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Abstract
This project was performed under the College of Engineering’s Senior Design, and to serve as a
final thesis for submission to the Honors College. Within this project, a wastewater treatment system was
designed for the Biosphere 2’s ocean, which is soon to be converted to model a coral reef. The primary
goal of the project was to eliminate as much waste as possible, ensuring a closed loop within the
Biosphere. This was accomplished by designing four-unit operations, each optimized to remove a specific
contaminant, with sustainability as the primary consideration. Within this report, detailed mass balance,
equipment specifications, economic analysis, and recommendations are outlined.
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Executive Summary
The ocean at the Biosphere is set to be renovated for a research project to study the
effects of ocean acidification. As part of the design, the Biosphere has selected two drum filters
and fractionators to filter the ocean water. The drum filters require 7,500 gallons a day for
backwash purposes, which is considered wastewater. The drum filters sit in a basin of ocean
water that they proceed to filter. When backwash is triggered, this ocean water is not drained and
leaves with the 7,500 gallons of fresh backwash water. A total waste stream of 15,000 gallons
per day will be produced by the ocean treatment process. It will have a high salt concentration
preventing it from being injected in the ground or used for agricultural purposes within the
Biosphere.
The Biosphere would be forced to export this water to a desalination facility, and this was
estimated to cost $1.2 million dollars a year. Producing that much waste also goes against the
Biosphere’s theme of sustainability and self-sufficiency. In order for this, and all future, ocean
experiments to be economically feasible and to eliminate the environmental consequences of
transporting 62.5 tons of water each year to San Diego, the team was asked to design a recycle
process to take the salty water and treat it for reuse.
The water considered has a salt level of 17.5 parts per thousand (denoted as “ppt” in this
report), dissolved organics, and a wide range of suspended solids. The first desired product of the
process is a stream that has the original salt composition of salt as the ocean (35 ppt) with the
organics and suspended solids removed. This stream is to be sent back to the ocean to restore
what was initially lost to the wastestream. The second desired product is a restored freshwater
stream that can be used to backwash the drum filters once again. Additionally, the ocean loses
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2,000 gallons of fresh water each day to evaporation. The freshwater produced from this design
is used to replenish that loss.
The recycle process designed is not 100% efficient. Ten percent of the treated water is
lost as drain water from the equipment selected. However, this water can be treated at the
Biosphere and will not require transport to an external facility. This water loss, as well as any
other excessive evaporative losses, is made up for by freshwater from the Biosphere’s well. A
small amount of waste is generated from chemical solutions that are necessary to clean the
equipment selected for this process. This waste is three gallons per day, which is less than one
percent of the treated volume.
The result of this design is a process that keeps 99.98% of the water used and treated
within the Biosphere. The savings are over a $1 million dollars a year, not accounting for the
initial cost of purchasing all equipment. The total cost of all necessary equipment is only
$91,000, so even in the first year the savings are still over $1 million dollars.

Since the project has not begun, there is ambiguity in the conditions of the ocean water
and what the equipment will actually need to remove. The number of fish, state of the microbial
population, and impacts of ocean acidification on all ocean life lead to uncertainty. For this
report worst-case scenarios were always assumed. The Biosphere can easily make equipment
adjustments to properly treat the wastewater. Regardless of any changes that may need to occur,
this project saves the Biosphere millions of dollars and complies with its adherence to selfreliance.
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Introduction
1.1 Overall Goals
The Biosphere 2, named due to it being the second fully self-sufficient biosphere after
our Earth itself, began construction in 1987 and ended in 1991 by Space Biosphere Ventures.
The original mission then was to conduct studies to test the survivability of small groups of
humans within a self-sustaining colony that could one day apply to planets in outer space (“Two
Years”). After being purchased for research by the University of Arizona in 2007, the purpose
of Biosphere 2 became more grounded. Its new mission is to “serve as a center for research,
outreach, teaching, and life-long learning about Earth, its living systems, and its placed in the
universe.” In other words, it is used as a testing facility to recreate modern environmental and
climate issues in which preliminary testing of solutions can occur with conjugation of engineers,
scientist, and a host of technical advisors.
One of the Biosphere’s biggest potential sources of research is its 700,000-gallon ocean.
This potential is not being fully utilized right now, but that is about to change. Diane
Thompson, the director of marine research at the Biosphere and an Assistant Professor of
geoscience at the University of Arizona, received a large grant to study the effects of ocean
acidification and warming ocean temperatures on coral reefs. She will be using the Biosphere’s
700,000-gallon ocean to model the Great Barrier Reef. She is interested in studying the
responses of the fish, coral reef, and microbes to ocean conditions that may manifest in the
future. Like any aqua-cultural systems, an efficient filtration process must be in place to mimic
desired levels of water quality for the study. For this research project, the Biosphere’s ocean
filtration process includes two drum filters operating continuously followed by a fractionator.
The drum filters will periodically be impeded by solid accumulation in the 30-micron pores and
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will need to be backwashed. An estimated 7,500 gallons per day (GPD) of water will be used
for this. There is an additional 7,500 GPD of ocean water that will be added to the backwash
over the course of the cleaning process. The totaled waste stream of the ocean-filtering
operation is 15,000 GPD. Any other facility would simply send this water down the drain, but
the Biosphere is unique in that it is an isolated system without a sewer connection. Therefore,
this 15,000 GPD of brackish water is a huge problem. It cannot be injected into the ground due
to high salt levels, and evaporation ponds are not an option due to limited land available.
This dilemma has led to the following project proposal: a multi-process filtration system
that recovers 90% of that 15,000-gallon waste stream with almost all (99.8%) of the remaining
non-recycled water available for use elsewhere in the Biosphere. The 7,500 GPD of ocean water
will be returned to the ocean at the steady-state salt concentration of 35 parts per thousand (ppt).
The 7,500 GPD of freshwater used for backwash will be treated so it can be reused as a
backwash or to replenish evaporative ocean water losses. Along with the filtration of the
wastewater, the gathered nutrients and organics can be studied by scientists employed by the
Biosphere for valuable information about ocean life’s response to climate change.
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1.2 Current Market Information
Typically other systems backwash their initial filters with fresh water and send it to the
sewer. The Biosphere is one of a kind in that it must pay attention to its drain water. The drum
filter is the first unit in ocean treatment so it catches the largest solids (anything above 30
microns) The dissolved salt is carried through with the water. Since the backwash water only
comes in contact with these pore-lodged solids, a very little salt is transferred to the freshwater.
There may be residuals of salt on the filter or within the solids, but it is not enough to raise the
salt level that much.
However, the addition of 7,500 GPD of ocean water creates an interesting scenario.
While operating, the drum filter sits in a bath of salty ocean water. When backwash is triggered,
this ocean water is not drained. As the freshwater rinses off the filter, it combines with the
saltwater in the basin to form brackish water. It has been estimated each type of water
contributes an equal volume to the final waste stream.
Since half the water being treated is pure ocean water, a large part of the cleaning process
looks like what a typical aquarium or aquaculture facility would do to filter and repurpose their
water. This includes using a bag filter and protein skimmer. The other half, the backwash water,
contains mostly large suspended solids and fresh water. The team’s use of a bag filter can be
paralleled to how current water treatment centers employ larger screens at the front of their
treatment processes. Thus this treatment process is a marriage of current procedures to filter
aquarium water and water with larger suspended solids. The final RO process is used in
industries that must remove salt from an incoming stream, which is exactly the goal here.
Treating the waste stream is crucial because of the potential cost of transporting and
paying a contractor to treat the water. The cost of transporting waste is quoted around $5/mile
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and $0.04 per gallon. Treating salt water can cost between $3 and $12 per thousand gallons.
Using a price of $8/kgal for desalination and assuming the water is transported to the nearest
large-scale desalination plant in San Diego, the Biosphere would be spending $1.2M dollars a
year to treat its backwash water (Rio Verde Water; Seawater Desalination Costs) . Even if a
more local plant could be used, the cost of disposing and treating this backwash water is
unreasonable. In order to maintain a healthy ocean that can be used as a medium for research for
many years to come in an economically feasible way, treating the backwash waste stream is
vital.
The main feed to the treatment process is the ocean and backwash water, which are not
purchased. However, there are a few chemicals for RO and UF membrane cleaning that must be
imported. These chemicals include HCl and NaOH.
The products of the process include a stream of salt water that is returned to the ocean
and freshwater that can be reused as backwash water. Relatively small waste streams will be
generated in the treatment process. These include acidic and basic streams that will need to be
removed by vehicle or disposed of properly in accordance with the Biosphere’s current chemical
handling procedures.
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1.3 Project Premises and Assumptions
1.3.a Premises:
The purpose of this project was to develop a treatment process for the backwash water
utilized in cleaning a rotating drum filter. Biosphere 2 is currently planning on revamping its
existing ocean to simulate a coral reef. The scientific team hopes to better understand how global
warming impacts coral reefs, and specifically how ocean acidification plays a role in reef
deterioration. In order to maintain the reef, the Biosphere had an entire consultation developed
alongside M3 Consulting to create a water treatment process for the entirety of the ocean.
However, part of the original design required the Biosphere to dump approximately 15,000
gallons per day. This is not feasible due to the Biosphere 2 not being connected to sewage and its
violation of the closed loop environment the Biosphere 2 has worked so hard to develop. This
project is designed to treat this water and to close the loop on the backwash water as much as
possible. Thus, in all aspects of the design, the team considered longevity and environmental
friendliness. Nearly all parts of the project uphold the Biosphere’s mission and ensure as much
removed waste as possible is usable elsewhere in the Biosphere.

