IOA IUVA World Congress & Exhibition, Paris, France – May 23-27, 2011

Optimizing Ozone Transfer
Through Pipeline, Multi-Jet Gas Mixing
James R Jackson 1, Michael Oneby P.E.2, Celia M. Mazzei3, Michael G. Priest P.E.4
1.
2.
3.
4.

Mazzei Injector Co., LLC, 500 Rooster Drive, Bakersfield, CA, USA
MWH Americas Inc., 789 N. Water St, Suite 430, Milwaukee, WI, USA
Mazzei Injector Co., LLC, 500 Rooster Drive, Bakersfield, CA ,USA
MWH Americas Inc., 3010 W. Charleston Blvd, Suite 100, Las Vegas, NV, USA

Abstract
Ozone injection using venturi-type gas injectors was introduced to the US ozone market in the
early 1980s as an alternative to fine bubble diffusion and other ozone gas dissolution techniques.
A dissolution system using venturi-type gas injectors achieved higher ozone transfer efficiency and
required lower maintenance than conventional fine bubble diffusion. Initially, venturi gas injectors
required an excessive amount of energy to transfer ozone to solution: up to 25 MJ per kg/hr (3.20
kW∙h/lb) of ozone gas transferred. The high power consumption was due to the significant gas
volume required to deliver an ozone dose at concentrations of 1 wt% using air as the feed gas.
Consequently, ozone gas injection was excluded from US municipal ozone plant designs. By
2000, ozone designs had changed from producing 1 – 2 wt% ozone with air as the feed gas to 10
wt% ozone using high-purity oxygen, reducing the gas volume per kilogram of ozone generated by
nearly an order of magnitude. Simultaneously, the science of gas injection turned toward the use
of secondary gas mixing devices, which shifted the emphasis away from ozone transfer at the
venturi and allowed for a significant increase in the injector’s gas/liquid ratio (G/L). The increase in
the G/L ratio significantly increased the amount of ozone transferred by the gas injection system.
The development of a specific secondary mixing device, the Pipeline Flash Reactor™, a multi-jet
pipeline gas mixing device, together with the ability to produce high concentration ozone gas has
reduced gas injection energy requirements to less than 4 MJ per kg/hr (0.50 kW∙h/lb) of ozone gas
transferred, making gas injection a viable alternative to fine bubble diffusion. A case study
presents the capital cost, power consumption, ozone transfer efficiency and footprint for a specific
municipal application that utilizes a venturi-type injector with the Pipeline Flash Reactor™ for
ozone contacting. The municipal wastewater application utilized an applied ozone dosage of 8
mg/L and required substantial basin floor area for the fine bubble diffusion grids. The total basin
floor area was reduced from 265 m2 to 168 m2 by replacing fine bubble diffusion with a system
consisting of venturi type injectors with the Pipeline Flash Reactor™. At the design condition of
31.2 kg/h ozone production, the energy requirement of the contacting system is 3.7 MJ per kg/hr
(0.46 kW∙h/lb) of ozone applied.
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Introduction
Ozone injection using venturi type gas injectors was introduced to the US ozone market in the
early 1980s as a high efficiency, low maintenance alternative to fine bubble diffusion and other
ozone gas dissolution techniques [1]. At the time of the introduction, US venturi gas injectors
required an excessive amount of energy to transfer ozone to solution: more than 25 MJ per kg/hr
(3.2 kW∙h/lb) of ozone gas transferred [2]. Consequently, ozone gas injection was rejected by the
US municipal engineers as a viable alternative to ozone gas diffusion and excluded from US
municipal ozone plant designs.
However, the technology of ozone generation and gas injection continued to evolve. By the close
of the 20th century, US municipal ozone designs had changed from utilizing ozone generators
which produced 1 wt% ozone with air as the feed gas to 10 wt% ozone using high-purity oxygen,
significantly reducing the gas volume per kilogram of ozone generated. Simultaneously, the
science of gas injection turned toward the use of secondary gas mixing devices. The use of
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secondary gas mixing devices shifted the emphasis away from ozone transfer at the venturi, which
allowed for injector’s gas volume per unit volume of water flow or its gas/liquid (G/L) ratio to be
increased, significantly increasing the amount of ozone transferred by the gas injection system.
The continued development of a specific secondary mixing device, the Pipeline Flash Reactor™
(Reactor), together with the use of generators which produce high concentration ozone gas (8 – 12
wt%), has reduced gas injection energy requirements to less than 4 MJ per kg (0.5 kW∙h per lb) of
ozone gas transferred. This reduction in energy requirement by a factor of six has made gas
