pressurized system would consume 19 T/d x 200 kwhr/T = 3800 kwhr/day x
$0.12/kwh x 180 d/y x PWF of 9.7 (6%@ 15 yr) = $800,000 for the present worth.
The equivalent cost for the pressurized system would be 6 times this or $4,800,000. This
is considerably more that the cost for an additional 2.5 Speece Cones of 12 ft diameter
needed to transfer 38,000 lb D.O./day. Thus it appears that the non-pressurized mode of
supplementing D.O. is economically more favorable than the pressurized mode.
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B. U-Tube Pilot Study
Deep U-Tubes offer excellent potential as energy and cost efficient oxygen
transfer systems. The depths of 25 to 60 m appear to be most useful for optimal oxygen
absorption.
U-Tubes have been used for aeration of:
•
fish hatchery water
•
sewer mains
•
free-flowing rivers
•
activated sludge treatment
Mixed liquor oxygen transfer energy has proved to be comparable or superior to
that produced by conventional surface aerators, and produces dissolved oxygen
concentrations in the discharge which exceed saturation under ambient conditions. Even
D.O. levels in excess of 200% can be produced with an oxygen transfer energy efficiency
of 4 kg of oxygen per kwhr.
The ICI deep shaft process is operational at a number of waste water treatment
locations in Europe and Canada but there is only operational information available for
one depth and velocity at each location. Design criteria were not yet available to estimate
rationally sizing costs and to predict the operational characteristics of deep U-Tubes for
any of the above potential applications.
In order to include U-tube aeration as an alternative design the design engineer
needs to ascertain the following data:
• depth required
• throughput velocity
• appropriate gas/water injection rate
• discharge D.O. target
• head loss across U-tube to determine energy consumption.
• oxygen transfer economy and kilograms of O2 per kwhr
• oxygen cost per ton, which includes the amortized capital plus the electricity to
operate the system.
The pressure loss across a U-Tube system due to oxygen injection is shown in
Figure _____ as a crosshatched bar. The pressure loss across the 1/10 meter diameter UTube due to frictional losses alone is shown as the open bar on top of the crosshatched
bar. The calculated frictional loss of a 1 m² U-Tube is noted on the graph by the solid bar
since this larger pipe size would be the best prototype system.
The oxygen transfer per kwhr is calculated for a prototype U-Tube with 1 m² of
cross-section in both the up and down legs. This energy consumption data is shown in
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Figure ___. It is seen that a U-tube depth of 30 m and 25% O2/water injection ratio
yields 12 kg of oxygen per kwhr as the energy consumption ratio. It should be noted that
recycle of the gas would change the oxygen composition from 100% to approximately
70%, due to stripping of dissolved nitrogen from the influent water. This would tend to
reduce the kilograms of oxygen per kwhr accordingly. There is essentially little practical
incentive to attempt to improve oxygen transfer energy consumption beyond 200
kwhr/ton D. O. because such savings in energy per metric ton of oxygen dissolved are
negligible. Therefore the high rate of oxygen transfer at 30 m depth and 4% O2/water
ratio, which is 25 kg of O2 per kwhr, is not worth exploiting.

Pilot Study Evaluation Criteria
The following parameters were evaluated:
•
velocity: 0.9, 1.4, and 1.8 m per second.
•
depth: 12, 30, 61 and 103 m deep.
•
oxygen injection ratio: 7.5% to 25% oxygen/water ratio.

U-Tube Pilot Study Preparations
A pilot U-tube facility was constructed with 0.1 meter diameter pipe in a 0.3 m
diameter hole that was 120 m deep. The U-tube depth was adjusted as desired to evaluate
the following parameters:
• depth at 12, 30, 60 and 103 m respectively
• velocity at 0 .9, 1.4 and 1.8 m per second respectively
• injected air and pure oxygen
• pure oxygen gas injection ratio 7 1/2 and 25%
• tap water and simulated wastewater with 5 mg/L of anionic detergent and 100
mg/L bentonite.
The experimental data were collected for each set of conditions according to the inlet
D.O., discharge DO, pressure loss across the U-Tube and water temperature. Due to the
fact that D.O. concentrations in excess of 100 mg/L were encountered, special procedures
were developed to ensure accurate D.O. measurements at these unusually high
concentrations.
Throughput velocity was based on the nominal velocity of the water alone without
gas injection. Thus the actual velocity in the gas/water mixture would vary somewhat
throughout the U-Tube because of the hydrostatic compression of the gas phase.
Nominal velocities of 0.9, 1.4 and 1.8 m per second were investigated and are shown in
Fig. ___ . There is a practical lower limit of nominal velocity below which the U-tube
will not function in a stable manner.
It is noted from Fig. _______ that there is no consistent effect of nominal velocity
on the increase in D.O. across the system. In some cases nominal velocity (1.4 m per
second) gave slightly higher or lower increase in dissolved oxygen. Lower velocity
increased the bubble contact time within the U-Tube as well as lowered the Reynolds
number, but apparently these two effects nullified each other.
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The pressure at the inlet and discharge was recorded for each set of experimental
conditions. The pressure loss across the system was composed of losses due to hydraulic
friction, bubble drag and differential void volume in the down and up legs. Hydraulic
frictional losses are a function of the pipe diameter. The bubble drag and differential
void volumes in the two legs were observed to be independent of pipe diameter.
For each set of experimental conditions pressure readings were taken before any
gas was injected into the U-Tube and after the desired gas water injection ratio was
established. In this manner, the two components of pressure loss across the U-Tube
could be identified.
Oxygen absorption efficiency can be achieved by either of two approaches when
using U-Tube technology. The O2/water ratio and the U-tube depth and velocity can be
matched to result in 90% oxygen absorption efficiency in one pass through the U-tube.
Or with a second approach a high O2/water ratio may be injected into a more shallow
depth U-Tube shaft but must provide for capture of the bubbles in the discharge to reinject these fugitive bubbles back into the inlet.
Low, intermediate and high O2/water ratios were investigated, namely 4, 7.5 and
25%. These results are shown in Figure 13. The dotted line in Figure 13 indicates the
90% oxygen absorption range. It can be noted from this graph that even at 103 m depth
less than 90% oxygen absorption occurs with 1% O2/water ratio resulting in a change in
D.O. of only 9 mg/L. In this case the increase in D.O. level and U-tube depth are
impractical. Consequently the second approach is the best alternative, namely high
O2/water injection ratios incorporating gas capture and recycle.
The study revealed that the optimum design of a U-tube oxygenation system
operating at minimal cost incorporates a depth of 25 to 60 m, a velocity of 1.8 to 3.0 m
per second, and an O2/water injection ratio of 25%.
This portion of the pilot study revealed that a substantial increase in dissolved
oxygen resulted at 61 m depth in comparison to 30 m depth. However at 103 m there
was little increase in D.O. across the system in comparison to the 61 m depth (see Fig.
__).