1.3.b Assumptions:
To identify and quantify the waste that enters the waste stream, the team had to
understand the loading and microbial activity in the ocean. A large number of assumptions had to
be made since the fish, coral reef, and adapted microbes are not present yet. The Biosphere’s
equipment is also not currently running, so removal efficiencies of these processes were also
assumed.
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The Biosphere predicted one to two-hundred fish will live in the ocean. To be safe, 300
fish were assumed for this design. Each fish is predicted to need seventy-five grams of food per
day (Wedemeyer). Twenty-five percent of this food will be excreted as suspended solids (SS).
Suspended solids were assumed to account for 60% of the total solids (TS) in the ocean. The
remaining 40% were considered dissolved solids (DS) (“Turbidity”). The drum filter has a pore
size of 30 microns, so to determine how much of the total solids would be caught in the drum
filter, the following size distribution for a modern marine system was used (Orellana):

Using this distribution, it was estimated 90% of the suspended solids in the ocean water
would be caught by the drum filter. All salt, ammonia and dissolved solids in the ocean water
were assumed to pass through the drum filter. The drum filter has an arm scraper that removes
the collected solids, and this arm was assumed to be 80% efficient. This means the remaining
20% of suspended solids not eliminated by the arm scraper would be dislodged during backwash
and become part of the waste stream.
The salt water in the drum filter basin was assumed to have the same concentration of
ammonia and total solids as the ocean water. This assumption is justified since the water in the
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basin comes directly from the ocean for and is waiting for treatment in the drum filter basin
when backwash is triggered. The solids in the ocean water are known from the assumptions
discussed above. The ammonia in the water is a more complicated number to determine. The fish
certainly excrete ammonia and uneaten fish food can break down into nitrogen-containing
compounds. However, microbes live on every surface in the ocean breaking down organics and
ammonia. To determine the ammonia concentration in the ocean water, it was assumed the
current microbial population will multiply and adapt to whatever loading the coral reef
experiment introduces. This is common in many aquariums. Initially, the bacteria may not be
able to keep up with the increased ammonia load. However, bacteria will naturally increase to
meet this demand. The following picture shows “New Tank Syndrome” (“Beginner”).

This is for tanks that begin with no bacteria, so it may be a more extreme response than
the Biosphere ocean will see (since the bacteria already exist). However, the steady state trend is
important to regard. The bacteria adapt and ammonia levels eventually become negligible. This

Biosphere Ocean life Support : 15
is what is assumed will occur in the ocean. Nitrate is much less harmful to fish and can be
controlled by the amount of food fish receive, denitrifying bacteria, and plants in the ocean
(“Algae”;“Beginner”).
To predict the future steady-state ammonia levels in the ocean, current data was used.
The Biosphere measures NH4+, which is not toxic to fish (“Beginner”). However, ammonia can
be estimated from ammonium concentrations. According to Wedemeyer’s book Physiology of
Fish in Intensive Culture Systems, at a pH of 8.02, 95% of NH4+/NH3 will exist as ammonium
(NH4+). Only five percent exists as ammonia, which is the highly toxic form. Using the
Biosphere’s ammonium data, and the pH of the Great Barrier Reef which Diane Thompson will
replicate in her experiments, ammonia levels were assumed (“Ocean Acidification”). The
following plot shows the results.

The average concentration of ammonia is 0.00021 mg/L, and this was used for all
relevant calculations.
It was assumed the ocean will lose 2,000 GPD of freshwater due to evaporation. This
actual number will vary depending on the weather and temperature.
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The removal efficiencies for all pieces of equipment were assumed with the best
estimations possible. The size distribution provided above, Dow’s WAVE program, and general
internet research all went into finding the removal rates used. The protein skimmer removal
efficiencies were determined from a study carried out by Ken Feldman who works in the
Department of Chemistry at Pennsylvania State University. However, for each process the
forecasted removal efficiency may differ from what actually happens when the Biosphere begins
this project.
The power requirement for the UF system was scaled down from a nearly identical UF
unit operating under twice the flow rate of this project and should be considered an assumption.
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Process Description, Rationale, and Optimization

2.1 Block Flow Diagram
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2.2 Process Flow Diagrams

PFD 1: Main Ocean Filtration Process
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PFD 2: Waste stream Treatment
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PFD 3: Clean in Place
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PFD 4: Overall Process
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2.3 Equipment Tables
Equipment Table
Tanks

Name

T-101

T-102

Freshwater Biosphere
Holding Tank Ocean

Volume (Gallons) 7500

700000

T-103
Saltwater
Holding
Tank
7500

T-104
Acidic CIP
Solution
Tank

T-105

T-106

T-107

Basic CIP
Solution
Tank

Basic
Waste
Holding
Tank

Acidic Waste
Holding Tank

800

800

400

400

Height (in)

149

-

149

80

80

118

118

Diameter (in)

141

-

141

40

40

46

46

Cylinder

Cylinder

Cylinder

Cylinder

Cylinder

Shape

Cylinder

N/A

Pumps/Compress
or

P-101

P-102

Name

Bag Filter
Pump

RO Pump

Flow (kg/day)

56800

51100

25500

25500

Power (kW)

0.37

3.73

0.37

0.37

Fluid SG

1

1

1

1

Other Equipment

F-101

F-102

F-103

F-104

F-105

F-106

Protein
Skimmer

Reverse
Osmosis

Ultrafiltrati
on

P-103

P-104

Concentrate Permeate
Pump
Pump

Biosphere's
Protein
Bag Filter Skimmer

Name

Drum Filter

Power

-

-

N/A

0.45

-

0.1

Volume (Gallons)

7500

~5

-

34

~13

10.3

Length (inches)

-

22

-

39

80

80

Diameter/Height
(inches)

-

8

-

16

75

8.9

Width (inches)

-

-

-

-

35

13.5

Shape

-

Cylindrica
l

-

Cylindrical

-

Cylinder

-

0.00050.001

0.01-0.1

Pore Size
(microns)

30

25

-
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2.4 Stream Tables
2.4A Overall Mass Balance
Previous
Strea
Stream
m#
#

Temperatur Pressur Water
e (C)
e (atm) (kg/day)

Dissolve
Suspende
N-Ammonia Total NAir
d
d Solids
(toxic)(mg/day Ammoni (kg/day
Organics
(kg/day)
)
a (g/day)
)
(kg/day)
0
0
0
0
0

Salt
(g/day)

1

1

25

1

5701

11

2

25

1

2000

0

0

0

0

0

0
0

2

3

25

1

29240

0

0

0

0.0877

0

99.35

23

4

25

1

0

4.05

0

0

0

0

0

3

5

25

1

28390

1.013

0

0

0.08515

0

28

6

25

1

10600000

1.125

3.75

2309

46.19

0

22

7

25

1

10570000

1.122

3.74

2303

46.07

0

24

8

25

1

28390

0.003013

0.01004

6.186

0.1237

0

4

9

25

1

56780

1.016

0.01004

6.186

0.2089

0

0
3.71E+0
5
3.70E+0
5
9.93E+0
2
993.4

21

10

25

1

0

0.8124

0

0

0

0

0

5

11

25

1

56780

0.2031

0.01004

6.186

0.2089

0

993.4

6

12

25

1

56.78

0.04062

0.008036

0

0

193.4

0

9

13

25

1

56720

0.1625

0.002009

6.186

0.2089

0

993.4

17

14

25

1

5644

0.1463

0

0

0

0

0

13

15

25

31.75

51080

0.01617

0.002009

6.186

2.09E-01

0

26

16

25

1

0

0.01536

0

0

0

0

14

17

25

1

25540

0

0

3.093

1.04E-01

0

993.4
1.04E+0
6
99.34

N/A

18

25

1

25540

3.093

1.04E-01

0

894.1

25

0

0

0

0

0

0

0

0

0

18

19

25

1

10600000

5.625

3.75

2309

46.19

0

371000

15

20

25

1

10040000

0.8976

0.748

2303

46.07

0

371000

20

21

25

1

528500

0.2244

2.992

0

0

0

0

10

22

25

1

0

0

0

0

0

200.2

0

22

23

25

1

0

0

0

0

0

6.753

0

22

24

25

1

0

0

0

0

0

193.4

0

2

25

25

1

2836

0

0

0

0

0

0

0.0008083 0.002009
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2.4B CIP Mass Balance
Stream
Table for
CIP
N/A

Stream #
26

N/A

27

Main Basic Solution for CIP

26
27

28

Acidic Solution for RO

29

Basic Solution for RO

26

30

27

31

Total

Water
(kg/year)

HCl
(kg/year)

NaOH
(kg/year)

1372

0.5004

0

1372

0

0.5488

940.0

0.34282

0

940.0

0

0.376

Acidic Solution for UF

432.0

0.1576

0

Basic Solution for UF

432.0

0

0.1728

32

Basic Chemical Waste

33

Acidic Chemical Waste

1372
1372

0
0.5003

0.5488
0

34

Acidic Chemical Waste RO

940.0

0.3428

0

35

Basic Chemical Waste RO

940.0

0

0.376

36

Acidic Chemical Waste UF

432.0

0.1575

0

37

Basic Chemical Waste UF

432.0

0

0.1728

39

Water for Rinsing UF

432.0

0

0

40

Water for Rinsing RO

908.0

0

0

4084

1.001

0.5488

Description
Main Acidic Solution for CIP
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2.5 Utility Tables