injection a viable and increasingly preferred alternative to fine bubble diffusion.
The 10 year development of the Reactor, a multi-jet pipeline gas mixing device, is documented in a
series of papers. Earlier papers presented information on system design parameters, such as the
G/L ratio and injector outlet pressure. Later, papers published by an academic research team
discussed data on the kinetics of gas mixing within the Reactor and reactor design optimization.
A case study presents the capital cost, power consumption, ozone transfer efficiency and footprint
for a specific municipal application that utilizes a venturi-type injector with the Pipeline Flash
Reactor™ for ozone contacting. A wastewater application, the high design applied ozone of 8
mg/L required substantial basin floor area for fine bubble diffusion grids. The total basin floor area
was reduced from 265 m2 to 168 m2 by replacing fine bubble diffusion with a system consisting of
venturi type injectors with the Pipeline Flash Reactor™.
Background
Although the use of ozone for water treatment has been with us since the late 1800s, for much of
that time the science of ozone contacting was ignored. One of the first papers in North America to
take a serious look at ozone contacting was presented in 1977 at the International Ozone Institute
(IOI) Symposium on Advanced Technology. Dr. L. Joseph Bollyky’s paper [2], provided a detailed
and comprehensive discussion of the transfer of ozone into water, examining the effect of water
chemistry, pressure, Henry’s constants and ozone contacting methods on the transfer of ozone to
solution.
Regarding the “state of the art” of ozone gas contacting, Bollyky’s paper [2] reviewed several
methods, including venturi gas eductors, and concluded “although ejectors or eductors are reliable
and effective ozone contactors, they are energy intensive and have limited ozone water operating
range. Their use in combination with modern pressurized ozone generators cannot be justified for
most applications.” [1] Municipal engineers in the United States (US) also recognized the limited
range and utility of gas injectors and consequently continued to use gas diffusion as the primary
method of ozone gas dissolution over the next two decades following Dr. Bollyky’s presentation.
The last decade of the 20th century saw significant change in the design and operation of ozone
generating systems. The air fed ozone generators developed in the 1970’s evolved into the more
efficient production of concentrated ozone gas from high purity oxygen. In the US, municipal
ozone facilities began utilizing ozone plant designs that operated at an ozone gas concentration of
5 – 6 wt%.
The switch to a more concentrated ozone gas significantly reduced the gas volume of ozone
systems, increasing the ozone dosage range and utility of venturi type gas injectors. In their 1993
paper, Schulz and Prendiville [3] reviewed the effect of low ozone gas volume on the design of
fine-bubble diffusion basins and how the use of in-line ozone injection contactors with high ozone
gas concentrations of 10 wt% could provide an economical alternative to fine-bubble diffusion
systems. The authors noted that drinking water plants in Europe had begun utilizing sidestream
ozone injection in combination with sidestream and full flow static mixers. With reference to the
Mazzei Injector Corporation (Mazzei), they suggested that it may be possible to achieve a high
ozone mass transfer without the use of static mixing devices. The authors also noted that, at the
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time of their publication, there were no municipal sidestream ozone injection systems installed in
the US [3].
As the decade moved forward, a series of papers on venturi ozone injection were published by the
Mazzei Injector Corporation, the two most notable authored by Mazzei and Meyer in 1995 [4], and
by Meyer, Mazzei and Bollyky in 1999 [5]. The 1995 paper [4] introduced the GDT TM process
(GDT TM): the sidestream transfer of ozone through pressurized gas injection, followed by the
rapid removal of entrained, undissolved gas bubbles by a GDT TM degas separator (Figure 1). The
data focused on the effect of four controllable factors on the transfer of ozone to solution, the two
most notable being the G/L ratio and injector outlet (gas contacting) pressure (Figure 2). The
1999 paper [5] introduced a new type of full flow ozone contactor, a pipeline spool piece with
opposing, radial mixing nozzles (Figure 3) The 2-phase high velocity discharge of the nozzles into
the confinement of the pipeline provided a secondary point of gas mixing, allowing Mazzei to
reduce the size of the sidestream gas injection system (Figure 4).

