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Summary
Advanced Oxidation Processes (AOPs) have been recently studied as tertiary
treatments for the removal of endocrine disrupting compounds (EDCs) and other trace
organic contaminants in wastewater. North America and Europe are apprehensive about
the potential environmental fate and toxicological hazard these compounds might pose in
the long-term. However, despite their ubiquitous occurrence throughout these regions
(Kolpin et al., 2002 and Snyder et al., 2008), there is currently no legislation regarding
EDCs. The U.S. Environmental Protection Agency (EPA) is currently standardizing
methods of quantification and risk assessment of some selected estrogenic compounds
which have been added to Contaminant Candidate List 3 (CCL3) (EPA, 2009). If
legislation were to be enacted, treatment of these compounds would establish a market
for AOPs in the U.S., and the demand for efficient and economically feasible AOPs
would increase in municipal and regional Water Reclamation Facilities (WRFs).
The objective of this study was to design two AOPs at the Ina Road WRF in
Tucson, AZ, as an addition to the current treatment. The design goal was to reduce EE2, a
contaminant in CCL3 and a characteristic estrogenic compound, from its current
concentration at Ina Road, 11 ng/L, to a recommended concentration of 0.1 ng/L (Snyder
et al., 2008). The design accommodated Ina Road‟s expected flow rate of 50 million
gallons per day (MGD). These parameters were used to develop two AOP plants for
evaluation: ultraviolet/hydrogen peroxide oxidation (UV/H2O2) and ozonation. Details on
each process are presented in Section 2 of the report.
Economic analysis revealed that ozonation incurred a total capital investment
(CTCI) of $14.9 million, whereas UV/H2O2 oxidation had a CTCI of $21.0 million. For the

ozonation plant to break-even after 20 years of operation, a monthly fee increase of $1.47
per household would be required while UV/H2O2 oxidation results in a monthly increase
of $2.22 per household. It was concluded that ozonation is more economically feasible
than UV/H2O2 to achieve the same level of EE2 oxidation (see Section 5).
Environmental and safety analyses were conducted for both processes to evaluate
environmental burdens and process safety hazards. It is important to note that there are
by-products from AOPs, but the occurrence of their precursors has not been quantified at
the Ina Road WRF (see Section 4).
Given the high financial costs and the uncertainty of oxidation by-products, it is
recommended that an AOP expansion to the current Ina Rd. WRF not be built at the
present time. Instead, it is proposed that the design be revaluated once financial costs for
these novel processes decrease. In addition, there are other compounds of emerging
concern (CECs) that should be evaluated in the design therefore, it is suggested that once
EDCs are quantified at Ina Road, the design be adapted to include other CECs.
Because AOPs are presently being researched as potential treatments for CECs,
there is currently no literature on full scale WRFs for comparison to the ones designed
herein. However, recently ozonation has replaced secondary treatment in the Montréal
Urban Community Wastewater Treatment Plant (MUCWTP) (CNW, 2011). Therefore,
the scope of AOPs can be enlarged to include their replacement of other processes within
WRFs.

AOPs in the future may also become a solution for comprehensive water

treatment and reuse in regions with scarce water availability such as Tucson, Arizona.

1 Introduction
“While the world is rightly moving to address the challenges presented by climate change
and depleting supplies of fossil fuels, the same awareness and consensus does not exist
when it comes to addressing our usage of water. Yet the harsh fact is that we will
probably run out of water long before we run out of fuel.” (Nestle Chairman, Peter
Brabeck-Letmanthe, 2010)

1.1 Overall Goal
The purpose of this study is to design, compare, and optimize two advanced
oxidation processes (AOPs) that degrade endocrine disrupting chemicals (EDCs) present
in secondary effluent discharged from the Ina Road Wastewater Reclamation Facility
(WRF). The plant is located in Tucson, Arizona, and treats 50 million gallons per day
(MGD) of wastewater with an average EDC concentration of 11 ng/L. The two AOPs to
be investigated are ultraviolet/hydrogen peroxide (UV/H2O2) oxidation and ozonation.
The goal is to reduce the concentration of EDCs to 0.1 ng/L.
Wastewater treatment was almost non-existent until the 19th century when an
increase in population size unveiled the importance of releasing “cleaner” water into the
environment. The advent of newer and more sensitive technology has made the scientific
community aware of potentially hazardous contaminants that were previously
undetectable. One group of chemicals that is currently being studied is estrogenic-like
compounds such as estrone (E1), 17β-estradiol (E2), and 17β-ethinylestradiol (EE2).
They are classified as endocrine disrupting chemicals (EDCs) which are natural and
synthetic compounds that can alter “hormonal and homeostatic systems that enable [an]
organism to communicate with and respond to its environment” (Diamante-Kandarakis et
al., 2009). Figure 1.1-1 shows the detection frequency of estrogenic-like compounds in
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wastewater within North America and Europe as compiled by Snyder et al. (2008). These
two regions have increasingly become concerned with the occurrence and possible effects
EDCs may be having on the environment and human health. In the case of the United
States, a nationwide study conducted by the U.S. Geological Survey (Kolpin et al., 2002)
has raised the issue of occurrence of trace contaminants and their unknown interaction
with other substances, as well as possible metabolite formation. Both of these substances
are not regulated with current legislation.

Figure 1.1-1 - Occurrence of estrogenic-like compounds in North America and in Europe.
Retrieved from Snyder et al., 2008.
1.2 Project Background and Justification
1.2.1 Current and Future Legislation
At present, no legislation concerning EDCs exists in the United States or the
European Union. However, future legislation is plausible given the development of more
sensitive analytical detection tools and the accruing concern over the accumulative
effects shown by these compounds at very small quantities. The Environment Agency of
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England and Wales has “proposed threshold exposure limits used for risk assessment for
steroid estrogens at 0.1 ng/L for 17α-ethinyl estradiol (EE2), 1 ng/L for 17β-estradiol
(E2), and 3 ng/L for estrone (E1)” (Snyder et al., 2008).
In the United States, government response to EDCs has been focused on drinking
water. The 1996 amendments to the Safe Water Drinking Act require the United States
Environmental Protection Agency (U.S. EPA) to establish a Contaminant Candidate List
(CCL) every five years. This list is composed of potential contaminants in water that are
“known to occur or are anticipated to occur in the future in water systems and may
require future regulations” (Dean et al., 2009). The current list, CCL 3, published on
2009, includes EE2, E2, E1, and estriol (US EPA, 2009). The EPA has also started the
Endocrine Disruptor Screening Program (EDSP), which aims to investigate the hazards
associated with EDCs through valid testing and determine how to regulate these
chemicals according to the governing laws (US EPA, 2010).

Conclusive

recommendations on the treatment of EDCs have not been made by either the CCL or
EDSP. Furthermore, if any regulations were made, their enforcement could be delayed
by the existing governmental hierarchy for environmental laws. Figure 1.2-1 shows a
schematic of regulatory hierarchy for wastewater treatment in the U.S.
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Figure 1.2-1 - Regulatory hierarchy for environmental legislation in the United States.
Retrieved from Dean et al., 2009.

1.2.2 Ina Road WRF
The Ina Road WRF was built in 1978 in response to new regulations and
standards introduced by the 1972 Clean Water Act (Dean et al., 2009). The facility
currently treats 37.5 MGD collected from the Catalina Foothills, northeast Tucson, Oro
Valley, and southern Marana. Population estimates from 2005 indicate that 217,888
people are served by the facility. Residential usage accounts for 85 percent of the
influent, while commercial and agricultural usage accounts for the remaining 15 percent
(Pima Association of Governments, 2006). The Ina Road WRF is currently under
construction to expand its treatment capacity to 50 MGD (Pima County Regional
Wastewater Reclamation Department, 2009). This would facilitate the expected
population increase in the area of current treatment and the scaling down of the Roger
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Road Wastewater Facility. Figure 1.2-2 shows the area of Pima County serviced by the
Ina Road WRF.

Figure 1.2-2- Ina Road WRF service area
Retrieved from Pima Association of Governments, 2006.
Wastewater treatment plants typically include primary and secondary treatments.
Primary treatment focuses on treating contaminants that can be separated using physical
methods such as screening, skimming, and sedimentation. These processes remove
around “35 percent of biological oxygen demand (BOD) and about 60 percent of
suspended solids (SS)” (Masters et al., 2008). At the Ina Road WRF, primary treatment
is accomplished through the use of screens, grit chambers, and sedimentation tanks
(primary clarifiers).
Secondary treatment seeks to satisfy the Clean Water Act (CWA) requirement
that at least 85 percent of BOD be removed (Masters and Ela, 2008). This is
accomplished through chemical and biological procedures such as activated sludge,
which is employed to remove remaining organic matter and pathogens from the treated
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water. At Ina Road, a combination of activated sludge and sedimentation tanks
(secondary clarifiers) are used in secondary treatment.
The final stage of treatment is disinfection. At Ina Road, disinfection is achieved
using chlorination with sodium hypochlorite.

After chlorination, the effluent is

discharged to the Santa Cruz River. Figure 1.2-3 presents a schematic depicting the
various stages of wastewater treatment practices.
Advanced oxidation using H2O2/UV or ozone would correspond to a tertiary or
advanced treatment process. Envisaging possible future legislation on compounds like
EE2 present at very small quantities, this process would be implemented to remove
persistent organic compounds in the water after secondary treatment.

Figure 1.2-3-Wastewater treatment processes occurring at the Ina Road WRF with
process location for AOP. Adapted from Dean et al., 2009.
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1.3 Current Market Information
In the United States, advanced oxidation processes are uncommon in wastewater
treatment. UV/H2O2 and ozonation are usually employed to treat trace organics and
remove odors in drinking water. Of the two methods, ozonation is most commonly used
in drinking water applications as a substitute to chlorination. In Europe, drinking water
and wastewater are both being treated with ozonation as a replacement to chlorination
(Biozone Corporation, 2010). While used less frequently, UV/H2O2 is being proposed
and even used in the US for indirect potable water reuse. Indirect potable water reuse is
the treatment of wastewater to produce high quality drinking water in the effort to
supplement and/or ease the strain caused by drought or population increase on drinking
water. The Orange County Water District in California uses H2O2/UV for microbial
disinfection, destruction of trace compounds such as nitrosamines, and as an additional
safety mechanism to maintain positive public opinion on the quality of water being
produced (Khoo and Festger, 2009). The largest full-scale AOP treatment plant is located
in Salt Lake City, Utah. This facility employs H2O2/UV to remove perchloroethylene
(PCE) in drinking water. Ozonation is the more commonly used in drinking water
treatment. It has been implemented at the Gilbert Water Treatment Plant in Arizona to
decrease the presence of chlorine resistant microbial pathogens and improve the odor and
color of the water (Carollo Engineers, n.d).
Presently, there are no known wastewater treatment plants that employ AOPs for
the treatment of EDCs. One of the main reasons for this is the lack of regulations on EDC
limits in wastewater effluent (see Section 1.2.1). Although low concentrations of EDCs
in wastewater have been proven to have adverse effects on the reproductive health of fish
(McMaster et al., 2005), research is still underway on the effects caused to humans. In
general, it is known that EDCs bioaccumulate in human adipose tissue leading to
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problems with male and female reproduction, breast development and cancer, thyroid,
metabolism and obesity (Diamanti-Kandarakis et al., 2009). If a link between human
health and EDCs in wastewater effluent is established, it is anticipated that the demand
for AOPs will increase significantly within the wastewater treatment industry for the near
future.
The implementation of AOPs in wastewater treatment is expected to have
financial repercussions.

Increases in the price of treatment associated with their

integration into existing facilities would likely lead to fee increases for consumers. A
parallel may be drawn from the expansion plan currently proceeding at the Ina WRF.
The expansion to treatment of 50 MGD recently increased the average residential user‟s
sewer fees from $31.64 to $33.64 per month. By 2014, this figure is expected to rise to
$40.81 per month (Pima County Board of Supervisors, 2010a,b). It is unclear whether
this rate will be maintained once the expansion has been completed. However, it can be
seen that changes in wastewater treatment can have fairly sizable economic effects on the
consumer.
1.4 Process Premises and Assumptions
The issue of EDCs in wastewater, or in fact any water source, is shrouded with
controversy. As previously mentioned, their exact effects and levels in the environment
are unknown, forcing any study of them to be speculative. Other than knowing the flow
rate (50 MGD), the concentration of EE2 (11 ng/L), and the issue around which this
study is centered, very little was known about the current situation at the Ina Road WRF.
Even less was known about the ability of UV/H2O2 and ozonation to treat for EDCs at the
facility. Due to this uncertainty, many assumptions were made for the development of
the facilities housing these two AOPs. These assumptions are listed below along with
their sources (if applicable).
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General


EDCs oxidation can be characterized by EE2 oxidation



Complete mineralization of EE2 into CO2, water, and salt is assumed (Vallero,
2004 and Hollender et al., 2009).



EE2 oxidation occurs in a single reaction step with observable second-order rate
law constants (Rosenfeldt and Linden, 2004 and Huber et al., 2005).

UV/H2O2
Assumptions from Rosenfeldt and Linden, 2004.


The degradation of the chemical species (except hydrogen peroxide) in the
wastewater occurred mainly though reaction with hydroxyl radical; photolysis
reactions were considered negligible.



Reactions involving hydroxyl radical were assumed to be pseudo first order.



Light wavelength and intensity were constant throughout the reactor system.



Dissolved organic matter (DOM), a composition parameter for classifying water
sources, was assumed to consist of all residual organic carbon not removed during
primary and secondary treatment. It was treated as being one species even though
reactions with hydroxyl radical can vary from one organic compound to the next.



The concentration of the OH radical was assumed to be relatively low and nonaccumulatory.



Hydrogen peroxide was assumed to be the only compound that is significantly
dissociated by ultraviolet light



A pH change in the water was not considered even though CO2 was formed
during EE2 mineralization
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Assumptions from Rojas et al., 2010


Concentration of all species in the reactor system was assumed uniform



Hydroxyl radical was the only radical species oxidizer.



Reactor trains were modeled as PFRs.

Assumption from Cotruvo et al. (1999)


Hydrogen peroxide concentration in the effluent was considered low enough that
treatment to remove it was considered unnecessary

Ozonation


Dryer will not work during the months of December and January due to Tucson‟s
arid climatologic conditions (Skindlov, 2007)



The purity of O2 produced by the N2 adsorption column is 90 percent (OGSI,
2010)



Efficiency of the ozone generator and outputs can be modeled from the technical
specifications sheet by Spartan TPF ozonation products (Spartan, 2010).



O3 decomposition into OH radical is not taken into consideration since the system
is at pH 7.2 and only pHs above 10 show a relevant decomposition of O3 (Forni et
al., 1982)



It is assumed that EE2 is mineralized in a single step. Although ozonation results
only in a partial oxidation, the initial attack at the reactive functional groups
destroys the biological activity of compounds (Hollender et al., 2009)



Oxygen and nitrogen do not dissolve into the liquid phase in the ozonation
reactors
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Assumptions from Huber et al., (2003); (2005).


The ozonation reactor can be modeled as a column containing theoretical sections
of CSTR reactors with WWTR-O3 counter-current vertical flow.



O3 selectively oxidizes phenols, amines, conjugated moieties, and carbonate. All
of these can be accounted for collectively as “reactive waste water components”
(RWWC).



The reaction rate constants for O3 oxidation for EE2 and RWWC are
characterized by those reported by Huber et al .(2005). See Appendix A.2.9 for
ozonation reaction constants.



The concentration of RWWC at the Ina Road WRF is identical to the
concentration of RWWC documented in Huber et al. (2005).

Assumptions from Sáez (2011)


There is not enough bromide present in the secondary WWTR effluent to be
treated that would result in significant bromate formation due to ozonation since
Ina Rd.WRF treats residential WWTR only.



The magnesium thiosulfate demand to quench the ozone remaining in the tertiary
effluent has a 1:1 stoichiometric ratio with O3.
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2. Overall Process Descriptions and Rationale
2.1 Block Flow Diagrams

Figure 2.1-1 – UV/H2O2 Block Flow Diagram
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Figure 2.1-2 – Ozonation Block Flow Diagram
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2.2 Process Flow Diagrams

Figure 2.2-1- UV/H2O2 Process Flow Diagram
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Figure 2.2-2 – Ozonation Unit 1 Process Flow Diagram
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Figure 2.2-3 – Ozonation Unit 2 Process Flow Diagram
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2.3 Equipment Tables
2.3.1 UV/H2O2
Table 2.3.2-2. Reactors

Table 2.3.1-1. Tanks
Tag

H2O2 Source

Type

Horizontal Storage Tank

Tag
Type

R-101 to R-105
PFR

Volume [gal]

7200

Number of Trains

5

Volume [m3]

26.5

Number of Reactors per Train

3

Diameter [in]

108

Shell Length [m]

11.8

Height [in]

138

Interior Diameter [m]

1.50

Length [in]

197

Temperature [K]

298

Pressure [kPa]

101

Number of Units
Pressure [kPa]
Temperature [K]
MOC

2
101
Ambient
5254 Aluminum Alloy

Energy Requirements per Train [kW]
Number of UV Lamps per train
Type of Lamp
Light Wavelength (nm)
MOC

111 kW
432
Low Pressure Amalgam
254
316 Stainless Steel
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2.3.1 UV/H2O2 Oxidation
Table 2.3.1-3. Pumps
Tag
Type
Flow rate [kmol/hr]
Flow rate [gal/day]
Number of Units
Unit Flow Percentage
Head [m]
Efficiency
Pressure, suction [kPa]
Pressure, discharge [kPa]
Temperature, suction [K]
Temperature, discharge [K]
Power per unit [kW]
Power per unit [hp]
Driver Type
MOC

P-101 to P-106A/B
Diaphragm
0.650
80.4
5 (1 spare)
20%
1.52
80%
101

P-107A/B; P-108A/B
Submersible
176
20 000 000
4 (2 spares)
40%
6.10
80%
101

P-109A/B
Submersible
88
10 000 000
2 (1 spares)
20%
6.10
80%
101

151
298
298
0.0507
0.0680
Solenoid

151
298
298
101
135
Electric

151
298
298
44.7
60
Electric

316 Stainless Steel/PTFE

Cast Iron

Cast Iron
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2.3.2 Ozonation

Table 2.3.2-1. Pumps/Compressors
P-201 A/B/C ; P-202
A/B/C

P-203 A/B

Submersible

Propeller pump

18

169.3 *

Tag

C-101A/B and D-101

Type
Flow rate [kmol/hr]

Oil injected rotary screw compressor
Refrigerated Air Dryer
26

Flow rate [gal/day]

3 705 550

25 000 000

18 720*

Flow rate [SCFM]

344

N/A

N/A

Unit Flow Percentage

100%

50% (2 trains)

100%

Flow per unit [gal/day]

3 705 550

25 000 000

18 720*

Head [m]

N/A

6.85

3.04

Efficiency

80%

80 %

80 %

Pressure, suction [kPa]

101.3

101

101

Pressure, discharge [kPa]

700

151

131.4

Temperature, suction [K]

Ambient

N/A

Ambient

Ambient (oil cooling)

Ambient

Ambient

Power per unit [kW]

75

55.93

0.37

Power per unit [hp]

100.5

75

1/2

Electric

Electric

Electric

Carbon Steel

Carbon Steel

Cast Iron

Temperature, discharge

Driver Type
MOC

[K]

*P-203 only runs for 2.5 hours every 2 months at 13 gpm.
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2.3.2 Ozonation

(Table 2.3.2-2. Nitrogen adsorption columns
Tag
Type
Oxygen output [kmol/hr]
Oxygen output [SCFM]
Oxygen output [gal/day]
Air required [kmol/h]
Air required [SCFH]
Air required [gal/day]
Number of Units
Unit Flow Percentage
Flow per unit [gal/say]
Stage per Unit
Temperature, suction [K]
Temperature, discharge [K]
Power per unit [kW]
Motor Type
MOC

T-101, T-102
Pressure swing nitrogen adsorption system
2.1
28
299 047
26
20 640
3 705 550
2 (1 spare)
50%
3 705 550
1
Ambient
Ambient
N/A
Electric
Stainless Steel, Brass Pipes and Valves
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2.3.2 Ozonation
Table 2.3.2-3. Vessels
Tag
Type
Volume [gal]
Volume [m3]
Diameter [in]
Height [in]
Weight [lbs] (@ 1 bar)
O2 net evaporation rate [%/day]
Flow capacity [SCFH]
Number of Units
Stage per Unit
Pressure [kPa]
Temperature [K]
MOC

V-101
Air Surge Vessel
2120
8
86
228
12 600
0.25
18 000
1
1
300
Ambient

V-102
Oxygen Surge Vessel
2120
8
86
228
12 600
0.25
18 000
1
1
300
Ambient

V-201
Magnesium Thiosulfate Tank
2000
7.6
64
114
N/A
N/A
N/A
1
N/A
101
Ambient

316 Stainless Steel

316 Stainless Steel

PET
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2.3.2 Ozonation
Table 2.3.2-4. Reactors
Tag
Type
Length (m)
Width (m)
Height (m)
Weight [lbs]
O3 output required [lbs/day]
WWTR Flow Rate [L/s]
Gas Flow Rate [L/s]
O3 (g) inlet concentration [mol/L]
O3 (g) inlet concentration [ppm]
Temperature [K]
Input Pressure [kPa]
Output Pressure [kPa]
Adsorbed power [kW]
Power per unit [hp]
Cooling water [gpm] (@ 288 K)
MOC

R-101
PFR reactor w/ integrated shell and tube heat exchanger
2.5
2.3
2.3
11 660
328
N/A
N/A
N/A
N/A
Ambient
300
101.3
103.6
138
130.3

R-201; R-202
Vertical crossflow CSTR
6
4
5
53 000
N/A
1100
4
4.5 x10-3
0.1008
Ambient
101.3
101.3
N/A
N/A
N/A

AISI 316 L, Viton®, PTFE

Stainless Steel
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2.4 Stream Tables
Table 2.4-1. H2O2/UV Stream Table*
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ethinyl Estradiol [mmol/day]
Hydrogen Peroxide [kmol/day]
Bicarbonate [kmol/day]
DOM [kg/day]
Oxidation Product [kg/day]
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ethinyl Estradiol [mmol/day]
Hydrogen Peroxide [kmol/day]
Bicarbonate [kmol/day]
DOM [kg/day]
Oxidation Product [kg/day]

1
298
101
48.2
1890
417
0

2
298
101
16.1
631
139
0

3
298
151
16.1
631
139
0

4
298
101
16.1
631
139
0

5
298
151
16.1
631
139
0

6
298
101
16.1
631
139
0

31.5
0
16.7
0
0
0
7
298
151
16.1
631
139
0

10.5
0
5.57
0
0
0
8
298
101
6 310 000
114 000 000
30000000
0

10.5
0
5.57
0
0
0
9
298
101
4 210 000
75 700 000
20000000
0

10.5
0
5.57
0
0
0
10
298
101
2 100 000
37 900 000
10000000
0

10.5
0
5.57
0
0
0
11
298
151
4 200 000
75 700 000
20000000
0

10.5
0
5.57
0
0
0
12
298
151
2 100 000
37 900 000
10000000
0

10.5
0
5.57
0
0
0

6 310 000
4.21
0
286
1140
0

4 210 000
2.81
0
190
757
0

2 100 000
1.40
0
95.2
379
0

4 210 000
2.81
0
190
757
0

2 100 000
1.40
0
95.2
379
0

*Stream table basis is 30 MGD flow rate depicted on PFD
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Table 2.4-1. H2O2/UV Stream Table*
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ethinyl Estradiol [mmol/day]
Hydrogen Peroxide [kmol/day]
Bicarbonate [kmol/day]
DOM [kg/day]
Oxidation Product [kg/day]
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ethinyl Estradiol [mmol/day]
Hydrogen Peroxide [kmol/day]
Bicarbonate [kmol/day]
DOM [kg/day]
Oxidation Product [kg/day]

13
298
151
2 100 000
37 900 000
10000000
0

14
298
151
2 100 000
37 900 000
10000000
0

15
298
151
2 100 000
37 900 000
10000000
0

16
298
151
2 100 000
37 900 000
10000000
0

17
298
151
2 100 000
37 900 000
10000000
0

18
298
151
2 100 000
37 900 000
10000000
0

2 100 000
1.40
0
95.2
379
0
19
298
151
2 100 000
37 900 000
10000000
0

2 100 000
1.40
0
95.2
379
0
20
298
151
2 100 000
37 900 000
10000000
0

2 100 000
1.40
5.57
95.2
379
0
21
298
101
6 310 000
114 000 000
30000000
0

2 100 000
1.40
5.57
95.2
379
0

2 100 000
1.40
5.57
95.2
379
0

2 100 000
0.0128
2.33
94.9
312
226

2 100 000
0.0128
2.330
94.9
312
226

2 100 000
0.0128
2.33
94.9
312
226

6 310 000
0.0383
6.99
285
937
679
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Table 2.4-2. Ozonation Stream Table-Unit 1
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate
[kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate
[gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ozone [kmol/day]
Oxygen [kmol/day]
Nitrogen [kmol/day]
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate
[kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate
[gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ozone [kmol/day]
Oxygen [kmol/day]
Nitrogen [kmol/day]