Utilities
Equipment

Steam

None
Equipment

Electricity

lbs steam/hr
0
kW

F-103 - Protein Skimmer

0.45

F-106 - Ultrafiltration Unit

1.50

P-101 - Bag Filter Pump

0.80

P-102 - RO Pump

2.41

P-103 - RO Pump To Ocean

0.37

P-104 - RO Pump To Freshwater
Tank

0.37

Total

5.90600
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2.6 Written Description of Process
2.6.a. PFD 1: Ocean Filtration
The first PFD depicts Biosphere’s main filtration system for the Ocean. The ocean water
will be cycled through a cleaning process four times a day. To start the main filtration, Stream 19
leaves the Biosphere Ocean (T-102) and enters the first unit process which is the drum filter (F101). The Drum filter collects the solid waste that accumulates on its outer surface which is
removed by its scraper. The removal of solid waste is shown in stream 4. After the drum filter,
the main ocean flow (stream 6) will enter the Biosphere’s Flocculator (F-103), represented as
stream 7 to remove the bulk of the ocean’s dissolved organics. Stream 8 shows 7500 gallons of
Ocean water being sent to merge with 7500 gallons of the fresh-water used for backwashing the
Drum filter and will factor into the next PFD. The skimming’s exiting the flocculator (stream
(21) may be collected for research purposes for the scientist at Biosphere 2. Afterward, the
departing stream (20) will exit the flocculator and receive further treatment by the Biosphere’s
main filtration process prior to returning to the Biosphere’s ocean. Along with the overall net
loss of 7500 gallons of water per day occurring when the ocean water in the drum filter basin is
combined with the backwash, the ocean also loses 2,000 GPD through evaporative losses (stream
38). This is a loss of freshwater since the salts do not escape into the air with the water.
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2.6.b. PFD 2: Waste Stream Treatment
The Biosphere will use 7500 GPD to backwash the drum filters (stream 3). There are an
additional 7,500 gallons per day of ocean water that will be added to this backwash when the
ocean water in the drum filter basin exit stream is redirected to the waste path, which is
represented as a single stream (9). This totaled waste stream is 15,000 gallons a day. Any other
facility would simply send this water down the drain, but the Biosphere is unique in that it is an
isolated system without a sewer connection. Therefore, the 15,000 gallons a day of brackish
water (17.5 ppt of salt) is a huge problem. It cannot be injected into the ground due to high salt
levels, and evaporation is not an option due to limited land available.
Innovative Biosphere Solutions was tasked with finding a way to take this wastewater
and treat it so it could be used again. The glaring issues are the salt content of the water. The
Biosphere requests that fresh water be used to backwash the drum filter, but the water returned to
the ocean needs to have the correct salt concentration. This implies the grand waste stream must
be treated to obtain a salty stream for ocean return and a fresh stream for backwash use. Another
constraint is space for equipment. The Biosphere is a marvelous but concentrated, enclosure and
space is limited.
Once the backwash and ocean water are combined, that wastewater will have a
considerable amount of suspended solids and salt. To treat this water and return it to the proper
source (whether it be for backwash or the ocean) the team has selected a bag filter, protein
skimmer, ultrafiltration (UF) unit, and reverse osmosis (RO) filter. The flow of this process can
be seen in the second PFD attached. These four operations work in tandem to restore the quality
of two output streams of water so one can be returned to the ocean and the other for fresh-water
demands. The ocean is expected to lose 2,000 GPD of fresh water to evaporation (stream 38). To
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maintain desired water levels, 2,000 gallons of the cleaned backwash water (RO permeate) will
be returned to the ocean each day. This amount can be varied based on the season or weather
(which will influence the actual amount evaporated), but 2,000 GPD was used for this design.
This evaporative makeup is represented as stream 2 in the first two PFDs.

2.6.c. PFD 3: Clean in Place
The third PFD attached outlines the clean in the place (CIP) for the UF and RO units. The
small pores in the membranes will be stressed with solids and salt constantly. They will scale,
clog, and/or foul over time. This will reduce treatment quality and efficiency. To maintain
desired salt and solids levels in the treated streams, CIP will be utilized. The CIP process for UF
will be conducted 8 times a year. The UF system at the West Center undergoes CIP every month,
but since air scouring will be utilized each time the UF is backwashed, it is predicted to need less
frequent CIPs. Furthermore, the solids loading on the UF is very low. Using CIP eight times a
year is a good starting point, and the Biosphere can adjust this if fouling or scaling becomes an
issue. For UF CIP, the vessel will be drained of all water and filled with an acidic solution of pH
2 (stream 30). Water will then be used to rinse the UF (stream 39). Next, the UF is filled and
circulated with a pH 12 basic solution (stream 31). A final rinse of water (from stream 39)
ensues. This process produces acidic and basic waste which cannot be repurposed in the
Biosphere. These two types of waste (streams 33 and 32) are stored in separate containers and
must be removed by vehicle from the site.
For the RO, Once the permeate flow drops by 10%, salt rejection decreases by 5-10%, or
the normalized pressure drop increases by 10-15%, the CIP will initiate. Pure water provided by
the permeate stream of the primary process will be used to rinse out the RO membrane prior to
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the start of the cleaning solution and after each cleaning solution as seen in stream #. The CIP
will occur in these following steps: Permeate water will be used to rinse out the RO system, next
the alkaline solution will be used as the first cleaning step to remove biofouling of the
membrane, permeate water will rinse out the alkaline solution, the acidic solution will clean out
the scaling within the membrane, permeate will rinse out the acidic solution, and the permeate
water will rinse out any remaining acidic solution prior to restarting the RO for the primary
filtration process. Each of the cleaning solutions recirculates to the RO through a filter and back
to the cleaning solution several times before settling and soaking the RO membrane for several
hours before going through a drain.
2.6.d PFD 4: Overall Process
The final PFD is a combination of all processes considered in this design.
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2.7 Rationale for Process Choice and Site Selection
Innovative Biosphere Solutions created several alternatives for how the waste stream
could be treated for reuse. There is a multitude of ways to treat contaminated water, and the
team considered many processes in different combinations. The considered ideas for cleaning
included bag filtration, ozonation, sand filtration, activated carbon, protein skimming,
ultrafiltration, biological treatment, reverse osmosis, and UV light. These processes have
different levels of aggression, costs, required space, maintenance requirements, and reliability.
The final process choice was made by considering the total cost, environmental impact,
effect on the Biosphere, robustness, required space, ease of material acquisition, and safety of
the design. The Biosphere is a small yet intricate place. Habitats are in close proximity to each
other and the events in one place can easily and quickly alter those of a neighboring section.
The Biosphere also aims to be as self-sustaining a system as possible. Due to the delicate nature
of research in such a confined space and the constraint of wanting to limit dependency on
foreign materials, the team considered the impact on the whole Biosphere as the most important
consideration when selecting a design.
The selected design will have minimal impact on the Biosphere. The team selected the
smallest pieces of equipment that could handle the wastewater flow rate of ten gallons per
minute (GPM). The entire process must fit in a small, underground concrete room and this
requirement is met with the selected pieces. Processes with little to no chemical or material
requirements were favored. The team chose to implement backwash and cleaning procedures to
extend the lifetime of purchased membranes for the RO and UF units.
Safety and area occupied were the next most important weighting factors in the design.
The design chosen is as safe as possible in that it minimizes human contact with moving parts

Biosphere Ocean life Support : 31
and uses unreactive materials wherever possible. Safety to aquatic life is as important as safety
for the operating staff. The experiment cannot be complete if the backwash water treatment is
hurting life under study. Careful assessment of the ammonia and solids revealed the
concentrations are low enough for the water to be returned to the ocean or used as backwash
again without posing a threat.
Robustness was also considered. The Biosphere ocean is perfect for research and this
treatment process should be designed so that experiments can effectively occur for years to
come. High-quality equipment and processes with high removal efficiency are crucial. To be as
reliable as possible, the team looked at what is used in the industry. A protein skimmer is used
universally in aquatic habitats and provides maximum separation of organics for little
maintenance and chemical input (Sabalones). Ultrafiltration is a sturdy, inexpensive method that
protects the more pricey RO unit downstream. It can filter a great range of solid particles, which
reduces the loading placed on the RO (“Advantages”). This allows the RO to be entirely tuned
to separate the salt in the water. The RO unit was a necessary choice if the ocean recycles water
must be restored to original salt levels since RO is one of only a handful of filtration processes
that can filter that small of particles.
The last two criteria considered were ease of material acquisition and environmental
impact. The team would prefer processes that are less costly to obtain and have a small footprint
in the Life Cycle Assessment (LCA), but the most important considerations were regarded first
in process design.
In addition to the types of unit operations to use for water treatment, the team also
considered the possibility of not needing to separate the salt in the waste stream, which would
mean using salty water to backwash the drum filters. Freshwater was selected because of how
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many uses it can have at the Biosphere. Although an expensive RO unit must be purchased to
restore freshwater, this water can be used for its primary purpose (to backwash again), to
replenish ocean evaporative losses, to water plants, in the rain simulation process, as cooling
water in heat exchangers with metal tubes (where salt water would cause corrosion) , and as
utility water for toilet flushing (“Salt Water Corrosion”). If Diane Thompson’s experiments
alter the ocean water in a way that reduces the amount of time the wastewater can be recycled or
used in this specific way, the freshwater design allows for alternative uses within the entire
system. Furthermore, if the water is so affected by research variables and cannot be repurposed
as often as the Biosphere would like, it is also more easily disposed of (just as an injection into
the ground) than salt water.
The site selected for this project was not one of great debate. The Biosphere already has a
specific room set aside for water treatment. The ocean is already established. The only task the
team faced was choosing a process that could fit and operate in the designated site.