Results
Fig. __ indicates that only minor variations in change in dissolved oxygen were
observed over the velocity range tested. This is fortunate because the maximum nominal
velocity was thus limited only by frictional head loss considerations, and therefore
permitted very high tonnage of oxygen dissolved per cubic meter of U-tube. Such a high
rate of dissolved oxygen offsets to a large degree the capital expenditure for the deep
shaft hole.
It was not possible to achieve 90% oxygen absorption in a 103 m deep U-tube
even though the injection gas ratio was less than 1%. At such low gas water ratios there
would not be any effervescent loss of dissolved gas. Even lower oxygen absorption
efficiencies would be observed in water containing surfactants. This observation
contradicts the claim of Hemming et al, that all of the gas phase is dissolved in deep UTubes, and that some subsequently comes back out of solution in the upper region of the
up leg.
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Very encouraging results were noted with a particular O2/water ratio combined
with the 61 m depth shaft: 96 mg/L D.O. concentrations were found in the discharge
using a 25 % O2/water ratio. The estimated unit energy transfer and total costs amounted
to 12 kg of D.O. per kwhr and $6.50 per ton of D.O. added. But there was little
advantage found in operating as U-Tube in excess of 61 m depth.
According to the pilot study when pure oxygen was injected at 25% O2/water
ratio at 30 m depth, the dissolved oxygen increased from 68 mg/L to 95 mg/L at 61 m UTube depth. Negligible improvement in dissolved oxygen concentrations were observed
after 103 m depth.
Over the velocity range investigated of 0.9 to 1.8 m per second, there was no
significant effect on increase in D.O. The maximum absorption efficiency for pure
oxygen at 7.5 % O2/water injection ratio was observed to be 52% in the 103 m deep Utube, demonstrating that the U-tube requires capture and recycle of the off gases if it is to
be used in an efficient manner as the absorption system for an oxygen supplementation
station.
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An Existing U-Tube Application on the Tombigbee River, Alabama
U-Tube Oxygenation was selected for the two oxygen supplementation locations
on the Tombigbee River. The U-Tube with oxygen injection produced an effluent D.O.
50 mg/L at 28° C. within oxygen absorption efficiency of 80 to 90% for a unit energy
consumption of 94 kWh per ton of D.O.. The oxygenation capacity was 5400 mg/L of
D.O. per U-Tube volume per hour, and the head loss across the 175 foot deep U-Tube
was 5 feet. A bubble harvester is desirable to harvest any undissolved bubbles and
recycle them back to the influent of the U-Tube. By discharging a highly elevated D.O.
sidestream into the river through a diffuser in the bottom, advantage was taken of the
hydrostatic head to prevent effervescent loss of D.O. and a high D.O. discharge was
mixed throughout the river cross-section within a short distance downstream.
A schematic diagram is shown of both the gravity fed to U-Tube which puts in
12,000 pounds of D. O. per day, as well as a schematic of the U-Tube where 125 MGD of
water is pumped from the river through the U-Tube and then discharged back into the
river with 50 mg/L of supersaturated D. O. concentration, resulting in 40,000 lb/day
supplementation.
Field testing at James River of the U-Tube, which oxygenated the treated effluent
from a James River mill, yielded the following observational operational results:
• discharge D. O. of up to 50 mg/L at 25°C in the water
• head differential across the U-Tube was 5.3 ft and
• oxygen transfer capacity of up to 18,000 pounds of D. O. per day and
• oxygen absorption efficiencies of 80 to 90% were realized.