™

Figure 1. Sidestream injector and GDT degas separator.

Figure 2. Ozone Transfer Efficiency as a function of G/L ratio and injector outlet pressure [4].
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Figure 3. Pilot of opposing nozzle pipeline gas mixing reactor (from above).

Figure 4. Injector % Sidestream Vs O3 Transfer Efficiency

U.S. takes a second look at venturi ozone injection
The data presented in the 1999 paper [5] sparked renewed interest in the use of sidestream ozone
injection in North America. By the end of 2001, the 10,000 m3/h (65 mgd) Robert A. Duff WTP,
located in Medford, Oregon, had a pre-ozone system design that utilized sidestream venturi gas
injectors with full flow gas mixing nozzle spools.
For the Medford application, the pipe spool’s sidewall nozzles were oriented in opposing pairs, with
the centerline of the nozzle discharge ports off-set horizontally (Figure 5). Each sidestream
injector and opposing nozzle set was designed to mix 300 ppd of 10 wt% ozone at a power
requirement of 127.2 kW-Hrs (7.1 bhp). This translates to an energy requirement of 3.37 MJ per
kg /hr (0.42 kW∙h/lb) of ozone applied.
In the 2002 paper by Neeman et al. [6], the authors reviewed the Medford ozone contacting system
design of sidestream venturi gas injection with the opposing nozzle spool. The benefits of this
design included an ozone transfer efficiency (OTE) > 98% and the replacement of the traditional
over and under baffled contact basin with a small footprint, low-profile, serpentine contact basin
(Figure 6).
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Figure 5. Medford injection system schematic.

Figure 6. Medford serpentine contact basin schematic

Optimization of Gas Mixing Nozzle Spool
Following the 2002 installation at the City of Medford, a series of pilot studies were conducted by a
research team from the Department of Civil and Environmental Engineering at the University of
Alberta, Edmonton, Alberta, Canada to examine the efficacy and performance of venturi gas
injection with secondary gas mixing using opposing, axial finned, nozzles. These studies were
documented in a series of white papers.
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In 2003, Bale et al. [7] discussed data from a pilot set up that consisted of a venturi gas injector
with a single pair of opposing, gas mixing nozzles (Figure 7). The pilot set up examined the mass
transfer coefficient (kLa) and OTE of the injector and opposing nozzle set as separate steps in the
transfer of ozone to solution.

Figure 7. Schematic of ozone injector and opposing nozzles pilot setup.

Results from a potassium chloride tracer study at the onset of the pilot led the University of Alberta
team to model the gas injector as a plug flow reactor and the opposing jets reactor as a continuous
stirred tank reactor (CSTR). Using the OTE data from the independent operation of the gas
injector and mixing nozzles, the researchers were able to derive the combined OTE of the injectornozzle pair, demonstrating that much of the work of ozone dissolution could be shifted to the
opposing nozzle pair, reducing the amount of work required of the gas injector (Figure 8).
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Figure 8. Pilot gas injector and nozzle jets reactor OTE

The work by Baawain et al. [8], focused on the physical design of an opposing jets reactor, which
by then was commercially called a Pipeline Flash Reactor™ (Reactor). The pilot Reactor utilized a
series of opposing nozzle pairs with each nozzle connected to a single injector, allowing the
research team to pair up nozzles on opposing sides of the Reactor at a variable range of horizontal
offset distances (Figure 9).

Figure 9. Pilot opposing multi-jets ozone contactor

The hydrodynamic characteristics of the pilot Reactor were examined using particle image
velocimetry (PIV) and planer laser induced fluorescence (PLIF). The pilot set up for the PIV/PLIF
measurements is shown in Figure 10 below.
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Figure 10. PIV/PLIF pilot set-up.

The series of hydrodynamic testing compared various Reactor configurations on the pilot-scale unit
by changing the number and relative location of nozzles. Both single-phase and two-phase
experiments were conducted, measuring a tracer or gas bubbles, respectively. Two of the cases in
Baawain’s study are demonstrated in Figure 11. These PLIF contour maps of the tracer
concentration compare the same number of nozzles under two different nozzle configurations.
Pictures are taken as the tracer passes through the camera’s field of vision over time, and these
photos are translated into the contour maps seen here. The top row of contour maps in Figure 11
represents an opposing-nozzle configuration, while the bottom row represents an offset-nozzle
configuration.
From these contour maps, we can see that the offset configuration yields higher axial dispersion,
and therefore lower radial dispersion. At the conclusion of this research, it was determined that
different nozzle configurations have different advantages with regard to axial dispersion, radial
dispersion, and kLa values (kLa values were based on dissolved oxygen data gathered). Research
is ongoing on the scalability of these findings through computational fluid dynamics analysis.
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Figure 11. Contour maps representing tracer concentration [8].