1
298
101

2*
522
700

3**
298
700

4
298
700

5
298
700

6***
298
101

7
298
300

632
18 200

632
18 200

626
18 000

626
18 000

626
18 000

570
16 300

56.2
1 780

3 740 000
1

3 740 000
1

3 700 000
1

3 700 000
1

3 700 000
1

3 370 000
1

333 000
1

6.00
0
132
495
8
298
700

6.00
0
132
495
9**
298
101

0
0
132
495
10
298
300

0
0
132
495
11
298
300

0
0
132
495
12
298
300

0
0
82.0
489
13
298
101

0
0
50.5
5.70

626
18 100

570
16 300

56.2
1 780

56.2
1 780

570
16 300

53.4
1 770

3 700 000
0

3 370 000
1

333 000
1

333 000
1

3 320 000
1

316 000
1

0
0
132
495

0
0
82.0
489

0
0
50.5
5.7

0
0
50.5
5.7

0
0
50.5
5.6

0
5.3
42.5
5.6

*Stream 2 is hypothetical and is intended to denote that the gas increases its temperature as it is compressed. However, with the oil inject cooling
system, the temperature will be 308K
**Although not all the water is removed between stream 2 and 3, this “zero” emphasizes the purpose of the dryer. The dew point in stream 3 is 35 °F.
*** Streams 6 and 9 operate alternating each other during a pressure swing adsorption (PSA) operation-regeneration cycle. The reported values
correspond to the value during the operation portion of the cycle only
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Table 2.4-3. Ozonation Stream Table – Unit 2
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]

1

2*

3**

4

5

6

7

298
101
10 500 000
189 000
000
50 000 000
0

298
101
5 260 000
94 600 000

298
101
5 260 000
94 600 000

298
151
5 260 000
94 600 000

298
151
5 260 000
94 600 000

298
101
5 260 000
94 600 000

298
101
5 260 000
94 600 000

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

5 260 000
0
0
0
3.51
0
0

5 260 000
0
0
0
3.51
0
0

5 260 000
0
0
0
3.51
0
0

5 260 000
0
0
0
3.51
0
0

5 260 000
0.136
0
0
0.066
3.44
0

5 260 000
0.136
0
0
0.066
3.44
0

9**

10

11

12

13

14

298
101
5 260 000
94 600 000

298
101
5 260 000
94 600 000

298
151
5 260 000
94 600 000

298
151
5 260 000
94 600 000

298
101
5 260 000
94 600 000

298
101
5 260 000
94 600 000

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

25 000 000
0

5 260 000
0
0.408
0
0.132
6.89

6.90
0
0
0
0
0

0
5.30
42.5
5.60
0
0

0
2.65
21.3
2.80
0
0

0
2.65
21.3
2.80
0
0

0
4.82 x 10-10
21.3
2.80
0
0

0.272

0.272

0

0

0

0

Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day] 10 500 000
0
Ozone [kmol/day]
0
Oxygen [kmol/day]
0
Nitrogen [kmol/day]
7.02
EE2 [mmol/day]
0
Oxidation products [mmol/day]
0
Magnesium thiosulfate [kmol/day]
Stream
8
298
Temperature [K]
101
Pressure [kPa]
10 500 000
Molar Flow Rate [kmol/day]
189 000
Mass Flow Rate [kg/day]
000
50 000 000
0

Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day] 10 500 000
0.272
Ozone [kmol/day]
0
Oxygen [kmol/day]
0
Nitrogen [kmol/day]
0.132
EE2 [mmol/day]
6.89
Oxidation products [mmol/day]
0
Magnesium thiosulfate [kmol/day]
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Table 2.4-3. Ozonation Stream Table-Unit 2
Stream
Temperature [K]
Pressure [kPa]
Molar Flow Rate [kmol/day]
Mass Flow Rate [kg/day]
Volumetric Flow Rate [gal/day]
Vapor Fraction
Component
Water [kmol/day]
Ozone [kmol/day]
Oxygen [kmol/day]
Nitrogen [kmol/day]
Ethinyl Estradiol [mmol/day]
Magnesium thiosulfate [kmol/day]

15
298
101
24.1
759
143 000
1

16
298
101
48.2
1520
285 000
1

17*
298
101
4062
101 248
18 720
0

18*
298
101
4062
101 248
18 720
0

0
4.82 x 10-10
21.3
2.80
0
0

0
9.64 x 10-10
42.6
5.60
0
0

3938
0
0
0
0
124

3938
0
0
0
0
124

*Streams 17 and 18 are operated periodically to fill the magnesium thiosulfate tank (V-201). It is expected that the tank be filled in 2h 20 min.
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2.5 Utility Tables
Table 2.5-1. UV/H2O2 Utility Usage
Utility
Electricity (kWh)
Secondary Effluent (gal/day)

Usage
9 190 000
50 000 000

2.5.2 Ozonation
Table 2.5-2. Ozonation Utility Usage
Utility
Cooling Water
Electricity (kWh)
Secondary Effluent (gal/day)

Usage
68 500
4 520 000
50 000 000

2.6 Written Process Descriptions
2.6.1 UV/H2O2
Figure 2.2-1 is the process flow diagram for the UV/H2O2 process. Process
calculations are in Appendix A.1. In the UV/H2O2 design, wastewater is diverted to a
pumping station where it is divided between three submersible pumps (P-107A/BP109A/B). The pumps transport the wastewater to a forebay located in the facility
housing the UV/H2O2 equipment.

The forebay divides the wastewater into five

streams, each of which enters a pipeline leading to a reactor train (R-101-R-105)
consisting of three reactors. Before the wastewater reaches the first reactor in the
train, hydrogen peroxide (50% w/v) is injected by one of five solenoid pumps (P-101P-105A/B). The wastewater then enters the first reactor in the train where it is
exposed to 254 nm ultraviolet light at an intensity of 500 mW/cm2. Thirty-three
percent of the initial hydrogen peroxide is photolyzed to produce hydroxyl radicals
(see Figures A.1-5 in Appendix A). The hydroxyl radicals react with and mineralize
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EE2 and the other chemical species (“scavenging species”) present in the wastewater
such as dissolved organic matter (DOM), carbonate, bicarbonate, and the remaining
hydrogen peroxide molecules. The presence of these scavenging species inhibits the
mineralization of EE2 since it must compete with them for hydroxyl radicals
(Rosenfeldt and Linden, 2004).
After passing through the first reactor, the EE2 concentration is degraded to
33% of its initial value.

Each wastewater stream passes through a second reactor

where they continue to be exposed to UV light at the same intensity and wavelength
as previously described. By the end of the second reactor, an additional 15% of the
EE2 is degraded. To reach the target goal of 99% mineralization, the wastewater is
passed through a third reactor. Forty-two percent of the initial hydrogen peroxide
concentration remains in the effluent.

Following treatment all five streams are

discharged to the Santa Cruz River.

2.6.2. Ozonation
2.6.2.1 Unit 1 Description
Figure 2.2-2 is the process flow diagram for unit 1. The purpose of unit 1 is to
produce the ozone that is reacted with EE2 in unit 2. Oxygen from ambient air is
transformed into ozone through a series of unit operations. Ambient air enters the
system through an air dryer compressor (C-101/D-101). The unit dehumidifies and
increases the air‟s pressure to propel it through the entirety of unit 1.

After

pressurization and dehumidification, the air is fed to an air storage and surge tank (V101). The air then passes through a nitrogen adsorption system (T-101 and T-102).
This system consists of two columns piped parallel to one another. At any given
time, only one of the two columns is adsorbing nitrogen while the other is recharging.
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When in service, a column is pressurized and nitrogen is adsorbed by the zeolite
molecular sieve that fills it. The recharging column is vented to the atmosphere
allowing the nitrogen to escape from the molecular sieve. The oxygen is then fed to
an oxygen storage and surge tank (V-102).
The oxygen proceeds from the surge tank to an ozone generation unit (R-101).
In this reactor, an electrical discharge is generated across the narrow gap that the
oxygen flows through. The discharge breaks apart diatomic oxygen to form free
oxygen radicals that bond to another oxygen molecule to form ozone (Dégremont
Technologies, 2010). This process is referred to as corona discharge (see Figure 2.6-2
below).

Corona discharge is an exothermic process so cooling water is fed to the

ozonation reactor to remove excess heat. Ozone (10% vol.) exits the generator and is
fed to Unit 2 for oxidation of EE2.

Fig. 2.6-2. Ozone generation schematic.
Adapted from Dégremont Technologies (2010).
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2.6.2.2 Unit 2 Description
Unit 2 is depicted in Figure 2.2-3. The purpose of Unit 2 is to oxidize EE2
with the ozone generated in Unit 1. Wastewater is pumped to reactors (R-201 and R202). Ozone gas is bubbled through the wastewater to react with EE2 and decrease
its concentration by 99%. An excess of dissolved ozone exists in wastewater after it
has passed through the reactors. Magnesium thiosulfate, a quenching agent, is added
(V-201, P-203) to decompose the ozone before the wastewater exits the facility and is
discharged to the Santa Cruz River. An exhaust stream composed of ozone and
oxygen gas also leaves the facility. This stream is the remainder of the ozone/oxygen
stream after it is bubbled through the reactor. Since the ozone concentration of the
stream is below the EPA limit of 0.075 ppm, it is vented directly to the atmosphere.

2.7 Process Rationale
2.7.1 Current Applications
Ozonation and UV/H2O2 oxidation are both currently being applied to
municipal wastewater treatment. Two examples include Orange County, California
and Montreal, Canada. The Orange County Water District (OCWD) serves over 2.3
million residents of north-central Orange County. Water is provided via the
groundwater basin, which gets its source from the Colorado and Sacramento Rivers
and other imported sources. A Groundwater Replenishment (GWR) System was
implemented to boost existing water supplies, decrease mineral buildup in
groundwater sources, and provide locally controlled water (Asano, 2007). The GRS
utilizes microfiltration, reverse osmosis and UV/H2O2 to treat secondary effluent and
produce high quality water which is then used as a basin replenishing source. This
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system has been in operation since January 2008. Its success has resulted in several
awards including the International Water Association (IWA) Honor Award and the
2008 Stockholm Industry Water Award (GWR System Brochure, 2009).
Ozonation is the disinfection process used at the Montreal Urban Community
Wastewater Treatment Plant (MUCWTP) before wastewater effluent is discharged
into the St. Lawrence River. Previously, chlorination was the disinfection source but
scientific investigations revealed a negative effect on aquatic life (Absi et al., 2006).
After multiple pilot projects, ozonation was found to not increase water toxicity and
was implemented at the plant in January 2011. This process was chosen with the
future in mind – where ozonation is used to treat wastewater for emergent compounds
and pharmaceutical products (CNW News, 2011).

2.7.2 Major Tradeoffs
Wastewater contains multiple endocrine disruptors including estrone (E1),
17β-estradiol (E2), and 17β-ethinylestradiol (EE2); however, calculations were based
solely on EE2. This specific EDC was chosen because


It has been present in sewage effluents and wastewater receiving rivers across
the globe (Ifelebuegu et al., 2010).



It exhibits significant estrogenic activity and is believed to be one of the most
potent EDCs known (Jobling et al., 2008).



Information regarding rate constants and other data relevant for calculations
were readily available (Appendix A).



Although no regulations currently exists for EDCs, information regarding the
present concentration of EE2 at Ina Road Wastewater Treatment Plant (11
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ng/L) and a recommended safe concentration of 0.1 ng/L (Snyder et al., 2008)
were available.
The efficiency of the UV/H2O2 process depends on the amount of interaction
between the hydroxyl radical and EE2. There are other species present in wastewater
which compete with EE2 and may affect the overall process’s effectiveness. Species
such as DOM, hydrogen peroxide, and bicarbonate are taken into account in the
calculations. However, there is a possibility that other chemical species may also be
present in the wastewater at concentrations able to debilitate the effectiveness of the
hydroxyl radical. Without some form of testing, it is difficult to evaluate the accuracy
of the model.
Ozonation does not completely oxidize compounds, but can annihilate their
biological activity. Ozone is selective in the sense that it is more likely to attack
compounds containing functional groups with high electron density, like double
bonds, substituted aromatics, and some amine and sulfur moieties (Hollander et al.,
2009). Even though ozone can decompose into hydroxyl radicals, which can oxidize
inorganic and organic compounds unselectively, their contribution to oxidation is
minimal given that the concentration of these other compounds outcompetes the
concentration of EE2. In addition, hydroxyl radical formation is favored in alkaline
pHs (Forni et al., 1982), but the effluent to be treated is in circumneutral pH. A tradeoff of environmental concern is the potential formation of bromate and Nnitrosodimethylamine (NDMA) from its precursors during ozonation.
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3. Equipment Description and Rationale
3.1 UV/H2O2
3.1.1 Hydrogen Peroxide Storage Tank System
The design of the hydrogen peroxide storage system is based on information
provided by Solvay Chemicals (see Appendix B for phone log). Storage is provided
by two 7000 gallon horizontal tanks which are the standard in water treatment
applications. Having two tanks on site is advantageous for several reasons:
1. It reduces the length of time the hydrogen peroxide spends in the tank,
lowering the chances of decomposition and contamination.
2. Safety issues are decreased from the aforementioned events.
3. It allows for the possibility that more hydrogen peroxide may be needed for
treatment than predicted by this study.
4. It ensures that one tank is always available for usage while the other is
undergoing maintenance or being refilled.
The dimensions of the tanks are based on a model manufactured by Solvay
Chemicals (see Figure 3.1-1 below). Each tank is 5 meters in length, 3.5 meters in
height, and 2.75 meters in diameter. The skid that supports the tank is 3.7 meters in
length and 2.4 meters in diameter.
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Figure 3.1-1- Hydrogen Peroxide Storage Tank
Retrieved from Solvay Chemicals, 2004.
Hydrogen peroxide is known for its ability to corrode metals such as nickel,
iron, and chromium.

As corrosion occurs the products formed catalyze further

degradation. To lower the risk of corrosion, the tanks are fabricated from 5254
aluminum. While it is more expensive than stainless steel, aluminum provides the
most stable surface for the storage of hydrogen peroxide. Tanks fabricated from this
grade of aluminum have lifetimes of thirty years or more. Using 5254 aluminum as
the material of construction results in a tank weight of 5500 lbs each (Solvay
Chemicals, 2004).
Several features are present in the tank design to handle safety risks associated
with the decomposition of hydrogen peroxide. Oxygen gas is a product of hydrogen
peroxide decomposition. The tanks are ventilated to relieve the tank of the pressure
caused from oxygen gas production and reduce the risks of combustion. As can be
seen in Figure 3.1-1, several vents are located along the tank. Additional safety
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features included in the tank design are thermometers, level indicator alarms, and
dilution devices (see Section 4.2).

3.1.2 Hydrogen Peroxide Pumps (P-101 to P-105A/B)
Hydrogen peroxide is pumped into the reactor using solenoid diaphragm
pumps. These pumps are advantageous for this application since they are adequate for
low pressure applications and have only one moving part, an armature shaft (Metcon
Engineering, 2006). The Gamma/L 0420, which is commercially available through
ProMinent Fluid Controls, is a suitable choice for the design since it is calibrateable
and can handle the hydrogen peroxide flow rate (3.47 gal/hr) needed for each reactor
train. The pump is able to handle flow rates up to 4.12 gal/hr at a head of 6.5 meters.
The pressure difference between the suction and discharge end can reach 4 bar.
Electrical impulses ranging from 100-230 volts control the speed of the pump
(ProMinent, 2009). Figure 3.1-2 shows the Gamma/L 0420.

Figure 3.1-2. Hydrogen Peroxide Metering Pump (Gamma/L 0420)
Retrieved from ProMinent Fluid Controls, 2009.
Due to hydrogen peroxide’s ability to corrode the pump line, the parts of the
pump in direct contact with it are fabricated from 316 stainless steel. The diaphragm
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portion of the pump and seals are made from polytetrafluoroethylene (PTFE). Use of
PTFE is standard; however, the pump’s condition must be monitored to ensure that
the hydrogen peroxide has not degraded the seals (ProMinent, 2009).

3.1.3 Wastewater Pumps
The wastewater is pumped using several submersible pumps. The advantages
of using a submersible pump are embedded in its ability to be installed below the
surface of the liquid. By having this placement, submersible pumps are less likely to
lose their prime, develop air leaks on the suction side, or require initial priming
(Spellman, 2009). In the design, two sizes of a submersible pump are required due to
the splitting of the 50 MGD flow rate into three streams, two 20 MGD and one 10
MGD stream.

A total of four pumps are needed-four 20 MGD (two serving as

spares), and two 10 MGD (one serving as spare).

3.1.3.1 20 MGD Pump: PL-7081
FLYGT’s PL-7081 submersible pump is suitable to handle the 20 MGD flow
rate used to transport the wastewater to two pairs of reactor trains (R-101, R-102 and
R-103, R-104).

Based on recommendations from FLYGT, the pumps should

maintain a 20 foot head. The PL-7081 is able to operate at this head while
maintaining the desired flow rate of 20 MGD. Figure 3.1-3 shows the pump curve for
the PL-7081. For the design, the 735 curve is used. The 735 designation indicates
the model of the motor drive used to power the pump. Model 735 is an electric motor
drive that runs on 110 hp. To prevent water from entering the drive, it is hermetically
sealed within the tank casing (FLYGT, 2010).
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Figure 3.1-3. FLYGT 7081 Pump Curve
Retrieved from FLYGT, 2010.
Figure 3.1-4 depicts the PL-7081. From this drawing, the PL-7081 is 0.920 m
in diameter and 2.120 m in height. The impeller and motor housing is made from cast
iron. The propeller has an outer diameter of 0.75 m and is made from stainless steel.
The blade angle of the propeller is 45. The weight of the entire pump is 1800 kg.
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Figure 3.1-4. FLYGT PL-7081.
Retrieved from FLYGT, 2010.
3.1.3.2 10 MGD Pump: PL-7050
FLYGT’s PL-7050 submersible pump is used to handle the 10 MGD flow rate
provided to R-105. Besides its ability to handle the flow rate used in the design, the
7050 also maintains the 20 foot head recommended for wastewater applications. The
pump curve for the 7050 is shown below as Figure 3.1-5. Curve (Model) 970 is
applicable for the process.

Model 970 is a 60 hp electric motor drive that is

hermetically sealed within the pump casing for safety reasons (FLYGT, 2010).
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Figure 3.1-5. Pump curve for PL-7050
Retrieved from FLYGT, 2010.
Figure 3.1-6 is a diagram of the PL-7050. This pump has an overall height
and diameter of 1.735 m and 0.655 m respectively. The body is fabricated from cast
iron while the propeller is stainless steel. Altogether the pump weighs 750 kg.
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Figure 3.1-6. FLYGT PL-7050.
Retrieved from FLYGT, 2010.
3.1.4 UV Reactor
The UV reactor is modeled after TrojanUV Technologies’ UVPhox reactor,
model D72AL75. The UVPhox has not been extensively tested for the degradation of
EDCs; however, there is evidence that it is able to degrade other recalcitrant organics
like N-Nitrosodimethylamine (NDMA) at 99% efficiency (Montgomery Watson
Harza, 2007). Outlined below are the key features of the reactor as developed from
modeling (see Appendix A) and information provided by TrojanUV Technologies.

3.1.4.1 Reactor Size
The UVPhox D72AL75 is a dual reactor unit; both reactors are in series and to
minimize space requirements one is stacked on the other. Each reactor has a diameter
of 1.3 meters and the overall length of the unit is 3.9 meters (1.85 meter per reactor).
The reactors can handle a flow rate up to 15 MGD. Based on their ability to handle
this flow rate, it was determined that five reactor trains are adequate for the plant’s
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flow rate in the case that one of the trains failed or requires maintenance. Based on
the recommendations from TrojanUV (see Appendix B for phone log), each reactor
train consists of three dual reactor units (six reactors per train) for an overall length of
11.8 meters. Using the model described in Appendix A, a residence time of 46
seconds was determined for the entire reactor train. The UVPhox is fabricated from
316 stainless steel; with low pressure UV lamps installed, it weighs 3700 lbs. Figure
3.1-7 below shows the UVPhox D72AL75.

Figure 3.1-7 Trojan UV Phox
Retrieved from TrojanUV, 2004.
3.1.4.2 Low Pressure Lamps
The reactor is modeled to use low pressure amalgam lamps. Low pressure
lamps are advantageous for this application due to their high energy efficiency;
approximately 30-40% of the energy input is converted to UV light. They also are
characterized by a long lifetime (20,000 hours) and are resistant to fouling. However,
there are several disadvantages to using low pressure lamps. At the wavelength they
emit light, 254 nm, hydrogen peroxide’s ability to absorb light is diminished. This is
shown by the molar absorption coefficient (ε). At 254 nm ε is 19 M-1cm-1 while at
Page 48 of 226

200 nm, it is 179 M-1cm-1. In contrast, medium pressure lamps, the other type of lamp
used in UV applications, are able to emit light with a wavelengths ranging from 200600 nm (Rosenfeldt and Linden, 2004). Emission across a wide spectrum increases
hydroxyl production from the photolysis of hydrogen peroxide. Furthermore, less
lamps are needed in the reactor. However, medium pressure lamps are vulnerable to
fouling, have a fifth of the lifetime of low pressure lamps (4,000-5,000 hours), and
have a lower electrical efficiency (12%). In a recent study, the ability of low pressure
lamps to produce hydroxyl radicals was equated to that for medium pressure lamps
based on energy efficiency (Ijpelaar, 2010).
The UVPhox reactor that serves as the basis of this design contains 144 lamps.
Each lamp requires a power input of 257 W for a total of 111 kW to run the entire
reactor train. Because 15 reactor units are needed for the treatment of EE2, a total of
2,160 lamps are needed overall.

The lamps contain amalgam which is more

environmentally friendly, safer, and more energy efficient than traditional mercury
lamps.

3.2 Ozonation
3.2.1 Nitrogen Absorption System
The ozone generator requires 330,000 gallons of gaseous 90% wt oxygen per
day. There are two methods that can provide this oxygen. The first method converts
liquid oxygen (LOX) to gaseous oxygen. In this system, LOX is stored onsite and
transported to the facility in tanker trucks. This type of system typically includes a
3,000 gallon LOX storage tank and a LOX vaporizer (See Figure 3.2-1).
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Figure 3.2-1: LOX tank and vaporizer.
Retrieved from Dégremont Technologies, 2010.
The second method generates oxygen from ambient air in a small pressure swing
adsorption plant which is constructed at the facility and runs continuously. In this
system, an air compressor and integrated dryer provide dry air to a nitrogen
adsorption column. The nitrogen adsorption column removes the nitrogen from the air
and extrudes 90% wt oxygen. Figure 3.2-2 shows the layout of unit operations
involved in the nitrogen adsorption system.

Figure 3.2-2: Layout of the nitrogen adsorption system in Unit 1.
Retrieved from OGSI, 2010.
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While the LOX system is the industry standard for ozone generation facilities,
the nitrogen adsorption system was chosen for this facility because it was more
economically feasible. For the ozonation process proposed here, the bare module cost
of a LOX system is $270,000 (Coskey, 2011). On the other hand, the bare module
cost of a nitrogen adsorption plant manufactured by OGSI is $93,000 (Morgan,
2011). The annual cost of LOX and its transportation is greater than the annual
electrical cost associated with the nitrogen adsorption plant. This is justified because
large scale LOX suppliers use the same pressure swing adsorption technology to
generate 90% wt oxygen, and thus, the electrical consumption per mole of oxygen
produced is comparable (Air Products, 2010).

3.2.2 Air Compressor and Air Dryer, C-101 and D-101
The first step in the nitrogen adsorption system involves the use of an air
compressor with an integrated air dryer; the CPE-75 which is manufactured by
Chicago Pneumatic was chosen. This piece of equipment is a rotary screw
compressor which is preferred to piston compressors because they provide continuous
air service in industrial settings (Perry, 2008). The CPE-75 was chosen versus other
brands because its coaxial coupling reduces energy consumption by 3-5% (Chicago,
2011). The compressor section of the CPE-75 operates at 75 hp to compresses air to
700 kPa at a flow rate of 344 SCFM . An oil cooling system in the compressor
maintains the compressed air’s exit temperature at 18 °F above ambient (Sanders,
2011). Figure 3.2-3 below depicts the CPE-75.
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The air dryer on the backend of the compressor is a refrigerated dryer with
two heat exchangers - an air-to-air exchanger, and air-to-refrigerant exchanger. The
compressed air is cooled to 35 °F by these heat exchangers and all the condensed
water is removed (Morgan, 2011). In Tucson, AZ, the dew point is below 35 °F for
the months of December and January (Skindlov, 2007) therefore, the dryer can be
turned off during these months. The air dyer usually operates at 30 hp (Chicago,
2011); however, since the dryer is off during December and January, it decreases the
average operating power to 25 hp. The total power consumed by the compressor and
dryer is 100 HP.

Figure 3.2-3: Chicago Pneumatic’s CPE-75 air dryer compressor.
Retrieved from Chicago, 2011.
3.2.3 Air Surge Vessel, V-101
The air surge vessel after the compressor is installed to stabilize the amount of
air exiting the compressor. OGSI recommends the installation of a 400 gallon air
storage tank (Morgan, 2011). The 400 gallon tank is manufactured with an inlet port
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at the base of the tank and an outlet port at the top. This configuration, demonstrated
in Figure 3.2-2, maximizes the stability of the air exiting the top of the tank.

3.2.4 Nitrogen Adsorption Columns, T-101 and T-201
The nitrogen adsorption columns extract nitrogen from the compressed air.
The columns are packed with a zeolite molecular sieve. The zeolite adsorbs nitrogen
at high pressure and desorbs and releases nitrogen at low pressure. The two columns
continuously circulate through a four step process. Figure 3.2-4 gives a visual
representation of the four step process. In the first step, compressed air is introduced
to T-101 at 700 kPa and nitrogen is trapped in the zeolite while oxygen passes
through the column.

Once T-101 is saturated with nitrogen, compressed air is

redirected to T-102 (step two). T-102 then absorbs the nitrogen from the compressed
air, and predominantly lets oxygen pass through the column. In step three, T-101 is
vented to the atmosphere while T-102 is in service. Since the pressure in T-101 drops
to atmospheric pressure, the nitrogen escapes from the column.