Biosphere Ocean life Support : 33

Equipment Description, Rationale and Site Selection
3.1 Bag Filter
The bag filter is the first unit operation within the backwash treatment process and the simplest.
It is planned to use a 25-micron mesh bag, where water will flow through via gravity and an
imposed pressure drop via a vacuum pump (“Felt Filter Bag”). The purpose of utilizing a 25micron mesh specifically is to help alleviate any issues larger particulates might have on the
protein skimmer. For our calculations, we assumed a worse case situation where the filter would
remove 80% of suspended solids and 90% of the suspended BOD. To assist with deciding these
values, we utilized the particle size distribution chart shown previously, in which a 25-micron
filter would remove many of the particulates. The website with selected filter vessel can be found
in the “Resources” section of the report under “2’ (F)NPT Aluminum Bag Filter Housing” and
seen visually in the appendix.

3.2 Protein Skimmer
3.2.a Rationale
The protein skimmer directly follows the bag filter. Its main purpose is to help remove the bulk
of the sub-30 micron material that would have passed through the bag filter. It also has the added
benefit of removing small amounts of ammonia and dissolved organic compounds.
Most of all, however, the protein skimmer is used to remove dissolved organics. These
substances are typically large molecules with polar and nonpolar regions. The polar regions
interact with water while the non-polar regions will be excluded from the surrounding water.
Where gas and water meet, these molecules will organize so polar regions touch the water and
non-polar extend out into the gas. A protein skimmer uses this concept to remove dissolved
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organics and other amphipathic molecules (“How Does a Protein Skimmer Work”). Dirty water
flows countercurrent to an extremely fine-bubble air stream. The large organics arrange
themselves so nonpolar regions extend into the bubble while the polar regions remain in the
liquid. As the bubbles rise, the organics are removed from the water stream. A foam of these
bubbles and the oily organics collects in a skimmings cup at the top of the protein skimmer. This
cup is periodically cleaned and the organic foam is disposed of. For our calculations, the team
made a worst-case assumption, where the protein skimmer would remove 80%, 20%, 80% of the
suspended organics, suspended solids, and dissolved BOD respectively (Feldman). The team also
took into account a small amount of water lost as the “frothings” in the skimmings cup, at a
water loss of 1%.

3.2.b Maintenance
Very little maintenance is needed for this unit, as the volume of the “skimmings” is very
small. However, we suggest that the collection cup is cleaned every day, ensuring a clean system
and allowing the operator to check that the unit is functioning properly.
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3.3 Ultrafiltration (UF)
3.3.a Rationale
The rationale behind using UF instead of biological treatment was the most debated and
delayed decision of the design. In the ocean, there is no official wastewater treatment plant. The
fish and other organisms live in a dilute enough system that their excrement can be handled by
the microbes that live in the sand, on available surfaces, or the diffusion of ammonia gas to the
atmosphere (“Beginner”). However, contained environments of fish and other aquatic species are
often more concentrated than the ocean, and dangerous levels of ammonia (NH3) and total solids
(TS) may result. This situation can occur in aquariums and aquaculture systems.
If too many dissolved or suspended organics exist in the ocean, bacteria will use precious
oxygen to break them down, and the aquatic life may suffer from too low oxygen levels. High
levels of solids can be dealt with by increasing filtration. The drum filter used by the Biosphere
will remove 90% of the suspended solids in the water and the fractionator is responsible for
removing the dissolved organics. By increasing the filtration rate from the proposed turnover of
four times per day, the Biosphere can reduce the solids in the ocean.
Unsafe levels of ammonia are a little trickier since they cannot be physically removed by
a unit operation (like a drum filter or protein skimmer). Bacteria must convert the ammonia into
other compounds that do not pose as serious a risk to aquatic life. However, in most aquariums
even when high levels of ammonia result, biological treatment is not immediately implemented
as an isolated treatment unit. Other strategies are utilized such as reducing fish feedings,
increasing filtration rate, regulating the pH, increasing biological treatment within the ecosystem
by introducing additional bacteria or surface area for them to grow on, or increasing aeration
(“Controlling Ammonia”). If these approaches fail, biologically active filters (BAF) can be used.
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The ocean environment is about to be significantly renovated. Temperatures are due to
rise, pH is scheduled to drop, somewhere between 1-200 fish will be introduced, and an entire
coral reef with all the inhabitants it houses are about to arrive. What will happen to the ammonia
levels in the ocean is a difficult question to answer.
The key thing is this is a research project. Diane Thompson is trying to model how the
actual ocean will react, which includes studying how nitrifying bacteria will behave, and evolve,
under the tested conditions. Separately eliminating ammonia and BOD could interfere with
experiments and so the Biosphere has elected to allow the breakdown of BOD and ammonia to
occur naturally in the exhibit.
Even though this project does not focus on treating the bulk of the ocean’s water, the
content of the ocean water is important to understand because it directly relates to what ends up
in the wastewater stream. Ammonia will appear in the waste stream through the 7,500 GPD of
ocean water that combines with the backwash. If this ammonia were at a high concentration,
biological treatment would be necessary to keep the backwash water safe for reuse. The
concentration described in the assumptions above (0.00021 mg/L) was used to determine how
much ammonia will get into the waste stream, initially.
The word “initially” is used because it was assumed the ammonia will not be removed in
any of the operations of this design (except a negligible amount in the protein skimmer).
Therefore, if untreated ammonia will not only come from the ocean but also the previous
backwash stream. The reverse osmosis unit (discussed later in the report) splits the retentate and
permeate streams 50/50. The ammonia concentrations, in each stream, is assumed to be equal. As
described above in the project description, 2,000 GPD of the RO permeate is added to the ocean
to make up for evaporative losses. Therefore, of the water exiting the RO, 63% ends up back in
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the ocean. This translates into 63% of the ammonia in the waste stream also returning to the
ocean.
The 5,500 gallons of remaining RO permeate is supplemented with freshwater, which
dilutes the ammonia in the backwash recycle a little more. If no ammonia treatment is employed
in the design, it takes thirty-five days for the ammonia levels in the recycled backwash
freshwater to reach the same concentration of the ocean. Once this occurs, no more ammonia is
accumulated because the RO continues to split this ammonia 50/50 in its permeate and retentate.
The actual calculations are included in the appendix, but Figure 3.1 illustrates the steady-state
level achieved:

Figure 3.1
An easy way to conceptualize this is by using large numbers. If the ocean brings in 5 g/L
of ammonia and the backwash has 0, the RO will split the ammonia to be 2.5 g/L in each outlet
stream (the permeate and retentate have the same volumetric flow rate). The next cycle, 7.5 g/L
of ammonia will enter the RO unit (5 g/L from the ocean and 2.5 g/L from the previous cycle’s
backwash). Now the RO will split the ammonia to 3.75 g/L in each outlet stream. This will
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continue until the backwash has 5 g/L. It will combine with the ocean water’s steady value of 5
g/L and the RO will split the two streams back into 5 g/L every time. This is actually a simplified
description since some of the recycled backwash is replaced with new freshwater to make up for
what was used to restore ocean evaporative losses, but the idea is the same. The final
concentration of ammonia in the backwash recycle is only 0.00016 mg/L, which is over a
hundred times lower than the upper safety limit for aquatic life (“Controlling Ammonia”). Using
this reasoning, biological treatment was ruled out.
As mentioned above, the bag filter and protein skimmer remove the larger suspended
solids and dissolved organics. What remains are bacteria, viruses, ammonia, and salts. As seen in
Figure 3.2, ultrafiltration is the perfect operation to remove these remaining proteins (that the
protein skimmer missed), viruses, bacteria, colloids, and any persisting suspended solids
(Singapore). Another function of UF is to protect the subsequent RO unit from larger species that
would clog it too quickly.

