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Right-Sizing the Design of Ozone Generators
for Multiple Plant Upgrades in Orlando

Greg Taylor, P.E.; Chuck DiGerlando; Tim Rynders;
Christopher R. Schulz, P.E.; Laurie Gilmore, P.E.

The Orlando Utilities Commission
(OUC) operates ozone systems for hy-
drogen sulfide oxidation at seven

groundwater treatment plants serving the City
of Orlando and Orange County. The Com-
mission is executing the Ozonator Replacement
Project, which will upgrade or replace ozone
system equipment components at seven OUC
water treatment plants (WTPs). The overall
objectives of the project are to: (1) define water
production, water quality, and treatment per-
formance goals for the ozone system, (2) iden-
tify ozone system production requirements
and equipment improvements to meet these
goals, (3) establish a systematic ozone genera-
tor replacement program for the seven OUC
plants, and (4) standardize, to the extent pos-
sible, the manufacturer, size, and components
of ozone equipment systems to be replaced
under the program.

Optimizing the capacity and turndown
requirements of ozone generation systems
uses a “right-sizing” methodology. The ap-
proach for optimal generator sizing is applied
to the Southwest Water Treatment Plant—

OUC's largest plant with a rated capacity of 40
million gallons per day (mgd)—as indicative
of the approach that was used for sizing ozone
generators at all seven OUC plants.

Ozone Generator
Right-Sizing Analysis

VVeennddoorr  CCoooorrddiinnaattiioonn
Four major ozone equipment vendors

were contacted to provide preliminary design
information on their proposed ozone genera-
tor designs for the following generator design
constraints:
� Use of standard horizontal shell, medium-

frequency ozone generators with nominal
rated capacities of 800, 1,000, 1,200, 1,500,
1,800, and 2,000 ppd at an ozone-in-
oxygen concentration of 10 percent by
weight. These represent a sufficiently wide
range of ozone generator sizes to meet var-
ied ozone production requirements, based
on CDM's assessment of the existing ozone
generation systems for the seven OUC
plants. The final selection of standard gen-

erator sizes were determined based on the
generator right-sizing analysis.

� Use of a closed-loop/open-loop cooling
water system for cooling the ozone genera-
tors and power supply units (PSUs) with a
maximum open-loop cooling water inlet
temperature of 70 degrees Fahrenheit.

The design information from the ven-
dors, together with historical ozone produc-
tion trends for the seven OUC plants, was used
to complete the generator right-sizing analy-
sis presented below. 

Optimal Ozone-in-Oxygen 
Concentration Analysis

The first step in correctly sizing the ozone
generation system is to determine the optimal
ozone-in-oxygen concentration for sizing the
generators. Selecting an optimal ozone-in-
oxygen concentration based on the prevailing
cost of liquid oxygen and power in the OUC
service area will allow proper sizing and cost-
effective operation of the ozone generators for
the OUC plants.

Figure 1 presents the specific energy
curves for the proposed ozone generator de-
signs from four vendors. As shown, specific
energy curves for Generators A, B, and D were
provided for several operating points (as a per-
cent of generator rated capacity), whereas only
one point was provided for Generator C. The
curves for all generators follow a similar trend
with more separation at lower ozone-in-
oxygen concentrations (6 to 8 percent weight).
As expected, the specific energy rate increases
with increasing ozone-in-oxygen concentra-
tion, i.e., by up to 60 percent over a concen-
tration range of 6 to 14 percent. Note that the
vendors for Generators B and D provided spe-
cific energy values at the 14 percent ozone
concentration.

Greg Taylor is with CDM in Orlando,
Chuck DiGerlando is with Orlando Utilities
Commission, Tim Rynders and Christopher
R. Schulz are with CDM in Denver, and
Laurie Gilmore is with CDM in Atlanta.

Figure 1 - Ozone Generator Specific Energy Curves (from four vendors) Continued on page 12
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Figure 2 presents cost curves for specific
energy and liquid oxygen consumption rates
for Generators A, B, and D, as a function of the
ozone-in-oxygen concentration. These curves

were generated based on the trends presented
in Figure 2 and prevailing unit costs for power
($0.10 per kW-hr) and liquid oxygen ($0.6007
per hundred cubic feet or $145.00 per ton). As
expected, the total specific energy unit costs

decrease with increasing ozone-in-oxygen
concentration, while the liquid oxygen unit
costs increase. The total minimum and maxi-
mum cost curves for producing a pound of
ozone at different ozone-in-oxygen concen-
trations are also shown in the figure; these
were produced by summing the specific en-
ergy and oxygen cost curves. The total cost
curves flatten out over an ozone-in-oxygen
concentration range between 10 and 14 per-
cent by weight, with a net unit cost change of
less than $0.10 per pound of ozone. The rela-
tively high cost of liquid oxygen drives this
analysis towards higher ozone-in-oxygen con-
centrations, which minimizes oxygen con-
sumption rates.