To end the

regeneration step for T-101, oxygen is purged into the column. In step 4, the columns
once again switch service; the air flow is redirected to T-101, and T-102 is vented to
the atmosphere. The columns continue to alternate between service and venting
indefinitely.
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Figure 3.2-4: The four steps of nitrogen adsorption.
Retrieved from OGSI, 2008.
When nitrogen is removed from the compressed air, the air always flows up
the column. Conversely, during venting, the nitrogen flows down and out of the
column. Figure 3.2-5 demonstrates how these streams flow in and out of the column.

Figure 3.2-5: Direction of air, oxygen, and nitrogen flow in the nitrogen adsorption
columns. Retrieved from OGSI, 2008.
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3.2.5 Oxygen Surge Vessel, V-102
The purified oxygen is fed to an oxygen storage and surge vessel which serves
to stabilize the oxygen stream exiting the nitrogen adsorption columns.

OGSI

recommends the installation of a 400 gallon oxygen storage and surge tank (Morgan,
2011). The orientation of the vessel can be seen in Figure 3.2-2.

3.2.6 Ozone Generator, R-101
The ozonation process requires 328 lbs of ozone per day. Ozone is produced
by a reactor (generator) that is fed air or oxygen.

An air fed ozone generator

produces an ozone concentration of 2% vol while an oxygen fed ozone generator
produces an ozone concentration of 10% vol (TPF, 2010). The oxygen fed ozone
generator was chosen because a high ozone concentration is needed to decompose
microcontaminants such as EE2. The use of oxygen also reduces the amount of
possible nitrous oxides (NOx) formed in the reactor from the nitrogen present in the
inlet stream (Brown et al., 1988).
From the exterior, an ozone generation unit resembles a multi-pass heat
exchanger. As oxygen flows through the tubes it is converted to ozone by a dielectric
discharge that extends along the entire length of the tube. This effect is referred to as
a corona discharge. As the reaction occurs, water flows countercurrent to the tubes
containing the reactive system.

The conversion of oxygen to ozone is highly

exothermic making cooling water a necessity. The generator’s tube layout also aids
in the cooling since it increases the area of exposure between the cooling water and
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the reactive gaseous stream. Figure 3.2-6 below illustrates the structure of the ozone
generation unit.

Figure 3.2-6: The internal structure and function of an ozone generator.
Retrieved from Dégremont Technologies, 2010.
The TPF 91 manufactured by Spartan Environmental Technologies was the chosen
ozone generator for the design. The TPF 91 consumes 104 kilowatts of power and
130 gallons of cooling water per minute and produces up to 328 lbs of ozone per day.
This ozone generator was chosen because it was cheaper than a similar ozone
generator produced by Dégremont Technologies, another company with interests in
water treatment using ozonation.

The bare module cost of the Spartan ozone

generator was $400,000 (Postma, 2011) while that of a similar generator produced by
Dégremont Technologies was $1,600,000 (Coskey, 2011).
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3.2.7 Wastewater Pumps, P-201 A/B/C and P-202 A/B/C
P-201 and P-202 pump secondary effluent from the Ina Road WRF to the
ozonation reaction chambers, R-201 and R-202. Based on recommendations from a
wastewater project manager at Stantec Consulting Inc., the process is designed to
have the wastewater split into two parallel trains (Cook, 2011). Each train moves two
streams of 12.5 million gallons of wastewater per day for a total of 50 million gallons
per day. Four pumps operate at all times while two additional pumps serve as spares.
Thus, six wastewater pumps are installed at the facility.

FLYGT’s PL-7050

submersible pumps were chosen in the design due to their ability to add 20 feet of
head to the wastewater allowing it to reach the top of the ozonation reactors for
treatment. The same pumps were used in the UV/H2O2 process. Figures 3.1-5 and
3.1-6 show the technical drawing and pump curve for the PL-7050.

3.2.8 Ozonation Reactors, R-201 and R-202
The reaction of EE2 with ozone occurs in two reactors, R-201 and R-202.
There are two ozonation reactor designs used in industry. The first design injects
ozone into a wastewater stream and then feeds the wastewater ozone mixture into a
venturi tube. The venturi tube thoroughly mixes the two substances thus facilitating
the reaction between ozone and the wastewater contaminants. An ozonation pilot
plant at the Green Valley WRF capable of treating 400,000 gallons of wastewater per
day uses a venturi tube system (Saez, 2011). An image depicting a venturi tube
system is shown in Figure 3.2-7.

Page 57 of 226

Figure 3.2-7: Ozone injection and venturi tube ozonation reactor.
Retrieved from Ozone Venturi, 2011.
The second ozonation reactor design utilizes ceramic diffusers to bubble
ozone gas through wastewater countercurrently in large contact chambers. This is
depicted in Figure 3.2-8. After reaching the top of the chamber, the ozone is removed
as off-gas.

Figure 3.2-8: Ozone diffusers bubbling ozone through wastewater.
Retrieved from Use of Ozone, 2011.
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In the second design, wastewater is piped to the top of the reactor so it can
flow downwards and countercurrently to the ozone stream. An ozonation reactor is
usually partitioned into several contact chambers. This increases the residence time
of the wastewater in the reactor, which is important since large residence times are
required to remove microcontaminants. A very tall reactor could be used for the
same reason; however, this setup is not economically desirable. An example of a
typical ozonation reactor is shown in Figure 3.2-9.

Figure 3.2-9: Design of an ozonation reactor with ozone diffusers.
Retrieved from Abegglen et al., 2009
In applications where more than 5 million gallons of wastewater are treated
per day, ozone diffusers in contact chambers are the preferred method of ozonation
(Abegglen et al., 2009). This is because venturi tubes have a constricted orifice and
can only handle small wastewater volumes. The facility proposed in this report treats
50 MGD of wastewater. Therefore, the second design described above was chosen
for the process.
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The two ozonation reactors, R-201 and R-202, individually treat 25 million gallons of
wastewater each day. Each reactor is split into 6 chambers with baffles and has an
overall volume of 120,000 L. In three of the chambers (chamber 1, 3 and 5), the
wastewater flows upward while in the other three chambers (chamber 2, 4 and 6), the
wastewater flows downward. Only the downward flowing wastewater is in contact
with the ozone therefore, the reactive volume of each ozonation reactor is only 60,000
liters. Each chamber is 5 meters tall, 4 meters long and 1 meter wide. The ozonation
reactors are built exclusively from stainless steel (SS 316) since ozone corrodes all
grades of carbon steel (Gottschalk, 2010). Figure 3.2-10 shows the dimensions and
structure of the ozonation reactor.

Figure 3.2-10: Dimensions and structure of the ozonation reactor.
To allow an exit path for the ozone off-gas, the baffles demarking the
chambers do not extend to the top of the reactor. Ozonation reactor systems often
have an ozone destruct unit to destroy any residual ozone in the off-gas. Modeling
performed in Matlab revealed that the 60,000 L reactors designed for the process
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would have an ozone off-gas concentration of 0.022 ppb which would not violate the
EPA ozone exhaust limit of 0.075 ppm.

An ozone destruct unit was deemed

unnecessary, and it was considered safe to vent the gas to the atmosphere.

3.2.9 Magnesium Thiosulfate Storage Tank, V-201
The magnesium thiosulfate is purchased and stored onsite. The volume of the
tank was chosen to be 2000 gallons because 1800 gallons of solution is consumed
every 2 months. It was considered reasonable that a tanker truck could refill the
storage tank every 2 months. The tank is constructed from polyethylene terephthalate
(PET) because magnesium thiosulfate does not react with it (MSDS Magnesium
thiosulfate, 2008).

3.2.10 Magnesium Thiosulfate Refill Pump, P-203 A/B
The thiosulfate tank is refilled every two months. P-203A/B provides the
pressure required to overcome the height of V-201, 114 inches. The Dayton ½ hp
utility pump was chosen for the design. This pump provides 120 inches of water head
at a flow rate of 13.8 gallons per day (DAYTON, 2011). Figure 3.2-11 is an image
of the magnesium thiosulfate refill pump.

Figure 3.2-11 - DAYTON ½ HP utility pump.
Taken from DAYTON, 2011.
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Section 4.

Environmental and Safety Statement

Section 4.1

Environmental Impact

The main reason for implementing AOPs is to protect the environment.
Therefore, it is of utmost importance that the proposed treatments, ozonation and
UV/H2O2 oxidation, do not incur more environmental burdens than the ones they
prevent. It is crucial to find an “environmental break-even point” that balances the
reduction in eco-toxicity in water with a reasonable energy cost (Wenzel et al., 2008).
Environmental considerations of any process are difficult to quantify so life-cycle
assessments (LCAs) have begun to act as decision-making tools which evaluate the
environmental impacts of a particular process.
LCAs currently exist for ozonation and H2O2/UV oxidation, as well as for
other wastewater treatment technologies such as sand filtration, membrane
bioreactors, and AOP coupled systems (Nijdam et al., 1999, Høbyie et al., 2008,
Wenzel et al., 2008, Muñoz et al., 2007, 2009). In the study conducted by Høbyie et
al., (2008), an economic assessment is also included, but financial assessment is not a
parameter generally included in LCAs. As seen in LCAs applied to industrial
processes, the scope and results of an LCA on wastewater treatment can vary
significantly from process to process. A general LCA overview is presented in Fig
4.1-1. This schematic depicts the two main concerns in environmental analysis for
environmentally driven technologies: induced and avoided/reduced emissions from
AOP implementation.
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Fig. 4.1-1 LCA general overview for AOPs.
Adapted from Wenzel et al, 2008 and Høbyie et al., 2008

4.1.1

Environmental Impact – UV/H2O2 Oxidation
4.1.1.1 Discharges
4.1.1.1.1 Solid
The UV reactors utilize 2160

lamps per annum. These lamps are

manufactured from a mercury alloy therefore their disposal can have a huge negative
enviromental impact. Both the EPA and Arizona Department of Environmental
Quality (ADEQ) suggest recycling as the best method of disposal.
To comply with disposal regulations, the lamps will be disposed of through
“Veolia”, a company which would collect the lamps and recycle the mercury
according to EPA and OSHA standards (Veolia Environmental Services, 2011).
4.1.1.1.2

Liquid and Gaseous

The overall intent of this project is to reduce the concentration of endocrine
disrupting chemicals in the effluent from the Ina Road wastewater plant.
Accomplishing this task is an environmental benefit since, the tertiary effluent (liquid
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discharge) from the plant emerges with a reduced average concentration of 0.1 ng/L
EE2, the recommended “safe” concentration (Snyder et. al, 2008).
The effluent also exits the plant with approximately 2.1 mg/L H2O2. The
concentration of H2O2 in natural waters can be between 0.34 µg/L and 0.34 mg/L.
Information regarding safe drinking water concentrations for H2O2 in the United
States is unavailable; however, in Germany and Belgium the limits are 17 mg/L and
10 mg/L respectively (Masschelein and Rice, 2002). Considering that the tertiary
effluent will be discharged into the Santa Cruz River, and is not a direct drinking
water source, a 2.1 mg/L concentration of H2O2 is assumed safe.
There are no direct gaseous emissions from the oxidation process. However,
considerable energy is used which generated significant gaseous emmissions. This is
discussed further in section 6.2. A summary of environmental impact in UV/H2O2 is
presented in Figure 4.1-2 at the end of Section 4.1.1
4.1.1.2 Utilities Impact
Electricity was the major utility employed in the process. A total of 7,030,000
kWh/yr of electricity is required for plant operation. This high energy usage is
accompanied by substantial gas emmissions. Correlations developed by the
Leornardo Academy Inc. (2010) were used to determine the impact of emmissions
linked to electricity usage. These findings are summarized in Table 4.1-1.
Table 4.1-1: Yearly gas emmission from electricity
Gas
CO2
NOx
SOx

*Emmission (ton)
4300
6
4

*Adapted from Leornardo Academy Inc., 2010
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4.1.1.3 Spills of Major Component
Hydrogen peroxide is the major chemical component in the UV/H2O2
oxidation process. At 50 % w/v concentration, a large spill would be a serious
enviromental hazard. According to the National Fire Protection Agency (NFPA),
hydrogen peroxide is non-flammable. However, in the case of a large spill, it is at risk
of contamination which will lead to subsequent decomposition and the release of
oxygen which is an accelerant. This increases the potential for fires if exposed to an
ignition source. Alternatively, if spilled on a flammable substance, it may result in an
immediate fire. Hydrogen peroxide readily decomposes in oxygen and water;
however, if left undiluted, it can be toxic to living organisms.
4.1.1.4 Environmental Regulations
Regulations relating to the concentration of EDCs are yet to be implemented
(Section 1.2.1). On the other hand, hydrogen peroxide regulations have been set by
multiple organizations. The US Department of Transportation considers it a
hazardous material and so requirements are set to avoid spills or any unforeseen
incidents which may introduce concentrated hydrogen peroxide to the environment
(Section 4.2.2). The Resource Conservation and Recovery Act (RCRA) does not
consider hydrogen peroxide hazardous. On the other hand, the Emergency Planning
and Community Right-to-Know Act (EPCRA), section 302, considers this chemical
an extremely hazardous substance (EHS) with a reportable quantity and threshold
planning quantity of 1000 pounds at concentrations greater than 52 % (Electronic
Code of Federal Regulations, 2011). Approximately 70,000 pounds hydrogen
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peroxide will be stored on site, however the concentration is 50 %, just below the
reportable figure hence, the Ina Road plant does not fall under this law.
Mercury is considered hazardous waste under the Resource Conservation and
Recovery Act (RCRA) therefore, it is required by law, section 3010, to inform the
EPA of all activities involving the use of these mercury containing lamps (EPA,
2009). The disposal of these lamps is discussed in section 4.2.1.1.
4.1.1.5 Impact Categories
The impact categories reviewed were: human and aquatic toxicity, global
warming, nitrification potential, and ozone depletion. Conclusions were made by
applying data from the EPA and MSDSs to the starting materials and the end products
of the process.
Presently, EDCs in wastewater are known to have toxic effects on aquatic
organisms. One study showed that a concentration of 5-6 ng/L can lead to the
feminization of male fish (Kidd et al., 2007). Therefore, the implementation of
UV/H2O2 oxidation can result in a positive impact since it aims to reduce the
concentration of EE2 to 0.1 ng/L. Research is being conducted to ascertain the toxic
effects that EDCs in wastewater have on humans; however, the results of these
investigations are not conclusive since experiments can only be conducted on other
organisms or tissue cultures (Fono and MacDonald, 2008).
Hydrogen peroxide is slightly toxic to amphibians and not acutely toxic to fish
(PAN Pesticides Database, 2010). According to the MSDS, hydrogen peroxide is not
a carcinogen and overexposure can lead to permanent eye tissue damage.
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Global warming is not a direct consequence of the process but rather from the
electricity used. From Table 4.1-1, the gas emissions from electricity over one year
were 4300 tons of carbon dioxide and 6 tons of nitrogen containing compounds. This
large amount of CO2 contributes significantly to global warming. The amount of
nitrogen oxides produced also adds to the nitrifcation potential of the process. After a
thorough inspection of the EPAs Class I and Class II ozone depleting substances, it
was found that none of the starting materials or the products of the process contribute
to ozone depletion (EPA, 2010).

Figure 4.1-2 : UV/H2O2 - Environmental Impact Summary based on annual requirements
* Emissions calculated using electricity emission factors for Arizona taken from Leonardo Academy Inc.,
2010

4.1.2Environmental Impact - Ozonation
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4.1.2.1 LCA on Ozonation
The main categories of environmental impact assessed in LCAs that are of
interest in AOPs include: eco-toxicity (fresh and saltwater), global warming
potential, acidification, and nutrient enrichment. (Wenzel et al., 2008). Given the
nature that drives the implementation of an AOP for water treatment, a convenient
way of assessing the environmental impact is to classify the LCA categories
aforementioned into induced or prevented environmental burdens. In an effort to
quantify environmental burden, person equivalent targets (PETs), have been used
as a method of quantifying anthropogenic environmental impact. As of 2008, a
PET equals 9.570 kg of CO2-equivalents/person (Høbyie et al., 2008). Figure 4.13 is a bar chart depicting the induced and prevented environmental impacts for
ozone AOPs.

Fig. 4.1-3: The induced and prevented potential environmental impacts from
ozonation in weighted and normalized impact potentials. 8mg O3/l dosage is assumed.
Retrieved from Høbyie et al., 2008

4.1.2.2 General environmental cost (mass and energy balances)
Figure 4.1-4 shows the main variables that play a role in the environmental
impact for the ozonation process studied. The variables are identified as inputs (in)
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and outputs (out) based on general qualitative material and energetic balances,
highlighting some numbers where they were significant to the balances or key to the
process. The pieces of equipment with the greatest energy costs are the ozone
generator and the air compressor coupled to the air dryer. These account for 138 and
100 hp respectively. However, a total of four pumps are used to displace the
secondary effluent, which overall account for 300 hp.

Fig 4.1-4: Ozonation process variables to consider for environmental impact. The
large dotted box represents the process control volume.
4.1.2.3 Liquid and gaseous emissions:
A schematic depicting the overall emissions from ozonation are presented in
Figure 4.1-5. The liquid emissions consist of the effluent discharge after treatment
and may contain magnesium thiosulfate. This compound could yield sulfur dioxide in
the presence of acids (Tessenderlo Group, 2008). However, since the wastewater is
expected to be at a circumneutral pH, this environmental hazard is negligible. In
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addition, for 50 MGD of waste water treated, only 111 L/day of magnesium
thiosulfate are used to quench the remnant dissolved ozone.
The main gaseous emissions include the vented gases in the off-gas from the
ozonation reactor and the gaseous emissions that result from using electricity to
power the process. The off-gas contains a negligible amount of ozone, 0.022 ppb,
which is below the EPA limit of 0.075 (EPA, 2011). Besides ozone, there is a
possibility of NOx emissions in ozone generation. These compounds are produced in
the ozone generator from N2 and oxygen molecules under a dielectric discharge
(Brown, K.A., et al., 1988). Moreover, NOx is converted within one second to N2O5,
which reacts in water to produce HNO3 (Brown, K.A. et al, 1988). It is expected that
in contact with water, the effects of N2O5 are minimized. The resulting acidity is
likely buffered by components present in water, such as bicarbonate. Regarding gas
emissions from electricity production, it is estimated that 4.5 million kWh are
consumed in a year of plant operation. Table 4.1-2 shows the gas emissions to the
atmosphere to generate this power in Arizona based on correlations (Leonardo
Academy, 2010). The majority of the emissions are CO2, which correspond to a
yearly output of 2770 tons.
Table 4.1-2 Yearly gas emissions from electricity needed to power ozonation in
Arizona.
Gas

*Emmissions (tons)

CO2

2770

NOx

4

SOx

3

* Adapted from Leonardo Academy (2010).
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Fig. 4.1-5. Ozonation - Environmental Impact Summary based on annual requirements
Emissions calculated using electricity emission factors for Arizona taken from Leonardo
Academy Inc., 2010
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4.1.2.4 Specific by-products of concern produced in ozonation.

Bromate
In long oxidation times of ozonation, bromate –a potential carcinogen– is
formed from its precursor, bromide (Camel et al., 1998). The formation of this byproduct has raised concerns due to its potentially adverse effects to the human
population. The U.S. EPA Stage 1 Disinfectants/Disinfection By-Products Rule has
set a Maximum Contaminant Level (MCL) on bromate of 10 ppb in water (U.S. EPA,
1998). In order to minimize the bromate that has been produced, several strategies
have been suggested, such as pH depression and ammonia addition (Von Gunten,
2003).
Nitrosoamines
N-nitrosodimethylamine (NDMA) can be produced as a by-product during the
ozonation of dimethyldulfamide, a micropolluant (Schmidt and Brauch, 2008).
However, it is produced at a sufficiently small quantity, (≤14 ng L-1), which is below
the drinking water standard and can be further removed through biological and sand
filtration (Hollender et al., 2009). Given that the tertiary effluent is discharged into
the Santa Cruz River, it is expected that biotic and abiotic processes in the soil act as
a natural filtration barrier for NDMA. Other sources of NDMA are removed during
secondary wastewater treatment (Krauss et al., 2009), and therefore might not pose
environmental concern in AOPs.
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4.2

Safety Statement
Hazard and risk assessments are recommended for each process so that the

occurrence of disastrous incidents can be avoided if possible and so plant personnel
have a pre-existing plan of action should an incident arise. To accomplish this,
detailed process hazard analyses (PHAs) were conducted and process safety
information was gathered. These studies were centered on the reactors, storage, and
utility in both advanced oxidation processes. Potential hazards associated with the
flow, reaction and other reaction parameters were addressed in detail in the PHAs are
presented in Appendix C Outlined below are the major safety risks and precautions
for UV/H2O2 oxidation and ozonation processes.

4.2.1

UV/H2O2

4.2.1.1 Equipment
UV reactors
The oxidation process was designed to use five reactor trains with three
reactors each to treat the 50 MGD flow rate of wastewater at the Ina Road wastewater
treatment plant. Safety analysis was performed on the reactors since they are the
major equipment used in this process. The main safety concerns include the potential
for exposure to UV radiation and the hazards associated with the use of the glass
lamps which are made of an alloy containing mercury.
The UV lamps used in the design emit light at a wavelength of 254 nm. This
wavelength corresponds to UV-C radiation, which is able to harm cells by triggering
photochemical damage to nucleic acids (TrojanUVSwift Operations & Maintenance
Manual, 2008). The UV lamps are contained in quartz sleeves within the reactor and
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are sealed from view with a protective cover. However, to avoid the risks of possible
exposure during maintenance of the lamps, plant personnel should wear UV resistant
face shields or glasses.
Being made of glass, there is the potential for the lamps to break and cause
severe cuts. Extreme care is required when initially installing or replacing the lamps.
Only if broken will a mercury exposure occur, so safety recommendations include
adequate storage and disposal of lamps in a manner to prevent or reduce accidental
breakage (See Section 6). Personnel should also be educated about the hazards
associated with the handling of the UV lamps. If mercury exposure occurs, a
spill/containment kit should be made available on site and extreme precaution should
be taken to minimize the dispersion of the mercury by isolating the area and avoiding
the use of vacuum cleaners which may spread mercury (TrojanUVSwift Operations &
Maintenance Manual, 2008).. All materials used are considered hazardous and should
be disposed of accordingly.

4.2.1.2 Chemical Transport and Storage
The hydrogen peroxide used in this process is at a 50 % w/v concentration. At
this concentration, it is considered as an oxidizer (class 5.1 chemical) by the U.S
Department of Transportation (DOT) and so transport should be carried out in
accordance with all regulations set forth by DOT (n.d). Being an oxidizer,
inappropriate handling of hydrogen peroxide can lead to its contamination and
subsequent instability and decomposition (See Section 5.3). Precautions such as
correct labeling of material, use of compatible materials for transport (304 or 316
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stainless steel or aluminum 5254), and training of vehicle drivers are all necessary to
avoid the occurrence of instability which may result in spills, fire, or explosion.
Storage is an important factor influencing the stability of H2O2. Tanks should
be placed in a cool area, away from direct sunlight, heat sources, and combustibles
(FMC MSDS, 2008). This precaution is implemented to avoid an increase in
temperature which may make the solution unstable and accelerate the decomposition
rate of H2O2 (See Section 5.3). Other safety considerations for the storage tanks
include the presence of vents and “free-lifting manway covers” which can be used to
examine tank contents and release pressure if needed (Solvay Chemicals Technical
Data Sheet, 2006).

Level alarms should be employed as a precaution against tank

overflow. It is important that the storage tanks be housed within an embanked area
(skid) sufficient to contain the entire amount of H2O2 stored onsite so that the
containment and dilution of spills can be accommodated. Additionally, contact
between H2O2 waste and organic material should be avoided since the presence of an
oxygen-rich gas phase magnifies the potential for a vapor phase explosion.

4.2.1.3 Synergistic Effect of Chemicals
Chemical and Thermal Instability
Hydrogen peroxide decomposes to produce gaseous oxygen, hydrogen, and
water via an exothermic reaction. Commercial grade hydrogen peroxide is prepared
with stabilizers which slow its decomposition to a rate of approximately 1% per year
at 20 oC (Solvay Chemicals Technical Data Sheet, 2006). At this rate, the heat
generated can easily dissipate thus keeping the H2O2 at ambient temperature.
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However, there are three factors which may affect the stability of the solution –
temperature, contamination, and pH - which may result in catastrophic occurrences.
i.

Temperature

The rate of H2O2 decomposition doubles for every 10 oC increase in
temperature (Solvay Chemicals Technical Data Sheet, 2006). Suitable storage away
from heat sources is mandatory since if heat generation via decomposition is greater
than heat loss to the surroundings a self-accelerating reaction can occur. This runaway reaction would produce massive amounts of heat and gas, and may
consequently cause fires and explosions. Sprinkler systems will be installed as a
precaution to keep storage areas cool and thermometers will be used for continuous
monitoring of the tank temperature.
ii.

Contamination and inadvertent mixing

Contamination of H2O2 can occur during transportation, maintenance or
through the inadvertent mixing with wastewater due to a pump malfunction. In all
cases safety measures should be employed to avoid these occurrences since
contaminants may act as catalysts for decomposition. Another major source of
contamination is the quality of water used for H2O2 dilution. Only demineralized or
deionized water should be used to avoid the introduction of impurities into the
peroxide solution. One safeguard would be to check the conductivity of water before
dilution; ideally, demineralized water conductivity should be less than 1 µS/cm
(Arkema, 2005).
iii.

pH

The hydrogen peroxide solution used in this process is considered most stable
at a pH of 3. A decrease in pH can be the result of unforeseen mixing of the hydrogen
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peroxide with the phosphoric acid gel cleaner used in the reactor; but it does not
negatively affect the solution stability. On the other hand, a pH increase may lead to a
rise in the rate of decomposition (Solvay Chemicals Technical Data Sheet, 2006).
However, the likelihood of a pH increase is very low since no basic materials are used
in this process.