Biosphere Ocean life Support : 39

Figure 3.2

Ultrafiltration is an excellent choice for removing any remaining suspended particles. As
can be seen in the stream table attached, very few suspended solids remain in the water when it
reaches the UF. In fact, the concentration is already low enough for an RO unit to handle (the
influent has a concentration of 3.5 mg/L of TSS and a typical RO is built to handle anything
under 16 mg/L) (Ochando-Pulido). The question may arise, why even use UF? The UF is
cheaper than the RO unit ($15,000 compared to $23,000). The RO unit will already be working
very hard to separate salt from the incoming water. Including UF is to protect the RO from any
additional loading it does not absolutely need to receive. RO is the only process that can remove
salt so it is best to only give it this job, especially when a less expensive piece of equipment can
be installed upstream to remove these remaining suspended solids.
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UF does not require any chemicals to treat the water, which fits in nicely with the
Biosphere’s mentality to be as environmentally conscious and self-sustaining as possible. The
only chemical requirements involved are those with CIP, which will only be used eight times per
year. UF has an excellent yield, with 90% of the water being cleaned and sent to the RO.
The Dow Ultrafiltration SFP-2880 unit was chosen in particular (“IntegraFlux SFP2880XP”). It is estimated to cost $15,150 (“Dow”). This price is not provided by the company so
it may not be what the Biosphere actually pays. A quote request was sent to Dow a while ago,
but they have not replied. This estimated cost is used for now.
Many UF units have several vessels mounted on a skid which can take up a large amount
of space. This model is a single tube (6.5 feet tall and 9 inches in diameter) that can handle
between nine to thirty-seven GPM. At an operating weight of only 100 pounds and small
dimensions, it can be moved easily and placed anywhere. It is nothing fancy, but it is perfect for
the small space and overall mission of the Biosphere. Some UF units that handle 10 GPM can be
quoted around $10,000 (Marshall), but this model is more because it comes with an air scouring
system. Air scouring will be used before backwash to loosen solids stuck on the exterior of the
membranes. This increases the effectiveness of the proceeding backwash and reduces the
likelihood of needing to use chemically enhanced backwash (CEB) as well as undergoing a CIP
more often (“Basics of Ultrafiltration”). As the Biosphere tries to reduce dependency on
chemicals, mitigating CIP and not using CEB are a priority in selecting a UF unit. Therefore, the
additional cost compared to other UF systems is worth it since air is an unlimited resource at the
Biosphere and it can be used to bypass the need of more chemical treatment.
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3.3.b Ultrafiltration Description and Optimization
As mentioned above, the UF unit chosen is the Dow Ultrafiltration SFP 2880. Water is
introduced in the outer region of the vessel at a pressure up to 90 psig. Multiple membrane tubes
fill the vessel cavity, and they have a nominal pore size of 0.03 microns. The pressure gradient
forces the water through these pores, but any solids that are larger than 0.03 microns are
excluded.
With time, these blocked solids can accumulate on the membrane surface or in the pores
themselves. This reduces cleaning efficiency. After 20-60 minutes of cleaning, the UF unit will
undergo a cleaning process. It begins with air scouring. The water is drained from the vessel and
compressed (1.75 bar) air streams in. The air removes solids clinging to the outside of the
membranes. Next, a backwash stream of water flows through the inside of the tubes and comes
out through the external part of the membranes. This is the opposite direction of flow the UF
usually runs with. This backwash carries out all the solids that were trapped in the pores and
those shaken loose by the air stream. The UF unit recovers only 95% of the total water input
because 5% of that water is used for this backwashing process (CITE). The air requirements
listed in the stream table for air scouring are based on running this cleaning process every hour.
Cleaning every hour was used as a starting point since the water coming in has such a low
concentration of total suspended solids (TSS). An operation and maintenance manual for a UF-6HF (built for 6 GPM) system lists the highest concentration of TSS it can handle as 500 mg/L
(CITE). As mentioned above, the recommended concentration of suspended solids entering an
RO unit in a paper titled “Impacts of Operating Conditions on Reverse Osmosis Performance of
Pretreated Olive Mill Wastewater” is below 16 mg/L. The TSS concentration entering the UF
unit is only 3.5 mg/L so backwashing will probably not need to occur at maximum frequency.
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However, if the Biosphere finds the pores are clogging more quickly they can increase the
frequency of backwash. This would increase the air and energy of the requirements than what is
described by this report.
Eight times a year, the UF unit will undergo a clean in place (CIP). The purpose of this is
to extend the lifetime of the membranes so they do not need to be replaced as often. An acidic
solution is used to eliminate inorganic scale while a basic solution attacks any organics (web.utk
CITE). . For the UFL Vizion UF unit recommended for purchase in this report, the inlet
connection will be attached to a tank with a 3.65% solution of HCl (pH of 2). The solution will
course through the module for 30-40 minutes (CITE) then soak for one hour. The solution is
cycled through for another 30-40 minutes then drained. Freshwater is pumped through to rinse.
The basic 4% NaOH solution is attached to the inlet and the same procedure ensues: circulate for
30-40 minutes, soak, repeat, drain. The solutions can be recycled and used again, which greatly
reduces the waste produced. Waste is further eliminated as the RO unit can use the same
chemical solution proposed here for its CIP. The amount of chemical estimated per year was
based on filling the volume of the UF module with the respective solution and reusing it one
more time that year. The Biosphere may find they can use the same solution for many more CIPs
than just two. In fact, CITE claims the 90% of the solutions can be used again so it could be 10
uses before the solution is fully replaced (CITE).
Two tanks have been selected to hold the acidic and basic solutions. The RO unit requires
4 CIPs per year and the same chemical solution can be used for both the UF and RO. The total
volume of acidic and basic solution needed for both units’ CIP each year is 365 gallons each.
Two high-density polyethylene 800-gallon storage tanks are selected to hold these solutions
safely. Polyethylene is a safe material to hold highly acidic and basic solutions (CITE).
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Two more 800-gallon tanks of the same material and will store the chemical waste from
the CIPs. These waste tanks are larger because they will also hold the water used to rinse the UF
between cleans. This is in case any of the base or acid gets in that water and makes it unusable to
the Biosphere. This is not too much water, a total of only 115 gallons per year. The tanks chosen
are large enough to store the acidic and basic waste generated by these cleans for one year. Most
facilities dilute the CIP solutions and send them down the drain, but since the Biosphere does not
have access to the sewer, the waste must be stored and removed by vehicle. The Biosphere may
remove the waste as often as they have time and money for, but just in case, these tanks can hold
the used solutions and rinse water of one year.
Chemically-enhanced backwash is also common in the UF community. It further extends
the life of membranes and reduces the frequency of backwashing and CIP. However, it is not
included in this design because of the low incoming levels of suspended solids and the
production of chemical waste the Biosphere would have to deal with.

3.3.c. Maintenance
Due to the use of frequent backwashing and CIP, the membranes will only need to be
replaced every three years. This may even be an overestimate due to the low loading the UF will
receive. Biosphere personnel should check the membranes every year and consult the owner’s
manual or other sources to decide when a replacement is actually necessary. The membranes are
the only thing that will need replacement, and this low maintenance requirement is one of the
many advantages of ultrafiltration.
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3.4 Reverse Osmosis (RO)
Reverse Osmosis is a staple in water purification processes and is used to desalinate the
backwash water and thus minimize the salt accumulation in the freshwater holding tank. Based
on the calculations the RO unit should be able to continue until other limiting concentrations of
species within the fresh water holding tank reaches unacceptable levels. This is including
bacteria, ammonia, etc. However, based on acceptable salt concentration, the fresh water used for
backwash should be able to be used indefinitely. The RO unit will be the J-64A although it can
be any RO unit sold by Applied Membranes, Puretech, etc as long as the specification is met.
According to its brochure, the J-64A is capable of up to 10,000 gallons of permeate with up to 6
membrane elements and a 5 hp centrifugal pump and has a footprint of 66 cm x 163 cm x 122
cm (Applied Membrane). The smaller footprint of this system is vital due to the limited
designated area for this process.

The Reverse Osmosis will consist of up to 6 DOW FILMTEC BW30-4040 and are 4” by
40” in diameter and length each. These membranes have a maximum salt rejection rate of 99.5%
and a minimum rejection rate of 98.0% (3). The Brackish Water membranes from DOW were
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chosen due to the lower salt concentration level of our incoming feed stream due to the dilution
of the biosphere ocean water with our fresh water holding the tank and the size of this particular
membrane met the needs and scope of operations. Due to its thick feed spacer to lessen the
impact of fouling and the fiberglass shell to withstand higher pressure drops, these elements are
“durable with good cleanability for long element life”(DuPont). The membrane itself consists of
a Thin-Film Polyamide which is commonly used in the industry due to their excellent
performance in water purification and can withstand a wide pH range of 1-13. The membranes
typically have a salt rejection rate of 98-99.5% (DuPont) based on the desired recovery rate and
the concentration of the incoming Using the Water Application Value Engineer (WAVE)
software offered by DUPONT, the set-up created for this RO was simulated and the salt rejection
rate was discovered to be roughly 99.4%. Appendix B depicts the recovery and salt rejection by
each RO membrane in series.

