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ABSTRACT ARTICLE HISTORY
Ozone has proven effective in improving water treatment plant performance, increasing customer Received 22 January 2018
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Despite the effectiveness of ozone in water treatment, a perception remains that ozone may be too Water Treatment
expensive for consideration at many water treatment facilities. This paper presents an evaluation by

the Municipal Committee of the International Ozone Association (IOA-MC) that aims to provide a

realistic assessment of the current capital and operating costs of ozone in the North American water

treatment practice. A general strategy is proposed for developing preliminary estimates of ozone

capital and operating costs that could be used by engineers and/or owners for planning purposes.

The information presented may benefit utilities, managers, and engineers engaged in the evaluation

of treatment options.

Introduction to assist utilities in evaluating the costs associated with the
municipal use of ozone, IOA-MC conducted a review of
the USEPA cost model to provide important considera-
tions when developing capital and operating cost
estimates.

Ozone has proven effective in improving water treatment
plant performance and meeting the ever-increasing reg-
ulatory requirements. Despite the effectiveness of ozone
in addressing a wide range of water treatment issues,
including disinfection, reduction of halogenated disinfec-
tion by-product precursors, micro-coagulation, enhanced ~ Review of the USEPA cost model
filter performance, oxidation of iron, manganese, sulfide,
taste- and odor-causing compounds, pharmaceuticals and
personal care products (PPCPs), and endocrine disrupt-
ing compounds (EDCs), there remains a perception
within the drinking water community that ozone may
be too expensive for consideration at many water treat-
ment facilities. Cost assumptions used by the USEPA for
the Final LT2ESWTR and Final Stage 2 D/DBP Rule
(UESPA 2005) and reported by Roy (2010) in the litera-
ture may have contributed to this perception. In an effort

When evaluating potential changes to drinking water reg-
ulations, the USEPA includes a cost impact analysis as part
of its regulatory impact assessment. A recent change in
USEPA drinking water regulations dealt with the additional
removal and inactivation of Cryptosporidium as part of the
Long Term 2-Enhanced Surface Water Treatment Rule
(LT2ESWTR) (USEPA 2003, 2010) and reducing high con-
centrations of total trihalomethanes (THMs) and total
haloacetic acids (HAAs) as part of the Stage 2
Disinfectants and Disinfection Byproducts Rule (D/
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DBPR) (USEPA 2003aa). In attempts to determine the
impact of costs before promulgating these two Rules,
USEPA completed a Technologies and Cost Document
(USEPA 2005). This document identified the technologies
capable of additional removal or inactivation of
Cryptosporidium and those technologies capable of redu-
cing THM and HAA precursors, as shown in Table 1, and is
one of the few documents available that includes the eva-
luation of ozone system capital and operating costs.

The USEPA uses several methods to define the technical
requirements of the identified technologies to meet the
requirements of LT2ESWTR and D/DBPR, including the
following.

e Develop process design criteria water-quality data
generated during the Information Collection Rule
(e.g., turbidity, pH, alkalinity, total organic car-
bon, and water temperature) and then using the
Surface Water Analytical Tool (SWAT) model to
evaluate technology performance.

e Engineering Judgment

e Recommendations of a technical work group
(TWG) to assist with regulatory development,
consisting of consulting engineers, scientists, uti-
lity representatives, USEPA personnel, representa-
tives of water equipment manufacturers, and other
experts.

Ozone system design criteria and cost estimates were devel-
oped by USEPA for three levels of Cryptosporidium inacti-
vation, including 0.5-log, 1.0-log, and 2.0-log inactivation.
The ozone CT required for various log inactivation goals
over the range of applicable temperatures is included in
Table 2.

The USEPA used the SWAT model to estimate ozone
dosages required to meet the three levels of
Cryptosporidium inactivation for both a design dose - the
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dose needed to size ozone equipment to provide inactiva-
tion under maximum flow and water-quality conditions —
and an average dose for estimating annual O&M costs. The
design and average doses used by the USEPA are included
in Table 3.