Advantages of the U-Tube Technology
Table V. The major advantages of U-Tube oxygenation, which led to its selection for
remediating the Tombigbee River D.O. depletion problems, were as follows:
1.
efficient oxygen absorption of 75 to 90%
2.
high rate of oxygen transfer per unit volume of reactor, up to 5400 mg/L
per hour, versus 100 mg/L per hour for conventional aeration tanks and
3.
unit energy consumption per ton of D. O. add was approximately
100 kWh per ton of D. O., which is low because head loss across the
system is low even though oxygen transfer occurs at hydrostatic pressures
up to 175 feet
4.
high D. O. concentrations of up to 50 mg/L at 28°C
5.
exceptionally high D. O. saturation concentrations generated enabling
supersaturation of D. O. in its discharge.
6.
oxygen bubble contact time prolonged
7.
pressurization of the oxygen gas bubbles provided by hydrostatic
pressurization
8.
negligible energy consumed in contrast to the excessive energy
consumption of pumped pressurized vessels which lose all of the input
energy across the pressure throttling valve (thus also potentially losing
supersaturated D. O. concentrations by effervescence)
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9. no external pumping required if the water being discharged was at 30 foot
above river level
10.
stripping of dissolved nitrogen gas from the water minimized
with consequent nitrogen gas dilution of the oxygen composition of the
bubbles because gas transfer is occurring in a pressurized vessel (water
saturated with nitrogen in air will strip if the nitrogen partial pressure in
the gas phase is less than 0.79 atm.) If the process is at atmospheric
pressure the nitrogen compensation approaches a theoretical value of 79%,
but at four atmospheres the nitrogen composition approaches a theoretical
value of only 20%.
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Section 5. Mixing and Transport in Harbors
5. Mixing and Transport of D.O. within Savannah Harbor
I. Requirements for Meeting D.O. Standards for Savannah Harbor
A. Essential Requirements for Harbor Mixing and Transport
The following essential components must be successfully incorporated into an
oxygenation system to meet D.O. standards throughout Savannah Harbor:
• dissolving requisite D.O. (lb D.O./day)
• transporting D.O. evenly throughout the harbor
• strategically locating oxygen supplementation stations so that tides,
propellers or horizontal flow diffusers can transport superoxygenated
discharges effectively
• utilizing large diameter propeller pumps or horizontal flow diffusers to
transport the oxygen away from the location where it superoxygenated
water is generated
B. Diffuser Design Considerations
Once the sidestream is highly oxygenated it must be reintroduced into the
hypolimnion and transported throughout the entire impoundment. Such success requires
special considerations in the diffuser design as follows:
•
jet velocity in diffuser ports
•
number of diffuser ports required
•
spacing of diffuser ports
•
height of diffuser above sediments
•
direction of diffuser ports
•
velocity of horizontal jet less than the re-suspension velocity of the
sediments when reaching the bottom of the impoundment
•
velocity of horizontal jet sufficiently low enough to prevent
erosion of the underside of the thermocline when reaching the top of the
hypolimnion
C. Horizontal Flow Design Possibilities
Velocity of horizontal jets must be sufficiently low to prevent erosion of the
overlying fresh water. Such design considerations are especially critical in shallower
impoundments such as Savannah Harbor. In one installation where Prof. Lawrence of the
University of British Columbia provided the design of the diffuser, the impoundment was
less than 30 feet deep, and the hypolimnion was only about 15 feet deep. After one
season of operation, stratification was maintained, bottom sediments were not re-
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suspended and D.O. was transported to regions of the hypolimnion that were
approximately two miles away from the oxygenator diffuser.
A key consideration in supplementatal oxygenation of Savannah Harbor is to
induce a superoxygenated sidestream to flow horizontally across the bottom layer ofmore
dense water where D.O. is more needed than in the upper surface of the water column.
At Camanche Reservoir a diffuser was located at the toe of the dam. It dissolves
18,000 lbs of oxygen per day in a sidestream of 35 ft3/sec withdrawn from the
hypolimnion and discharged through a 100 ft long diffuser. It is located near the dam in
the vicinity of the bottom penstock. When the water is 100 ft deep, the sidestream that is
oxygenated has a D.O. of about 100 mg/l. The diffuser discharges toward the head end of
the reservoir and a D .O. increase of 4 mg/l was observed in the hypolimnion 10,000 feet
from the diffuser about two weeks after operation commenced. Oxygen supplementation
of the hypolimnion allowed power to be generated, prevented hydrogen sulfide
production, and met the D.O. criteria for the river and fish hatchery. This system is
hidden from public view at the bottom of the reservoir, another strong recommendation.

II. Spacing of Oxygenation Stations for Maximum Mixing and Transport within
the Harbor
A. Limitations on Zones of D.O. Supplementation Influence
There is an economy of scale associated with oxygen supplementation stations
which favors the utilization of fewer and larger stations. This likewise is reflected in
greater distances between oxygenation stations. Since a key consideration in any
supplemental oxygenation system is that the superoxygenated water must be transferred
away from the location where it is being superoxygenated, this places certain limitations
on the spacing of the supplemental oxygenation systems. Transport of the
superoxygenated water away from the superoxygenation station can be accomplished by:
• tidal action
• discharge jets
• large diameter slow-moving propellers
Thus, there are certain limitations on the zone of influence for oxygen
supplementation from a given fixed location. If there is negligible tidal action and if
there is not the availability of large diameter, slow-moving propeller pumps to move the
water away from the fixed location, then there will be a limitation on the distance
between supplemental oxygenation stations. Also there may be certain regions within the
harbor that have very little tidal action mixing or are shielded by peninsulas of land or
other such obstructions which prevent the movement of superoxygenated water into that
area.
Such isolated zones will require special attention to theincorporation of large
diameter propellers or location of oxygenation stations in that particular zone. This may
be accomplished by mobile systems as described below.
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B. Effective Circulation of Oxygenated Discharges Throughout the Harbor
In addition to the mixing/transport accomplished by tidal action, it may be
necessary to incorporate additional mixing/transport mechanisms to move the
superoxygenated water away from the location of the oxygenation station. Unless the
superoxygenated water is moved away, eventually a ‘hot spot’ of highly oxygenated
water will short circuit back through the oxygenation station reducing the efficiency of
O2 absorption.
There are various means which can insure that the requisite transport/mixing is
accomplished. The large diameter slow moving propellers are very efficient in moving
large quantities of water with little energy required. Following are pictures of two types
of these devices. In both cases, a screen enclosure is required to preclude harm to
swimmers. The results of hydrodynamic modeling of the plumes indicates that the
momentum imparted by the propellers can move the water over two miles away from the
source. The graphs of such models are shown below.
Properly designed diffusers can also insure that the oxygenated water moves out
of the zone where it was produced. Following is also a schematic view of a diffuser
designed to insure that the oxygenated water is added at various depths throughout the
water column if needed. If it is desirable to place the superoxygenated water in the
bottom layer, then only the lowest diffuser would be employed.
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III.