The issues that the membrane will encounter is scaling due to precipitation of dissolved feed
water substance due to concentration within an RO unit above their saturation limit (Oh HyunJe) such as calcium carbonate. The other issue would be biofouling due to microorganisms
within the water (Dhakal Hirajan). A cleaning-in-place systems (CIP) purchased from Applied
Membranes model number Y-CS20 would be used to clean and maintain the membrane (Applied
Membarane). According to DOW’s cleaning procedure data sheet; if the normalized permeate
flow drops 10%, salt passage increases 5-10%, or the normalized pressure drop increases 1015%, it is imperative to initiate the CIP or cleaning may not restore membrane element
performance (DuPont). Both and alkaline and acidic cleaning solution are required, thus two
tanks (T-104) and (T-105) will be used to contain and store the cleaning solution. It will be the
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same cleaning solutions used for the UF’s CIP in order to reduce cost and space. CIP typically
requires a heater in order to maximize the efficiency of the cleaning solutions, this will not be
necessary. According to DOW (DuPont), there is a minimal increase in efficiency when
comparing HC1 at pH 2 at 35 C compared to 25 C and justifying the purchase of a heater would
be unfavorable. Since it is highly recommended by DOW to circulate and recirculate the
cleaning solution in the same direction that the RO normally performs, that will be the flow of
the CIP to the RO. Once again, due to space and the fact that manipulation of the piping on the
RO is already required, the same centrifugal pump will be used that feeds the RO. The frequency
of the CIP is highly dependent on the permeate and concentrate stream; however, they typically
should be performed every 3 to 6 month (cite). For the longevity of the membranes, it should be
performed prematurely since waiting too long too initiate CIP can lead to irreversible damage to
the membrane.
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3.5 Pumps
A ½ horsepower vacuum pump was selected to be used with the vacuum filter. It will
create a lower pressure at the filter outlet which will help draw the water through the filter more
efficiently than relying on gravity alone. The pump is more expensive than others but the less
expensive options are made of exposed stainless steel, which has a higher likelihood of
corroding. Spending extra on this pump is a long-term investment. This pump will require 0.8
kW of power and will cost $3,234 (“Vacuum Pump”).
Two automatic pumps are needed in the design. One will pump the permeate water from
the RO unit to the freshwater holding tank. The other identical pump will transport the retentate
from the RO to the ocean water holding tank. The two exit streams from the RO are equal in
volume which is why two identical pumps are adequate. These pumps are cast iron with an
epoxy coating for corrosion resistance (“Little Giant”). This is especially important, due to the
saltwater conditions that the pumps are in. They can deliver twenty-four feet of head at ten GPM,
which is more than enough for this use. The tanks they will be pumping in to are not tall enough
and there will low enough frictional losses for this head to meet the requirements. Together, the
two pumps will cost $754 (“Little Giant”)
The most expensive and energy-intensive pump is the one used for the RO unit. It must
create a large enough pressure differential across the RO membrane to separate the salt and
concentrate it in the retentate stream. The pump uses 2.41 kW, which is three times more than
the next most energy-intensive pump. It is also the most expensive pump, coming in at $6,360.
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3.6 Tanks
Six tanks are necessary for this design. Two are for storing the chemical solutions for CIP
for both the RO and UF units. The required volume of these solutions per year is 365 gallons
each of acidic and basic solution, so two 400 gallon tanks were selected (“400 Gallon”). These
tanks cost $420 each and are made of polyethylene which is adequate for storing harsh acidic and
basic solutions (Ingles). The total installed cost is approximated as 1.25 times the purchased cost.
This total cost is $1,050 for the two CIP solution tanks.
Two more tanks are for storing the chemical waste from the CIPs. These tanks are 800
gallons each and cost $670 each (“800 Gallon”). Larger tanks are needed for the waste because
both the RO and UF units will be rinsed with fresh water after each acidic and basic clean. This
fresh water may be contaminated with either the acid or base that contacted the membranes and
should be treated as waste. This added water is enough to double the volume of the container
needed for each type of waste. These tanks are also made of polyethylene which is safe for
containing acids and bases (Ingles). If the space designated for this project inside the Biosphere
is too small for these tanks and all other necessary equipment, the waste tanks can be placed
outside or wherever else there is room as long as the necessary plumbing is installed. The costs
described for the four CIP tanks described above are just the purchased costs. Installation costs
were estimated to be 25% of the tank’s purchased cost. The total installed cost of the two tanks is
$1,680.
The last two tanks are for storing the freshwater and salty water that exit the RO unit. The
salt water tank is necessary for quality control. Before being sent back to the ocean, it will be
good to have that water contained to ensure it has the right salt concentration. An identical tank
is used to store the freshwater used in this process. This tank has two inlets: freshwater from the
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Biosphere’s well and the freshwater permeate from the RO unit. The tank will be used to deliver
freshwater to the ocean (to make up for evaporative losses) and to provide backwash water for
the drum filters once again. The tanks are 7,500 gallons, which is the volume each of saltwater
and freshwater treated in this design each day. They are made of polyethylene and must be
purchased with cone bottom stands. The total cost of the two tanks and their stands is $25,200.
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Process Safety Concerns
4.1 Bag Filter Safety
There are no primary concerns as to the safety of the bag filter. There are no moving
pieces, no pressurization, and no temperature to be concerned about. However, the bag filter is
the first unit operation in the process, and one of the most vital. If the bag filter fails in some
way, be it the filter clogs, or simply water is not able to flow through it, the entire process will
rapidly shut down. The filter is implemented to eliminate any large contaminants that may
damage equipment down the line, and so if the filter clogs or breaks, can pose a major concern to
other unit operations downstream.

4.2 Protein Skimmer Safety
The protein skimmer has a similar lack of major safety hazard, much like the bag filter.
The only major concerns are if the skimmer fails to remove the appropriate amount of
contaminants, as this will impact the ultrafiltration and reverse osmosis units performance. An
example of this is if the venturi valves inside the unit corrode, are damaged, or in some other
way fail to produce an adequate bubble distribution. This will impact the units removal
efficiency, resulting in more contaminants flowing downstream into the UF. This could inhibit
the UF’s performance by result in more rapid fouling. If the unit completely fails, be it from an
electrical outage or pump failure, the entire process will also grind to a halt, which seizes the
Biosphere’s backwash treatment, but prevents damage to the UF and RO.
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4.3 Ultrafiltration Safety
The safety concerns associated with running the UF system include the pressure the
system is under and the chemical solutions used in the CIP. Water must be pushed through the
membranes, and the recommended unit can withstand pressure up to 100 psig. If operated at a
higher pressure the vessel may break. To reduce the risk of this occurring, the UF-440 owner’s
manual advises using a pressure regulator at the inlet.
The unit also is plugged into an outlet via an electric cord. All electrical safety procedures
should be followed such as unplugging before performing maintenance, refraining from using
extension cords, and keeping the cord away from hot objects and water. The manufacturer notes
the UF unit should only be fed cold water (they give a maximum and minimum temperature
range of 40-100 degrees Fahrenheit. The flow rate of water must remain below 13 gallons per
minute (GPM) or else the unit may become damaged or break under the pressure.
A harsh set of chemicals is used for the UF’s CIP. An HCl solution at a pH of 2 and
NaOH solution with a pH of 12 pose a great risk to those handling the chemicals. Operators
should wear full personal protective equipment (PPE) when attaching the chemical tanks to the
UF system. The Biosphere will need to purchase HCl and NaOH in order to make these cleaning
solutions. The solutions and original chemicals themselves need to be stored in corrosiveresistant containers and cabinets. The acidic and basic materials should be kept completely
separate to avoid dangerous reactions. Again, personnel should wear full PPE when making the
solutions that are used during CIP. Only authorized staff at the Biosphere will have access to
these chemicals, and those handling them should have proper training and certification.
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A more detailed HAZOP card is provided in the appendix. This card covers different
hazardous scenarios that may occur with the UF unit but is not considered generic safety
considerations.

4.4 Reverse Osmosis Safety
The safety concerns for the Reverse Osmosis is similar to the prior unit and such shares
many similar safety concerns and subsequent engineering controls. Like the UF unit, the RO is
a pressure driven filtration system thus the risk of overpressurization always exist. While the
RO membrane has smaller pore sizes, it operates via cross-flow filtration thus is capable of
handling higher levels of pressure with a maximum operating pressure of 600 psi. The
membrane can withstand a maximum pressure drop of 15 psi. If the maximum pressure drop is
exceeded, premature damage of the membrane will occur and if the maximum operating
pressure is exceeded, then there could be damage to the vessel housing the membrane. To
minimize the risk, passive and active actions are recommended. The passive action is the
purchase of the BW30-4040 itself, this specific membrane features the thickest feed spacer
available in the industry to reduce the impact of fouling along with being housed in a
fiberglassed shell to withstand higher pressure drop. The active measure would be to continually
monitor the RO unit with sensors and to ensure the RO is always within its operating
parameter.
Since the RO will use the exact same chemicals for the CIP as the UF, the same hazards
to the equipment and overall process will exist. HCl solution at pH 2 and NaOH solution with a
pH of 12 will have significant hazards associated with its use. Once again, it is important to
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separate the acidic and basic chemicals separately along with using full PPE when making and
using the equipment.
A more detailed HAZOP is provided in the Appendix. This card covers different
hazardous scenarios that may occur with the RO unit but is not considered generic safety
considerations.