The USEPA-estimated ozone dosages appear high
when compared with the actual dose and
Cryptosporidium inactivation data that the IOA-MC
collected from several operating ozone systems in
North America, as shown in Table 4.

The USEPA design ozone dose values are conser-
vative and represent higher ozone doses required for
Cryptosporidium inactivation than observed at full-
scale water treatment plants. A direct comparison
can be found in Table 5 highlighting the significant
difference between the USEPA ozone dose estimates
for 1-log Cryptosporidium inactivation and average
ozone dose data collected by the IOA-MC from
ozone systems achieving 1-2-log Cryptosporidium
inactivation.

The USEPA also used the following design consid-
erations to define the ozone inactivation technology:

e spare (N + 1) generator, off-gas destruct unit, and
sidestream injection (SSI);

e bromate formation reduction using pH control
(lowering the pH with sulfuric acid and then rais-
ing the pH with caustic);

o feed gas: < 100 lbs. (45 kg) ozone/day uses on-site
oxygen generation with pressure swing adsorption
(PSA), > 100 lbs. ozone/day uses bulk liquid oxy-
gen (LOX) deliveries

e venturi SSI;

e 12-min contactor detention time with five baffled
sections and spare contactor (N + 1); and

¢ quenching dissolved ozone residual with hydrogen
peroxide.

Table 1. USEPA-designated technologies to address requirements of LT2ESWTR and D/DBPR.

Pathogen removal and inactivation technologies

DBP precursor reduction technologies

Bag/cartridge filtration

Pre-sedimentation Chloramines
Second-Stage Filtration UV light
Watershed Management Ozone

Micro/Ultrafiltration

Chlorine Dioxide

Granular activated carbon adsorption
Nanofiltration

Table 2. CT requirements for inactivation of “Cryptosporidium”, giardia, and virus by ozone (Rakness 2005; USEPA 1999).

Required ozone CT (mg/L*min) at selected water temperatures

Log credit 5°C* 10°C 20°C

Crypto Giardia Virus Crypto Giardia Virus Crypto Giardia Virus
0.5 79 0.32 N/A 4.9 0.23 N/A 2 0.12 N/A
1 16 0.63 N/A 9.9 0.48 N/A 39 0.24 N/A
2 32 13 0.6 20 0.92 0.5 7.8 0.48 0.25
3 47 1.9 0.9 30 1.43 0.8 12 0.72 0.4

* Temperatures below 5°C will require higher CT values
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Table 3. USEPA-estimated applied ozone dose required for
“Cryptosporidium” inactivation (USEPA 2005).

Log crypto inactivation 05 10 20

450 825 10.88

Design dose, mg/L median of all-plant maximum
dose

Average dose for O&M, mg/L
median of all-plant average dose

243 422 584

Table 4. Typical average and design ozone dose for
Cryptosporidium inactivation at full-scale facilities in North
America.

Average ozone Average ozone

dose dose
0.5-1-Log 1-2-Log Design
crypto inactivation crypto inactivation dose
Plant 1 (2014) 1.3 mg/L 2.4 mg/L 4.0 mg/L
Plant 2 (2014) 1.3 mg/L 1.5 mg/L 2.0 mg/L
Plant 3 (2015- 1.5-3.0 mg/L 2.6 mg/L
2016)
Plant 4 (2002- 1.5 mg/L 3.0 mg/L 4.0 mg/L
2015)
Plants 5 & 6 1.5-2.0 mg/L 3.2 mg/L
(2012)
Plant 7 (2014) 2.0 mg/L unknown

Table 5. Comparison of USEPA estimates to actual operating
and design ozone doses for crypto inactivation at full-scale
facilities.