Case Study: Clark County Water Reclamation District
A sidestream injection system using the Pipeline Flash Reactor™ (Sidestream Injection – Reactor
system) was selected to overcome unique challenges of a water reuse project in the southwestern
United States. The Clark County Water Reclamation District (CCWRD), which serves the
unincorporated residential areas surrounding Las Vegas, is augmenting an existing Advanced
Water Treatment (AWT) Facility with a demonstration facility incorporating membrane filtration and
ozonation to improve the quality of tertiary effluent for indirect potable reuse (IPR). The 4,700 m 3/h
(30 mgd) demonstration facility is essentially a full-scale pilot that will allow CCWRD to evaluate
the membrane/ozonation (M/O) treatment train for future expansion and upgrade of tertiary
treatment [9].
The AWT Facility treats secondary effluent from the Central Plant (CP), CCWRD’s main
wastewater treatment facility, prior to discharge into the Las Vegas Wash, which ultimately flows
into Lake Mead, the region’s source for potable water. The existing AWT treatment train consists
of chemical clarification using aluminum sulfate, granular media filtration, and UV disinfection. The
M/O demonstration facility treatment train consists of drum screens, ultrafiltration (UF) membranes,
and ozone disinfection. Figure 12 is a simplified process flow diagram for the AWT Facility; the
new M/O facility is shown as a parallel treatment train. The project is currently in construction, with
completion expected in 2013. The awarded bid for the 4,700 m3/h (30 mgd) demonstration facility
is €36.5 million (49.9 million USD).
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Figure 12. Simplified process flow diagram of the AWT Facility, Las Vegas, Nevada, USA

Treatment Objectives
The goal of the M/O facility is to exceed the requirements of the National Pollution Discharge
Elimination System (NPDES) permit, meet the California Code of Regulations (CCR) Title 22
requirements, and achieve reduction in additional contaminants, such as nutrients and microconstituents. The micro-constituents specifically include the groups of endocrine disrupting
chemicals (EDCs), pharmaceuticals and personal care products (PPCPs), synthetic organic
compounds (SOCs), and other trace organic contaminants which have been found in the region’s
water supply from Lake Mead. Table 1 is a list of some of the key treatment goals for the M/O
Facility.
Table 1. Treatment Goals for AWT Membrane/Ozonation Facility.
Parameter
Total Suspended
Solids
Turbidity
Total Phosphorus
Total Coliform
Virus

Statistic

Units

Demonstration Goal

30-day average

mg/L

2.0

95%-tile
Maximum

NTU

0.1
0.3

30-day average

mg/L

0.05

30-day maximum
7-day median

MPN /100 mL

23
2.2

Minimum

log removal

5.0

3

1

2

4

Notes:
1. Demonstration and testing goal only – not a performance or regulatory requirement.
2. Based on rated flow capacity of 150 mgd and waste load allocation in lb/d.
3. MPN: most probable number.
4. Log removal for combined filtration and disinfection processes.

Ozone System Basis of Design
Table 2 lists the basic design parameters for the ozone disinfection system. The ozone process has

three ozone generators, each with a capacity of 38 kg/h (2,000 lb/d), for a total ozone production
capacity of 114 kg/h (6,000 lb/d). Each generator is capable of delivering the design maximum
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applied ozone dose of 8 mg/L at the annual average (AA) flow rate of 4,700 m 3/h (30 mgd) or the
design average applied ozone dose of 5 mg/L at the peak dry weather (PDW) flow rate of 6,600
m3/h (42 mgd).
Table 2. Ozone Disinfection Basis of Design Parameters.
Parameter

Value

Design applied ozone dose

8 mg/L

Design ozone concentration

10%

Design ozone production

38 kg/h (2,000 lb/d)

Total ozone production capacity

114 kg/h (6,000 lb/d)

Design cooling water temperature

30°C (86°F)