4.5 Pump Safety
All pumps will be placed out of walkways where staff could trip over them. Any moving
parts will be completely covered. All pumps will only operate within the range set by the
manufacturer. They will all receive proper ventilation so as to not overheat. In case of a power
outage, pumps will be immediately shut off so as to prevent any damage from running dry.
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Life Cycle Analysis
5.1 Goal and Scope
The goal of this life cycle analysis for use by Biosphere 2 personnel to better understand
the ecological impact this project may have. This study is especially important, as Biosphere 2
is a self-contained ecosystem, where any changes can result in a cascading impact on the
biological system. It is also important, as the Biosphere operates on a closed loop, so the
addition of any process needs to maintain this. As stated, this study is for Biosphere 2 personnel
to understand how this project may impact the life cycle of the entire Biosphere, and as such,
this is not comparative, and will not be publicly disclosed.
This life cycle analysis will take into account all unit operations and equipment of the
backwash water treatment system. This includes bag filter, protein skimmer, ultrafiltration, and
reverse osmosis units. Due to the purpose of this project being to treat a certain volume of water
per day, the functional unit for this LCA will be gallons treated. We will also only be examining
the LCA through a fence to fence scope, due to the closed-loop nature of the Biosphere.
All annual economic and ecological impacts will be measured for a backwash water
treatment system designed for 15,000 gallons per day. There are no raw materials to take into
account, however, the RO and bag filters must be replaced at certain intervals.
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5.2 Inventory Analysis
Table 5.1 shows all inputs and outputs the Biosphere handles within the scope of this
design. Air is used for scouring and bubble production. HCl stock solution and NaOH are
utilized in the CIP for the UF and RO units. Electricity is used by each pump, the protein
skimmer, UF unit, and RO unit. Chemical waste is generated after the CIPs complete, rejected
water is produced by the UF, solid waste is collected by the bag filter, and the protein skimmer
produces organic skimmings. All but the chemical waste can be repurposed at the Biosphere.
Used Inputs Per Day

Outputs Per Day

Species

Amount

Species

Amount (Kg)

Water (kg)

8444

Acidic Waste (kg)

1375

Air (kg)

200.2

Basic Waste (kg)

1373

HCl (37% Stock

Rejected Water
2.705

Solution) (kg)

5644
(kg)

NaOH (kg)

0.5488

Energy (kWh)

7.1

Solid Waste (kg)

0.8124

Organic
56.82980625
Skimmings (kg)
Table 5.1
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5.3 Impact Assessment
The goal of the impact assessment is to convert inventory data into environmental impact
potentials. The first impact category will be the amount of CO2 that will be released to the
atmosphere due to the energy requirements for the process to successfully run. Using the
Greenhouse Gas Equivalencies Calculator provided by the NRA, the electricity used can be
converted to it’s CO2 released into the atmosphere as seen in Table 5.2.
Equipment #

Electricity Used per Day CO2 Gas Equivalent
(kWh)
(kgs)

F-103 - Protein Skimmer

10.8

7.64

F-106 - Ultrafiltration Unit

36

25.5

P-101 - Bag Filter Pump

19.2

13.6

P-102 - RO Pump

57.8

40.9

P-103 - RO Pump To
Ocean

8.95

6.33

P-104 - RO Pump To
Freshwater Tank

8.95

6.33

142

100

Total

Table 5.2
The total amount of carbon dioxide released per day for this process is 93 kgs and based
on Figure 5.1, the largest source of equivalent carbon dioxide emissions is the pump feeding the
brackish water into the reverse osmosis unit. This account for almost half of all carbon waste at
40.8% followed by pump used for Ultrafiltration with 25%. The first pump in the backwash
process that feeds into the bag filter then accounts for 13% will all other significant equipment
roughly taking up the rest equally. These results are shown visually below.
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Figure 5.1
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5.4 Interpretation
The Life Cycle Interpretation purpose is to systematically quantify and identify the
information from the Inventory Analysis and the Impact assessment. This will be done with the
identification of issues and limitations encountered in the LCIA and LCA, evaluation of the
overall study, and the overall conclusion followed by recommendations.
The LCIA was based and concluded based on the theoretical amount of chemicals and
raw natural resources based on the overall mass balance calculations, software such as WAVE,
and resources such as peer-reviewed academic papers, data sheets for certain equipment, and
other resources cited in the references. It is important to note the limitations of these resources;
in order to estimate the removal efficiencies used in our mass balances, WAVE and data sheets
were used by Dow and DuPont. While Dow and DuPont are a reputable brand, the possibility of
the overestimation of the equipment’s removal efficiencies along with their longevity does exist.
Also, for the acidic and basic cleaning solutions used in the CIP, these were based on a generic
data sheet and there is no way to predetermine the exact amount of the CIP solutions used and
the frequency in which they are used due to the uniqueness of this project. Thus, the LCIA is to
be seen as general estimates only. The LCA was based on the theoretical amount of electricity
used to power this process continuously. The Biospheres staff provided a generic layout of their
preliminary main filtration process provided by M3 Engineering but failed to specify how often
the backwash system would initiate and with what flow rate. The calculations for the energy
usage for the backwash process is subject to change based on additional data for any future
report.
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The only metrics for analysis for this LCA was CO2 and water. In terms of CO2 usage,
the 100 kgs of carbon dioxide released a day is roughly equivalent to 11.3 gallons of gasoline
consumed. In the scale of operation as a whole, this is insignificant to the Biosphere. More
importantly than the CO2 released is the amount of water wasted by this process. With a
wastewater stream of 1500 gallons, the goal of reducing the water waste stream to 10% of
current projections has been accomplished. This number can be further reduced furtherer if smart
and creative alternatives can be implemented. One such consideration would be the use of the UF
backwash water to be used as make-up water for evaporative losses of the Biosphere’s ocean.
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Economic Analysis
The economic cost of the backwash treatment process was calculated utilizing real source
prices from a multitude of vendors. Due to the exceedingly low flow rate, the ChEE 443
textbook’s equations were not applicable. Thus, equipment was researched once final specs were
agreed on, and a real-life item price was selected.

6.1 Specific Economics for Bag Filter
The bag filter is the most inexpensive piece of equipment in this operation. It costs just
over $1,000 and requires a basic vacuum pump estimated to cost $377 (CITE). The bag filter
itself does not use electricity, but the vacuum pump pulling the water through the filter does. The
cost of running the bag filter per day is $1.07. Bags will need to be replaced once a month. The
Biosphere can purchase a package of 20 bags with a pore size of 25 microns for $105, which
comes out to cost $5.25 per bag. For the millions of dollars a year saved in not having to
transport the brackish water offsite, the bag filter is an excellent economic investment for the
Biosphere. The total cost of running the bag filter each year is $840. A summary of the
economics are provided below in Table 6.1.

6.2 Specific Economics for Protein Skimmer
For this project, the team chose the MAT PS 300, produced by MAT Filtration
Technologies. This unit fits perfectly with the operating parameters as it is small enough to fit in
the relatively small area available, as well as several key attributes. The primary of these is the
use of a venturi valve rather than a stone, ensuring minimal maintenance. One benefit of the
protein skimmer is that the skimmings can be collected, dried and be used elsewhere in the

Biosphere Ocean life Support : 61
Biosphere. As much of the skimmings are simply organics, they can be used a fertilizer. This not
only promotes the Biosphere’s closed loop goals but reduces the amount of fertilizer that needs
to be brought in by outside sources, conserving some funds. The longest dwell time is achievable
at a 10% greater flow rate than expected flow rate, ensuring a more robust system. Low
electrical demand and small footprint made this a great match for our needs. We estimated the
cost to come to $3,750 for the full, installed unit. The protein skimmer uses 0.45 kW which costs
the Biosphere $1.30 a day as seen in Table 6.1.

6.3 Specific Economics for Ultrafiltration
The UF unit is the second most expensive piece of equipment involved in this design. It
costs $15,150. It comes with a pump for pressurizing the incoming water, a strainer to remove
any abnormally large solids (greater than 150 microns), a CIP pump, all equipment necessary for
air scouring, a backwash pump, and all valves to regulate flows. The installation cost was
estimated to be 25% of the purchased cost, so the total cost of the UF comes to $18,950. This
information, as well as other details, can be seen in the equipment table for the design’s main
units, Table 6.1
The power requirement for the entire UF system is estimated at 1.5 kW (“Water
Treatment Solutions”). This number is based on a UF system from Lenntech treating twice the
flow rate of this design that consumes 2.2 kW. The Lenntech UF system is very similar to the
one selected for this design: it has the filter before the UF unit, air scouring, backwash
equipment, and a similar feed pump. Since it treats twice the water at similar turbidity (called
“Low” on the Lenntech site), 1.5 kW should be a good estimate, if not overestimate, for the
power required for this UF as seen in Table 6.1
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6.4 Specific Economics for Reverse Osmosis
The RO unit is the most expensive equipment in this design with a total estimated cost of
$22,900. From Appendix X, the RO unit itself is expected to cost $18,800 dollars. While the cost
of the J-64A series is not available to the public and a quote by Applied Membranes has yet to be
received, a different RO unit from Crystal Quest was used due to the similarities in the operating
parameters. The BW30-4040 is expected to cost around $300 and 6 membrane elements will be
used with the RO unit. With the addition of tax and shipping fees, the total equipment cost was
calculated to be $22,900. With the 25% increase due to installation cost, the total installed cost
was estimated to be $28,614. The energy requirements for the RO comes exclusively from the
pump although there are some electronics in the RO unit but that is considered negligible
compared to the pump. The economic cost of the pump is provided below.

Unit operation

Equipment

Name

Equipme
Utility
Equipme Installed nt
Installed Power
Cost
Maintena
nt Cost
Cost
Weight Weight Requirem [USD/DA nce per
[USD]
[USD]
[LBS]
[LBS]
ent kW Y]
Yr

Bag Filter

F-102

$ 1,015

$ 1,117

35

40

Protein
Skimmer

F-103

$ 3,000

$ 3,750

129

140

0.45

$ 1.30

Ultrafiltration
Unit

F-106

$ 15,145 $ 18,931 100

135

1.50

$ 4.32

Reverse
Osmosis

F-105

$ 22,891 $ 28,614 9273

20911

0.00

$-

Sum

Table 6.1.