Based on these results, the recommended
optimal ozone-in-oxygen concentration for
the OUC ozone systems is 12 percent by
weight, with an allowable range for cost-effec-
tive operation of 10 to 14 percent by weight.
These design values fall within an acceptable
range for generator operation, based on infor-
mation received from all the vendors. They
were used in the generator right-sizing analy-
sis for each OUC plant, as discussed later.

Ozone Generator Production Rates

Figure 3 presents the ozone production
rates for proposed generator designs as a func-
tion of ozone-in-oxygen concentration. The
ozone production values were normalized on
a percentage basis relative to the ozone pro-
duction rate at the optimal ozone-in-oxygen
concentration of 12 percent by weight. The re-
sults indicate that Generators A and C follow
a similar trend, with higher ozone production
capability than Generator B at ozone-in-
oxygen concentrations less than 12 percent,
and lower production capability at 14 percent. 

The average values for the Generator A
and C curves were used in the generator right-
sizing analysis presented for each OUC plant
to estimate ozone generator production rates
at different ozone-in-oxygen concentrations.

GGeenneerraattoorr  RRiigghhtt--SSiizziinngg  DDeessiiggnn  AApppprrooaacchh
Based on over 10 years of operating expe-

rience with ozone generation equipment from
three vendors, OUC has determined that
ozone generation equipment at a few OUC
plants may be over-sized or under-sized with
respect to meeting current ozone production
and capacity turndown requirements. To avoid
some of the operational problems associated
with non-optimally sized generators in the
past, the historical flow, ozone dose, and ozone
production trends from this period of opera-
tion, together with recent CUP limits imposed
on the OUC plants, can be used to support the
right-sizing of ozone generation equipment.

The approach by CDM to right-sizing the

Figure 2 - Effect of Ozone Concentration on Ozone Production Unit Cost

Continued from page 10
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ozone generation equipment at the seven
OUC plants consists of the following steps:
1.  Determine optimal ozone-in-oxygen con-

centration for sizing ozone generation
equipment based on prevailing power and
liquid oxygen unit prices.

2.  Review ozone generator production data
for different ozone-in-oxygen concentra-
tions provided by the vendors.

3.  Establish “optimal” and “non-optimal”
ozone generation system design constraints
that are tied to plant well field pumping op-
erations and their frequency of occurrence.

4.  Analyze “historical” and “design” plant flow
trends based on average daily flow meas-
urements.

5.  Determine plant-specific ozone production
requirements using the “ozone dose ratio”
and “ozone utilization” methods, as de-
scribed below. 

6.  Select ozone generator quantities and sizes
to meet ozone production and plant oper-
ational constraints for each plant. 

Steps 1 and 2 were discussed previously;
the recommended ozone-in-oxygen concen-
tration of 12 percent by weight and vendor-
supplied ozone generator production data
were considered in the generator right-sizing
analyses presented below for the Southwest
WTP. Steps 3 through 6 are also described
below.

Design Constraints
Table I presents three sets of design con-

straints for the ozone generation system corre-
sponding to different levels of operational
efficiency. The Level 1 constraints provide the

highest level of operational efficiency and
equipment redundancy and apply to well
pumping operational scenarios (i.e., different
groups of pumps operating together) that occur

Figure 3 - Effect of Ozone Concentration on Ozone Generator Production Rates

Continued on page 14
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greater than 10 percent of the time, or 36 days
per year. The Level 2 constraints apply to
pumping scenarios that occur greater than 1
percent of the time, or 4 days per year. These
constraints are the same as Level 1, except that
the duty generators do not need to operate at

30 to 90 percent of generator rated capacity (i.e.,
at the lowest specific energy consumption rates
for the generator). The Level 3 constraints apply
to pumping scenarios that occur less than 1 per-
cent of the time, or 4 days per year. They allow
some flexibility in meeting ozone production
capacity turndown requirements by operating

the generators at non-optimal ozone-in-
oxygen concentrations, or operating the system
without a standby generator. 

Plant Flow Trends
Flow frequency histograms were used to an-

alyze average daily flow data for the years 2004
through 2009 for the seven
OUC plants. Separate his-
tograms were generated for
“historical” flows and “de-
sign” flows; the latter were
calculated by multiplying
historical flow values by a
design flow adjustment fac-
tor. The adjustment factor
for each plant was defined
as the maximum day flow
CUP limit divided by the
maximum day historical
flow value. 