4.2.1.4 Special Personal Protective Equipment
The UV reactors do not require any additional PPE except those outlined in
Section 5.1. However, the storage tanks require the use of a positive pressure mask
when maintenance is carried out. Additionally, when tanks are being refilled or if a
major spill should happen, encapsulating suits are needed for personnel (OSHA,
2010).

4.2.2

Ozonation

4.2.2.1 Equipment
Ozone generator
The piece of equipment with the highest concentration of ozone at any a given
time is the ozone generator. The MOC for the area of the generator that is in direct
contact with ozone is AISI 316L. AISI 316L is a variety of extra low-carbon stainless
steel that does not have carbide precipitation due to welding (AK Steel, 2007). This
minimizes potential corrosion from contact with ozone. Ozone can decompose into
oxygen and may be flammable in presence of catalysts like hydrogen, copper, iron,
and chromium (Spartan, 2007).
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Another important safety issue to consider in the ozone generator is the
electric discharge and exothermicity of the reaction to generate ozone from oxygen.
An electrical discharge higher than 3000 V is required (Nijdam et al., 2008) for this
process. Since high voltage and high capacitance are present in ozone generators,
only qualified electricians should work on the equipment (UCLA Chemistry &
Biochemistry, 2010). In addition, since this reaction releases 143 kJ/mol of heat
(Compressed Gas Association, 1999), cooling water at 15 ºC is required to reject the
heat (Spartan, 2010). Even though the ozone generator consists of a coupled reactor
with a heat exchanger, there is a potential burn hazard for the personnel in proximity
of this piece for equipment. In consequence, a face shield must be worn in order to
prevent burns from the water used to cool down the reactor (UCLA Chemistry &
Biochemistry, 2010).

4.2.2.2 Chemicals
Ozone
Ozone is the chemical species that poses the most evident safety hazard to
personnel working on site. Currently, the Occupational Safety Hazard Administration
(OSHA) has set a permissible exposure limit (PEL) for ozone at 0.1 ppm (OSHA,
2007). Ozone is a powerful oxidant, which can react with organic and inorganic
oxidizable materials. Some of these reactions can be highly explosive, such as those
with aromatic compounds, rubber, and diethyl ether (Ozone MSDS,2010).
Nonetheless, the exposure of these compounds to ozone at considerable
concentrations in the ozonation process is negligible.
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There are considerations in the workplace explained throughout this section
that must be observed for personnel that could come in contact with any equipment
parts involving the production, use, or quenching of ozone in the process. Ozone is an
irritant to the upper and lower respiratory tract, can damage the eyes, and can result in
edema at high exposures (Ozone Water Systems, Inc. MSDS, 1997, Lotus Pro MSDS,
2009). However, ozone has a distinct odor which can be detected at concentrations as
low as 0.02 – 0.05 ppm, which is below the OSHA PEL (Spartan Environmental
Technologies, n.d.) A chart depicting toxicological effects on humans at different
exposure times and concentrations is shown in Figure 4.2-1. Since ozone is heavier
than air, it is recommended that areas subject to ozone release be ventilated at a rate
of ten air changes per hour (Compressed Gas Association, 1999). Starch/potassium
iodine paper can be used to detect small ozone leaks; a blue color change indicates
the presence of ozone (Compressed Gas Association, 1999). In the event of an
emergency, it is recommended that a positive pressure air line with mask or selfcontaining breathing apparatus be available for personnel on site (BOC, 2007).
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Fig. 4.2-1 Toxicological effects of ozone as a function of concentration and
exposure time.
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Section 5 Economic Analysis
5.1 Bare Module Costs
5.1.1 UV/H2O2 Oxidation
The economic analysis for the UV/H2O2 design began with the calculation of
the total bare module cost (CTBM) associated with the equipment used in the process.
State and federal sales taxes were not reflected in the calculations of each piece of
equipment’s bare module cost. Except for the hydrogen peroxide storage tanks, most
equipment prices for the UV/H2O2 system were obtained from vendors (see Appendix
B, Appendix D-Spreadsheet CTBM). TrojanUV provided the purchase cost for the
UVPhox reactor system. Prices for the wastewater and hydrogen peroxide pumps
were obtained from FLYGT and ProMinent Fluids Control, Inc. The purchase price
for the hydrogen peroxide storage tanks was calculated using cost correlations for a
horizontal pressurized vessel. After installation costs were taken into account, the
CTBM for the H2O2/UV process was estimated to be $15,900,000. Summaries of CTBM
and its components are provided below in Table 5.1 and Figure 5.1-1.

As seen in

Figure 5.1-1, the UV reactor trains are responsible for the equipment costs incurred
by the process.
Table 5.1. Bare Module Cost Estimation for UV/H2O2 Design
Equipment Tag(s)

Equipment

CBM ($)

N/A

Hydrogen Peroxide Storage Tanks

699 000

P-101A/B through P-105

Hydrogen Peroxide Pumps

67 320

P-108A/B

10 MGD Wastewater Pumps

363 000

P-109A/B, P 110A/B

20 MGD Wastewater Pumps

1 090 000

R-101 through R-105

UV Reactor System

13 725 000

CTBM

15 900 000
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Reactor Trains
20 MGD Pump
10 MGD Pump
Prominent Pumps

H2O2 Tanks

Figure 5.1-1 Summary of the CTBM for the UV/H2O2 Design

5.1.2 Ozonation
With the exception of the ozone reactor vessel, the prices for the equipment
used in the ozonation process were obtained by email or phone communication with
vendors (see Appendix B, Appendix D-Spreadsheet CTBM).

The costs for the

nitrogen adsorbers, oxygen surge vessel, air compressor, dryer, and surge unit were
obtained from OGSI (Oxygen Generation System International). Ozone Solutions
Incorporated provided a quote for the ozone generator and FLYGT provided the
wastewater pump prices.

The purchase price of the ozone reactor was estimated

using price correlations for a tower pressure vessel. A CTBM of $11,200,000 was
estimated for the ozonation process. Table 5.2 and Figure 5.1-2 below summarize the
CTBM and its components. The costs for the ozone reactor vessels, the counterparts
for the UV reactor trains, did not have the largest impact on the CTBM. Instead, the
wastewater pumps were found to incur the largest bare module cost.
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Table 5.2. Bare Module Cost Estimation for Ozonation
Equipment Tag(s)

Equipment

CBM ($)

C-101A/B, D-101,
V-101

Air Compressor, Dryer, and Air Surge
Vessel

99 766

T-101, T-102

Nitrogen Adsorbers

185 228

V-102

Oxygen Surge Vessel

8 890

R-101

Ozone Generator

1 220 000

R-201, R-202

Ozone Reactor Vessel

2 380 000

P-201A/B/C,
P-202A/B/C

Wastewater Pumps

N/A

Thiosulfate Refill Pump

1 200

P-203

Thiosulfate Storage Tank

1 000

CTBM

7 300 200

11 200 000

Air Compressor, Dryer, and
Air Surge Vessel
Nitrogen Adsorbers
Oxygen Surge Vessel
Ozone Generator

Wastewater Pumps
Thiosulfate Refill Pump
Thiosulfate Storage Tank
Ozone Reactor Vessel

Figure 5.1-2: Summary of the CTBM for the Ozonation Design.
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5.2 Total Permanent Investment
5.2.1 UV/H2O2
The total permanent investment (CTPI) is composed of both depreciable and
nondepreciable items. Depreciable capital (CTDC) for the H2O2/UV design consisted
of the costs for site development and contingencies (Ccont). Nondepreciable capital
costs (CTNDC) included the costs for plant startup (Cstartup). The values of CTDC and
CTNDC were determined to be $19,700,000 and $1,970,000, respectively.

After

applying an investment site factor to adjust for the plant’s location in Tucson, the
total permanent investment (CTPI,corrected) was estimated to be $20,600,000. Table 5.3
below summarizes the components of CTPI.
Table 5.3. Total Permanent Investment with Components for UV/H2O2
Cost Description

Cost ($)

Csite

794 000

Ccont

3 000 000

CTDC

19 700 000

Cstartup

1 970 000

CTNDC

1 970 000

CTPI

21 700 000

CTPI,corrected

20 600 000

5.2.2 Ozonation
The CTPI for ozonation consisted of the same components as described above
for H2O2/UV.

Price adjustment for the location of the plant in Tucson, Arizona was

also considered. The CTDC and CTNDC for this design were estimated as $13,900,000
and $1,390,000, respectively.

Table 5.4 below summarizes CTPI and the costs
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composing it. The CTPI was estimated to be $14,500,000 after site correction was
taken into account
Table 5.4. Total Permanent Investment and Components
Cost Description

Cost ($)

Csite

560 000

Ccont

2 120 000

CTDC

13 900 000

Cstartup

1 390 000

CTNDC

1 390 000

CTPI

15 300 000

CTPI,corrected

14 500 000

5.3 Annual Operating Costs
5.3.1 UV/H2O2 Oxidation
Estimation of the annual operating costs began with the determination of the
costs associated with feedstocks, utilities, and equipment replacement.

Electricity

was the only utility considered for the calculation of the UV/H2O2 design’s annual
utility costs leading to an overall utility cost of $634,000 per year. Shipment of 50%
(w/v) hydrogen peroxide was considered to be the only raw material needed.

At a

market price of $3.00 per gallon (see Appendix B), annual hydrogen peroxide costs
were estimated to be $460,000. The replacement and recycling of the low pressure
ultraviolet lamps used in the reactor system was also taken into account. As a worst
case scenario, it was assumed that all 2,160 lamps would need to be replaced and
recycled annually. The purchase price per lamp was quoted as $200 while annual
recycling fees were estimated at $2,950 (see Appendix B). The total cost of disposal
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and replacement of the lamps was determined as $435,000. Figure 5.3-1 below
shows the cost distribution for the utility, feedstock, and annually replaced equipment
utilized the UV/H2O2 design. The costs incurred by lamp replacement and hydrogen
peroxide usage are relatively equal while those associated with electricity have a
slightly higher impact.

Hydrogen
Peroxide
Electricity

Light
Replacement

Figure 5.3-1. Annual Feedstock, Utility, and Supplementary Equipment for
the UV/H2O2 Design
In addition to raw material and utility costs, the annual operating costs for
both facilities were assumed to include the costs for labor and maintenance related
operations, overhead, taxes, insurance, and depreciation. Tables 5.5-5.7 contain a
summary of these costs.

Addition of these costs with those associated for the

feedstock, utilities, and lamp replacement resulted in an annual operating cost of
$6,560,000.
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Table 5.5 Labor-Related Operation Costs for H2O2/UV

Table 5.6 Maintenance Costs for H2O2/UV

Description

Cost ($)

Description

Direct Wages and Benefits (DW&B)

728 000

Maintenance Wages and Benefits

Direct Salaries and Benefits

109 000

Operating Supplies and Services

6 550

Technical Assistance to Manufacturing

120 000

Control Laboratory

130 000

Total Operations Cost

1 090 000

Cost ($)

689 000
(MW&B)
Salaries and Benefits

172 000

Materials and Services

689 000

Maintenance Overhead

34 400

Total Maintenance Cost

1 580 000
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Table 5.7 Operating Overhead for H2O2/UV
Description

Cost ($)

General Plant Overhead

121 000

Mechanical Department Services

40 800

Employee Relations Department

100 000

Business Overhead

127 000

Total Operating Overhead

387 000

Table 5.8 Additional Operating Costs for H2O2/UV
Description

Cost ($)

Property Taxes and
Insurance

394 000

Depreciation

1 570 000

Total Additional Cost

1 570 000
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5.3.2 Ozonation
The annual operating costs for ozonation were calculated in the same manner
as those determined for UV/H2O2. The utilities associated with the ozonation process
were electricity ($312,000 per year) and cooling water ($5,140 per year). Since air
was used to generate the ozone, the only feedstock considered was magnesium
thiosulfate, an ozone quenching agent. The annual cost for this chemical was
determined to be $44,850. Figure 5.3-2 shows the cost distribution for feedstock and
utility usage by the ozonation plant. Like the UV/H2O2 design, the costs associated
with electricity have the largest impact on the process. However, the effect is more
substantial than what was previously seen.

Magnesium Thiosulfate
Electricity
Cooling Water

Figure 5.3-2. Annual Feedstock, Utility, and Supplementary Equipment for
the Ozonation Design
The labor related operation costs were assumed to be identical to those of the
UV/H2O2 process ($1,090,000). The other costs associated with the annual operating
cost for ozonation can found on the next page (Tables 5.9- 5.12).

Together these

costs resulted in an annual operating expense of $4,540,000 which was 30% less than
the cost calculated for the UV/H2O2 process.
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Table 5.9 Labor-Related Operation Costs for O3

Table 5.10 Maintenance Costs for O3

Description

Cost ($)

Description

Direct Wages and Benefits (DW&B)

728 000

Maintenance Wages and Benefits

Cost ($)

486 000
(MW&B)

Direct Salaries and Benefits

109 000

Operating Supplies and Services

6 550

Technical Assistance to Manufacturing

120 000

Control Laboratory

130 000

Total Operations Cost

1 090 000

Salaries and Benefits

121 000

Materials and Services

486 000

Maintenance Overhead

24 300

Total Maintenance Cost

1 120 000
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Table 5.11 Operating Overhead for O3

Table 5.12 Additional Operating Costs for O3

Description

Cost ($)

Description

Cost ($)

General Plant Overhead

103 000

Property Taxes and Insurance

278 000

Mechanical Department Services

34 700

Depreciation

1 110 000

Employee Relations Department

85 200

Total

1 390 000

Business Overhead

107 000

Total Operating Overhead

329 000
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5.4 UV/H2O2 and O3 Working Capital
For both processes, the working capital was determined with the assumption that
no sales would occur. While this assumption is somewhat skewed, it was made for two
reasons:
1. Municipal utility plants like the Ina Road WRF do not operate for profit. Their
financial goal is to first cover operation and maintenance costs (Spellman, 2009).
2. The equations used to calculate the working capital for both plants are based on
percentage factors of the annual operating costs and sales.

Since sales are

determined from the depreciable capital (CTDC), it was unlikely that their inclusion
would affect the trend that O3 would be the cheaper process due to all economic
parameters being lower than those for UV/H2O2.
With this assumption, the working capital for UV/H2O2 was calculated to be $472,000.
The working capital for ozonation was estimated as $354,000.

5.5 UV/H2O2 and O3 Total Capital Investment
CTCI was calculated as the sum of the working capital and CTPI,adjusted. From these
two values the values of CTCI were estimated as $21,000,000 and $14,900,000 for
UV/H2O2 and ozonation, respectively. To summarize the cost differences between the
two designs Table 5.12 is provided. The 30% difference indicated by the CTCIs can be
explained by the nature of the economic analysis. CTPI,adjusted is more dominant than the
working capital term in the calculation for CTCI . Since CTPI,adjusted is dependent on CTBM
it was apparent that the ozonation process would result in a lower CTCI and be more
economically feasible for implementation.
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Table 5.12. Total Capital Investment Costs
Cost

H2O2/UV ($)

Ozonation ($)

CTBM

15 900 000

11 200 000

CSite

794 000

560 000

CDPI

16 700 000

11 800 000

CCont

3 000 000

2 120 000

CTDC

19 700 000

1 390 000

CStartup

1 970 000

1 390 000

CTPI

21 700 000

15 300 000

FISF

0.95

0.95

CTPI,corrected

20 600 000

14 500 000

CWC

472 000

354 000

CTCI

21 000 000

14 900 000

5.6 UV/H2O2 Cash Flow Analysis-With and Without Sales
The methods used to estimate the cash flows for both designs are briefly
described here; detailed explanations may be found in Appendix 5.1. The analysis was
done for a 20-year period using the MACRS depreciation method. A nominal interest
rate of 5% compounded annually was assumed. Twenty-year net present values (NPVs)
of -$47,600,000 and -$31,500,000 were obtained for UV/H2O2 and ozonation,
respectively.
The NPVs mentioned in the preceding paragraph were calculated with the
assumption that no service fees would be collected. Quantifying the exact fee collection
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associated with just the implementation of an AOP processes is difficult.

For the

purposes of comparing the two processes, a fee calculation was performed by assuming
that it would take the entire 20 year period for each plant to be paid for. Using the
assumption described above, the annual sales for the UV/H2O2 plant were calculated to
be $6,820,000. This figure was calculated to be $4,510,000 for ozonation (see Appendix
D calculations and spreadsheets). Using these figures and the number of residential
customers serviced by the Ina Road WRF (217,888 households), the monthly sewage fee
would need to be increased by $2.22 to cover the costs of the UV/H2O2 and by $1.47 for
the implementation of ozone.

5.7 Economic Hazards
5.7.1 Contaminant Concentration
A future increase in contaminant concentration poses a significant economic hazard.
Pertaining to just EE2, an increase could occur due to increased usage. While a spur in
the prescriptions for birth control containing EE2 could spur increased wastewater
concentration levels, increased usage would most probably be caused by the increased
prescription of EE2 for treatment of other medical conditions. In addition to its use as a
contraceptive, EE2 is also prescribed for non-contraceptive conditions such as acne,
ovarian cysts, endometriosis and other gynecological conditions (Marie et al., 2010).
Interest has been shown in the use of EE2 as a type of palliative drug treatment for
advanced prostate cancers (Izumi et al., 2010). It is difficult to assess the probability of
an increase in prescriptive usage; however, it should be considered as it may have
implications for treatment in the future.
While the plant designs focused solely on EE2; the decision to do so was so that
estrogenic activity in general could be quantified. Therefore, the concentrations of other
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endocrine disrupting compounds, synthetic and natural, must also be taken into account.
Natural increases in estrogenicity may occur if a population increase outpaces expansion
of the Ina WRF facility. Increases in synthetic estrogens are most likely, especially as the
identification of them continues. Compounds found in pesticides, cosmetics, and plastics
continue to be identified as possible EDCs (Plant et al., 2008). Since no legislation exists
to ban their usage, these compounds will continue to be manufactured thereby
contributing to the stabilization or increase of the current EDC levels seen in the plant
effluent. Treatment for both processes would need to be reassessed for any of the
situations aforementioned.

5.7.2 New Contaminants
It was assumed that EE2 is mineralized to water, carbon dioxide, and salts.
However, the oxidation of EE2 could produce unwanted residual byproducts that could
be more hazardous than EE2 (Sáez, 2011). Unfortunately, very little is known about
these byproducts. A study done by Alum et al. (2003) demonstrated that the removal of
Bisphenol A (BPD), 17β-Estradiol (E2), and 17α-Ethynyl Estradiol (EE2) does not
ensure the complete removal of estrogenicity.

Alum used ozone to oxidize EE2 in

distilled water and high performance liquid chromatography to confirm >99% removal of
these compounds.

Alum also used a human breast cancer cell line as an assay to

determine the estrogenicity profile of the water. The oxidation byproducts of BPA, E2,
and EE2 were found to exhibit an estrogenic response. If research concludes that the
byproducts formed from AOP treatment have a negative health or environmental effect,
the facilities presented here will not be adequate. Although it was not included in the
scope of this study, it is recommended that a study be conducted in a treatment facility
that addresses byproduct formation and how either process should be changed to deal
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with them if they are in fact hazardous. The testing of byproduct toxicity would be
facilitated by the use of cell assays.

If cell assays become more sensitive and cost

effective, it would be recommended that their use be implemented as a standard practice
for the assessment of AOP treatment.

5.7.3 Raw Material Prices
5.7.3.1 H2O2/UV Oxidation
Hydrogen peroxide was assumed to be the only raw material in the UV/H2O2 process that
would have a significant effect on the facility’s operating costs. The annual cost for
hydrogen peroxide usage was estimated to be $460,000. The worldwide demand for
hydrogen peroxide is expected to increase. This is because the EPA and the European
Union have stipulated a reduction of chlorine in bleach based processes (Global
Hydrogen Peroxide, n.d.). These processes will use hydrogen peroxide in place of
chlorine, possibly causing an increase in the price of hydrogen peroxide due to higher
demand. However, hydrogen peroxide is only 3% of the annual operating costs. If the
price of hydrogen peroxide increases, the effect on the annual operating costs may be
negligible depending on the size of the price increase.

5.7.3.2 Ozonation
The ozonation process uses two raw materials, ambient air and magnesium thiosulfate.
The use of outside air as the source of ozone had no associated raw material expense.
The only raw material considered for the ozonation process was magnesium thiosulfate.
The annual cost for magnesium thiosulfate usage was estimated to be $45,000 which is
1% of the annual operating costs for the ozonation facility.

Price fluctuations for
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magnesium thiosulfate would be expected to have little effect on the total annual
operating cost due to the chemical’s small contribution to it.

5.7.4 Utility Costs
As shown in Figures 5.3-1 and 5.3-2, electricity costs have a sizeable impact on the
economics for both processes. The H2O2/UV process consumes 9.2 million kW-hr of
electricity per year. This translates to an annual electricity expense of $550,000, 8.4% of
the annual operating costs for the facility. The ozonation process consumes 4.5 million
kW-hr of electricity per year for an annual electric cost of $270,000 per year, 6.0% of the
annual operating cost for the facility.

Both processes are energy intensive and an

electricity price increase would have a significant effect on the operating costs for both
facilities. As seen in Figure 5.6-1 below, the U.S. Southwest is experiencing a period of
decline in electric rates; however, by 2015, rates are expected to grow and may continue
to do so in an exponential fashion. A 15% increase in the rate is currently predicted to
occur by 2030. This is almost three times the increase expected for the national average
(4-5%, United States Energy Information Administration (US EIA), 2011). Due to this
dramatic increase, initiatives would need to be taken in the future to make both plants
more energy efficient or the financial effects would be passed on as a fee increase to
customers.
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Figure 5.7-1. Industrial Electricity Rate Projections
Based on information retrieved from US EIA, 2011.
In addition to using electricity, the ozone process’s utility costs also include the water
needed to cool the ozone generator. The annual cost of cooling water for ozonation was
estimated as $5,400, only 0.1% of the annual operating costs. Although this seems a
negligible amount, the cost of water is expected to rise over the next ten years because of
limited water availability and overdraft of regional aquifers (Megdal and Lacroix, 2006).
The effects of an increase in the rate for water may be avoided if the plant establishes or
modifies a contract with the local water utility to pay a set rate over a 20 to 30 year
period (Spellman, 2008).

5.7.5 Reliability of Specialty Equipment
Both the H2O2/UV and O3 processes utilize specialized equipment that is prone to
temporary shutdown or breakage. If debris enters the reactor trains in the H2O2/UV
process, there is the potential for one or more of the lamps to break. The lamps could
also burn out due to improper installation, an increase in the intensity needed for
treatment, or because of the lamp being faulty to begin with. With a purchase price of
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$200, the costs associated with the breakage or “blow out” of several lamps can be
substantial. This was taken into account in the economic analysis by considering the
worst-case scenario of all the lamps needing to be replaced annually. In addition, if an
increase in the price of the lamps occurs, due to either an increase in the price of their
production or to a technological development, the economic repercussions could have a
considerable affect on the annual operating costs. It should be noted that technological
developments in lamp design (higher efficiency, stronger materials) may not always bring
negative economic effects; benefits may be provided to the system causing a decrease in
annual operating costs.
The ozone generator in the O3 process is a complicated piece of equipment that has a
history of failure. If oil, grease, or cotton fibers enter the electrode chambers, it is very
likely that the contaminants will ignite a small fire. Such a fire occurred at a brand new
ozone facility in Portland, Oregon (Coskey, 2011). The fire was a direct result of residual
welding oil in the ozone piping. This oil was used during the plant’s construction. The
fire did not injure any personnel, but it forced the plant owner to replace the entire ozone
generation unit. If such a complication occurs at our facility, it would cost $400,000 to
replace the ozone generator.
Due to the large implications that reactor failure poses to both processes, some cities have
required the installation of a backup UV reactor chain or ozone generator (Coskey, 2011).
This was not accounted for in the economic calculations. If the city of Tucson required a
backup UV reactor chain, the total capital investment to build the H2O2/UV process
would increases to $ 27 million. A backup ozone generator would increase the total
capital investment associated with the O3 process to $19 million. Although regulations
on these processes are not established, they could be established in the future. Such
regulations would be a significant economic hazard.
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SECTION 6: CONCLUSIONS AND RECOMMENDATIONS
6.1


Conclusions

Given the parameters and scope of our study, ozonation is the most cost effective
AOP to treat for EE2 compounds in secondary effluent given the same effluent
characteristics and target final concentration in wastewater. However, the cost to
implement ozone is still significant considering it is designed to treat for only
EDCs and perhaps other trace organic compounds, many of which have yet to
been regulated.



There is still a considerable lack of knowledge in potential environmental impacts
from AOP by-products that should be considered when choosing an AOP
strategy. Literature needs to become available on the characterization, transport,
and fate of these compounds. It is worthwhile to note that by products and their
consequent risks might be different for the two processes; given the differences in
oxidation pathways.



Considering both points explained above, it is recommended that neither of the
designed AOPs (ozonation and UV/H2O2) be built at the present time.
Furthermore, it is suggested that the design be revaluated once there is more
literature on AOPs and the financial costs for these novel processes decrease.



Both plants require extensive use of electricity, therefore the possibility of price
increase in electricity presents a significant economic hazard especially since
increases above the national level predictions are expected in the U.S. southwest.

6.2

Recommendations
6.2.1

Recommendations for project improvement
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EE2 is representative of estrogenic compounds that may be present in wastewater
but not of all EDCs. Consider designing the process with other compounds of
emerging concern such as pharmaceuticals and personal care products (PPCPs),
and precursors for n-nitrosodimethylamine (NDMA) which may be present in the
wastewater secondary effluent.



Investigate the use of implementing AOPs to attain high-quality water which can
be used to directly recharge the aquifer since as the population of Tucson
increases the demand for faster groundwater recharge would increase.



The scope of this study could be broadened and provide solutions to treat for
drinking and potable water in the future for water-stressed regions like Arizona.