Mobile Barge Oxygenation Advances

A. Advantages of Self-Contained Mobile Oxygenation Barges
A key consideration in supplementing oxygen to the harbor will be the availability
of land at key locations dictated by D.O. deficiency conditions within the harbor, upon
which the oxygenation system could be placed. The availability of electricity is another
consideration. Generally it is quite expensive to bring in electricity and the demand
charge component of the cost can considerable. So these two facets, the availability of
the real estate in the vicinity of the place where the oxygen is needed and the availability
of electricity brought to that location will be significant economic factors.
Mobile oxygenation barge systems such as are used in the Thames River,
Shanghai Harbor and Cardiff Bay would be a practical choice for use in Savannah Harbor
since a barge mounted unit would supplement the oxygen directly into the harbor. Such
barge units hold a unique advantage in that they can either be tied up permanently at a
given location or moved to various oxygen depleted locations within the harbor, without
requiring land use.
This type of unit can be self-contained with its own PSA oxygen generation
source, which could be driven by an internal combustion engine that requires no electrical
power being brought in. The pumps required to move water through the oxygen transfer
vessel can also be powered by combustion engine driven pumps. Another alternative is
to utilize an engine driven electrical generator to power the PSA generation system as
well as the pumps supplying the oxygen absorption reactors. Thus the barge units would
only need to be supplied with diesel fuel. In some cases, propane driven pumps have
been used to anticipate the possibility of a spill in the harbor. Propane with its volatile
nature would not present a pollution problem if spilled into the harbor such as diesel fuel
would.
Thus in the overall strategy for meeting the dissolved oxygen standard for
Savannah Harbor, it may be appropriate to consider the provision of one or more mobile
oxygenation units which are self contained except for the need of periodic fuel delivery.
These mobile oxygenation units would be moved to areas which were not readily
impacted by fixed location supplemental oxygenation stations.
The mobile oxygenation system would operate with the oxygen absorption
reactors lowered to the bottom of the harbor to take advantage of the hydrostatic head
enhancement of oxygen transfer and would be raised during transport. Schematics of a
proposed mobile oxygenation station are shown below.

6

7

8

9

B. Thames River Oxygenation Barges
One large world class ship channel area which employs a mobile oxygenation
system is the busy Thames River in London with its “Thames Bubbler and “Thames
Vitalizer” self-contained barges.
Historically the Thames River has had occasional oxygen deficiencies. These
dissolved oxygen deficiencies have been related to combined sewer overflows resulting
from storm events. They are further exacerbated by residual organic loads in the treated
effluents being discharged into the river. In an attempt to comply with the dissolved
oxygen standard in the Thames River, a mobile oxygenation system that has been dubbed
the “Thames Bubbler” was constructed. This system is a motorized barge that contains a
40 ton per day, PSA oxygen generation unit. Thus the oxygen is generated on site and
the oxygen transfer system incorporates a series of Venturi jets extending from the barge
unit itself. Whenever a section of the Thames River has dissolved oxygen concentrations
below the targeted standard, the mobile oxygenation unit is transported to that stretch of
the river, where it supplements the oxygen until it meets the targeted D.O. Water is
withdrawn from the river and pumped at high pressure and velocity through the venturi
jets which aspirate high purity oxygen into the throat of the venturi. The same
performance characteristics would apply to these venturi oxygen transfer units, as are
described above for evaluation:
• the unit energy consumption per ton of dissolved oxygen
• the relative oxygen absorption efficiency
• the level of super oxygenation, which can be achieved in the discharge

C. Example of Bay Mobile Oxygenation: Cardiff Bay, England
A dam has been constructed across the mouth of Cardiff Bay in England to
segregate tidal action from the Bay, thereby eliminating the exposed mud flats at low tide
within the Bay which cause malodorous conditions during low tide. In order to comply
with D. O. standards within the estuary inside the impounded area, a series of air
diffusers was placed on the bottom of the bay. Air was injected into these diffusers in
order to mix the water column, as well as provide some oxygen transfer.
Because D.O. deficient conditions occur within the impoundment in the bottom
waters in some areas, it was decided to provide a mobile oxygenation system unit, which
could be transported to those areas and inject super oxygenated water into the prescribed
vertical elevation a wedge of water. An oxygen transfer device was constructed and
placed upon a barge, which is moved to any area within the Bay to satisfy the D.O. deficit
in a particular layer of water in any region of the bay.