Flow intervals
for the histogram were de-
fined by pumping rates as-
sociated with different well
field pumping configura-
tions, ranging from one
pump operating by itself
to all pumps in service with
no standby capacity. While
it is recognized that certain
well pump configurations
may not reflect actual plant
operations, it does provide
a reasonable, consistent de-
sign approach for estimat-
ing the frequency of well
pump operations for the
OUC plants. Each flow in-
terval was populated with
average daily flow values
(approximately 2,000 data
points per plant) to gener-
ate the flow frequency his-
togram. The frequency of
occurrence was stated both
as a cumulative numerical
value and as a percentage.

Ozone Production Trends –
OSD Ratio Method 

The ozone-to-sulfide
dose (OSD) ratio method
for estimating ozone pro-
duction trends relies on cal-
culating the applied ozone
design dose based on ozone
demand, decay, and mass
transfer efficiency charac-
teristics of the water being
treated. The calculated ap-
plied ozone dose is then

TABLE II - AVERAGE APPLIED OZONE DOSE TO H2S RATIO

Continued from page 13

TABLE III - OZONE UTILIZATION RATIOS FOR OUC WATER TREATMENT PLANTS

TABLE I - DESIGN CONSTRAINTS FOR OZONE GENERATOR RIGHT-SIZING ANALYSIS

Continued on page 16
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multiplied by plant flow design values to obtain
ozone production trends. For the OUC plants,
the applied ozone dose for each plant can be
calculated using the following factors:
� OSD ratio of 4:1, which was the design basis

for the original design of the OUC ozone
systems, and recently confirmed through
ozone demand testing at the Conway, Pine
Hills, and Navy WTPs (see Table II).

� Hydrogen sulfide concentration measure-
ments in the well field supplies for each
plant, which ranged from a minimum value
of 0.4 mg/L at Pine Hills to a maximum
value of 3.7 mg/L at Conway. 

� Mass transfer efficiency (MTE) of 96 per-
cent, based on guaranteed values for a side-
stream injection ozone dissolution system.

For each plant, the ozone production rate
“operating envelope” was calculated by multi-
plying historical plant flows for the five-year
operating period by the minimum hydrogen
sulfide concentration and 4:1 OSD ratio, and
the design plant flows by the maximum hy-
drogen sulfide concentration and 4:1 OSD
ratio. These data were then plotted on an
ozone production frequency diagram, as dis-
cussed below. These conservative design val-
ues were selected to provide a wide operating
envelope to define the ozone generator turn-
down requirements for each plant. 

Figure 4 - Southwest WTP – Historical Flow Frequency Histogram

Continued from page 14



A limitation of the OSD ratio method is
that it relies on hydrogen sulfide concentration
measurements in the well field supplies, for
which limited data are available (typically one
sample per well per year), with uncertain analyt-
ical results due to the potential to volatilize sul-
fides to the atmosphere during field sampling.

Ozone Production Trends – OU Ratio Method 
The ozone utilization (OU) ratio method

relies on historical daily ozone production data
from the OUC plants for the years 2004
through 2009. Table III presents the average
daily flow rates, average daily ozone production
rates, and the OU ratio, normalized by flow, for
OUC's seven WTPs. As expected, the OU ratios
vary as a function of hydrogen sulfide concen-
tration in the plant well supplies, with the low-
est ratios at Pine Hills (5 to 39 lb/MG) and the
highest ratios at Sky Lake (87 to 164 lb/MG). 

For each plant, the ozone production rate
operating envelope was calculated by multi-
plying historical and design plant flows for the
five-year operating period by the 1st and 99th
percentile OU ratios, respectively, and plotting
this information on an ozone production fre-
quency diagram. These conservative design
values were selected to provide a wide operat-
ing envelope to define the ozone generator
turndown requirements for each plant. 
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Figure 5 - Southwest WTP – Design Flow Frequency Histogram
Continued on page 18



An advantage of the OU
ratio method is that it does
not rely on hydrogen sulfide
concentration measure-
ments for calculating ozone
production requirements.
Instead, the ozone produc-
tion rates and plant flows
recorded at each plant can
be used directly. This ap-
proach assumes that the
ozone concentration ana-
lyzers and ozone mass flow
meters for calculating
ozone production rates are
calibrated, ozone mass
transfer rates are acceptable
(e.g., > 92 percent), and
ozone production rates are
adjusted daily by plant op-
erators to ensure complete
oxidation of hydrogen sul-
fide in finished water leav-
ing the plant. 