Evaluate AOPs as technologies to replace secondary and tertiary treatment in
wastewater, as the Montréal Urban Community Wastewater Treatment Plant
(MUCWTP) (CNW News, 2011).

6.2.2


Recommendations for overall process improvement

Investigate other AOPs including Fenton‟s reagent, titanium oxide catalysts, and
combinations of hydrogen peroxide and ozone to determine if they are more
efficient and less energy intensive than UV/H2O2 or ozonation



Utilize alternative energy generation technologies such as solar panels or the use
of a hydroelectric generator at the wastewater discharge point to reduce the
energy cost of both processes



Recycle the off-gas to the ozone generator to decrease oxygen wastage in
ozonation
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Determine if the use of pure oxygen could be made more economical to eliminate
the need for the dryer, compressor, nitrogen absorption column, and air vessel in
the ozonation design



Investigate the option of building the ozonation reactor out of concrete with a
corrsosion resistant coating to make the ozonation process more economical.



Investigate new UV lamp technologies that combine the energy efficiency of low
pressure lamps and the ability to emit light at multiple wavelengths like medium
pressure lamps.

6.2.3


Recommendations for future work

Assess the ecotoxicity and human toxicity in short and long term from byproducts of EE2 oxidation to ensure that the process is indeed environmentally
beneficial



Obtain data from the pilot project currently being conducted at the Green Valley
Wastewater Treatment Plant to validate or disprove process designs and
assumptions.



Conduct lab-scale investigations to explore the effect of hydrogen peroxide
dosages and light intensity to optimize the UV/H2O2 process



Design experiments to assess the accuracy of the UV/H2O2 model to Ina Road‟s
effluent.



Quantify potential precursors of disinfection by-products in wastewater , whose
metabolites could pose an environmental and health hazard.



In order to reduce pernicious AOP by-product formation, it is recommended that
the scope be expanded to secondary treatment to study and develop technologies
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that could remove precursors of these potential contaminants formed during
AOPs.
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Section 7 Nomenclature
ADEQ

Arizona Department of Environmental Quality

AOO

Annual Operating Overhead

AOP

Advanced Oxidation Process

BOD

Biological Oxygen Demand

CB

Base Cost

CBM

Bare Module Cost

CCONT

Cost of Contingencies and Contractor Fees

CDPI

Direct Permanent Investment Cost

C exc. D

Costs Excluding Depreciation

CCL

Contaminant Candidate List

COM

Cost of Manufacture

CP

Purchase price

CSTARTUP

Startup Cost

CTCI

Total Capital Investment Cost

CTDC

Total Depreciable Capital Cost

CTPI

Total Permanent Investment Cost

Cum. NPV

Cumulative Net Present Value

CWC

Working Capital Cost
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CWA

Clean Water Act

D

Depreciation (Economic Analysis)

DOM

Dissolved Organic Matter

DOC

Dissolved Organic Carbon

DW&B

Direct Wages and Benefits

E1

Estrone

E2

17β-estradiol

EDC

Endocrine Disrupting Chemical

EDSP

Endocrine Disruptor Screening Program

EE2

17α-ethinyl estradiol

EHS

Extremely Hazardous Substance

EPA

Environmental Protection Agency

EPCRA

Emergency Planning and Community Right-to-Know Act

F

efficiency of shell and tube heat exchanger

FBM

Bare Module Factor

FD

Drive cost correction factor

FM

Material Cost Factor

GAC

Granular Activated Carbon

GWR

Groundwater Replenishment
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i

Interest Rate

I

Cost Index for corresponding year

LOX

Liquid Oxygen

M

Maintenance Labor Cost

MUCWTP

Montreal Urban Community Wastewater Treatment Plant

MW&B

Maintenance Wages and Benefits

MSDS

Material Safety Data Sheet

NCDC

National Climatic Data Center

NDMA

N-nitrosodimethylamine

NE

Net Earnings

NFPA

National Fire Protection Agency

NPDES

National Pollutant Discharge Elimination System

O

Operational Labor Cost

OCWD

Orange County Water District

OSHA

Occupational Safety Hazard Administration

PEL

Permissible Exposure Limit

PSA

Pressure swing adsorption

RCRA

Resource Conservation and Recovery Act

SS

Suspended solids
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UV/H2O2

Ultraviolet/Hydrogen peroxide

WRF

Wastewater Reclamation Facility
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Appendix A. Process Calculations
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A.1 UV Reactor Size Calculations
A.1.1. Pseudo-steady state assumption
The residence time and wastewater flow rate were the deciding factors for the design of
the UV reactors. To determine the residence time, the degradation of EE2 was modeled using
correlations described by Rosenfeldt and Linden (2004). In this model, the second order reaction
between hydroxyl radical and EE2 was treated as a pseudo-first order reaction by assuming that
the hydroxyl radical concentration remains constant ([OH]SS). This assumption was made for
two reasons:


The concentration of hydroxyl radical is usually very low, on the order of 101410-12 M (Vallero, 2004).



There is a vast amount of experimental evidence to support this assumption for
EE2 (Rosenfeldt and Linden (2004), Ning, et al. (2007) and Zhang, et al. (2010)).

Equation (A-1) shows the simplification of a second order reaction involving a hydroxyl
radical and a chemical species, M, which may be present in wastewater:
(A-1)
where
k '  k[OH ] SS

(A-2)

A.1.2. Steady-state Hydroxyl Radical Formation [OH]SS
The expression for the steady-state hydroxyl radical concentration was derived from its
rate expression
(A-3)
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The first term on the right hand side in Equation (A-3) represents the formation of
hydroxyl radicals from the photolysis of hydrogen peroxide with UV light at a wavelength of
254 nm. In this term, Iave represents the intensity of the light, ϕ is the quantum yield of hydroxyl
radical formation from hydrogen peroxide, and ε is hydrogen peroxide‟s molar absorption
coefficient at 254 nm.
Iave was one of the parameters varied to determine a reasonable residence time and
subsequently a suitable reactor size. The quantum yield, ϕ, represents the moles of reactant
removed per mole of photons absorbed. This value has been determined experimentally as being
equal to one since it was found that one mol of H2O2 is decomposed per photon absorbed
(Bakendale and Wilson, 1957). The value of ε is 17.4 M-1cm-1 (Glaze et al., 1995). In this
equation, the concentration of hydrogen peroxide is assumed to remain at its initial value. While
this is not completely accurate, hydrogen peroxide‟s higher concentration relative to EE2 (mg/L
vs. ng/L) makes it a reasonable assumption.
The second term in Equation (A-3) represents the reaction of hydroxyl radicals with EE2
and other components typically found in wastewater (Mi). Based on recommendations from
Rosenfeldt and Linden (2004), the major compounds present in wastewater along with EE2 were
carbonate (CO32-), bicarbonate (HCO3-), and dissolved organic matter (DOM).

These

components were chosen based on their high likelihood to “scavenge” hydroxyl radicals thus
preventing the oxidation of EE2. Hydrogen peroxide is also a scavenging species and further
inhibits the reaction between EE2 and hydroxyl radical. The initial concentrations of the
scavenging species were assumed constant int the concentration due to the reason previously
outlined.
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Using the wastewater composition and steady-state assumptions, Equation (A-4) can be
set equal to zero and the steady state hydroxyl radical concentration can be solved for
n

d[OH]
 0  Iave [H 2O2 ]0    ki [M i ]0
dt
i1
[OH ]SS 



(A-4)

Iave [H 2O2 ]0 
n

 k [M ]
i

(A-5)

i 0

i1

where



n

 k [M ]
i

i 0

 kOH ,EE 2[EE 2]0  kOH ,H 2O2 [H2O2 ]0  kOH ,DOM [DOM]0

(A-6)

i1


kOH ,CO 2 [CO3 ]0  kOH , HCO  [HCO3 ]0
2

3

3

The second order reaction rate constants for the wastewater components (kOH,Ms) are denoted in

Table A-1 below.
Table A-1. Second Order Rate Constants of Wastewater Compounds and OH
Compound (Mi)

Rate Constant (ki, M-1s-1)

Source

HCO3-

8.5x106

Buxton, et al. (1988)

CO32-

3.9x108

Buxton, et al. (1988)

DOM

2.5x104 *

Larson and Zepp (1988)

EE2

9.8x109

Huber (2003)

H2O2

2.7x107

Buxton, et al. (1988)

* Units are L (mg C)-1s-1
A.1.3 Determination of initial scavenger concentration
The initial DOM concentration (10 mg/L) was retrieved from Quanrud, et al. (2004). An
initial concentration for H2O2 was not quantified as it was deemed a parameter that affects
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residence time and subsequently reactor size. The initial concentrations of HCO3- and CO32were calculated using the definition of alkalinity and the acid/base equilibrium that exists
between the two species. Alkalinity (Alk) is defined as
(A-7)
The average alkalinity of the wastewater at the Ina Road WRF is 126 mg CaCO3/L
(Engleson et al., 2009) or 2.52x10-3 M when divided by the molecular weight of CaCO3 (50
g/mol). The average pH of the secondary effluent was used to determine the concentration of
[HO-] and [H+]. According to Engleson, et al. (2009) the average pH of secondary effluent at Ina
Road is 7.2. Using this value,
(A-8)
and
(A-9)
With these values determined, Equation (A-7) was left with the carbonate species
concentrations being the two unknowns. This was resolved by using the acid/base chemistry that
exists between the two species.
(A-10)
Expressing this special relationship in terms of an acid dissociation constant (Ka) gives
(A-11)
According to Silberberg (2006), the value of Ka is 4.7x1011. Solving Equation A-11for
[CO32-]and substituting back into Equation A-7 gave
(A-12)
Solving for[ HCO3- ]and substituting in the value described above gave
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(A-13)

Substitution of this value back into Equation (A-11) and solving for CO32- gave [CO32-]0
equal to 1.9x10-6 M.
A.1.4 Modeling degradation of EE2
Using the pseudo-steady state assumption described above, the degradation of EE2 was
modeled as
(A-14)
Integrating this expression and using the initial EE2 concentration ([EE2]0 =11 ng/L or 3.7x10-11
M) as the initial condition, the concentration profile for EE2 was be expressed as
(A-15)
A.1.5 Residence Time
The residence time (τ) is how long the wastewater must be flow through the UV reactor
for the EE2 concentration to decrease from 11 ng/L to 0.10 ng/L. Using Equation (A-14), the
residence time was determined using the following expression
(A-16)
A.1.6 Reactor Volume
Using the residence time and flow rate for each reactor train (10 MGD, 45.9), the volume
of the reactor,V, was calculated using
(A-17)
where Q is flow rate through the reactor in m3/s (0.440 m3/s).
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A.1.7 Development of Excel Spreadsheet Used to Determine Reactor Volume
From the definition of [OH]ss, it can be seen that the two parameters that affect the
residence time and the reactor volume are the initial hydrogen peroxide concentration and the
UV light intensity. An Excel spreadsheet containing the constants and equations described
above was developed to manipulate these variables to facilitate the design process. Reactor
dimensions were based on existing equipment with diameters and lengths ranging from 1.5 to 2
m and 2 to 4 meters respectively (TrojanUV, 2004).

Spreadsheet A-1 show the Excel

spreadsheet and the equations used in each of the cells. The spreadsheet also calculates the
concentration profiles for the scavenging species. The concentration profiles for EE2, hydrogen
peroxide, DOM, bicarbonate, and carbonate are depicted in Figures A-1 through A-5 below. The
dots on the profile represent the exit concentration from each reactor in the train.
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Figure A-1. Hydrogen peroxide concentration profile.
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Figure A-2. Dissolved organic matter concentration profile.
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Figure A-3. Bicarbonate concentration profile.
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Figure A-4. Carbonate concentration profile.
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Figure A-5. EE2 concentration profile.
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Spreadsheet A-1
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Spreadsheet A-1 Formulas
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A.2. Ozonation Written Calculations

A.2.1 Ozone Flow Rate and Ozonation Reactor Volume (R-201 and R-202)
The first calculation done for the ozone process determined the quantity of ozone that
must be produced and the ozonation reactor volume that is required. This was achieved by
modeling the reaction between ozone and reactive wastewater components including EE2 in
matlab. The ozonation reactor operates by bubbling an oxygen and ozone mixture through the
Ina Road wastewater effluent. Please refer to Section XX for a detailed description of the piece
of equipment. The ozone in these bubbles diffuses into the EE2 rich waste water. After it
diffuses into the wastewater, it reacts with EE2 and other reactive wastewater components
(RWWC). This process can be described with mass balances. The mass balances for gaseous
ozone, dissolved ozone, EE2, and RWWC in a single continuous stirred tank reactor (CSTR) are
shown below in Equations (A-18) through (A-21):
(A-18)
(A-19)
(A-20)
(A-21)
and

are both the volume of the ozonation reactor.

,

,

, and

are the

concentration of gaseous ozone, dissolved ozone, dissolved EE2, and dissolved RWWC, respectively.
,

,

,

are the respective initial concentrations.

between gaseous and dissolved ozone.
, where

is the specific interfacial area of the ozone bubbles.

is the Henry‟s law constant. The term

ozone into the liquid phase.

,

,

is the mass transfer coefficient

, and

represents the diffusion
are the reaction rates of gaseous ozone, dissolved
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ozone, dissolved EE2, and dissolved RWWC, respectively. All the reaction rates in this model are second
order in the form

. There is no reaction in the gas phase and thus

.

Furthermore, since the majority of the ozone is consumed by the reaction with RWWC rather than EE2,
the dissolved ozone reaction rate only takes the reaction between ozone and RWWC into account. In
other words,

. Finally, the accumulation terms are set to zero because these equations were

used to model a single CSTR at steady state.

These steady state mass balance equations were entered into a matlab script as a system
of linear equations. This file, Ozonation_Single_CSTR.m, is shown in Appendix A.2.9. As
stated above, these linear equations model a single CSTR. If the initial concentrations entering a
single CSTR are known, the “fsolve” function in matlab can produce the output concentrations
from the CSTR. However, the ozone reaction vessel is not a single CSTR. It is a column with a
heterogeneous mixture of gas and liquid.

The gas and liquid phases are flowing

countercurrently. The column is modeled as a series of 20 CSTRs. The single CSTR model
makes of the basis for each of the CSTRs in the column. The concept behind this series of
CSTRs is demonstrated below in Figure A-6.
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Wastewater

CSTR 1
CSTR 2

CSTR 19
CSTR 20

Ozone
Figure A-6: A series of CSTRs modeling an ozonation reaction column.

A Matlab script was written to solve each CSTR in the in the column. This script uses
the output concentrations of one CSTR as the input concentrations for the CSTRs next to it. This
script is called Ozonation_Column.m and can be viewed in Appendix A.2.9. The program begins
by solving the outputs from CSTR 1. In order to compute the outputs of CSTR 1, the values of
,

,

,

, and

, ,

were taken from previous sources and studies (Engleson et al.

2008, Huber et al. 2005, and Saez et al. 2008).

However, the concentration of gaseous ozone enter

CSTR 1 is not known initially. This parameter is needed to solve the CSTR accurately. The only initial
ozone concentration that was known was the ozone concentration entering CSTR 20 at the bottom of the
column. This corresponds to the ozone that is immediately transferred to the liquid phase. The
concentration

entering the bottom of the column is 10% ozone by weight. 10% ozone by weight was

chosen because it is the greatest of concentration of ozone that a conventional ozone generator can
produce with a pure oxygen feed (Postma, 2011). In order to work around this problem, the

concentration of gaseous ozone entering every CSTR was set to 10% by weight. The outputs of
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all the CSTRs were then calculated starting at CSTR 1 and ending at CSTR 20. This gave an
inaccurate estimation for the RWWC and EE2 concentration exiting the bottom of the column.
In order to refine these values, CSTR 19 was resolved using the new exiting ozone concentration
that was calculated in CSTR 20. The same calculation is done for CSTR 18 and all the CSTRs to
CSTR 1. The new outputs are once again used to solve back down the column. The column is
resolved up and down until there is no change in the exit concentration of EE2.
20 CSTRs were chosen instead of a larger number of CSTRs because the script has 2
nested loops. With 20 CSTRs in series, the script takes approximately 30 seconds to run. Using
a larger number increased this time and made the program unwieldy. A sensitivity study was
performed in order to confirm that 20 CSTRs provided accurate enough results.

If the 50

CSTRs were used in place of 20 CSTRs there was only a 3e-4% change in EE2 concentration
exiting the bottom of the column. I was found that a range of 20 to 30 CSTRs in series is a very
reasonable assumption to model the ozonation reactor.
As stated in the report introduction, the goal of this column is to produce an EE2 exit
concentration of 0.1 ng/L. Furthermore, the ozone concentration in the off-gas needs to be below
the 0.0075ppm limit (EPA, 2010). The volume of the reactor,

and

, and the volumetric flow rate

of gaseous ozone were varied to achieve these exit concentrations. The EE2 and ozone limit were
achieved with a 60,000 liter reactor and an ozone gaseous flow rate of 4 L/s. Figure A-7 below

demonstrates how the concentration of gaseous ozone, dissolved ozone, dissolved RWWC, and
dissolved EE2 change through the 60,000 liter column with a gaseous flow rate of 4 L/s. One
notes that the concentration of gaseous and liquid ozone decreases significantly as it is bubbled
up through the column. Furthermore, it is clear that only a small percentage of the RWWCs are
removed compared to EE2. This is because there is a large excess of RWWC and its reaction
rate constant is an order of magnitude lower than the reaction rate constant of EE2.
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Figure A-7: Concentration of gaseous ozone, dissolved ozone, dissolved RWWC, and dissolved
EE2 in each CSTR of the ozonation column model.
A.2.2 Inlet Air Composition
In order to produce 28 SCFM of oxygen, 344 SCFM of air must be provided for N2
adsorption. Assuming Ideal Gas and STP conditions, this is equivalent to 624 kmol/day as
demonstrated in equation (A-22). The quantity of water in the inlet air is also calculated. The
National Climatic Data Center (NCDC), a center maintained by National Oceanic and
Atmospheric Administration (NOAA), has compiled monthly averages of relative humidity for
Tucson, AZ. Historically, the annual arithmetic average mean of relative humidity is 40.17 %
(NOAA, 2008). Moreover, the reported annual average temperature for Tucson, AZ is 68.7 ºF, or
293.5 K (NOAA, 2008). At this temperature, the vapor pressure for water is 2.39 kPa (NIST,
2008). Using Raoult‟s law, the molar fraction of water present in the air was calculated. This is
demonstrated in equation (A-23).

The approximate molar quantity of water in the air is

calculated by multiplying 624 kmol of dry air/day by 0.0095, the molar faction of water. This
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calculation yields 5.95 kmol of water per day. The total moles of material entering as inlet air
was calculated by adding the corresponding moles of water to the moles of air. This calculation
yielded 632 kmol of air per day. This value was confirmed through an iterative process. One can
now multiply the new total moles of inlet air required by the molar fraction of water. This yields
6 kmol/day of water. Equation (A-24) demonstrates this calculation. 6 kmol/day of water is
relatively close to 5.95 kmol/day. Therefore, no further iterations are needed to find the total
moles of air feeding the nitrogen adsorption process.
(A-22)
(A-23)
6.00

5.95

(A-24)

The oxygen and nitrogen compositions of dry air (flow rate: 626.3 kmol/day) are
assumed to be 20.9% and 79% on a molar A quick calculation yields 494.8 kmol/day of nitrogen
and 131.5 kmol/day of oxygen. All of these considerations yield the air composition shown in
Table A-2.
Table A-2 Air composition in inlet air
Component

Percentage (mol basis)

kmol/day

Nitrogen (N2)

78.3%

494.8

Oxygen (O2)

20.8%

131.5

Water (H2O)

0.01%

6.00

Total (wet air)

~100%

632.3

A.2.3 Pressure, Temperature, and Water Concentration Exiting the Air Compressor (C101 A/B)
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The inlet air will be compressed from 101 kPa to 700 kPa. This pressure was specified
by OGSI systems (OGSI, 2010). The exit temperature was calculated using heuristics #6 and #7
from the section “Vacuum Pumps and Compressors” in Heuristics of Chemical Engineering
(Butterworth-Heinemann, 1990). These heuristics recommended the use of equations (A-25) and
(A-26). As demonstrated below, an exit temperature of 522.5 K was obtained.
(A-25)
(A-26)

The compression ratio for this segment of the process was ~ 7 since the inlet pressure is
101 kPa and the exit pressure 700 kPa. According to Butterworth-Heinemman (1990), the
compression ratio on a single compression step should not exceed 4. Therefore, two compression
steps were needed. A two step compression yielded a compression ratio of 2.63 as demonstrated
in equation (A-27). In the following equation,“n” corresponds to the number of compression
steps.
(A-27)

However, OGSI recommended the installation of a single stage compressor with an
integrated dehumidifier built by Chicago Pneumatic (Morgan, 2011). This compressor has an air
and oil cooling system (Sanders, 2011). This system maintains the exit temperature of the gas at
265 Kelvin (Sanders, 2011). Furthermore, the integrated dehumidifier reduces the dew point of
the air to 276 Kelvin (Morgan, 2011). For convenience, it is assumed that all the water is
removed in the dehumidifier.

This assumption is made to highlight the purpose of the

dehumidifier. After hearing OGSI‟s recommendation, it was decided that this compressor will
be used in the process.

Therefore, the pressure exiting the compressor is 700 kPa, the

temperature is 301 K, and the water content is zero percent.
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A.2.4 Quantity of Air Requirement to Feed the Nitrogen Adsorption Columns
The ozone generator requires 1665.7 SCFH of oxygen. Therefore, the amount of air
needed to feed the pressure swing nitrogen adsorption (PSA) columns was calculated. This
calculation was done using data from Table A-3. The required air flow rate and the oxygen
output were plotted for several of their systems to determine an empirical correlation between the
two parameters. This plot is presented in Figure A-8. The air requirement for our system is 344
SCFM. The system yields a product purity of 93 ±3% (OGSI, 2010). It was assumed that the
oxygen purity is 90%. For every 1665.7 SCFH or 50.54 kmol/day of oxygen output, we have a
residue of 6.16 kmol/day of nitrogen.
Table A-3 Technical specifications for N2 adsorption columns by OGSI.
Model
Number

Air Requirement

Oxygen Output

SCFM Nm3 /min SCFH

Nm3 /min

OG-1250

225

6

1250

33

OG-1500

280

8

1500

39

OG-2000

425

11

2000

53

OG-2500

575

15

2500

66

OG-3000

625

17

3000

79

OG-3500

750

20

3500

92

OG-4000

850

23

4000

105

OG-5000

1000

27

5000

131
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Figure A-8. Oxygen output and air requirement correlation for oxygen concentrators by OGSI
using N2 pressure swing adsorption (PSA) technologies.

A.2.5 Quantity of Oxygen Required to Feed the Ozone Generator
The ozonation reactors require an O3 demand of 4.5 mol/L at a flow rate of 4 L gas/s.
These values were calculated using the Matlab simulation of the ozonation reactor. The amount
of ozone per day per train is calculated using equation (A.2-10).
per train.

(A-28)

Since there are two reaction trains in the ozonation system, the value calculated above is
multiplied by two. The total amount of ozone required for the two trains is 328.5 lb/day or 148.8
kg/day. The process will use an ozone generator from the TPF series by Spartan. As shown in
Figure A-9, the TPF 91 generator yields O3 in a range of 322 to 454 lb/day (Spartan, 2010). A
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linear interpolation of the data in Figure A.2-4 was used to calculate the oxygen feed
requirements. It was determined that 28 SCFM or 1665.7 SCFH of oxygen will be fed to the
ozone generator.

Fig. A-9 Ozone generation specifications for different products by Spartan ®

A.2.6 Quantity of Ozone Quenched with ThiosulfateMagnesium thiosulfate (MgS2O3 • 6H2O ) is added to the ozonation reactor effluent in
order to eliminate the reminiscent ozone. A 1:1 stoichiometric ratio was used to determined the
amount of MgS2O3 • 6H2O needed, as shown in equation (A-29). A 1:1 stoichiometric ratio was
chosen because the reaction has a very high reaction constant ( Hojjtie et al., 2006).
O3(aq) exiting reactor = MgS2O3 • 6H2O needed = 7.2 x10-7 mol/L

(A-29)

Concentrations up to 32% (w/v) of magnesium thiosulfate can be attained (Hojjatie, M. et
al, 2006). Therefore, we assume a concentration of 30% (w/v). This means that there are 30 g of
MgS2O3•6H2O per 100 mL of water. This is converted to a molar concentration by using
equation (A-30). The flow rate of 30% (w/v) magnesium thiosulfate solution was calculated
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using equation (A-31). As shown below, the flow rate of 30% (w/v) magnesium thiosulfate
solution will be 1.29e-3 L/s or 111.28 L/day.
(A-30)
= 1.29 x10-3 L/s (A-31)

A.2.7 Volume of the Magnesium Thiosulfate Tank
From the previous section, 111.28 L/day of 30% (w/w) magnesium thiosulfate solution is
needed to quench the ozone. It is convenient to refill the tank every two months due to typical
tanker volumes (Seneca, n.d.). Therefore, the volume of the tank was calculated by determining
the quantity of magnesium thiosulfate used over a 61 day period. Equation (A-32) demonstrates
this calculation.
(A-32)
It was decided that a safety factor of 200 gallons should be added to tank. Therefore, the
tank has a final volume of 2000 gallons. It is anticipated that every two months, 1800 gallons of
magnesium thiosulfate will be delivered by tanker truck.