10

IV. Horizontal Placement of Superoxygenated Discharge in the Water Column
A. Advantages of Horizontal Placement of Superoxygenated Side Stream
Because the anaerobic sediment /water interface is the key location for bottom
dwelling organisms and adverse water quality transformations, it follows that any
remedial D.O. supplementation scheme should focus on maintaining this interface as oxic
as possible to prevent the above mentioned water quality degradation
Superoxygenation of the harbor sediment interface using properly designed
equipment is reported to be more beneficial than simply oxygenating the water column
near the surface. Such an oxygenation alternative has emerged only recently. This
important type of superoxygenation system successfully incorporates the following
features:
• the salinity stratification is maintained intact and in place
• highly efficient oxygen absorption must be attained
• oxygen transfer turbulence is contained within the oxygen transfer reactor and is
thus minimized to p
• revent destratification
• effective placement is achieved
• benign environmental impact is sustained
The relatively high concentration of microorganisms at the sediment/water
interface, compared to their concentration in the water column, results in this zone
dominating water quality transformations such as iron and manganese reduction and
hydrogen sulfide production.
B. Difficulties of Free Rise Bubble Plume Systems in Sediment Oxygenation of the
Water Column
A classic mode of D.O. supplementation is to inject air or oxygen into a diffuser
located near the bottom. The buoyant nature of the bubble causes it to rise vertically and
thus to impart a vertical movement of the water in the vicinity of the bubbles column.
Eventually near the thermocline, the rising bubbles uncouple from the rising water
column when the circulation pattern is weak and unable to overcome the water density
differential.
If the vertical rise velocity of the water entrained in the bubble plume is
sufficiently high, both the bubbles and water rise all the way to the water surface, at
which point the water velocity turns horizontally and eventually downward to replace the
water moving vertically within the bubble plume.
As shown in Fig. ___ the net result of cooler water mixing with warmer water
higher in the bubble plume is that the cold water initially entrained in the bubble plume
does not return all the way down to the sediment interface from which it originated, but
comes to equilibrium at an elevation some distance above the sediment/water interface.
Unfortunately free rising air or oxygen bubble injection within the hypolimnion does not
affect the sediment water interface because the internal circulation “cells” within the lake

11

caused by vertically induced currents are confined to the higher elevations above the
sediments. This problem is pictured schematically in Fig. ___.

Circulation Pattern of Free Rise Bubbles

C. Salt Wedge Flow Oxygenation
If the salt wedge flows into Savannah Harbor are of significant importance then
supplementation of D.O. at the mouth of the harbor would transport some of the D.O.
into the harbor within the salt wedge tidal action. A superoxygenation station being fed
salt water at the mouth of the harbor would exploit this type of circulation possibility.
V. Conclusions
The unique configuration characteristics and use requirements of a moderately
deep harbor require sufficient oxygenation circulation to reach locally depleted ares as
well as sediment layers without disturbing the sediments with their large oxygen demand
or impeding ship channel traffic to maintain adequate D.O. levels throughout.
Innovative new technology which makes possible horizontal flow circulation for
significant distances away from the superoxygenated discharge thus enlarging the zones
of influence considerably, is an advance with much promise for meeting Savannah
Harbor’s mixing and transport requirements.
In addition mobile barge self-contained oxygenation units, already installed
successfully in Shanghai Harbor, Cardiff Bay and on the Thames River make possible
timely intervention not hindered by stationary placement in the ship channel.
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Section 6. Recommendations for Savannah Harbor
Supplemental Oxygenation.
Criteria for Choice of Oxygenators
In evaluating D.O. supplementation technology, the following considerations
must be critically addressed:
 O2 absorption efficiency
 unit energy consumption per ton of D.O. added
 D.O. concentration in side stream discharge
 capital cost of oxygenation system
 depth of water column
 location in water column where D.O. is needed
 target D.O. in harbor
 mixing requirements
 required spacing of D.O. supplementation stations
 placement outside the shipping channel
 availability of real estate
 availability of electricity
Life Cycle Cost Components
Appropriate technology for supplementation of pure oxygen is determined by the
following three life cycle factors:
• present worth of the equipment – (purchase or rental)
• present worth of total oxygen required (therefore oxygen absorption efficiency
becomes important)
• present worth of energy consumption per ton D.O. supplemented.
Life Cycle Cost of Speece Cone - $8,500,000
The Speece Cone oxygenation reactor and pump are estimated to be $85,000 per
ton D.O. per day of capacity or $8,500,000 for a 100 ton D.O./day system.
Calculation of Life Cycle of O2
Assume that:
 100 tons/day of D.O. must be supplemented to the Harbor.
 oxygen is generated on-site by PSA units which cost $65,000 per
each ton/day capacity and require 600 kwhr/ton of oxygen
produced
 50% utilization of the system per year
 $0.12/kwhr (diesel generated)
 6% and 15 year life of the project.
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Life Cycle Cost of On-Site Generation of Oxygen - $19,000,000
Since the oxygen cost is commonly the major economic component in the life
cycle cost for supplemental oxygenation of rivers and harbors, this requires special
consideration to select oxygen transfer devices which achieve high oxygen absorption
efficiencies. A second aspect is that if the oxygen supplementation system is a mobile
system with its own PSA oxygen generator, reduced oxygen absorption efficiencies are
reflected in the need for greater oxygen generation capacity to account for the oxygen not
absorbed. The Venturi aspirator oxygen absorption system incorporated on the Thames
Bubbler is estimated to be about 65% efficient in its absorption of oxygen. Thus the
required PSA oxygen generation unit must be 50% larger requiring 50% more power
than if the system was 100% efficient in its oxygen absorption system.
The capital cost would be $6,500,000 for 100 ton/day PSA oxygen generation
capacity. The energy consumption would be 60,000 kwhr/day for an equivalent cost of
$7,200/day. Yearly amortization would be $6,500,000 x 0.1 = $650,000/y. Yearly
energy cost would be 600 kwhr/ton x 100 ton/day x $0.12/kwhr x 180 day/y =
$1,300,000/year. So the total yearly cost for generation of oxygen would be
$1,950,000/year for 18,000 tons oxygen per year or $110/ton of oxygen produced.
The life cycle present worth of $1,950,000/year for O2 at 6% and 15 years (9.7)
= $19,000,000 for 100 ton D.O/day.
Implications of O2 Absorption Efficiency on Life Cycle Costs
The implications of oxygen absorption efficiency on life cycle costs are as follows
for a 100 ton/day usage for 180 days per year for $110/ton O2 for 6% @ 15 yrs:
O2 Absorp.
%