OOzzoonnee  PPrroodduuccttiioonn  vvss..  
GGeenneerraattoorr  CCaappaacciittyy
AAnnaallyyssiiss

Due to measurement un-
certainties associated with
the OSD method, the OU
ratio method was selected
for matching ozone genera-
tion equipment capacities to
ozone production require-
ments in the generator right-
sizing analysis. While both
methods were used to plot
historical and design ozone
production frequency curves
for comparison purposes,
only the OU method was
used for ozone generator ca-
pacity selection. For most
(but not all) plants, the OSD
method resulted in higher
ozone production rates than
the OU method, which
could have led to over-sizing
the ozone generators at cer-
tain OUC plants, if this
method was used for design. 

OOzzoonnee  GGeenneerraattoorr
RRiigghhtt--SSiizziinngg  AAnnaallyyssiiss——
SSoouutthhwweesstt  WWTTPP

The ozone generator right-
sizing analysis is presented in
this section for OUC’s South-
west WTP, which has a rated
capacity of 40 mgd.  The
same approach was used to
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TABLE IV - SOUTHWEST WTP - OZONE GENERATOR 
RIGHT-SIZING ANALYSIS (OZONE UTILIZATION RATIO METHOD)

Continued from page 17



size and select ozone generation equipment for
OUC’s other six plants.

Well Field Flow Analysis
Figures 4 and 5 present historical and de-

sign flow frequency histograms, respectively, for
the Southwest WTP. The well field flow analysis
included six pumping configurations, ranging
from two to seven wells per configuration with
combined pumping rates from 10.4 to 45.7 mgd.
The pumping rates for each configuration were
used to set histogram flow intervals, which were
then populated with “historical” and “design”
average daily flow values. The historical flow fre-
quency analysis indicates that the predominant
pumping configuration was SW-4, which oper-
ated 85 percent of the time. The design flow fre-
quency analysis showed a significant shift
toward higher flows, with the SW-5 and SW-6
configurations (in combination) operating al-
most 94 percent of the time. The largest pump-
ing configuration (SW-7), with all pumps in
service, will only be required to meet < 0.2 per-
cent of predicted future water demands, and was
considered to be a low priority in the generator
right-sizing analysis for this plant. As shown in
Figure 5, almost 70 percent of the future de-
mands will operate between 24.6 and 31.6 mgd.

Generator Right-Sizing Analysis
Table IV presents the ozone generator right-

sizing analysis for the Southwest WTP. The OU
ratio method was used for determining ozone
production rates for the six well field pumping
configurations. As shown, the three configura-
tions (SW-4, SW-5, and SW-6) are expected to
operate at cumulative frequency intervals rang-
ing from 6 to 70 percent of the time (or a total of
99.8 percent of the time in those three configu-
rations), and thus were considered for sizing the
ozone generation equipment for the plant. The
ozone generator capacity analysis is presented at
the bottom of the table. It involved an iterative
process to select the optimal number and rated
capacity ozone generators to meet ozone pro-
duction requirements for the plant and project
design constraints (see Table I).

Based on this analysis, four ozone
generators (three duty, one standby) are
recommended for the Southwest plant,
each with a rated capacity of 900 ppd at
an ozone-in-oxygen concentration of
12 weight percent. The generators will
operate most of the time at this optimal
ozone concentration, with a slightly
lower concentration of 10 percent to
meet peak future ozone demands. The
recommended generator capacity for
Southwest is the same as two other
OUC plants (Conway and Navy).  

Figure 6 plots the recommended
ozone generation equipment for
Southwest against the ozone produc-

tion operating envelopes developed using the
OU and OSD methods. As shown, the three
duty ozone generators are capable of covering
the entire operating envelope for meeting ozone
production requirements using the OU
method, but would be undersized with respect
to the OSD method.; the latter method is not
recommended for right-sizing the generators.

Conclusion

By applying the ozone utilization (OU)
ratio to the design and sizing of the ozone gen-
eration equipment for all of OUC’s water
treatment plants, there is a direct cost savings
benefit for capital cost and operations and
maintenance costs. Both methods were ap-
plied to the sizing of the generators and com-

pared, and the results are depicted in Table V. 
For two of the facilities, the generator

sizes actually increased slightly with the OU
method; for two of the plants, there was no
change between the two methods; and, for three
of the seven plants, there were either signifi-
cantly smaller ozone generators or fewer ozone
generators required using the OU method. 

By utilizing the OU methodology for ozone
generator sizing, OUC will save an estimated
$1.4 million in capital costs when procuring the
equipment for this project. These findings
would then imply that it is advantageous to per-
form pilot testing to get accurate ozone utiliza-
tion ratios when implementing ozone for water
treatment, and when upgrading existing sys-
tems, to utilize previous SCADA information to
help finalize ozone generator design sizes. ����

Figure 6 - Southwest WTP – Ozone Production vs. Generator Capacity Curves

TABLE V – GENERATOR SIZING COMPARISON
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