USEPA 10A-MC
Log Cryptosporidium Inactivation 1 log 1-2 log
Average design dose, mg/L 8.25 3.16
Average operating dose, mg/L 422 2.23

The USEPA-estimated total production costs (total capital
cost amortized at 3 percent for 20 years plus annual O&M
costs, expressed as $ per 1,000 gallons treated) for ozone
technology were compared to other disinfection technol-
ogies. The estimated cost discrepancy between ozone and
other technologies was significant because of the high
dose estimates and other capital and O&M assumptions
used by the USEPA. The true cost of ozone may be
significantly lower than estimated by the USEPA.

In developing ozone capital costs, the USEPA
considered the primary components of the ozone
process to include in-plant pumping, ozone genera-
tion system, ozone contactors, off-gas destruction
facilities, effluent ozone quenching, stainless steel
piping, valves, electrical and instrumentation
(E&I), and chemical storage facilities as direct
costs. These direct costs were then adjusted by
applying a capital cost multiplier to account for
construction and engineering costs, resulting in a
value that represents constructed process facilities.
In addition, indirect costs such as land and piloting
were included. The USEPA applied the following
cost estimating measures.

Direct costs

¢ Piping - 25% of the capital cost of the generators,
feed gas system, off-gas destruct, and concrete con-
tactor to capture the stainless steel piping systems.

e Electrical and I/C - 20% of the capital cost of the
ozone generation system, ozone contactors, off-gas
destruction facilities, and effluent quench system to
capture E&I equipment (e.g., cabling, motor con-
trol centers, programmable logic controllers
(PLCs), additional ozone analyzers, flow meters,
communications cable, software, and standby
power).

e The unit costs (2005) used for concrete were as
follows:

o $525/cubic yard ($720/m?) for floors and slabs
o $675/cubic yard ($925/m”) for walls and baffles
o $825/cubic yard ($1130/m’) for decks

o Added costs for in-plant pumping if required.

e The capital cost multiplier accounts for construc-
tion costs, including installation, site work and
excavation, subsurface considerations, standby
power, contingencies, interest during construc-
tion, engineering costs, general contractor over-
head and profit, legal and administrative fees.

¢ pH adjustment (if used).

Indirect costs

¢ Housing (ozone building costs using an estimate
of building footprint requirements at a value of
$48.95/ft* ($543.89/m’) based on (2005) RS Means
factors)

e Costs for land

e Costs for permitting

e Costs for piloting

¢ Costs for operator training

The cost methodology used by the USEPA is in general
agreement with current engineering design practices. The
high USEPA cost estimates for ozone are due to the high
ozone dose estimates for Cryptosporidium inactivation,
which exceed the typical full-scale plant operating dose
experience. Although the EPA data overestimates the
capital cost of ozone for Cryptosporidium inactivation,
the cost data can be applied in a different way to estimate
the approximate ozone capital cost based on plant flow
and ozone production design requirements.

Figure 1 shows the relationship between the capital cost
of ozone system equipment (in pounds/day) and WTP
design flow (in MGD). These costs were updated from the
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Figure 1. 2009 and 2017 updated USEPA capital costs.

original 2005 EPA 0.5-log crypto inactivation cost data.
Two plots are shown, including the 2009 AWWA cost
update (Roy 2010) and the 2017 IOA-MC cost update.

Municipal committee methods used to estimate
costs

The design of an ozone system for a particular project
includes many variables that impact cost, such as ozone
dose, feed gas system, redundancy, dissolution system,
contactors, equipment, construction materials, controls,
and instrumentation. These cost variables may vary from
project to project depending on site-specific conditions. To
assist municipalities and engineers with developing
approximate capital cost estimates for preliminary plan-
ning purposes, the IOA-MC collected capital and construc-
tion cost information from three ozone equipment
manufacturers and nine ozone water treatment systems
across North America.

The IOA-MC concluded that preliminary ozone system
cost estimates should be based on installed ozone system
capacity (in ppd) derived from project-specific design cri-
teria (ozone design dose, design flow, contact time, etc.). In
this manner, cost estimates can be developed that are more
applicable to a wide range of ozone treatment objectives
used by the water treatment industry.