Ton O2/day
Needed

Ton O2/day
wasted

O2 wasted
ton/yr

Present Worth $
of O2 not absorbed

100
90
80
70
60
50

100
110
125
145
165
200

0
10
25
45
65
100

0
1,800
4,500
8,100
11,700
18,000

0
1,900,000
4,800,000
8,600,000
12,500,000
19,200,000

This table indicates that O2 absorption efficiency has a considerable impact on life cycle
costs of this project. Therefore selection of the oxygen transfer process is heavily
weighted by its inherent absorption efficiency. Low O2 absorption processes will
probably be cheaper than efficient ones on a capital cost basis, but will incur
proportionately greater life cycle costs as the above table indicates.
Life Cycle Cost of Energy - $4,200,000
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For a 100 ton D.O/day system that had a unit energy consumption of 200
kwhr/ton D.O. the daily energy consumption would be 20,000 kwhr/day for 180 days per
year and 6% for 15 years (9.7). If the cost of diesel generated electricity is $0.12/kwhr
then the daily cost would be $2400/day for 180 days/year = $430,000 /year multiplied by
9.7 SPWF = $4,200,000.
Off Channel Oxygenation Systems
The following generic oxygen transfer systems qualify for off channel use to
supplement D.O. to Savannah Harbor:
Venturi
Pressurized Side Stream
U-Tube
Speece Cone
Comparison of U-Tube and Speece Cone
Of the four systems above, only the U-Tube and Speece Cone meet the economic
criteria. Both the U-Tube and Speece Cone have comparable:
• O2 absorption efficiency - >80 to 90%
• Unit energy consumption per ton D.O. – 200 to 300 kwhr/ton D.O.
• Level of superoxygenation in discharge – 50 to 60 mg/L
Capital cost per ton D.O./day will be a deciding factor.
ADVANTAGES OF THE U TUBE TECHNOLOGY
The advantages of U-Tube oxygenation, which led to its selection for the
Tombigbee River, were as follows:
• oxygen transfer occurs in a
pressurized vessel
Tombigbee River
• high D. O. concentrations of up to 50
40,000 lb D.O./day
mg/L at 28°C
• high rate of oxygen transfer per unit
volume of reactor, up to 5400 mg/L
per hour, versus 100 mg/L per hour
for conventional aeration tanks and
• efficient oxygen absorption of 80 to
90%
• unit energy consumption per ton of
D. O. add was approximately
200 kWh per ton of D. O., which is low because head loss across the
system is low even though oxygen transfer occurs at hydrostatic pressures
up to 175 feet
• U-Tube prolongs the oxygen bubble contact time
• generates exceptionally high D. O. saturation concentrations, enabling
supersaturation of D. O. in its discharge.
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•
•

•
•

provides pressurization of the oxygen gas bubbles by hydrostatic
pressurization
consumes negligible energy in contrast with the excessive energy
consumption of pumped pressurized vessels which lose all of the input
energy across the pressure throttling valve thus also potentially losing
supersaturated D. O. concentrations by effervescence.
requires no external pumping where the water being discharged is at 30 foot
above river level
minimizes stripping of dissolved nitrogen gas from the water
with consequent nitrogen gas dilution of the oxygen composition of the
bubbles because gas transfer is occurring in a pressurized vessel.