A.2.8 Pressure Exiting the Magnesium Thiosulfate Refill Pump (P-203 A/B)

The magnesium thiosulfate storage tank is 114 inches high (USABlueBook, 2011). The
pump used to refill the tank must provide enough pressure head to overcome this height.
DAYTON Pumps manufactures a pump that provides 120 inches or 3.04 meters of water head
(DAYTON, 2011). This is DAYTON‟s ½ HP utility pump. According to DAYTON‟s pump
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curve, at this pressure head, the volumetric flow rate of the pump is 13.8 gallons per day
(DAYTON, 2011). The time required to refill the storage tank is calculated in equation (A-33):
(A-33)

It will take 2.5 hours to refill the tank every 2 months. This is a reasonable time to refill
the tank. Although the pump will operate for only 2 hours once every 2 months at 13.8 GPM, in
the stream tables (See Table 2.4-3), the average flow rate over the entire month is presented. The
average volumetric flow rate is 38.4 gallons/day.

A.2.9 Matlab scripts
Single CSTR
%The following function models ozone decay in single ozonation CSTR.
function F =
Ozonation_Single_CSTR(x,QL,QG,KL,a,H,VL,KRWWC,KEE2,CL,CRWWC,CG,CEE2,reactor)
%ozone liquid phase mass balance:
%VL*dCL/dt=QL*(CL0-CL)+KL*a*VL*(CLstar-CL)-rL*VL
%Where CLstar=H*CG and rL=KRWWC*CL*CRWWC
%At steady state dCL/Ct=0
%0=QL*(CL0-CL)+KL*a*VLx*(H*CG-CL)-KRWWC*CL*CRWWC*VL
%ozone gas phase mass balance:
%VG*dCG/dt=QG*(CG0-CG)-KL*a*VL*(CLstar-CL)-rG*VG
%Where CLstar=H*CG and rG=0
%There is no reaction in the gas phase.
%At steady state dCLG/dt=0
%0=QG*(CG0-CG)-KL*a*VL*(H*CG-CL)
%RWWC liquid phase mass balance:
%VL*dCRWWC/dt=QL*(CRWWC0-CRWWC)-rRWWC*VL
%Where rRWWC=KRWWC*CL*CRWWC
%At steady state dCRWWC/dt=0
%0=QL*(CRWWC0-CRWWC)-KRWWC*CL*CRWWC*VL
%EE2 liquid phase mass balance:
%VL*dCEE2/dt=QL*(CEE20-CEE2)-rEE2*VL
%Where rEE2=KEE2*CL*CEE2
%At steady state dCEE2/dt=0
%0=QL*(CEE20-CEE2)-KEE2*CL*CEE2*VL
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%There are 4 equations and 4 unknowns.
%CL=x(1) Concentration of dissolved ozone exiting the reactor in M
%CRWWC=x(2) Concentration of RWWC exiting the reactor in M
%CG=x(3) Concentration of gaseous ozone exiting the reactor in M
%CEE2=x(4) Concentration of EE2 exiting the reactor in M
F=[QL*(CL(reactor)-x(1))+KL*a*VL*(H*x(3)-x(1))-(KRWWC*x(1)*x(2))*VL;
QG*(CG(reactor+2)-x(3))-KL*a*VL*(H*x(3)-x(1));
QL*(CRWWC(reactor)-x(2))-KRWWC*x(1)*x(2)*VL;
QL*(CEE2(reactor)-x(4))-KEE2*x(1)*x(4)*VL];

Ozonation column
%This script uses the model of a single ozonation CSTR to model
%the ozonation of wastewater in a column. The column is modeledas a series
%of ozonation CSTRs. This column is orientent so that wastewater flows
%down and ozone flows up.
%Constants
KL=3.4e-4; %Mass transfer coefficient in m/s (Huber et al. 2005)
a=18; %Specific interfacial area in m^2/m^3 (Huber et al. 2005)
H=0.24; %Dimensionless Henry constant (Huber et al. 2005)
QL=1100; %1/2 the Ina Road effluent volumetric flow in L/s
%(Engleson et al. 2008)
KRWWC=1e5; %Reaction rate constant for reactive wastewater components
%(RWWC) and ozone in 1/M-sec (Huber et al. 2005)
KEE2=3e6; %Reaction rate constant for reacive 17alpha-ethinylestradiol and
%ozne in 1/M-sec (Huber et al. 2005)
n=30; %Number of CSTRS in series

%Inputs
CL0=0; %Concentration of dissolved ozone entering the column in M
CRWWC0=5.7e-5; %Concentration of RWWC entering the column in M
%(Huber et al. 2005)
CG0=4.5e-3; %Concentration of gaseous ozone entering the column in M
%(Huber et al. 2005)
CEE20=3.7e-11; %Concentration of EE2 entering the column in M
%(Saez et al. 2008)
%Initial set the entering and exiting concentrations of each reactor
%equal to the concentrations entering the column.
CL(1:n+2)=CL0;
CRWWC(1:n+2)=CRWWC0;
CG(1:n+2)=CG0;
CEE2(1:n+2)=CEE20;
%Two 'for' loops are nested in the 'while' loop below. The first for loop
%solves the CSTR at the top of the column and works down. While, the
%second for loop solves the CSTR at the bottom of the column and works up.
%This is repeated until a the while loop converges on a CRWWC value at the
%specified tolerance.
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%Variable Parameters
QG0=4; %Oxygen and ozone gaseous volumetric flow rate in L/s
VL0=3e3; %Single CSTR volume in L (Must be <2e4 L or the RWWC is over
%oxidized in the first CSTR)
%Initialize Values
QG=QG0;
VL=VL0;
Vtot=n*VL; %Total volume of the column
Tau=Vtot/QL; %Hydraulic residence time in column
%while (CEE2(n+1)>CEE20*1e-2) %EE2 removal goal
int=0;
tolerance=100;
while(tolerance>1e-30)
%We start by solving the CSTR at the top of the column. The concentration
%of dissolved ozone and RWWC are correct. However, the concentration of
%gaseous ozone is a first approximation. We solve all the CSTRs down the
%column using this approximation.
for reactor=1:n;
x0=[100,100,100,100]; %Initial guess
f=@(x)Ozonation_Single_CSTR(x,QL,QG,KL,a,H,VL,KRWWC,KEE2,CL,CRWWC,CG,CEE2,rea
ctor);
%This anonymous function allows variables to be carried to the
%Ozonation_Single_CSTR function.
options=optimset('Display','off');
[x,fval]=fsolve(f,x0,options); %Call solver
CL(reactor+1)=x(1); %The concentration of dissolved ozone exiting the
reactor in M
CRWWC(reactor+1)=x(2); %The concentration of RWWC exiting the reactor in
M
CG(reactor+1)=x(3); %The concentration of gaseous ozone exiting the
reactor in M
CEE2(reactor+1)=x(4); %The concentration of EE2 exiting the reactor in M
%Just so the vectors look pretty: (These serve no greater purpose.)
CL(n+2)=CL(n+1);
CRWWC(n+2)=CRWWC(n+1);
CG(1)=CG(2);
CEE2(n+2)=CEE2(n+1);
end
%We have now have new CL and CRRWC exiting values at the bottom of the
%column. We will now start by solving the CSTR at the bottom of the
%column. The concentration of gaseous ozone are correct. However, the
%concentration of dissolved ozone and RWWC are approximations base on the
%previous loop.
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for reactor=n:-1:1;
x0=[100,100,100,100];
f=@(x)Ozonation_Single_CSTR(x,QL,QG,KL,a,H,VL,KRWWC,KEE2,CL,CRWWC,CG,CEE2,rea
ctor);
%This anonymous function allows variables to be carried to the
%Ozonation_Single_CSTR function.
options=optimset('Display','off');
[x,fval]=fsolve(f,x0,options); %Call solver
CL(reactor+1)=x(1); %The concentration of dissolved ozone exiting the
reactor in M
CRWWC(reactor+1)=x(2); %The concentration of RWWC exiting the reactor in
M
CG(reactor+1)=x(3); %The concentration of gaseous ozone exiting the
reactor in M
CEE2(reactor+1)=x(4); %The concentration of EE2 exiting the reactor in M
%Just so the vectors look pretty: (These serve no greater purpose.)
CL(n+2)=CL(n+1);
CRWWC(n+2)=CRWWC(n+1);
CG(1)=CG(2);
CEE2(n+2)=CEE2(n+1);
end
int=int+1;
CEE2int(1)=0;
CEE2int(int+1)=CEE2(n+1);
%Tolerance is defined as the difference between the previous CRWWC value
%and present CRWWC vlaue.
tolerance=abs(CEE2int(int)-CEE2int(int+1));
end
%QG=QG+.1;
%end
if (int < 3)
fprintf('ERROR')
else
%The following displays the reactor volume and residence time:
fprintf('VOLUME=%d L\nRESIDENCE TIME=%d s\n\n',Vtot,Tau)
%The following displays the inputs:
fprintf('INPUT\n')
fprintf('The concentration of dissolved ozone entering the column is %d
M.\n',CL(1))
fprintf('The concentration of reactive wastewater components entering the
column is %d M.\n',CRWWC(1))
fprintf('The concentration of gaseous ozone entering the column is %d
M.\n',CG(n+2))
fprintf('The concentration of EE2 entering the column is %d M.\n',CEE2(1))
fprintf('\n')
%The following displays the results:
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fprintf('OUTPUT\n')
fprintf('The concentration of dissolved ozone exiting the column is %d
M.\n',CL(n+1))
fprintf('The concentration of reactive wastewater components exiting the
column is %d M.\n',CRWWC(n+1))
fprintf('The concentration of gaseous ozone exiting the column is %d
M.\n',CG(1))
fprintf('The concentration of EE2 exiting the column is %d M.\n\n',CEE2(n+1))
end
%Plotting bar charts for concentrations of CL, CG, CRWWR, CEE2
%~~~~~CRWWC & CEE2
%(1) CL: Created a new vector CL_ with the
%instead of 12).I'm taking the values from
inlet condition.
%(2) CG: Created a new vector CG_ with the
%instead of 12).I'm taking the values from
inlet condition.

actual reactor section stages(10
place holder 2 to 12. 12 is the
actual reactor section stages(10
place holder 2 to 12. 12 is the

for j=2:n+2;
CG_(j-1)=CG(j);
CL_(j-1)=CL(j);
end
%plot CG
subplot(2,2,1);
bar(CG_,'g');
brighten(-0.5);
legend('CG');
xlabel(sprintf('reactor section. 1=off gas outlet, %d=gas inlet',n+1));
ylabel('Conc. [mol/L gas]');
title('Ozone in gas phase');
axis tight;
%plot CL
subplot(2,2,2);
bar(CL_,'y');
legend('CL');
xlabel(sprintf('reactor section. 1=off gas outlet, %d=gas inlet',n+1));
ylabel('Conc. [mol/L WWTR]');
title('Ozone in aqueous phase');
axis tight;
%~~~~~CRWWC & CEE2
%(1) RWWC: Created a new vector CRWWC_ with the actual reactor section
stages(10
%instead of 12).I'm taking the values in placeholders 1 to 10.
%(2) EE2: Created a new vector CEE2_ with the actual reactor section
stages(10
%instead of 12).I'm taking the values in place holders 1 to 10.
%(3) EE2: mol/L to ng/L so that target conc. (0.1 ng/L) is more
%visible
for j=1:(n+1);
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CRWWC_(j)= CRWWC(j);
CEE2_(j) = CEE2(j).*(296.4e9);
end
%plot CRWWC
subplot(2,2,3);
bar(CRWWC_,'r');
legend('CRWWC');
xlabel(sprintf('reactor section. 1=WWTR inlet, %d=WWTR outlet',n+1));
ylabel('Conc. [mol/L WWTR]');
title('Reactive WWTR Components');
axis tight;
%plot CEE2
subplot(2,2,4);
bar(CEE2_,'b');
legend('CEE2');
xlabel(sprintf('reactor section. 1=WWTR inlet, %d=WWTR outlet',n+1));
ylabel('Conc. [ng/L WWTR]');
title('EE2 equivalents');
axis tight;
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Appendix B. Email/Phone Logs
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B.1 UV/H2O2 Email Logs

B.1.1 Hydrogen Peroxide Pricing

From: "Hebert,Lovella"<lhebert@h2o2.com>
Subject: USPeroxide
Date:February 1, 2011 3:00:53 PM MST
To: <amandal2@email.arizona.edu>
Amanda, thank you for contacting US Peroxide. I would estimate the price for your application
to be $3.00/gal. At our website we have a volume estimate calculator that may help you.
http://www.h2o2.com/Calculator.aspx
Regards,
US Peroxide
-----Original Message----From: amandal2@email.arizona.edu [mailto:amandal2@email.arizona.edu]
Sent: Tue 2/1/2011 4:28 PM
To: US Peroxide Info (Global) S
ubject: US Peroxide Contact Form Submission
US Peroxide Contact Us Form Submission Details

To whom it may concern: I'm current a chemical engineering student at the University of
Arizona who is studying advanced oxidation processes utilizing H2O2. I was wondering if there
would be any way I could get a price estimate for the H2O2 (preferably 50%) produced by your
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company; this would be for a fairly large wastewater treatment facility (50M GPD) so large
quantities would need to be purchased. Thanks for taking the time to read this.
Please be advised that this email may contain confidential information. If you are not the
intended recipient, please notify us by email by replying to the sender and delete this message.
The sender disclaims that the content of this email constitutes an offer to enter into, or the
acceptance of, any agreement; provided that the foregoing does not invalidate the binding effect
of any digital or other electronic reproduction of a manual signature that is included in any
attachment.

B.1.2 Hydrogen Peroxide Pumps

From: Greg Campbell <gregc@prominent.us>
Date: March 22, 2011 7:29:00 PM MST
To: "laughlin5110@gmail.com" <laughlin5110@gmail.com>
Subject: FW: Pump sizing and cost estimate

Ms. LaughlinI apologize for taking so long to get back with you. I am traveling this week.
Yes, we manufacture the pumps. Please see the attached pictures.
Your application at 420 g/d is a fairly easy application. The best way to accomplish this would
be five pumps with a universal back-up. The cost you would be expecting for one of these
systems is $20400. Our Gamma L or Gala pump would be best for your application.
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Things to consider:

1) H202 is an off-gassing product. Accommodations for the off-gassing must be made.
2) Hydraulic metering pumps should be avoided.
3) Mechanical metering pumps are preferred.
4) Peristaltic can be considered but the price is much higher.
5) How do you intend on controlling the pump(s)? manually, pulse (digital) signal, 4-20 mA
signal, etc.
6) Do you need an analyzer to monitor the H202?

I have attached a general Power Point which I use to present for CEU credits at National and
Regional conventions to describe the differences in pumps and an explanation of accessories.
I have attached literature for the analyzer and the pump to this e-mail.
Please let me know how else I can help you.

Best regards,

Gregory C. Campbell
Regional Sales Manager
ProMinent Fluid Controls
817-573-6104 office
817-573-4975 fax
817-371-2697 cell
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Excellence is the result of caring more than others think is wise, risking more than others think is
safe, dreaming more than others think is practical, and expecting more than others think is
possible.
-Anonymous

-----Original Message----From: Amanda Laughlin [mailto:laughlin5110@gmail.com]
Sent: Thursday, March 17, 2011 4:53 PM
To: Sales
Subject: Pump sizing and cost estimate

To whom it may concern,
I'm currently a chemical engineering student at the University of Arizona studying wastewater
treatment. I am in the process of doing a preliminary study for a local wastewater treatment
facility interested in implementing a tertiary treatment system to destroy trace organics. A few
weeks ago, I spoke to a representative from Trojan UV about the sizing and pricing of an
H2O2/UV system. He mentioned that your company provides the pumps used for h2o2
injection. Based on his recommendations, the facility would need an h2o2 flow rate of
approximately 210 gal/day and ideally this would be split for five reactor trains. Could I perhaps
receive some information on the pump(s) your company would find advisable for this application
and possibly a cost estimate as well? Thank you, and please contact me if you need any further
information.
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Amanda Laughlin
Undergraduate Research Student
University of Arizona
520-249-4803

B.1.3 Wastewater Pumps

On Mar 7, 2011, at 10:11 AM, Christopher Olivares wrote:
Hi Eric,
Yes Eric, could I please ask you for the quotes on these pumps? We would need 2 and a spare of
this type.
If 20‟ TDH – PL 7081 135 hp 9 degree blade
I was also wondering if I could please get quotes also for pumps of this type:
2 x 20' of head , with flow rate capacity for 20 MGD (this is also peak flow)
1 x 20' of head, with flow rate capacity for 10 MGD. (this is also peak flow)
Sorry I haven't been on top of things, I'll e-mail Andy Thomas this evening the latest,
thanks again for everything and have a nice week!
Chris

On Thu, Mar 10, 2011 at 9:18 AM, Eric Loring <ejl@jchinc.com> wrote:
Hi Chris,
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Here are the prices from FLYGT for your project:

If 20‟ TDH – PL 7081 135 hp 9 degree blade - $82,500/ea (includes 50 feet of power cable,
sensor cable and the FLYGT MAS 711 System for the controls) which is the "Monitoring and
Status" operator interface panel required by this size of pump that monitors temperature in
bearings, stator, and looks for moisture in the motor cavity. It functions to shut the pump down
in the event of an alarm, thus saving your investment.

20' of head , with flow rate capacity for 20 MGD (this is also peak flow) - $81,000/ea (same
inclusions as above selection)
PL 7081 with 110hp 13 degree for the 20 MGD at 20'.
1 x 20' of head, with flow rate capacity for 10 MGD. (this is also peak flow) - $55,000/ea (same
inclusions as above selection)
PL 7050 with 60hp 14 degree for the 10 MGD @ 20‟

Let me know how your project turns out!
I would be curious to know if I could get a copy just to see the finished product?!
Let me know if you need anything else at all!
Thanks,
Eric
Eric J. Loring, EIT
JCH/James, Cooke & Hobson, Inc.
3501 E. Broadway Road
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Phoenix, AZ 85040
Office: (602) 243-0585
Fax: (602) 276-5402
Cell: (480) 695-9972

B.1.4 Lamp Disposal
From: Jamie.Gorges@VeoliaES.com
Subject: VeoliaUVLampDisposal
Date: April 15, 2011 12:03:29 PM MST
To: laughlin5110@gmail.com
Hi Amanda,
Thank you for speaking with me today. I looked into the lamps we were speaking about and
because they are UV lamps, they will be disposed of at $1.25/lamp plus transportation per pallet
of $75. For this project you are looking at 2-3 pallets. If all 3000 lamps will be picked up at once,
we can work to lower this pricing. Please let me know what other questions you may have.
Have a good weekend,
Jamie Gorges Inside Sales Representative Veolia ES Technical Solutions, LLC N936 Craftsmen
Drive, Unit B Greenville, WI 54942 Tel: 920-574-3699 Fax: 920-757-5485 www.VeoliaES.com
jamie.gorges@veoliaes.com
For prepaid recycling of fluorescent lamps, ballasts, batteries, and more visit
www.prepaidrecycling.com Subscribe to Veolia's E-Newsletter http://veoliaests.com/buzzsignupfrom
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B.2 Phone log

B.2.1 UV Reactors
Phone Log – for contacts made by individuals in addition to meeting minutes.

Date: February 1, 2011

Members Present (name of senior design group members plus name and title of
person providing information)
Senior Design group member: Amanda Laughlin
Person contacted; Adam Festger (TrojanUV)

Summary of Information, that pertains to the report (costs, flow rates, sizes,
assumptions).


Due to UV not being able to penetrate the water (low transmittance) UV/H2O2 should be placed after
advanced treatment (post-reverse osmosis)



Technology is good for aquifer and other water replenishment applications



Trojan systems present in Florida, Ohio, California



Reactor ideal for Ina Road Treatment Plant: Trojan UVPhox



Trojan bases removal of trace species (like EDCS) on NDMA and 1,4 dioxane: standard is 1.2 log and
0.5 log removal respectively



Ideal system for our purposes: 5 separate trains with 3 chambers ea.
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Each train energy requirements 111 KW



432 lamps for each train; 257W per lamp



Approximate system cost $4.5 million

O&M


$200 per lamp 12000 hours



Hydroxide concentration: 3 ppm



Trojan subsidiary (H2O2): $3.00/gal H2O2



5% factor for valves, etc.

B.2.1 UV Reactors
Phone Log – for contacts made by individuals in addition to meeting minutes.

Date: February 22, 2011

Members Present (name of senior design group members plus name and title of
person providing information)
Senior Design group member: Amanda Laughlin
Person contacted; Harold Chisolm (Solvay Chemicals)

Summary of Information, that pertains to the report (costs, flow rates, sizes, assumptions).



Regulations on 50% w/v H2O2 do not exist, documentation needed, but OSHA and EPA Right-to-Know
Act regulations only apply to greater than 50% and if facility has 10000 pounds
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Tank system pricing cannot be provided depends on site specifics; look at website with document on
dimensions and sizing



Ventilation provided mainly by manhold vent, supplemented by various smaller (if necessary)



Aluminum 5254 best material for storage, treated with nitric acid solution for cleaning; very expensive but,
lifetime increase legitimizes the cost.



Provision of expected site placement would aid in design and estimate.



WW applications able to use largest size containers 7000 gal



Want H2O2 on site for minimal time period to avoid contamination (biggest safety risk)



Solvay provides skids and sensors for tank system-all inclusive package

B.3 Ozone Email Logs

B.3.1 Nitrogen Adsorption System Formal Proposal

Dear Adam,
Hi. Hope all is well and that you had a nice weekend.
Once again, it was a pleasure speaking with you on Thursday 3 March 2011. On behalf of
Oxygen Generating Systems International (OGSI), I would like to thank you for your continued
interest in our products for your Ozone application(s) at the University of Arizona. As
conveyed, given an opportunity to work with you and your organization, I am confident that you
and all respective parties will be extremely impressed with the overall quality and performance
of our equipment/systems. In addition, thank you for your extreme patience and understanding

Page 159 of 226

over the past couple of business days in formally responding back. I unfortunately was out of the
office on Friday 4 March 2011 attending to a personal matter. I apologize for any inconvenience
that this may have caused.
Per our extensive telephone conversation, the following is a formal proposal for your kind
review and consideration pertaining to the OGS-1000 Oxygen Generating System:

OGS-1000 Oxygen Generating System:

Important Note: The OGS-1000 Oxygen Generating System „must‟ be placed in a
relatively good size room.
In addition, proper ventilation including air changes of a minimum of thirty (30) per
hour (based upon a 8000 cubic foot room = 20‟ x 40‟ x 10‟), would be required. This
would
include a minimum 4000 CFM fan, etc. Lastly, ideally this room should be climate
controlled at all times (the drier the
better).

OGS-1000 Oxygen Generating System (471 Liter per Minute System):
------------------------------------------------------------------------------Notes: This particular system will produce upwards of 1000 SCFH (471 Liters per Minute)
at 1 - 45 PSIG. Oxygen purities will be 93% (+/- 3%) - sea level conditions.

Page 160 of 226

Consisting of the following items/components:

1 unit

OG-1000 Oxygen Generating System:

$32,385 USD*

(DISCOUNTED

PRICING!)
(110 VAC/Single Phase/60 HZ Model)
LIST PRICE: $38,100 USD

- includes:

1" x 10' (JIC/NPT) - Air Line
1/2" x 6' - Oxygen Line

1 unit

50 HP Air Preparation Equipment Package:

$33,750 USD*

(DISCOUNTED

PRICING!)
(208/230/460 VAC/3 Phase/60 HZ Models available)
LIST PRICE: $37,500 USD

Includes:
- 50 HP Oil Injected Rotary Screw Compressor System
- Built-In Refrigerated Air Dryer System
- 400 Gallon Air Storage Tank Set-Up
- Feed Air Filter System
-Electronic Water Drain System/Kit

1 unit

400 Gallon Oxygen Storage Tank Set-Up:$ 2,120 USD* (DISCOUNTED PRICING!)
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LIST PRICE: $2,650 USD

- includes: interconnecting hose, oxygen supply hose, oxygen
regulator, safety relief valve, and all adapters.
Oxygen Line hose size will be 1/2" x 10'.
----------------TOTAL PACKAGE PRICE:

$68,255 USD*

(DISCOUNTED PRICING!)

- plus shipping charges (TBD)

* All pricing quoted Ex-Works, North Tonawanda, NY USA.
* All pricing above valid for 60 days from 7 March 2011.

** ADDITIONAL EQUIPMENT ** (Highly Recommended!)
- In-Line Oxygen Purity Monitoring System with Calibration Gas Kit:

$4,750 USD

For your convenience, attached please find sales/marketing information pertaining to the OG1000 Oxygen Generating System
and 400 Gallon Oxygen Storage Tank Set-Up. You should find this quite informative.

*** PROJECT NOTES ***
- Reliable, accurate, continuous in-line oxygen purity monitor with alarm.
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Auto system shutdown if the monitored oxygen purity falls below preset
limits (Optional Equipment - please consult OGSI).
- Easy to operate and maintain. With proper maintenance, unit can provide
over 10 – 15+ years service.
- Production Lead-Time: 6 – 10 weeks (ARO - estimated), after receipt of
confirmed purchase order and initial deposit.
- Financial Terms: 50% deposit required with order placement/confirmation.
Balance of payment due prior to formal shipment from OGSI's manufacturing
facilities in North Tonawanda, NY USA.
- Warranty: This OGSI system is completely assembled and tested from the
factory and is warranted against defect in materials and workmanship for a
period of one year after start-up or 18 months after shipment, whichever is
first.
- Requests for material certification, test certificates, certificates of
conformity, etc., should be made at time of order. Certificates are subject
to additional cost. Certificates cannot be supplied after goods have been
delivered. All OGSI equipment/systems „conform‟ to UL, CSA, and CE specifications.
- Please contact OGSI for 'preventative maintenance' costs for above
referenced system.
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In addition, please do not hesitate to contact either of the following „Ozone Generating System
Manufacturers‟ that can assist with your ozone/integration requirements involving our oxygen
generating systems:

A) Ozone Solutions, Inc.
Hull, Iowa
Contact: Mr. Scott Postma
Tel.: (712) 439-6880
E-Mail: scott@ozonesolutions.com

B) Simpson Environmental Corporation
Burlington, Ontario Canada
Contact: Mr. Vitali Gringauz
Tel.: (905) 332-7669 extension #13
E-Mail: vgringauz@senvc.com

Lastly, regarding your question indicated within your e-mail message below:

1)

You mentioned the temperature of the air leaving the refrigerated dryer. Can

you remind me of this exit temperature
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RESPONSE: On average, the „dewpoint‟ from the refrigerated air dryer system to the
OG-1000 Oxygen Generating System will be +37F (ppm vol.) at 100 psig. Please
reference attached pdf „general arrangement‟ drawing for the OG-1000 Oxygen
Generating System for further information/details.