The IOA-MC collected cost information from muni-
cipal ozone users and ozone equipment manufacturers.
The manufacturer and municipal costs included the
following information (engineering costs were

excluded).

Ozone equipment costs — manufacturers

e Generators (two duty, one standby)
o Closed-loop ozone generator cooling system
e SSI
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e LOX feed system (storage, GOX piping, valves,
appurtenances, and instrumentation)

e Off-gas destruct units

e Ozone monitors (high concentration, ambient
oxygen, off-gas and post-ozone destruction levels,
and nine ozone residual monitors)

Ozone construction costs - municipal utilities

Earthworks
Contactors
Building
E&I

Oxygen supply
Piping, valves, and appurtenances

The ozone system cost estimates developed by the IOA-
MC were then compared with the USEPA cost estimates.
USEPA and IOA-MC cost estimates were updated to
2017 US dollars and presented as cost per installed
pound per day (ppd) of installed ozone capacity, as
shown in Figure 2.

Figure 2 presents the capital cost data collected by
the IOA-MC (blue data points), which supplements the
USEPA-estimated ozone system costs for 0.5-log inac-
tivation Cryptosporidium (orange data points). This
cost curve and the associated exponential equation
may be used for preparing planning-level capital cost
estimates for municipal ozone systems, once the
installed ozone capacity is determined based on pro-
ject-specific design criteria.

For example, if an owner and engineer are consider-
ing an option to add ozone for conventional disinfec-
tion at a 60 MGD water treatment facility, they might
choose 2.0 mg/L as a conservative estimate for design
ozone dose required to achieve 2.0-log virus and 0.5-log
giardia inactivation. The required ozone production
would be 1,000 lb/day, which if assuming N + 1
(2 + 1) redundancy would require an installed capacity
of 1,500 lb/day (60 MGD x 2.0 mg/L x 834 x
1.5 = 1,500 Ib/day ozone). The installed ozone produc-
tion rate of 1,500 Ib/day and the equation in Figure 2
can then be used to determine the capital cost estimate
of $5,582 per lb/day of ozone system design capacity
(72,708 x 1,500""*' = $5,582/Ib/day). The total cost
estimate for the ozone system would be $8,373,000
($5,582/Ib/day x 1,500 Ib/day = $8,373,000). The
owner and engineer might adjust this value to include
estimates for other engineering or site-specific costs.
An adjustment such as +40% might be selected to
include design and other site-specific requirements
(increased  redundancy, intermediate pumping,
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Figure 2.|0A-MC actual and USEPA 0.5-log crypto costs
updated to 2017.

significant site work required, etc.). This approach
might increase the cost estimate to about $11,722,000
for preliminary planning purposes.

Ozone operation and maintenance costs

When estimating ozone operation and maintenance
costs, it is important to be somewhat conservative with-
out overinflating the O&M cost estimate that might
prematurely remove ozone from consideration as a
treatment option. The two main components of ozone
operating costs are energy and oxygen consumption.
Most ozone systems used in water treatment plants
operate at less than the design water flowrate and less
than the design ozone dose. Estimates of the annual
average combined ozone production energy and LOX
cost should be determined based on the average daily
water flowrate and the average daily ozone dose. This is
consistent with USEPA’s approach.

The primary operating cost of ozone production is a
combination of energy and oxygen costs. Figure 3
shows an example of LOX, energy, and total cost versus
ozone concentration (%wt) when average energy cost is
$0.10/kWh and LOX cost is $100/ton ($0.42/100 ft>,
$14.00/100 m3). As the ozone concentration increases,
the ozone generator-specific energy increases (more
power required for the same mass of ozone), but the
oxygen consumption is reduced, offsetting the energy
consumption cost of the ozone generator.