The U-Tube requires a caisson which is 175 ft deep and requires a bubble
harvester to capture undissolved bubbles in the discharge for recycle back into the down
leg. This is required to achieve the required O2 absorption efficiency.
The Tombigbee River U-Tubes cost $10,000,000 for the entire project which
included a 35 MGD gravity flow unit and a 125 MGD pumped flow unit. These two
units transferred a combined total of 56,000 lb D.O./day. They were placed in a concrete
caisson whose top exceeded the 100 year flood level and a diffuser was placed in the
bottom of the river to disperse the superoxygenated discharge. I do not have accurate
information on the cost of just installing the U-Tubes and their associated bubble
harvesters. If it was half of the $10,000,000 total that would be $5,000,000 for 28 ton
D.O. per day or $180,000 per ton D.O. per day of capacity. Unfortunately this specific
cost information is not available.
For the pumped unit having 125 MGD flow a 10 ft diameter casing was excavated
to a depth of 100 ft. and the lower 75 ft had an 8 ft diameter casing. Inside this casing a 7
ft diameter pipe served as the outer wall of the U-Tube and a 5.5 ft diameter pipe inside
the 7 ft diameter wall served as the downcomer pipe. A 350 HP pump pulled water from
the river and moved it through the U-Tube. The 35 MGD U-Tube was proportionately
smaller.
A schematic diagram is shown of both the gravity fed to U-Tube which puts in
12,000 pounds of D. O. per day, as well as a schematic of the U-Tube where 125 MGD of
water is pumped from the river through the U-Tube and then discharged back into the
river with 50 mg/L of supersaturated D. O. concentration, resulting in 40,000 lb/day
supplementation.
Field testing at James River of the U-Tube, which oxygenated the treated effluent
from a James River mill, yielded the following observational operational results:
• discharge D. O. of up to 50 mg/L at 25°C in the water
• head differential across the U-Tube was 5.3 ft and
• oxygen transfer capacity of up to 16,000 pounds of D. O. per day and
• oxygen absorption efficiencies of 80 to 90% were realized.
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Advantages of the Speece Cone.
For application of
the Speece Cone for
supplemental oxygenation
of Savannah Harbor, a
main advantage is that no
excavation costs would be
required because the 50 ft
depth of the harbor can be
utilized.
The Speece Cone
incorporates efficient
oxygen absorption with low
unit energy consumption
per ton of D.O. discharged
and achieves highly
superoxygenated discharge levels. The Speece Cone can achieve O2 absorption
efficiencies in excess of 90% while producing D.O. concentrations of 50 mg/L at unit
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energy consumption rates of <200 kwhr/ton D.O. if placed on the bottom of a 50 ft deep
impoundment or harbor.
This device incorporates an inverted conical gas transfer vessel in which the water
is introduced at the top of the cone, flowing in a downward direction. As the water flows
downward its velocity decreases in proportion to the cross-section of the cone. Pure O2
is also injected into the cone and the resulting hydraulic turbulence creates a bubble
swarm which has an exceptionally high oxygen/water interfacial area, which greatly
enhances oxygen transfer.
By sizing the cross sectional area of the cone so that the downward velocity of the
water slows to a point where it is less than the buoyant velocity of the bubbles within the
cone, it is possible to retain the oxygen bubbles within the cone for prolonged periods of
time, far in excess of the 100 seconds required for efficient oxygen absorption.
The pressure differential across the cone is rather small being primarily in
proportion to the void volume of the bubble swarm within the cone. Thus the unit energy
required to pump water through the bubble swarm is relatively small, and therefore the
unit energy per ton of D. O. dissolved is also relatively small.
The concentration of D. O. that can be produced in the discharge is related to be
depth of submergence or the hydrostatic pressure within the cone. Pressure enhances the
oxygen transfer process. The deeper the cone is placed below the surface of the harbor,
the higher the dissolved oxygen concentration produced in the discharge. Although the
discharge D.O. increases in proportion to depth of submergence, the required pumping
energy remains essentially constant, resulting in lower unit energy Kwhr/ton vs depth.
The cone discharges the highly superoxygenated sidestream back into the harbor
in a horizontal direction through a diffuser with 2 inch diameter ports at port velocities of
10 to 20 ft/sec. An outstanding feature is that the equipment can be located outside of the
shipping channel by directing its superoxygenated discharge perpendicularly across the
ship channel.
In summary, a 12 feet diameter Speece Cone 15 ft tall placed 50 ft below the
water surface will give the following results
• 60 mg/L discharge D.O.
• 34 cfs cone flow
• 12,000 lb D.O. per day dissolved
• 45 HP pump utilized
• >90% oxygen absorption achieved
• <200 kwhr/ton D.O. consumed depending on depth
• cost of units -$85,000/ton D.O./day ($500,000 per 12 ft diameter unit with
pump)
The excellent
results of this system
(>90% O2 absorption
efficiency) and low unit
energy consumption (<200
kwhr/ton D.O. produced)
occur in part because
turbulence is confined to
the inside of the cone with
no bottom scouring. These
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outstanding results are achieved without interfering with ship channel activity.
Self-Contained Mobile or Stationary Oxygenation Barge.
It is recommended that all municipal and industrial effluents be equipped with
superoxygenation systems capable of adding D.O. concentrations equivalent to their
effluent BODL concentration so that no D.O. resources from the harbor are consumed.
For supplying the oxygen demand of decaying vegetation, self contained barge
mounted systems capable of supplementing 48,000 lb D.O./day to the harbor are
recommended. Each unit would be comprised of 4 – 12 ft diameter Speece Cones each
driven by a 45 HP pump. These oxygen transfer reactors would be suspended as far
below the barge as possible to capitalize on the increased hydrostatic head. The D.O. in
the discharge will be about 60 mg/L. This superoxygenated discharge can be placed near
the bottom of the water column where it is needed most. The option is there to place it at
any elevation in the water column. This will be rapidly diluted in the discharge diffusers
which will be designed so that the discharge velocity and elevation above the sediments
do not unduly disturb them resulting in exacerbation of the D.O. demand.
However with the intense turbulence generated by the propeller wake of
numerous ships traversing the harbor, it would appear that the sediment/water interface is
already continuously perturbed making the relatively minor turbulence caused by the
oxygenated side stream a moot point by comparison. These oxygen supplementation
systems could be permanently anchored any place within the harbor or be moved to any
location within the harbor as needed. The most likely scenario is that some would be
permanently anchored at a pier along the harbor where tidal action would be primarily
used to move the oxygenated water away
A key consideration in supplementing oxygen to the harbor will be the availability
of land at key locations defined by D.O. deficiency conditions within the harbor, upon
which the oxygenation system could be placed. The availability of electricity is another
consideration. Generally it is quite expensive to bring in electricity. So these two facets,
the availability of the real estate in the vicinity of the place where the oxygen is needed
and the availability of electricity brought to that location will be significant economic
factors.
As has been done on the Thames River and the Shanghai Harbor mobile
oxygenation systems, one possibility for Savannah Harbor would be construction of a
barge mounted unit that would be able to supplement oxygen directly to the harbor. The
advantage of a barge mounted unit, is that it does not require any real estate along the
harbor. Another advantage is that it can either be tied up permanently at some location
along the ship channel or it could be moved to various points as needed in the harbor
where oxygen is deficient. This unit can be self-contained, with its own PSA oxygen
generation source, which could be driven by an internal combustion engine that requires
no electrical power be brought in. Furthermore, the pumps required to move water
through the oxygen transfer vessel can be powered by combustion engine driven pumps.
Thus, the barge units would only need to be supplied with diesel fuel. In some cases,
propane driven pumps have been used to anticipate the possibility of a spill in the harbor.
Propane with its volatile nature would not present a pollution problem if spilled into the
harbor such as diesel fuel would.
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Mobile Oxygenation Barge
Mixing and transporting of the super oxygenated water within the harbor are key
goals which must be achieved in a successful D.O. supplementation project. Oscillating
tidal currents will be one of the main mechanisms which can be capitalized upon for
movement of superoxygenated side streams away from the zone where they are
generated. However a hydraulic model of water movement within the harbor would
probably indicate some locations which will not have adequate transport of supplemented
D.O. so as to meet compliance. Furthermore these D.O. deficient regions may change
with flow and temperature conditions.
In such cases a logical solution would be to incorporate a means to deliver D.O.
directly to the locations which are out of compliance. The concept of a self contained
mobile oxygenation system could be used to address such deficiencies in tidal mixing
effectiveness for effective transport of D.O. to all regions where needed.
A self-contained mobile oxygenation system would include on-board oxygen
generation by pulsed swing adsorption or vacuum swing adsorption. This feature would
avoid the safety concern of needing to store oxygen. Diesel or propane driven engines
could either directly drive the oxygen generation system and pumps to move water
through the oxygen transfer system or could generate electricity on board to power such
components.
It would be advantageous to capitalize on the hydrostatic depth of the harbor for
enhancement of oxygen transfer by placing the oxygen transfer reactor as far below the
surface as possible. Of course there may be regions outside the main deep ship channel
where the depths are much less deep that may require the aid of a mobile oxygen
supplementation system.
The following Figures show schematics of a mobile oxygenation system. It
would be capable of withdrawing denser water from the bottom of the water column,
superoxygenating it and discharging it horizontally back at the same depth by means of
an adjustable discharge boom. Sound insulation for the diesel could mitigate the noise
pollution arising there from.
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Placement of oxygen within the water column by a variable depth discharge diffuser
system.