Adam, in conclusion, please do not hesitate to contact me directly at (800) 414-6474 extension
#105, should you have any further questions or would like to place a formal order. I look
forward to working with you on this project. Take care!

Warmest Regards,
Frederick B. Morgan
Sales Manager

Oxygen Generating Systems Intl.
Division of Audubon Machinery
814 Wurlitzer Drive
North Tonawanda, NY 14120 USA

Phone: (716) 564-5165 extension #105
Fax: (716) 564-5173
Toll-Free in USA & Canada:
(800) 414-6474
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fmorgan@ogsi.com
www.ogsi.com

Let us know how we are doing! Please take OGSI's Customer Satisfaction
Survey at www.ogsi.com

B.3.2 Price of the Detremont Technology LOX System and Ozone Generation System

Adam,

Some info you might be able to use in your project.
Two 185 lb/day O3 generators and supply units, skid mounted - $1.6M
One 3000 gal vertical LOX tank, vaporizers, filters -

$ 0.270M

Controls, instruments, monitors, diffusion system, destruct units, N2
boost system, all included
(See attached file: OZAT-CFVO2_US_Ozonia.pdf)
-Jim COSKEY
Western Reg. Business Mgr.

INFILCO DEGREMONT INC
3283 West Hills Road
PHILOMATH - OREGON - 97370 – UNITED STATES
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DL : +1 5419294400
FAX : +1 5419294601
MOB : +1 5417607229

www.degremont-technologies.com

B.4 Ozone Phone Logs

B.4.1 Phone Call to OGSI Regarding Nitrogen Adsorption

Date: March 1st, 2011
Members Present (name of senior design group members plus name and title of person
providing information)
Senior design group member: Adam Rice
Person contacted: Fred Morgan – Sales Manager Oxygen Generating System Intl. (OGSI)

Summary of Information, that pertains to the report (costs, flow rates, sizes, assumptions).



Fred gave a complete description of the nitrogen adsorption technology.



“An oxygen generating system will dramatically boost your ozone production.”



“I suggest calling Scott Postma at Ozone Solutions for more information on ozone
production.”



“The air entering the molecular sieve must be have a dew point of 35 °F”
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Freed agreed to email Adam formal proposal for an Oxygen Generating System.

B.4.2 Phone Call to Ozone Solutions Regarding Ozone Generation

Date: March 13th, 2011

Members Present (name of senior design group members plus name and title of person
providing information)
Senior design group member: Adam Rice
Person contacted: Scott Postma – General Manager Ozone Solutions

Summary of Information, that pertains to the report (costs, flow rates, sizes, assumptions).


“The best ozone production that an oxygen fed ozone generator can provide is 10%
volume.”



“The cost of an ozone generator that provides 350 lbs/day is $400,000.”



“Clean ground water is needed to cool the ozone generator. The typical temperature
range of this water is 60 to 70 °F.”

B.4.3 Phone Call to Degremont Technologies Regarding Ozone Generation

Date: April 4th, 2011
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Members Present (name of senior design group members plus name and title of person
providing information)

Senior design group member: Adam Rice
Person contacted: Jim Coskey – Western Regional Business Manager Degremont Technologies

Summary of Information, that pertains to the report (costs, flow rates, sizes, assumptions).


“In general, all large scale ozonation plants use oxygen fed ozone generators.”



“Ozone generators all work the same way, corona discharge.”



“A facility in Portland, Oregon had residual welding oil in the pipes when they turned on
the plant. The welding oil caused a small fire in the plant. It is very important that you
clean all you‟re piping before the plant is turned on. There are specialty companies that
perform this function.”



“Many municipalities require parallel backup systems.”



“We only use the highest quality valuing and piping in our ozone generation systems.”



“There is a virtual monopoly on LOX vaporizers in the US. Only one company, UIGI,
produces them.”



Jim agreed to email Adam detailed costs for a LOX and an ozonation system.

B.4.4 Phone Call to Chicago Pneumatic Regarding the Air Compressor Exit Temperature

Date: March 1st, 2011
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Members Present (name of senior design group members plus name and title of person
providing information)
Senior design group member: Adam Rice
Person contacted: John Sanders – Engineer at Chicago Pneumatic

Summary of Information, that pertains to the report (costs, flow rates, sizes, assumptions).


“The temperature exiting the compressor is 18 °F above ambient.”



“The compressor has an oil cooling system.”



“The CPE-75 is easily integrated with a refrigerated dryer.”
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Appendix C. Process Hazard
Assessments (PHAs)
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Project Name: Reduction of Estrogenicity in Wastewater

Date: 4/21/2011

Page 1

of 8

Process: Reactor-Removal of EDCs (EE2-“the contaminant”)
Reference Drawing: PFD

Section: Unit 1
Item
1A

Study
Node

Process
Parameters

H2O2
Flow
stream
(50% w/v)

Deviations
(Guide
Words)
No/Low

Possible Causes
1. Blocked pipe

1. Ensure actuators able to adjust
flow based on removal rate
Daily (preferably continuous)
measurement of H2O2 in effluent
(below

3. Pipe disconnected/burst

3. H2O2 spills, spill hazard
Risk for burns to personnel
No H2O2 delivery
Same consequences as 1

4. Valve closed
5. System control problem

4. Same as 1
5. No H2O2 delivery
No removal of contaminants
6. Same as 5

4. Check actuator
5. Backup control system
Testing of H2O2 in effluent
6. Sensors to monitor flow rate and
adjust if necessary

6. Air bubbles

High

1. No H2O2 delivery
No/low contaminant removal
Pressure buildup in unit/upstream
processes
System interruption (turnoff)
If regulations set, target will not be
reached
2. Same as 1

Action Required

2. Regular cleaning, routine
maintenance checks, install
automatic cleaning sys.
3. Water nearby to flush
Emergency shutdown valve
Secondary containment, retaining
wall able to handle entire tank
contents

2. Fouling in pipe

1B

Possible Consequences

1. Control failure

1. System taken offline
Loss of feedstock
Pressure buildup, potential of leak,
burst
High residual of H2O2

1. Backup control system
Routine check of H2O2 in influent
and effluent, equipment.
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Project Name: Reduction of Estrogenicity in Wastewater

Date: 4/21/2011

Page 2

of 8

Process: Reactor-Removal of EDCs (EE2-“the contaminant”)
Reference Drawing: PFD

Section: Unit 1
Item
1B

1C

Study
Node

H 2O 2
stream
(50%
w/v)

Process
Parameters
Flow

No/Slow
Reaction

Deviations
(Guide
Words)
High

Possible Causes

Possible Consequences

2. Valve opened too much

2. Same as 1

3. Backup of flow cleared

3. Same as 1

1. H2O2 not exposed to light

2A

Side
Reaction

No/Low

2. Equipment checks (calibration)
3. Same as 1,2
1. Monitor H2O2 and EDC conc. in effluent daily
Have feedback system to
adjust light intensity

1. High residual H2O2 in
effluent
No (very little) contaminant
removed
2. Modeling and Lab scale testing of H2O2 and
WW to determine optimum dose
2. Same as 1
3. Monitoring of upstream process and H2O2 before
reactor, periodic testing of H2O2 quality

2. Contaminants are not
susceptible to H2O2 dosage (5
mg/L)
3. Contamination of H2O2 from 3. Same as 1
upstream equipment

1D

Action Required

1. H2O2 reacts with scavenger
species

1. Same as 1 (Reaction)

2. H2O2 self reaction

2. Same as 1 (Reaction)

1. Valve closed

1.No removal of contaminant
Reactor overheats
Backup upstream

1. Monitor upstream treatment processes and
components of WW
Adjust light intensity or H2O2 dosage
2. Monitor H2O2 influent and effluent levels and
lower dosage accordingly
1. Calibration of control sys
Sensor to monitor flow
Backup control system
Test actuator sensitivity
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Project Name: Reduction of Estrogenicity in Wastewater

Date: 4/21/2011

Page 3

of 8

Process: Reactor-Removal of EDCs (EE2-“the contaminant”)
Reference Drawing: PFD

Section: Unit 1
Item

2A

Study
Node

Wastewater
Stream

Process
Parameters

Flow

Deviations
(Guide
Words)
Low

Possible Causes

1. Valve closed

2. Reactor Leak
3. Reactor burst/disconnect
4. Blockage

5. Corrosion to reactor

Possible Consequences

Action Required

2. Water to flush WW
Protect elec. wiring w/cover
Minimize equipment present around
reactor
Have emergency shut off valve and
plan
3. Plan for shutdown, have shut
down valve
4. Sensors to monitor flow
Design system so flow can be
diverted to another reactor train
5. Routine maintenance
Prepare reactor piping for corrosioncoatings
6. Problems to sensors

2. Water to flush WW
Protect elec. wiring w/cover
Minimize equipment present around reactor
Have emergency shut off valve and plan
3. Plan for shutdown, have shut down valve
4. Sensors to monitor flow
Design system so flow can be diverted to another reactor train
5. Routine maintenance
Prepare reactor piping for corrosion-coatings
6. Monitor sensors, have several along reactor
Have pressure relief valves to remove air

6. Air Bubbles



1. Monitor processes upstream
Have emergency shutdown valve
Have shutdown plan-plan to divert flow to another reactor
train
2. Calibrate valve actuator
Have multiple valves along train

1. Reactor bursts, leaks
1. Problem upstream, diversion of one of Shutdown of reactor train
reactor trains
2B

High

2. Same as 1
2. Valve open
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Project Name: Reduction of Estrogenicity in Wastewater
Process: Reactor-Removal of EDCs (EE2-“the contaminant”)

Date: 4/21/2011

Section: Unit 1

Reference Drawing: PFD

Item
2B

Study
Node
Wastewater
stream

2C

Process
Deviations
Parameters
(Guide
Words)
Flow

High

Possible Causes
3. Controller/Sensor issue

Reaction

of 8

Action Required

3. Shutdown of reactor train

3. Monitor contaminant conc.
Have shutdown valve, plan
Divert flow to another reactor

1. Contaminant not removed to
specified level-potential risk to
public
2. Same as 1, Contaminant conc.
under/overestimated

1. Daily monitoring of EDC level in influent and
effluent
2. Calibration of sensors
More than one sensor along reactor train, have feedback
system able to adjust H2O2 and light intensity
3.Lab scale testing performed periodically

3. Underestimate of expected
concentration

3. Same as 1, 2

1. No contaminants present

1. Waste of H2O2 and energy

1. Monitor contaminant levels
Have feedback system able to adjust H2O2 dose and
light intensity
2. Monitor upstream treatment
Adjust H2O2 dose, UV light intensity

Concentration High (for
1. Peak hours
contaminant)
2. Problem with sensor

2D

Possible Consequences

Page 4

No/Slow
1. Install temperature alarms
2. Inadequate upstream treatment
(too many scavenger species)

3A

Reactor

Temperature

Low

1. Ambient temperature

2. Contaminant not removed to
adequate levels, public risk

1. Affect sensors, if they are
temperature sensitive
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Project Name: Reduction of Estrogenicity in Wastewater
Process: Reactor-Removal of EDCs (EE2-“the contaminant”)

Date: 4/21/2011

Section: Unit 1

Reference Drawing: PFD

Item
3B

Study
Node
Reactor
(PFR)

Process
Deviations
Parameters
(Guide
Words)
Temperature

High

Possible Causes
1. Ambient temperature

2. Lamps get too hot and water not
flowing (or low flow rate)

3C

Pressure

High

3D

Special

1. Affect sensors, if they are
temperature sensitive-reactor
malfunction
2. Same as 1

1. Reactor leaks or ruptures

2. Blockage from debris or lamp

2. Water restricted from UV
light
Reactor leaks or ruptures
3. Backup flow
System shutdown

Leak/Rup-ture 1. High pressure flow

of 8

Possible Consequences

1. Controller/sensor problem

3. Problem downstream (outlet to
Santa Cruz)

Page 5

Action Required
1. same as 1 in 2D

2. Monitory lamp temperature and flow rate
Adjust lamp intensity
1. Install pressure sensor, have emergency shutdown valve,
plan to divert flow to other reactors
2. Flow sensors
Check lamp connections
Monitor influent for debris
3. Monitor reactor effluent
Check for blockages downstream

1. Monitor pressure and flow
Have shutdown plan, valve
Design containment around reactor
2. Daily maintenance
1. System shutdown
Use protective coatings to resist rust
WW spill, exposure to personnel 3. Perform test run
Have plan to divert flow of WW
2. Same as 1

2. Corrosion/Improper maintenance
3. Improper installation

3. Same as 1
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Project Name: Reduction of Estrogenicity in Wastewater
Process: Reactor-Removal of EDCs (EE2-“the contaminant”)

Date: 4/21/2011

Section: Unit 1

Reference Drawing: PFD

Item
4A

Study
Node

Process
Deviations
Parameters
(Guide
Words)

UV lights Time/Proced- Skipped/
ure
Missing

Possible Causes
1. Improper installation

2. Loose from electrical connection

3. Lamps burnt out

Possible Consequences
1. Lights don‟t turn on,
contaminant not removed

2. Same as 1
Potential for electrocution
(electrical wires exposed to
water)

3. Contaminant not completely
removed
4. Sensor/controller problem

Page 6

of 8

Action Required
1. Have sensors to monitor light intensity, power usage
Monitor contaminant conc. in effluent
2. Same as 1
Ensure protective sleeve protects loose electrical
connections from water
3. Monitor light intensity and power
Monitor contaminant in effluent
Adjust light intensity of remaining lamps, is possible
4. Calibrate sensors/controllers
Have feedback system to monitor light intensity and
adjust
Have several sensors along reactor
5. Install protective quartz sleeves to contain broken
lamps

4. Light intensity too low,
contaminant not completely
removed

4B

Too little

5. Lamp broken

5. Contaminant not completely
removed
Blockage in reactor
Shards could scratch/ruin
reactor parts

1. Fouling due to protective sleeve

1. No/Low removal of
contaminant

1. Maintenance of sleeve, install cleaning system
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Project Name: Reduction of Estrogenicity in Wastewater
Process: Reactor-Removal of EDCs (EE2-“the contaminant”)

Date: 4/21/2011

Section: Unit 1

Reference Drawing: PFD

Item
9

Study
Node

Process
Deviations
Parameters
(Guide
Words)

UV lights Time/Proced- Too little
ure

Special

H2O2
injection Pressure
port

Utility

Possible Causes

Page 7

of 8

Possible Consequences

Action Required

2. Control/sensor issue

2. Contaminant not removed

2. Calibrate sensors /Have more than one sensor to
monitor lights along reactor train

3. Lamps fading

3. Same as 2

3. Monitor light intensity
Have backup lamps, document date of install

1. Electrical outage/interruption

1. Contaminant not removed
Issues with startup
2. Improper installation of electrical 2. Contaminant not removed
wiring
Electrical failure
Electrocution (if liquid exposed
to electric wiring)

1. Have backup generators

3. Disconnection from power source 3. Same as 1, 2

3. Same as 1,2

2. Monitor contaminant concentration
Have plan to divert flow to other reactors
Check wire and electrical components daily
Ensure emergency shut off to electricity available
Waterproof electrical components

1. Problem upstream (pump, tank)
High
2. Blockage

1. Port bursts, spilling H2O2
Personnel exposed

1. Ensure shut off plan
Design containment area around injection port

2. H2O2 not delivered,
contaminant not removed

2. Pressure sensor, monitor contaminant conc., have plan
for diversion to other reactors

3. Same as 2\

3. Have multiple sensors, valves along port pathway

3. Sensor/controller issue
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Project Name: Reduction of Estrogenicity in Wastewater
Process: UV/H2O2 Utilities

Date:03/27/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Study
Item Node

Process
Deviations
Parameters
(Guide
Words)

1A

Electricity

No

Possible Causes
1.

3.
4.
5.
6.

1B

Low

1C

High

Short circuit due to improper
reactor/pump installation

1.

Voltage dip (“brownout”)

1.

of

Possible Consequences

Power outage due to electrical fire 1.
or consequence of a storm
2.

2.

Page 1

1

Action Required

Instantaneous plant shut1.
down
By-passing of untreated water
into rivers and lakes
2.
Back-up of wastewater
3.
Overflow and/or flooding of
plant
Control system fails
Environmental hazard if
wastewater is discharged into
lakes with high concentration
of hydrogen peroxide

Ensure that standby generators are installed, properly
functioning, and start automatically in the event of a
power failure
Set up a wastewater bypass system
Consider setting up secondary containment

1.
2.
3.
4.
5.
6.

Same as 1
Reactor/pump catches fire
Reactor/pump fails
Control system fails
No/Low EE2 removal
Plant shut down

1.
2.

1.
2.
3.

Reactor/pump fails
Control system fails
No/Low EE2 removal

1.

Standby generator installed, properly functioning, and
starts automatically

1.

Same as 1B

1.

Same as 1B

3.

Use fuses, circuit breakers, or overload protection
Standby generator installed, properly functioning, and
starts automatically
Equipment installation by NEC standards

Power surge
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Project Name: Reduction of Estrogenicity in Wastewater
Process: H2O2 Storage and transport to reactor

Date:03/21/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Item

1A

Study
Node

Tank

Process
Deviations
Parameters (Guide Words)

Level

No/Low

Possible Causes

3.

Possible Consequences

Late delivery

1.

2.

4.

1B

High

1.

Page 1

Same as 1
Environmental hazard if left
undetected for long period of
time

1.

Closely monitor tank levels
Closely monitor product purity, may
indicate malfunction in upstream process

4.
5.

Same as 1
Regular maintenance checks for ruptures,
cracks

1.
2.

Check that set point is accurate
Set up secondary containment

2.

Overflow which may cause
injury to plant personnel
Environmental hazard

1.

Same as 1

1.

Same as 1

1.
2.
3.

2.

Regular maintenance, look for possible
signs of pressure build-up such as bulges in
tank

1.

Monitor tank temperature

Leak in tank

Wrong set point to level control
valve by operator

5

Action Required

Possible pump malfunction,
4.
P101 – 103, causing leaks and 5.
possible injury to plant
personnel
No/Low H2O2 delivery to
reactors, R 101-105, leading to
decreased product purity

4.
5.

of

1.

1C

Pressure

High

2.

Mechanical failure of valve

1.

Blocked or faulty tank vent
1.

1.
1D

Temperature

Low

Tank ruptures
Injury to plant personnel
Environmental hazard

Freezing point of hydrogen
peroxide is 6o F, and highly
unlikely in Tucson

Effect of ambient temperature
1.
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Project Name: Reduction of Estrogenicity in Wastewater
Process: H2O2 Storage and transport to reactor

Date:03/21/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Study
Item Node

1E

Tank

Process
Deviations
Parameters
(Guide
Words)
Temperature

High

Possible Causes

1.

Page 2

Possible Consequences

Hydrogen peroxide
1.
spontaneous and contaminant
assisted decomposition
(exothermic)
2.
3.
4.

Pressure build-up leading
to possible tank rupture
if venting system is not
adequate
Environmental hazard
Injury to plant personnel
Plant shut-down

Effect of ambient temperature

1.

Same as 1

1.
2.
3.

4.

1.
2.
3.

1F

Concentration Low

1.
2.
3.

Wrong concentration ordered
Provider delivered wrong
concentration
Incorrect dilution

1.

No/Low product purity

5

Action Required

5.

2.

of

1.
2.
3.

Completed:
No Action:
Reply Date:
Assigned
To:









Closely monitor tank
temperature
Regular maintenance
Use appropriate quality
of water for dilution to
avoid contamination
Check valves in place to
avoid back flow
Do not return unused
peroxide to tank
Place tank in a cool well
ventilated area
Monitor tank
temperature
Cooling system
Re-check order before
placing it
Test delivered hydrogen
peroxide
Have documented backup plan and ensure that
plant personnel are
familiar with it
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Project Name: Reduction of Estrogenicity in Wastewater
Process: H2O2 Storage and transport to reactor

Date:03/21/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Study
Item Node
1G

Tank

Process
Deviations
Parameters
(Guide
Words)
H2O2
Low
Concentration

Possible Causes
1.
2.
3.

1H

High

1I

Missing
ingredient

1J

Impurities

1.

of

Possible Consequences

Wrong concentration ordered 1.
Provider delivered wrong
concentration
Incorrect dilution

Same as 1

Page 3

1.
2.

1.

Provider delivered wrong
product

1.
2.

1.
2.

Contaminated tank
Hydrogen peroxide
contamination during
transportation

1.

2.

No/Low EDC removal

5



Action Required
1.
2.
3.

Re-check order before placing it
Test delivered hydrogen peroxide
Have documented back-up plan and ensure that
plant personnel are familiar with it

1.

Same as 1

No/low EDC removal
1.
May cause injury to plant
2.
personnel
1.
No/Low EDC removal 2.
Injury to plant personnel
if unknown product is
handled inappropriately

Test of hydrogen peroxide delivered
Have documented back-up plan and ensure that
plant personnel are familiar with it
Test of hydrogen peroxide delivered
Have documented back-up plan and ensure that
plant personnel are familiar with it

Chemical incompatibility
leading to accelerated
decomposition
No/low EDC removal
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Project Name: Reduction of Estrogenicity in Wastewater
Process: H2O2 Storage and transport to reactor

Date:03/21/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Item
2A

Study
Node

Process
Deviations
Parameters
(Guide
Words)

Pump
Flow
P101 –
103 A/B
and valve
V101

No/Low

Possible Causes
1.

Possible Consequences

Blocked line

1.

2.

3.
2.

Page 4

Electrical outage
4.

5

Action Required

May damage pumps, P101 1.
– 103, causing leaks and
2.
possible injury to plant
3.
personnel
No/Low H2O2 delivery to
reactors, R 101-105,
leading to no/low EDC
removal
1.
2.

No delivery to reactors
R101 – 105 leading to
no/low EDC removal
Plant shut down

of

Regular maintenance
Monitor product purity
Use a check valve to ensure that pump does not run dry

Back-up power source
Emergency shut-down plan documented and known to
personnel

1.
2B

2C

High

Reverse

1.

1.

Inaccurate set point on flow
meter

Mechanical failure of check
valve

1.
2.

1.
2.
3.
4.

Hydrogen peroxide
1.
overdose
2.
Product may contain
unacceptable concentration
of hydrogen peroxide
leading to environmental
hazards

Re-check flow meter reading
Monitor hydrogen peroxide concentration in product

Contamination of storage 1.
tank contents leading to 1E 2.
Pressure build-up
3.
No/low EDC removal
Plant shut-down
4.

Same as 1E
Emergency shut-down plan documented and plant
personnel familiar with plan
Regular maintenance ensuring that vents are properly
functioning
Daily monitoring of equipment condition and hydrogen
peroxide flow

7.
2.

2
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Project Name: Reduction of Estrogenicity in Wastewater
Process: H2O2 Storage and transport to reactor

Date:03/21/2011

Section: Unit 1

Reference Drawing: UV/H2O2 PFD

Item

2D

Study
Node

Process
Deviations
Parameters
(Guide
Words)

Pump
Pressure
P101 –
103 A/B
and valve
V101

High

Possible Causes

1.

Hydrogen peroxide confined
between two closed valves

Page 5

of

Possible Consequences

1.

Same as 1E

Action Required

1.
2.
3.
4.

8.
9.

5




Same as 1E
Use vents or pressure relief valves
Eliminate valves if and where possible
Lock open valves, if appropriate during operation

10.
3. 2.