In this example, optimized ozone production occurs
at about $0.92/Ib ($2.00/kg) ozone over a range of
about 10%wt to 12%wt. Below 8%wt, the cost of
ozone production increases substantially because the
higher cost of LOX associated with greater oxygen
consumption exceeds the reduced energy cost of the
ozone generator. The prevailing energy and LOX cost
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Figure 3. Example ozone production cost for energy and LOX
versus %wt.

conditions for a particular project will determine the
optimum range of this curve.

Table 6 shows an example calculation of daily
energy and LOX cost of operation for a conventional
ozone disinfection target of 2-log virus inactivation
(~1-log giardia inactivation). Assumptions include
average daily treated water flow of 100 MGD, average
ozone dose of 1.0 mg/L, average ozone concentration
of 10%wt, average energy cost of $0.10/kWh, and
average LOX cost of $100/ton. For these conditions,
average daily ozone production is about 834 Ib/day,
average daily energy cost of the ozone generator is
about $346/day, and average daily LOX cost is about
$418/day.

Table 6. Example calculation of average daily energy and LOX
cost of operation (assumed energy cost of $0.10/kWh and LOX
cost of $100/ton).

Given ozone concentration, what are the expected
operating conditions?

Water Flowrate MGD 100

Ozone Dose mg/L 1.00

Ozone Concentration %wt 10.00

Number of Ozone Generators 1

Power per Generator 144  Max Power 288

Summary of key
process savings

Product Gas Flowrate scfm 69.8
Number of generators # 1
PERCENT power per generator % 50
Summary of
operating
information
Total ozone production Ib/day 834
Supply gas flow rate scfm 70
Specific energy kWh/Ib 4.15
Total generator power kw 144
Energy price $/kWh 0.100
Daily energy cost $/day 346
LOX price $/100 ft*  0.42  or $100/ton
LOX price $/lb O, 0.050
Daily LOX cost $/day 418
TOTAL daily operating Cost $/day 765
Unit mass cost $/lb O, 0.92




The above-mentioned energy cost is for ozone gen-
eration only assuming 4.15 kWh/Ib at 10%wt. Although
this value is representative of current ozone generator
efficiency, a value of 4.5 kWh/lb might be used to add
some safety factor. A value of 5.0-5.5 kWh/Ib might be
used to include total energy consumption of ozone
generator, ozone destruct, nitrogen feed system, cooling
water pumps, and other miscellaneous energy uses.
This value matches the 5.5 kWh/lb planning value
suggested by Rakness (Rakness 2005). If SSI is used
for ozone dissolution instead of diffusers, then energy
consumption will be increased. Using SSI with a gas/
liquid (G/L) ratio of 0.7 without a degas separator
might add about 1.0 kWh/Ib to ozone energy consump-
tion. Other energy consumption may occur depending
on SSI design criteria. Using 6.5 kWh/Ib for the total
ozone system including SSI, the total daily energy cost
in this example would be increased to about $542
($542 = 834 Ib/day x 6.5 kWh/Ib x $0.10/kWh). The
added energy cost of SSI pumping may be offset by
reduced O&M cost because the annual pump, injector,
and nozzle maintenance cost may be less than the
annual diffuser maintenance cost.

Other O&M costs, including labor, maintenance,
parts, contract services, etc., are more difficult to esti-
mate. According to Langlais, Reckhow, and Brink
(1991), O&M cost for an air-fed ozone system was
estimated to be 20%-35% of the total energy cost.
Since the maintenance of an oxygen-fed ozone system
is less than the maintenance of an air-fed ozone system,
Rakness (2005) suggested using about 20% of the
annual energy and LOX cost as an estimate of other
O&M costs. In the example above, the annual cost of
energy and LOX is about $350,400. Applying this
approach to the example above, other O&M costs
might be about $70,080 ($70,080 = $350,400/year x
0.20). Because many ozone O&M costs are fixed,
using a fixed percentage of energy and oxygen cost
may not be appropriate, especially for small systems.
Another suggested approach is included later in this
document.