Recommendation
Speece Cone superoxygenation technology is recommended for remediation of
the D.O. resources in Savannah Harbor based on cost, superoxygenation level, flexibility
and mobility.
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APPENDIX E
TECHNOLOGY CONFIGURATIONS

QUOTATION
Date:
To:
Company:
Project:

April 6, 2005
Tanya Kinnard
Mactec Engineering & Associates
10 Mile Pipeline – 80,000 lbs/day BOD Loading

Thank you for your interest in Mazzei® Injectors. The following items are quoted per your request.
Quoted prices are valid for ninety (90) days. If you have not ordered from us before, or if your shipping
address has changed, please provide a complete ship to address, including a local contact and phone
number.

Item

List Price

Quantity

Total

Model 12050 Stainless Steel Injector
Model N100 Stainless Steel Nozzle*

$13,744.00
$2,250.00

22
44

$ 302,368.00
$ 99,000.00

TOTAL

* Due to changing fabrication and material costs, final price may vary from quoted price.

$ 401,368.00

Mazzei Injector Corporation
Mass Transfer Multiplier (MTM) Nozzle Sizing
Prepared For:
Project:
Purpose For Aeration:
Date:

MacTec
Pipeline Aeration
BOD Reduction
3/15/2005
Injector Specification
Units
Model #
PSI
GPM

Mazzei Injector Model
Injector Inlet Pressure
Injector Flow Rate

Value
12050
15
2525

Comments

Operating Conditions
Gas Injection Rate
Design Back Pressure
Pipeline Pressure, ft H2O

SCFM
PSI
Feet

33
1
5

Assuming Pipeline is not pressurized

Mass Transfer Multiplier (MTM) Nozzle Specification
MTM Nozzle Model
Number of MTM Nozzles

Model #
#

100
2

Special Fabricated Nozzle

Calculated Nozzle Operating Conditions
Calculated Exit Velocity
Calculated Back Pressure
Estimated Piping Head Loss
Total Injector Outlet Pressure
Thrust Per Nozzle

ft/s
PSI
PSI
PSI
Pounds

18.8
2.2
2.0
6.4
102.4

Copyright Mazzei Injector Corporation, 500 Rooster Dr. Bakersfield CA USA

Dissolved Gas Equilibrium Concentration
Prepared For:
Project:
Purpose For Aeration:
Date:

MacTec
Pipeline Aeration
BOD Reduction
3/15/2005

Operating Parameters
Inlet PSI
Injector GPM
Pump Efficiency, %
Equilibrium Ratio

15
2525
70
16.5

Pressure Temperature Gas Volume Equilibrium Gas Phase
PSIG
Centigrade
SCFM
Volume,GPM H2O Vol %
1

20

33

Starting
Subject
Gas

41662.5

2.35

Equilibrium

Henry's Dissolved Gas Phase
Percent
Constant Conc. mg/l
Vol %
Water Phase

Dissolved
Conc. mg/l

Percent
Gas Phase

Oxygen

38000

2

99

94.0

9.34

6.0

Nitrogen

84506

15

1

87.6

13.2

12.4

CO2

1360

81

0

99.8

80.82

0.2

Argon

38000

0.5

0
100

94.0

0.5

6.0

Oxygen Transferred Into Solution, Pounds/hour
Oxygen Transferred Into Solution, Percent
Power Consumption, Water Horsepower, WHP
Transfer Efficiency, #'s O2/WHPhr
Power Consumption, Brake Horsepower, BHP
Transfer Efficiency, #'s O2/BHPhr
Copyright Mazzei Injector Corporation

Copyright Mazzei Injector Corporation
500 Rooster Dr Bakersfield CA USA 93307 661-363-6500

153.06
91.59
22.09
6.93
31.56
4.85