Reference
http://www.solvayh2o2-mining.com/static/wma/pdf/2/0/1/2/H202%20handling%20and%20storage%20English.pdf
Solvay chemicals
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Project Name: Reduction of Wastewater Estrogenicity
Process: Air Dryer

Date: 4/21/11

Section: Unit 100

Reference Drawing: PFD

Item
1A

Study
Node

Process
Parameters

Air Dryer Inlet Flow

Deviations
(Guide Words)
No/Low

Possible Causes
1. Blockage at inlet

2. Inlet valve malfunction
3. Leak

1B

High

1

of 6

Possible Consequences

Action Required

1. No air is available for ozone generation, potential for
entire plant to be shut down
2. Same as 1
3. Same as 1, Less air available, more energy used to
bring it into the dryer
4. Same as 1

1. Have sensors to monitor flow throughout
pipeline, potentially have backup dryer
2. Have several valves placed at inlet
3. Install pressure sensor to monitor for air leak
4. Have a backup compressor available
5. Use check valves

4.Compressor burned out

5. Potential to break dryer and compressor

5.Backflow

1. Too much air taken in, could break dryer by being
above its designed capacity
2. Amount of air entering the ozone generator may be
under or overestimated, affecting treatment ability
3. Same as 1

1. Incorrect controller setting

Page

1. Have back up dryer available for flow
diversion
2. Test measurement equipment on smaller
scale or pilot processes
3. Implement another dryer

2. Calibration error

1. Liquid left in stream exiting dryer, may affect
production of O3 and rust equipment

1. Choose a place away from heat sources for
dryer placement

2. Same as 1
3. Undersized dryer
1C

Temperature

High

2. Using sensor monitor temperature leaving
compressor, implement aftercooler between
compressor and dryer

1. Placement by heat source
1. May clog pipeline, will lower O3 generation

1. Do monthly inspection of pipe and
equipment
2. Temperature exiting
compressor high

Impurities

1. Contamination of piping

1D
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Project Name: Reduction of Wastewater Estrogenicity
Process: Air Dryer

Date: 4/21/11

Section: Unit 100

Reference Drawing: PFD

Item

Study
Node

Process
Parameters

Deviations
(Guide Words)

Possible Causes

Possible Consequences

Page

2

of 6

Action Required


1E

Air Dryer Inlet Impurities

2. Environmental conditions conducive 2. Environmental conditions conducive to dust
to dust storms
storms
3. High humidity

3. High humidity

4. Compressor filtration upstream
inadequate

4. Compressor filtration upstream inadequate

2. Use filtration at inlet of entire process to
reduce particulate size and amt
3. Same as 1
4. Inspect compressor filter, install filter device
at dryer inlet
5. Same as 2, 4

5. Air contains large number of particulates
5. Air contains large number of
particulates
1F

Time,
Procedure

Skipped

1. Dryer broken
2. Problem upstream

2A

Coil (Heat
Exchanger(s)) Flow

Low

1. O3 not generated, contaminant not destroyed
2. Same as 1

1. Blockage or fouling
2. Inlet pressure low

2. Have emergency plan read, use liquid O2 to
generate O3
1. May lower O3 yield and higher energy usage
2. Same as 1

High

1. Dryer undersized

1. Measure flow rate in dryer, have alarm for
low flow
2. Consider multiple compressing stages

1. Unit may burst or fail, stopping O3 generation
2. Same as 1

Pressure

1. Have spare dryer available

1. Have sensor to monitor pressure, consider
buying more dryers
2. Have emergency plan

1. Moisture not removed
1. Monitor moisture, have after cooler before
dryer

2. Issue upstream
Temperature

High

1. Inlet air temperature too high

Time,
Procedure

Low
High
Missed, Skipped

1. Inlet air temperature too high
2. Dryer undersized-too much air
3. Refrigerant compressor broken
4. Low level or leak of refrigerant
5. Electrical failure

1. Moisture not removed
2. Same as 1
3. Same as 1, sys. shutdown
4. Sys. shutdown, health hazard
5. Same as 1, risk of electrocution

1. Use cooler before dryer
2. Use multiple dryers
3. Have backup dryers
4. Monitor levels
5. Ensure wiring done to NEC std.

Page 186 of 226

Project Name: Reduction of Wastewater Estrogenicity
Process: Air Dryer

Date: 4/21/11

Section: Unit 100

Reference Drawing: PFD

Item
1A

Study
Node
Air Dryer
Inlet

Process
Deviations
Parameters
(Guide
Words)
Flow

No/Low

Possible Causes
1. Blockage at inlet

2. Inlet valve malfunction
3. Leak

4.Compressor burned out

Possible Consequences
1. No air is available for ozone
generation, potential for entire
plant to be shut down
2. Same as 1
3. Same as 1, Less air available,
more energy used to bring it into
the dryer
4. Same as 1

Page

3

of 6

Action Required
1. Have sensors to monitor flow throughout pipeline,
potentially have backup dryer
2. Have several valves placed at inlet
3. Install pressure sensor to monitor for air leak
4. Have a backup compressor available
5. Use check valves

1. Have back up dryer available for flow diversion
5.Backflow

1B

High

1. Incorrect controller setting

2. Calibration error

3. Undersized dryer
1C

Temperature High

1. Placement by heat source

5. Potential to break dryer and
compressor
1. Too much air taken in, could
break dryer by being above its
designed capacity
2. Amount of air entering the
ozone generator may be under
or overestimated, affecting
treatment ability
3. Same as 1

2. Test measurement equipment on smaller scale or pilot
processes
3. Implement another dryer
1. Choose a place away from heat sources for dryer
placement
2. Using sensor monitor temperature leaving compressor,
implement aftercooler between compressor and dryer

1. Liquid left in stream exiting 1. Do monthly inspection of pipe and equipment
dryer, may affect production of
O3 and rust equipment

2. Temperature exiting compressor 2. Same as 1
high
1D

Impurities

1. Contamination of piping

1. May clog pipeline, will lower
O3 generation
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Project Name: Reduction of Wastewater Estrogenicity
Process: Air Dryer

Date: 4/21/11

Section: Unit 100

Reference Drawing: PFD

Item

1E

Study
Node

Process
Deviations
Parameters
(Guide
Words)

Air Dryer Inlet Impurities

1F

Time,
Procedure

Possible Causes

2. Environmental conditions conducive 2. Environmental conditions
to dust storms
conducive to dust storms

Skipped

2B

2C

Refrigeration
System

Flow

Pressure

Temperature

Low

High

High

4

of 6

Action Required



3. High humidity

3. High humidity

4. Compressor filtration upstream
inadequate

4. Compressor filtration upstream
inadequate

5. Air contains large number of
particulates

5. Air contains large number of
particulates

1. Dryer broken
2. Problem upstream

2A

Possible Consequences

Page

1. Blockage or fouling
2. Inlet pressure low

2. Use filtration at inlet of entire process to reduce particulate size
and amt
3. Same as 1
4. Inspect compressor filter, install filter device at dryer inlet
5. Same as 2, 4

1. Have spare dryer available

2. Have emergency plan read, use liquid O2 to generate O3
1. O3 not generated, contaminant not
destroyed
1. Measure flow rate in dryer, have alarm for low flow
2. Same as 1
2. Consider multiple compressing stages

1. May lower O3 yield and higher
energy usage
2. Same as 1

1. Dryer undersized

1. Unit may burst or fail, stopping
O3 generation

2. Issue upstream

2. Same as 1

1 Inlet air temperature too high

1. Dryer cannot remove water,
pipeline may rust, O3 yield lower
2. Same as 1

1. Have sensor to monitor pressure, consider buying more dryers
2. Have emergency shut down plan
1. Assess compressor (upstream); intercooler
2. Have another dryer and split stream
3. Have spare dryer available

2. Dryer undersized-too much air
3. No/little heat exchange, same as 1
3. Refrigerant compressor broken

Page 188 of 226

Project Name: Reduction of Wastewater Estrogenicity
Process:

Date:

Section:

Reference Drawing:

Item

2D

3A

Study
Node

Refrigeration
System

Air Dryer
Outlet

Process
Deviations
Parameters
(Guide
Words)
Temperature

Flow

High

No /Low

Possible Causes

5

Possible Consequences

4. Low level or leak of refrigerant

4. Same as 3

5. Electrical failure

5. Dryer broken, system shutdown
due to moisture sensitivity of O3
equipment

1. Blockage in pipes

Page

of 6

Action Required



4. Have weekly monitoring of refrigerant level
5. Have spare dryer, ensure wiring has been done to NEC
standards, have backup generator system
1. Monitor pressure, have emergency shut off, routine maintenance,
spare dryer

1. Dryer becomes over-pressurized, 2. Ensure actuator functioning properly
potential to break, no air available 3, Perform calibration checks, use more than one sensor
for O3 production
2. Same as 1
4. Monitor flow rate with sensor, have shutdown plan

2. Inlet or outlet valve not open
3. Measurement device error

3. Treatment may be underestimated
or O3 use more than what is needed 1. Monitor flow rates, ensure actuator working corrector
4. O3 yield lower, contaminant may
not completely be removed
2. Same as 1, make adjustments

4. Leak

3B

2. Controller error

1. Too much air released to other
pieces of equipment may be above
their operating limit
2. Same as 1, too much air sent to
rest of unit, higher energy
expenditure to convert to O3

1. Contamination of piping

1. May affect O3 generation later,
more energy needed for O2 to O3
potential

High
1. Inlet flow rate too high

3C

Impurities

1. Maintenance and inspection

2. Same as 1

2. Same as 1
2. Contamination of internal
components of dryer
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Project Name: Reduction of Wastewater Estrogenicity
Process: Air Dryer

Date: 4/21/11

Section: Unit 100

Reference Drawing: PFD

Item

3D

3E

Study
Node

Process
Deviations
Parameters
(Guide
Words)
Temperature High

Possible Causes

Possible Consequences

1. Electrical issue-overheating

1. Moisture not removed, O3
yield inhibited

2. Flow rate too high

2. Same as 1

Page

6

of 6

Completed:
No Action:
Reply Date:

Action Required

Assigned
To:






1. Monitor temperature and
moisture content, employ dual
dryer system
2. Monitor inlet and outlet flow
rates, employ another dryer,
assess air needs for O3
generation
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Project Name: Reduction of Estrogenicity in Wastewater

Date: April 20, 2011

Page

1

of 2

Process: Nitrogen Adsorption (to concentrate oxygen)
Reference Drawing: Ozonation Unit 1

Section: Ozonation Unit 1
Item

Study
Node

Process
Parameters

1

1A Air

Flow

Pressure

Temperature

Deviations
(Guide
Words)

Possible Causes

Possible Consequences

Action Required

High

Too much air is compressed upstream.

Column overpressures/ Equipment breaks.

No/low

Not enough air is compressed /
Compressor malfunctions.

No O2 is concentrated and not enough O3 is Oxygen tank (V-102) will be kept at a medium filled level so
produced downstream / EE2 is not reduced that enough oxygen is available downstream
to target concentrations

High

Compressor setpoint is exceeded

Equipment breaks/Harm to personnel

Relief valves will open and release air to reduce pressure

Not enough O2 is produced
Low

Compressor malfunctions

Oxygen tank (V-102) will be kept at a medium filled level so
that enough oxygen is available downstream

High

Temperature fluctuations in weather
/ Compressor-dryer efficiecy

Gas expands / Increased P / Explosion
hazard/ Harm to personnel.

Temperature sensor that will stop the process while
temperature is above limit/ Personnel evacuation according to
plant Emergency Action Plan (EAP).

Low

Temperature fluctuations in weather
/ Compressor-dryer efficiecy

None that could compromise personnel
safety or process.

N/A

Molecular sieves (zeolite) are damaged/
Potential production of NOx downstream.

Hygroscopic filter pads upstream from N2 adsorption columns
will be changed frequently.

None that could compromise personnel
safety or process.

N/A

Relative
High
humidity (r.h.)

Monsoon season in Tucson / Weather

Low

Dry time periods in Tucson/ Weather

Relief valves will open and release air to reduce pressure.
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Project Name: Reduction of Estrogenicity in Wastewater
Process: N2 Adsorption Columns (T-101, T-102)

Date: April 20, 2011

Section: Ozonation Unit 1

Reference Drawing: Ozonation Unit 1

Item

Study
Node

1A

Air

Process
Deviations
Parameters
(Guide
Words)

N2 saturation High
in molecular
sieves

Possible Causes

Page

Possible Consequences

2

of 2

Action Required

N2 columns are not switched as often. Loss in efficiency on N2 adsorption
Vacuum compressor malfunctions.
column/ Potential production of NOx
downstream.

Saturation in sieves will be monitored through an
automated sensor, which will divert flow to the other
N2 adsorption column.

N/A (Design conditions)

N/A

N/A

Low
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Project Name: Reduction of Estrogenicity in Wastewater
Process: Ozone generation

Date: April 20, 2011

Section: Ozonation Unit 1

Reference Drawing: Ozonation Unit 1

Item

2

Study
Node

2A Ozone
generator
(R-101)

Process
Parameters

Temperature

Pressure

Electric
discharge

Deviations
(Guide
Words)

Possible Causes

Page

1

Possible Consequences

of 2

Action Required



High

Not enough cooling flow rate/ high
Harm to personnel/ ozonation
amounts of electric discharge/ heat
reactor malfunctions/ material
dissipation not efficient due to fouling in deformation/ Explosion
the heat exchanger coupled to ozone
generator.

Automatized temperature-sensitive valve increases cooling fluid
flow rate to cool down/ temporary operations halt / OSHA
Permissible Exposure Limit 0.1 ppm /
Personnel evacuated/ Refer to plant Emergency Action Plan
(EAP).

Low

Compressor malfunctions upstream.

Not enough ozone is produced.
/ None that could compromise
personnel safety.

None required.

High

Pressure buildup upstream.

Damage to the ozone generator/
equipment breaks down.

Reduce flow upstream through a valve/ Pause operations/ Venting
is unsafe in “hot work” since oxygen concentration exceeds 20%
(OSHA)

Low

Air compressor upstream malfunctions

Not enough ozone generated.

Valve will allow more flow rate of oxygen to meet ozone
production process specifications

High

Incorrect electric discharge setpoint /
electric output variability

High temperature hazard/ reaction
rate increase.

Regulate electrical discharge frequently through programmable
logic controller (PLC).

Incorrect electric discharge setpoint /
electric output variability

Decreased efficiency of electric
discharge to yield ozone.

Regulate electrical discharge frequently through programmable
logic controller (PLC).

Low
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Appendix D. Economics
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Appendix D Economics Calculations
The equations displayed below were taken from correlations described in Seider et al
(2009). Spreadsheets containing these equations and their application to both processes follow
this section. Spreadsheets D-1 through D-5 show the UV/H2O2 economics calculations, and the
spreadsheets D-6 through D-9 show those for ozonation. UReferences to cells in the
spreadsheets are in the format (UV/H2O2 spreadsheet cell, Ozonation spreadsheet cell).
D.1 Total Bare Module Cost-Spreadsheet CTBM
D.1.2 Bare Module Cost-Vendor Supplied Purchase Prices
Purchase prices (Cps) for the majority of the equipment were obtained through direct
communication with vendors (see Spreadsheets D-1 and D-5). Installation costs were not
provided and were instead estimated using a parameter known as a bare module factor (FBM).
Application of the FBM to the CP allowed for each piece of equipment’s bare module cost (CBM)
to be determined,
(D-1)
Values for CBM, FBM, and CP can be found for both processes in the spreadsheets labeled D-1 and
D-5.
D.1.3 Bare Module Cost-Designed Equipment
Both processes had one piece of equipment whose Cp was not obtained from vendors. A
price quote was not provided for either the hydrogen peroxide tank system or the ozonation
reactor due to the need for them to be custom designed. The Cp for the hydrogen peroxide tanks
was determined from a cost correlation used for horizontal pressurized vessels,
,

(D-2)
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where FM was a factor based on the material of construction, Cv was the cost of the vessel when
empty and CPL was the cost for platforms and ladders.
FM was not readily available for 5254 aluminum so it was calculated as the ratio of the
current cost of 5254 aluminum, $1.07 per lb, to that for carbon steel, $0.25 per lb (InfoMine,
2011). This estimation was justified since carbon steel serves as the basis for FM at a value of
one. Using this ratio, the FM for 5254 aluminum was determined as
(D-3)
CPL was found using a correlation based on the inner diameter of the tank (Di),
(D-4)
Substituting the tank’s inner diameter, 9.02 feet, resulted in the price of platforms and ladders
being $3,130.
The equation used to determine Cv was dependent on the tank’s weight (W),
(D-5)
Using the tank’s weight, 5500 lbs, Cv was calculated to be $25,900.
With all of its variables determined, Equation D-2 yielded a Cp,2006 of $115,000.
However, as denoted by the subscript, this price was based on correlations applicable to the year
2006. The Chemical Engineering Cost Index (CE Index) was used to correct for inflation and
determine the 2010/2011 price,
(D-6)
CE2006 and CE2010 were found to be 500 and 556.2, respectively (Chemical Engineering
Magazine, 2010). Using equation D-1 and multiplying the result by the number of tanks (two)
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resulted in a final Cp of $255,000. Factoring in installation costs (Equation D-1), the tank
storage system’s bare module cost was estimated as $1,090,000.

Purchase Cost Calculation for the ozonation reactor (O3 R-201 and R-202)

This calculation was done with the Mulet, Corripio, and Evans method (1981a, b). This
method allows one to calculate the cost of horizontal, vertical, and tower pressure vessels (Seider
et al. 2009). Equations (D-7) through (D-9) show how the cost for these reactors was obtained.

(D-7)
(D-8)
(D-9)

Where

= free on board (f.o.b.) cost of the reactor vessel,

= the cost of the empty vessel,

= the cost of the platforms and ladders associated with the vessel,

= the weight of the vessel in pounds, and

and

represent the diameter and length of the vessel in feet,

respectively. In the ozonation reactor calculation,
and

= material correction factor,

will represent the vertical height of the vessel.

will represent the horizontal length of the vessel
= 19.7 feet and

= 13.1 feet.

In order to calculate the weight of the vessel, the thickness of the vessel‟s wall needed to be
determined. Wall thickness,

, is computed from the ASME pressure vessel code formula

(Seider et al. 2009) shown in equation (D-10):
(D-10)
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Where Pd= internal design gauge pressure in psig, Di = inside shell diameter in inches,
S= maximum allowable stress of the shell material at the design temperature in psi, and E =
fractional weld efficiency. For operation pressures between 0 and 5 psig, it is suggested to set
the design pressure to 10 psig; Pd = 10 psig (Sedier et al. 2009). Di= 19.7 feet. The reactor is
operating at ambient temperature. According to Sieder et al. (2009), at ambient temperature =
15,000 psi and E= 0.85 with the wall thickness is less than 1.25 inches. Therefore, t p = 0.85.
could be easily calculated with equation (D-11):
(D-11)
The thickness of the vessel is calculated to be 0.008 inches or 2x10-4 meters. However,
this thickness is too small to provide rigidity to the vessel. Therefore, ½ inch or 0.013 meter
steel was chosen since it is the minimum wall thicknesses as described on Sieder et al. (2009).
The thickness of the vessel is multiplied by the total surface area of the vessel to determine the
total volume of steel used during construction. This is shown in equation (D-12). The total
surface area of the vessel was 236 m3.
(D-12)
The vessel was chosen to be constructed from stainless steel. This was because stainless steel
resists the corrosive properties of ozone. The density of stainless steel 316 is 8000 kg/m 3. The
weight of the vessel was calculated with equation D-13:
(D-13)
The cost of the empty vessel was calculated with equation (D-14):
(D-14)
The cost of the ladders and platforms is was obtained with equation (D-15):
(D-15)
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According to Seider et al. (2009), the material correction factor stainless steel 316 is 2.1. The
total f.o.b. cost was then calculated:
(D-16)
In conclusion, the total f.o.b. cost of a single coronation reactor was $350,458.17.
However, since the correlations by Sieder et al. are based on year 2006, the was adjusted for
inflation using the Chemical Engineering Plant Cost Index System (Seider et al. 2009). Equation
(D-17) demonstrates the adjustment:

(D-17)
In conclusion, the f.o.b. cost of both R-201 and R-202 was approximately $780,000. It is
important to note that the determination of the total bare module cost (CTBM) for each process
was made by addition of all process-specific CBMs.

D.2 Total Capital Investment -CTCI
D.2.1 Total Permanent Investment (CTPI)
Estimation of the CTPI began with the calculation of the direct permanent investment (CDPI). The
CDPI consisted of only the CTBM and the cost of site preparation (Csite). Other parameters common in the
calculation of CDPI such as Cbuildings and Coffsite were ignored due to both designs being an addition to an
already existing facility. Csite was estimated as five percent of CTBM (C5, C6). The total depreciable
capital (CTDC) was subsequently determined from
CTDC = CPDI + Ccont

(D-18)

where Ccont included unexpected costs (contingencies) and contractors’ fees. This parameter was
estimated as 18% of the CDPI (C9, C10). CTPI was finally determined using Equation (D-19) below
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CTPI  CTDC  CStartup

(D-19)

where Cstartup is the cost associated with making the process facility fully functional. Cstartup was estimated
as 10% of CTDC (C13,
C14). The value of CTPI (C15, C16) was adjusted for the facility’s location in
Tucson (C15, C16) using an investment site factor (FISF). For the U.S. southwest FISF is equal to 0.95.
.D.2.2 Annual Costs (C)
Annual costs (C) for both designs

included those for feedstocks, utilities, operations, maintenance, operating overhead, taxes,
insurance, and depreciation. Feedstock costs for the UV/H2O2 design consisted of those for 50%
w/v hydrogen peroxide. From the treatment dosage of 5 mg/L it was determined that 152,000
gallons would be needed annually. A price of $3.00 per gallon was obtained for hydrogen
peroxide (Herbert, L, email, 1 Feb 2011). The UV lamps were also considered an annual cost .
A purchase price of $200 per lamp (Festger ,A. , phone conversation, 2 Feb 2011) and recycle
fee of $2925 per year for all of the lamps (Gorges J. , email, 15 Apr 2011) were considered in the
calculations. The only feedstock cost associated with O3 process is the cost of magnesium
thiosulfate. In order to mix 32.8 gallons per day of 30% wt/v magnesium thiosulfate with the
tertiary effluent, 110 drums are required. The cost of one drum of magnesium thiosulfate is $410
(Pollard, 2010). This yields an cost of $45,000 per annum.

Operational costs were the same for both designs. The basis for these costs was the
number of operators per shift and the average wage of an operator. As continuous fluid handling
processes, both designs were assumed to have two operators per shift, each of whom were paid at
a rate of $35 per hour. Based on these assumptions the direct wages and benefits for operators
(DW&B) was estimated to be $728,000 (L9). The direct salaries and benefits paid to facility
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supervisors and engineers as well as the costs for additional operating supplies and services were
estimated as 15% (L10) and 6% of DW&B (L11).
Maintenance costs were estimated from CTDC and varied for each design. The wages and
benefits (MW&B) paid to maintenance personnel were estimated as 3.5% of the CTDC (L15).
Salaries and benefits to engineering and supervisory personnel was estimated as 25% of the
MW&B (L16, L16). Additional maintenance supplies as well as a maintenance overhead cost
were estimated as being equal to and 5% of the MW&B. (L18,)
The overhead for operational activities was estimated from the wages and benefits for
both the operations and maintenance sectors of the designs (M&O-SW&B). The general plant
overhead (L20) and expenses for a mechanical department services department (L21) were
estimated as 7.1% and 2.4% of the M&O-SW&B. Expenses associated with improving
employee relations were estimated as 5.9% of the M&O-SW&B (L22) while those associated
with business services were taken as 7.4% of the same parameters (L23).
Property taxes, insurance, and depreciation (D) were all estimated from CTDC. Property
taxes and insurance were estimated as 2% of the CTDC (L24). The depreciation for the plant was
taken as 8% of the CTDC (L26). The depreciation calculated here was taken as a constant
percentage; however, when performing cash flow analyses, depreciation was considered to vary
based on the established percentages for the Internal Revenue Service’s (IRS) 20-year MACR
plan.
Addition of all of the costs described above gave the value of the annual operating costs
(L38).
D.2.3 Working Capital and Total Capital Investment (CTCI)
The working capital (WC) for both designs was determined from
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WC = cash reserves – accounts payable

(D-20)

Inventory costs and the revenue from accounts were ignored due to the initial assumption of no
sales occurring (Section 5.4). The cash reserves were estimated as 8.33% of the annual operating
cost (D25, D28) while the accounts payable were equal to 8.33% of the feedstock and regularly
replaced equipment part costs (D28, D31). Addition of the working capital and total permanent
investment gave the CTCI (B31, B35).

D.3 Cash Flow
D.3.1 Cash Flow Without Sales (MACR wo Sales)
The building phase for both processes was assumed to be three years (Years 0-2). Each
design’s CTDC was divided evenly over this period. The working capital was charged at the end
of Year 2. Depreciation (D) was assumed to start at Year 3, the first year of full operational
activity for the facilities. The Modified Accelerated Cost Recovery System (MACRS) was used
to calculate the depreciation for each facility over a 20 year period. Fractions of the total CTDC
(M3-23) based on the straight -line and declining-balance methods were used to calculate the
depreciation for Year 3 through Year 23 (D6-D26). After determining the depreciation for every
year, the net earnings (NE) were calculated using the following equation:
(D-21)
where S represented the sales collected by the facility and t represented the income tax rate
(assumed to be 40%). It was initially assumed that no sales were made (see Section 5.4). The
sum of the net earnings, sales, depreciation, working capital (if present), and total depreciable
capital (if present) was used to find the undiscounted cash flow for the plant. Assuming a
nominal interest rate of 5%, the discounted cash was calculated using the equation below
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(D-22)

where the second factor represented the discount factor for the year number indicated by the
subscript. Lastly, the net present value (NPV) was calculated as the sum of the discounted cash
flows for the year in question and all others prior to it.
D.3.2 Cash Flow With Sales (MACR w Sales, Sales)
The sales for the facility were estimated by assuming that the plant would recover all
costs at year 23 (20th year of operation, J26). The income received from sales was assumed to be
remain constant over the entire operational period and was assessed by using Excel’s solver
feature (F6-26). From the sales figure, a monthly fee increase was calculated for residential
customers. Based on customer information from the current facility, 85% of the water treated is
from residential customers. It was assumed that the same percentage of revenue was also taken
in from fees paid by residential customers (B10). With this taken into account, the monthly sales
figure per household (fee increase, Sales B-12) was calculated by dividing the total sales figure
by 12 and then by the estimated residential customer base (217,888 people).
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Spreadsheet D-1 UV/H2O2 –Total Bare Module Cost (CTBM)
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Spreadsheet D-2 UV/H2O2–Total Capital Investment (CTCI)
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Spreadsheet D-2 Total Capital Investment Formulas (CTCI)
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Spreadsheet D-3 UV/H2O2 - Cash flow Sheet (MACR no sales).
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Spreadsheet D-3 UV/H2O2 Cash Flow Sheet (MACR wo sales) Formulas
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Spreadsheet D-4 UV/H2O2 –Cash flow Sheet (MACR with sales).
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Spreadsheet D-5 UV/H2O2 – Sales summary
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Spreadsheet D-6 - Ozonation Bare Module Costs (CTBM)
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Spreadsheet D-7 Ozonation Total Capital Investment (CTCI)
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Spreadsheet D-7 Ozonation–Total Capital Investment Formulas (CTCI)
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Spreadsheet D-8 – Ozonation Cash flow sheet (MACR no sales)
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Spreadsheet D-8 – Ozonation Cash flow sheet (MACR no sales) Formulas
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Spreadsheet D-9 Ozonation –Cash flow sheet (MACR with sales)
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Spreadsheet D-10 Ozonation –Sales summary
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