From April 2002 to July 2012, a California water
utility using ozone for conventional disinfection aver-
aged about 43.4 MGD (173.6 MLD) treated water flow,
about 1.16 mg/L ozone dose, about 420 Ib/day (190 kg/
d) ozone production, and about $216,000 average
annual ozone cost of energy and LOX. A minimum of
2-log virus inactivation from ozone is required at this
facility. Over the 10-year period, an average of 6.6-log
virus inactivation from ozone was achieved. The aver-
age disinfection performance ratio (PR) achieved was
3.2 (6.6 achieved + 2.0 required). Plant 1 design capa-
city is 100 MGD (379 MLD), 4.3 mg/L ozone dose, with
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Table 7. Conservative summary of annual ozone O&M cost for
100 MGD ozone facility excluding LOX and power cost.

Time Total hours

Ozone labor category Hours interval Staff per year

General maintenance 20 Month  Maintenance 240

Diffuser maintenance 160 Year Maintenance 160

Electrical/ 33 Month  Maintenance 396
instrumentation

Order and receive 25 Year Maintenance 252
chemicals

*Ozone generator 420  5years Maintenance 84
cleaning

Maintenance staff 905
total labor, h

General operations 2 Day Operators 730

Calibrate residual 2 Week  Operators 104
analyzers

Rebuild residual 60 Year  Operators 60
analyzers

Operations staff total 894
labor, h

Total O&M, h 1799

Average labor cost 40
($/h)

Total labor cost, $ 71,960

Other ozone costs 25,000

Total annual ozone 99,960

O&M costs
*Three 1800 Ib/day generators cleaned every 5 years (140 h/generator)

three 1,800 1b (810 kg) ozone generators, and four
vertically baffled ozone contactors with diffusers.
Table 7 includes their plant staff’s self-described “con-
servative” estimate for annual ozone system labor and
other O&M costs. Annual labor cost is about $72,000
and an additional $25,000 is budgeted for parts, con-
tract services, and other ozone O&M costs. The total of
$97,000/year for other ozone labor and O&M costs is
about 45% of the $216,000 average annual ozone cost of
energy and LOX. This value is well above 20%, as
suggested by Rakness (2005). Since most of the O&M
costs other than LOX and energy are fixed, it is likely
that other O&M cost percentages are variable when
compared with ozone production as a percentage of
design production.

During the first 10 years of operation at Plant 1, the
43.4 MGD (164.3 MLD) average water flowrate was less
than 50% of the 100 MGD (400 MLD) design flow and
the average ozone dose of 1.16 mg/L was only 27% of the
4.3 mg/L design dose. Average ozone production over
the 10-year period was about 420 lb/day (189 kg/d),
which is only 12% of the 3,600 1b/day (1620 kg/d) design
capacity and 8% of the 5,400 1b/day (2430 kg/d) installed
capacity.

It is likely that labor and other ozone O&M costs
constitute a lower proportion of energy and LOX cost
as ozone production increases toward design capacity.
Figure 4 shows an example of this relationship based on
Plant 1 data. As described above, O&M cost at Plant 1
is about 45% of the LOX and energy cost at 12% of the
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Figure 4. Other ozone O&M cost % of LOX and energy cost versus % of design ozone production.

design ozone production rate. Plant 1 LOX and energy
cost at a design ozone production of 3,600 Ib/day would
be about $1,851,000/year ($1.41/Ib). Annual other
O&M cost is estimated at $116,000 assuming a 20%
increase above the current $97,000/year value. Using
these values, other O&M costs would be about 6.3% of
the LOX and energy cost at the design ozone produc-
tion rate. It is interesting to note that at about 68% of
the design ozone production, other ozone O&M costs
are 20% of the energy and LOX costs, as suggested by
Rakness (2005).