The AWT ozone process is typical of US municipal installations. The feed gas system is on-site
storage of liquid oxygen (LOX) delivered by tanker truck from an industrial gas supplier. The feed
gas equipment (LOX tanks, vaporizers, valves and instruments) is leased from industrial gas
supplier through a multi-year lease combined with the monthly cost of oxygen. The ozone
generating system was pre-procured by CCWRD after evaluation of proposals from three major
ozone generator manufacturers. The ozone dissolution system is a sidestream injection system
procured through the ozone generating system supplier. The total cost of the ozone system
equipment (not including the feed gas system) is €2.8 million (3.9 million USD).
Ozone Contacting
Initially, the ozone contacting design was a fine bubble diffusion (FBD) system with a traditional
over/under baffled concrete tank. As the cost of the ozone contactor escalated due to unique site
conditions, other ozone contacting alternatives were evaluated. The Sidestream Injection –
Reactor system was ultimately selected because it eliminated the need for a deep contactor and
allowed flexibility in basin design to meet site constraints.
Local soil conditions substantially increased the cost of a deep contactor, making conventional
bubble diffusion an expensive alternative. Native soils were identified by soil borings during the
design phase as “critically expansive and highly compressible.” Existing basins within the AWT
Facility and CP have experienced differential settlement, and some basins developed cracks and
leaks. The original administrative building for the AWT facility is being demolished under this same
project due to structural damage resulting from approximately 300 mm (12 in) of differential
settlement. To avoid a similar fate, all new concrete basins, including the ozone contactor(s), are
supported by drilled concrete piers. The side water depth, weight and footprint of a traditional
bubble diffusion contactor magnified the cost of pier supports and added considerable project cost.
The original design consisted of two over/under baffled contactors. Each measured 28 m x 4.8 m
(91 ft x 15.7 ft) from inlet weir to outlet weir, consisting of ten 2.4 m x 15.7 m (8 ft x 15.7 ft) cells:
four for the diffuser grids (two counter-current; two co-current), four for reaction time, and two for
ozone quench reaction. The nominal side water depth is 6.7 m (22 ft). Each contactor has a
volume of 750 m3 (200,000 gal), for a total of 1,500 m3 (400,000 gal). With an assumed hydraulic
efficiency of 0.60 (T10/T), the design hydraulic residence time (HRT) was 10 min at the AA flow
rate.
The significant ozone dose typically required for wastewater disinfection applications requires a
substantial amount of contactor volume to achieve efficient gas/liquid mass transfer. Each fine
bubble diffusion contactor was equipped with four grids of diffusers: two with 80 diffusers each,
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and two with 40 diffusers each, for a total of 240 diffusers per contactor. The quantity of diffusers
and the associated space requirements consumed 40% of the contactor floor area.
A change in the design basis allowed a change in a key process design parameter: hydraulic
residence time (HRT). Initially, the ozone process was designed using the CT concept for 5-log
virus inactivation. The required HRT was 10 min at the annual average (AA) flow rate of 4,700
m3/h (30 mgd). The CT concept was abandoned, and the design HRT was reduced to 4.0 min at
the AA flow rate.
The utilization of the Sidestream Injection – Reactor system in the design eliminated the contactor
volume dedicated to bubble diffusion. Coupled with the reduction in HRT, the revised contactor
volume was significantly less than the original contactor volume designed for fine bubble diffusion.
The revised design consists of a single serpentine contactor, with a 2.1 m (7.0 ft) channel width
and a nominal 3.7 m (12 ft) side water depth. The contactor is roughly 34 m x 4.6 m (111 ft x 15 ft)
from inlet to outlet weir. The longitudinal flow path is about 52 m (170 ft), for a length-to-width ratio
of 24:1. Two perforated baffle walls reduce short-circuiting. The contactor has a volume of 610 m3
(160,000 gal) from the inlet to the outlet weir. With an assumed hydraulic efficiency of 0.65 (T 10/T),
the design hydraulic detention time is 4.0 min at the AA flow rate and 2.9 minutes at the PDW flow
rate.
Table 3 lists the basic design parameters for this system. The Sidestream Injection – Reactor
system consists of two sidestreams, each with a 250 m3/h (1,100 gpm) injection pump producing
310 kPa (45 psi) of pressure through a 150 mm (6 inch) stainless steel injector. The two injectors
feed into the Reactor, a 1.2 m (48-inch) diameter by 1.8 m (70 inch) long, full flow gas mixing
device. The Reactor will be installed in-line immediately upstream of the ozone contactor. The 2phase effluent from the sidestream injectors is aggressively mixed within the Reactor through the
high velocity discharge of off-set, opposing nozzles positioned along the Reactor walls. One of
the sidestream pumps is variable speed to allow the District to dial in the optimum injector working
pressure and flow to provide an energy efficient transfer of ozone during periods of low ozone
dosage requirements. The Sidestream Injection – Reactor system provides high ozone mass
transfer efficiency across the wide range of the project’s variable ozone dosage and concentration
at the shallow water depth of the low profile contactor.
Table 3. Sidestream Injection – Reactor System Basis of Design Parameters.
Parameter