From 2011 to 2015, ozone O&M costs at a Canadian
Water Utility were evaluated. An ozone diffuser plant
at 69 MGD (262 MLD) capacity capable of producing
1200 Ib/d (550 kg/d) and an ozone SSI plant at 29 MGD
(110 MLD) capable of producing 1100 Ib/d (480 kg/d)
capacity were evaluated. The cost breakdown is out-
lined in Table 8.

In this case, the cost of maintaining ozone-related
equipment is approximately the same when comparing
a diffuser plant with an SSI plant. Depending on the
amount of failure repair, which fluctuates, an SSI system
will potentially become less expensive because of the
elimination of diffuser maintenance. Other factors that

Table 8. Summary of annual ozone O&M costs for a diffuser
plant and an SSI plant excluding LOX and power costs.

Ozone maintenance category 2011-2015 SSI Diffusers
Preventative maintenance $ $317,944.53 $ 359,700.73
Preventative maintenance repairs $ $ 30,323.00 $ 128,692.99
Total preventative maintenance costs $ 348,267.53  $ 488,393.72
Failure repair $ (Planned/Unplanned) $ 381,165.64 $ 428,643.38
Total dollars per year CAD $ 145,886.63 S 183,407.42

Approximate total dollars per year USD* $ 110,000.00 $ 140,000.00
*Based on 30% exchange rate

can contribute to maintenance costs are union labor,
nonunion labor, and contract maintenance services.
Additionally, the frequency of generator cleaning varies
from vendor to vendor and is based on the utilities
approach that may consider running an ozone generator
to failure as opposed to refurbishment/cleaning cycles.

Based on the above O&M cost data from three
municipal ozone systems, it appears that Table 2 of
Roy (2010) overestimates the annual ozone O&M
costs that would be incurred by a typical ozone system.
For example, Roy (2010) indicates the annual O&M
costs for a 76 MGD plant would be about $1,974,000
in 2005 dollars. This amount is misleading because
about $1,510,000 of this amount is for pH adjustment,
a cost that is not applicable for most ozone systems.
The remaining $464,000 is a conservative estimate for
the remaining costs of LOX, energy, peroxide, parts,
repair, and labor for a 76 MGD system operating at
average 38 MGD. These details may be found in Exhibit
4.19 of the USEPA, Technologies and Costs document
(USEPA 2005), which contains valuable details that an
engineer or owner might use for estimating ozone
O&M costs. A suggested approach to assist engineers
and owners in developing more realistic ozone O&M
cost estimates when evaluating treatment options is
included below.

The following example is used to estimate the
approximate ozone O&M cost for the example facility
with 60 MGD (227 MLD) design water flowrate and
2.0 mg/L design ozone dose required to achieve 2.0-log
virus and 0.5-log giardia inactivation. The estimated
average water flowrate of 30 MGD (114 MLD) and
the average ozone dose of 1.2 mg/L are used to calculate
the estimated average ozone production of 300 Ib/day



Table 9. Example of average daily energy and LOX cost of
operation at 30 MGD, 1.2 mg/L, and 10%wt (assumed energy
cost of $0.10/kWh and LOX cost of $100/ton).

Given ozone concentration, what are the expected
operating conditions?

Water flowrate MGD 30

Ozone dose mg/L 1.20

Ozone concentration %wt 10.00

Number of ozone generators 1

Power per generator 52 Max Power 173

Summary of key
process savings

Product gas flow rrate Scfm 25
Number of generators # 1
Percent power per generator % 30
Summary of
operating
information
Total ozone production Ib/day 300
Supply gas flow rate scfm 25
Specific energy kWh/Ib 4.15
Total generator power kw 52
Energy price $/kWh 0.100
Daily energy cost $/day 125
LOX price $/100 ft? 0.42  or $100/ton
LOX price $/Ib 0, 0.050
Daily LOX cost $/day 151
TOTAL daily operating cost $/day 275
Unit mass cost $/lb O, 0.92

(135 kg/d), which is 30% of the 1,000 Ib/day (450 kg/d)
design ozone production capacity. The average daily
cost of LOX and energy is about $275/day, as calculated
in Table 9 above. The estimated total annual cost of
LOX and energy is about $100,400/year. Using the
equation in Figure 4, the estimated other O&M costs
for the ozone system would be about 37% of the LOX
and energy cost (0.368 = —0.44 x 0.30 + 0.50). The
estimated other annual O&M costs would be about
$37,150 ($37,150 = 0.37 x $100,400). The total esti-
mated annual O&M cost would be the sum of esti-
mated LOX and energy cost plus other O&M costs,
$137,550 in this example. A safety factor might be
applied based on engineering judgment and/or other
circumstances. In this example, a total estimated annual
O&M cost of about $165,000 might be used, including
20% safety factor. Caution should be used in applying
this method to smaller ozone capacity systems where
the other O&M costs may be greater than the LOX plus
energy costs.

When considering the cost of ozone, it is important to
consider other potential benefits and the impact of ozone
on other O&M costs at a water treatment facility. As
documented by Mazloum et al. (2004) in Table 10, the
addition of ozone can decrease other O&M costs at a plant
that would help offset the costs associated with the ozone
facility. Potential benefits include reducing coagulant
dosages, reducing settled and/or filtered water turbidity,
increasing filter run time, biological filtration, eliminating
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Table 10. Cost savings associated with ozone operation.
Prior to ozone

cost After ozone cost
June 2000-May  June 2000-May Difference in
Chemical 2001 ($) 2001 ($) cost ($)
Alum 573,445 693,503 +120.058
Polyaluminum 126,806 0 —126,806
chloride
Total coagulant 700,251 693,503 —6,748
cost
Magnafloc LT-22 30,454 24,150 —6,304
Chlorine 102,153 109,347 +7,194
Powdered 493,500 0 —493,500
activated
carbon
Ozone 0 251,394 +251,394
Total 1,326,358 1,078,394 —247,964
Water flow (mL/ 59,814 61,188 +1,374
year)
Unit volume cost 22.17 17.62 -4.55
($/mL)

powder activated carbon, reducing chlorine dose, and
reducing distribution system operation costs by improv-
ing biological stability of the treated water.

Conclusions

The assessment of the USEPA cost methodology as well
as the development of the MC cost methodology
demonstrates the difficulty in attempting to estimate
representative treatment system costs. Variability of
ozone treatment objectives, equipment design
approaches, and evaluation of actual costs render repre-
sentative cost estimating “in-exact” at best. Based on
the evaluation completed by the MC, however, there
are several conclusions that can be drawn.

(1) The USEPA cost estimates evaluated were devel-
oped for Cryptosporidium disinfection only and
therefore do not recognize the many “non-
Cryptosporidium  inactivation” uses, which
reduces ozone dosage and costs.

(2) Presenting cost data in terms of cost per installed
ozone production capacity (Ibs ozone/day) better
reflects the multiple uses and benefits of ozone
than does costs per facility capacity (MGD).

(3) Supplemental capital cost data obtained from
several utilities matches well with USEPA 0.5-
log Cryptosporidium inactivation cost data.

(4) Approximate ozone system O&M costs for larger
capacity systems (> 200 ppd) can be estimated based
on oxygen and energy cost for average expected
operating conditions plus other O&M costs esti-
mated based on the percentage of oxygen and
energy cost. Other O&M cost data from several
municipal ozone systems indicate other O&M
costs may be a higher percentage of oxygen and
energy cost than indicated previously by others.
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(5) Costs for refurbishing and/or cleaning generators
may be substantial and have not been included in
this O&M estimate. The price and frequency vary
between manufacturers and the end users’ mainte-
nance approach. For example, ozone generators
might be cleaned based on the manufacturer’s
recommended interval, based on monitoring
ozone generator efficiency, or based on failure.

(6) Other benefits of ozone and potential reduction of
other plant O&M costs should be considered when
evaluating the overall O&M cost impacts of adding
ozone to a facility.
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