Value

Number of injectors

2

Nominal injector size

150 mm (6 in)

Applied ozone dose

3.3 mg/L

8 mg/L

Ozone concentration

10%

7%

31.2 kg/h (1,650 lb/d)

76 kg/h (4,000 lb/d)

114 kg/h (66 scfm)

114 kg/h (232 scfm)

Ozone production
Design gas flow (per injector)
Design motive water flow (per injector)
Power consumption

3

3

250 m /h (1,100 gpm)

230 m /h (1,010 gpm)

29 kW (39 bhp)

27 kW (36 bhp)

The required power of the Sidestream Injection – Reactor system at the design condition of 31.2
kg/h (1,650 lb/d) ozone applied at a concentration of 10 wt% is 29 kW (39 bhp). This translates to
an energy requirement of 3.3 MJ per kg/hr (0.42 kW∙h/lb) of ozone applied.
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The main advantages of the Sidestream Injection – Reactor system, in comparison with the FBD
system, included:




Flexible contactor design;
Simplified operation and maintenance;
Higher transfer efficiency.

The use of the pre-basin Sidestream Injection – Reactor system moved ozone dissolution
upstream of the contactor, allowing the contactor design to be based on improved hydraulic
characteristics, allowed for rapid ozone dissolution within the site constraints imposed on the basin
dimensions, and in this case, reduced the unit weight of the structure by decreasing the side water
depth.
Operation and maintenance of the facility is simplified with dissolution by Sidestream Injection –
Reactor system. The system does not require periodic cleaning, typical of FBD systems, and
hence will not require plant personnel to gain access to a confined space. The injectors have a
wide range of capacity, and require less frequent isolation of parallel systems to accommodate
turndown. Additionally, turndown is easily automated in the Sidestream Injection – Reactor
system, and does not require rebalancing of gas flows to on-line diffuser grids.
Sidestream injection systems, in general, achieve higher mass transfer efficiency than traditional
bubble diffusion, which typically peak at 92 – 93%. At an ozone production rate of 31 kg/h and
10% concentration, the expected mass transfer efficiency of the Sidestream Injection – Reactor
system is in the range of 96 – 98%. These estimates of mass transfer efficiency are based on
mechanistic models developed for process design and application [7].
The Mazzei sidestream injection system using the Pipeline Flash Reactor™ provided a feasible
alternative for dissolution of ozone at the CCWRD AWT M/O Facility by eliminating the geometric
constraints on the ozone. This allowed high ozone mass transfer to be achieved with a shallower
side water depth, reducing the footprint and weight of the structure.

Summary
The Pipeline Flash Reactor™ was developed to promote the use of sidestream venturi gas
injection in North American ozone plant designs. Since its commercial introduction in 1999,
sidestream gas injection with secondary gas mixing by the Pipeline Flash Reactor™ has proven to
provide a high ozone mass transfer at variable plant flow conditions without impact to plant
pumping costs. Academic studies and plant installations have demonstrated that the steady-state,
high velocity gas mixing provided by the Reactor sidewall nozzles ensures optimum gas dissolution
that is independent of plant flow rates and which, unlike alternative secondary gas mixing devices,
has no impact on plant pipeline pressure loss.
Energy requirements of the sidestream injection system with secondary gas mixing by the Pipeline
Flash Reactor™ are lower by a factor of six than the “state-of-the-art” injection systems prior to
1980. The energy requirements of the two installations discussed above are 3.3 MJ/kg (0.42
kW∙h/lb) of ozone applied. The substantial reduction, due in large part to efficient ozone
production at high concentrations (8 – 12 wt%), has made the system a viable alternative to fine
bubble diffusion.
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