$ 42,051 $ 52,412

$-

1.95

$ 63.00

$ 5.62

$ 63.00
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6.5 Specific Economics for All Tanks
Six tanks are necessary for this design. Two are for storing the chemical solutions for CIP
for both the RO and UF units. The required volume of these solutions per year is 365 gallons
each of acidic and basic solution, so two 400 gallon tanks were selected (“400 Gallon”). These
tanks cost $420 each and are made of polyethylene which is adequate for storing harsh acidic and
basic solutions (Ingles). The total installed cost is approximated as 1.25 times the purchased cost.
This total cost is $1,050 for the two CIP solution tanks.
Two more tanks are for storing the chemical waste from the CIPs. These tanks are 800
gallons each and cost $670 each (“800 Gallon”). Larger tanks are needed for the waste because
both the RO and UF units will be rinsed with fresh water after each acidic and basic clean. This
fresh water may be contaminated with either the acid or base that contacted the membranes and
should be treated as waste. This added water is enough to double the volume of the container
needed for each type of waste. These tanks are also made of polyethylene which is safe for
containing acids and bases (Ingles). If the space designated for this project inside the Biosphere
is too small for these tanks and all other necessary equipment, the waste tanks can be placed
outside or wherever else there is room as long as the necessary plumbing is installed. The costs
described for the four CIP tanks described above are just the purchased costs. Installation costs
were estimated to be 25% of the tank’s purchased cost. The total installed cost of the two tanks is
$1,680.
The last two tanks are for storing the freshwater and salty water that exit the RO unit. The
salt water tank is necessary for quality control. Before being sent back to the ocean, it will be
good to have that water contained to ensure it has the right salt concentration. An identical tank
is used to store the freshwater used in this process. This tank has two inlets: freshwater from the
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Biosphere’s well and the freshwater permeate from the RO unit. The tank will be used to deliver
freshwater to the ocean (to make up for evaporative losses) and to provide backwash water for
the drum filters once again. The tanks are 7,500 gallons, which is the volume each of saltwater
and freshwater treated in this design each day. They are made of polyethylene and must be
purchased with cone bottom stands. The total cost of the two tanks and their stands is $25,200.
The total cost for all tanks is $27,925 as seen in Table 6.2.

Tanks
Installed
Cost [USD]

Equipment
Weight
[LBS]

Installed
Weight
[LBS]

Volume
(gal)

Name

Name

Equipment
Cost [USD]

Freshwater Holding
Tank

T-102

$ 7,600

$ 12,600

31,200

32,200.00

7,500.00

Saltwater Holding
Tank

T-103

$ 7,600

$ 12,600

31,200

32,200.00

7,500.00

Acidic CIP Solution
Holding Tank

T-104

$ 420

$ 525

224

224

400.00

Basic CIP Solution
Holding Tank

T-105

$ 420

$ 525

224

224

400.00

Basic Waste Tank

T-106

$ 670

$ 838

224

224

800.00

Acidic Waste Tank

T-107

$ 670

$ 838

224

224

800.00

Sum

Table 6.2

$17,380.00

$27,925.00
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6.6 Specific Economics for all Pumps
As described above in the equipment description section, four pumps must be purchased
for this design. The two automatic pumps that deliver the two exit streams from the RO unit to
the respective holding tank will cost $377 each, or $754 total. There is no installation cost since
these pumps are purchased from Home Depot and are ready for use. These pumps each have a
power requirement of 0.37 kW, which will cost the Biosphere only $2.14 each day to run both.
The vacuum pump used with the bag filter is priced at $3,234. It requires 2.41 kW which
equates to a cost of $6.94 each day for electricity.
The fourth pump is the most expensive and power-consuming. The RO pump costs
$6,360 and uses 2.41 kW. This comes out to a cost of $6.94 a day in utilities.
The total installed (and purchased) cost of all pumps is $10,350 and the cost to run them
for one day is $11.39. These numbers are summarized in Table 6.3.

Pumps

Name

Equipment
Cost [USD]

Equipment Installed
Installed Weight
Weight
Cost [USD] [LBS]
[LBS]

Power
Requirement Utility Cost
kW
[USD/DAY]

Bag Filter Pump

P-101

$ 3,234

$ 3,234

131

131

0.80

$ 2.30

RO Pump

P-102

$ 6,360

$ 6,360

100

100

2.41

$ 6.94

RO Pump to
Ocean

P-103

$ 377

$ 377

36.5

36.5

0.37

$ 1.07

RO Pump to
Freshwater Tank

P-104

$ 377

$ 377

36.5

36.5

0.37

$ 1.07

Sum

Table 6.3

$10,348.00

$10,348.00

3.96

$ 11.39

Biosphere Ocean life Support : 66

6.7 Overall Economic Analysis
The total bare module cost for equipment, as shown in Figure 6.1, is $90,685.
Bare Module Costs (TBM)
Bag Filter

$1,117

Protein Skimmer

$3,750

Ultrafiltration Unit

$18,931

Reverse Osmosis

$28,614

Tanks

$27,925

Pumps

$10,348

TBM Total

$90,685

Figure 6.1
The direct permanent investment will be $142,189 as seen in Figure 6.2.
Direct Permanent Investments
(DPI)
Site Prep

$0

Facilities

$0

Utilities
Electricity

$0

Steam

$0

DPI Total
Figure 6.2

$142,189
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This is because the Biosphere is already built and established, so no new land
development, electrical wiring, or utilities need to be created for this process. Existing
infrastructure can be directly connected to this process.
We will have a contingency fund of $13,603, or 15% of our DPI , as suggested in the
textbook. This raises out total depreciable capital to $104,287 as in Figure 6.3.

Total Depreciable Capital (TDC)
Contingency

$13,603

TDC Total

$104,287

Figure 6.3
As mentioned above, all the land and start-up requirements are already provided.
Therefore, the additional costs for these things are $0 as seen in Figure 6.4.
Total Permanent Investment (TPI)
Land

$0

Startup

$0

TPI Total
Figure 6.4

$104,287
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Finally, our total capital investment will tally to $119,930 with working capital of
$15,643. This is visible in Figure 6.5.
Total Capital Investment (TCI)
Working Capital

$15,643

TCI Total

$119,930

Figure 6.5
Our yearly operating costs are rather low. This is due to utilizing only a few chemicals in
the treatment process and the low power consumption of our equipment.
Operating Costs per Year
Category

Cost

Operation
Electricity

$6,208

Filter Bags

$756

CIP Chemicals

$44

Operation Cost Total

$7,008

Figure 6.6
Overall, our process has a significantly lower cost compared to other water treatment processes.
This is attributed to several factors. These include the fact that the process is designed for a very
small flow rate of 10 GPM and the fact that the process is to be dropped into an existing facility
with infrastructure already established.
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Conclusions and Recommendations
7.1 Conclusions
It is an exciting time for the ocean and its personnel at the Biosphere. A huge research
project to model ocean acidification is about to begin. Due to the nature of drum filter operation,
a waste stream of 15,000 GPD of 17.5 ppt salt water will be produced. Half this water is fresh
and comes from the drum filter backwash. The other half is 35 ppt salt water from the drum filter
basin that was present when backwash was triggered. The Biosphere is not connected to the drain
and the water is too salty for land application or to inject into the ground Treating the water for
reuse is crucial for the research project to operate smoothly, ensure the Biosphere adheres to its
closed-loop mentality, and to save millions of dollars a year in saltwater transport and treatment.
The waste stream is contaminated with suspended solids, salt, and dissolved organics.
Trace levels of ammonia are also present, but bacteria in the ocean keep the levels low enough
that external treatment is not necessary.
The process to recycle this water is a bag filter to catch the largest solids, a protein
skimmer to remove dissolved organics, and ultrafiltration system to catch any straggling
suspended solids, and reverse osmosis to generate a saltwater stream and freshwater stream. The
salty water is sent back to the ocean. A fraction of the fresh permeate is used to replenish the
ocean’s evaporative water loss and the rest is used again to backwash the drum filter.
The design has a 90% recovery within the loop. Only 10% of the total water exits in the
ultrafiltration rejection stream. The good thing is this water could be added to the Biosphere’s
existing evaporation pond with a little expansion work and will not require export for treatment
(“Evaporation Pond”). Freshwater from the Biosphere’s well is added to the process to make up
for this loss as well as the ocean’s evaporative loss of freshwater.
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The only waste produced in the design is the chemical waste from backwashing the RO
and UF systems. These backwashes are vital in maintaining high treatment efficiency and
extending the lifetime of the membranes used. Acidic and basic chemical solutions are used to
clean the membranes periodically and due to the drastic pH levels (2 and 12 respectively), they
must be disposed of as waste. This amounts to 1,080 gallons a year, or three gallons a day, which
is less than one percent of the wastestream. Overall the recycle process is a massive
improvement from having to export 15,000 GPD of water to a desalination center. The Biosphere
would have had to spend $1.2M dollars each year (Rio Verde Water; Seawater Desalination
Costs). This process costs just over $7,000 per year and $119,000 to start up. It is a win-win for
the Biosphere and enables more ocean research projects to occur even after this one is finished.
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7.2 Recommendations
With the completion of the project, several key recommendations can be made by the
engineering team. All of these recommendations revolve around the optimization of the process
and possible solutions for promoting closed-loop systems.
Due to the open nature of the project, many assumptions had to be made throughout the
design process. This ranges from removal efficiencies to the number of fish present in the ocean.
Many of these assumptions were designed to anticipate a “worse-case scenario” for the project.
This means that the team expects many of the unit operations to be for their specific needs,
resulting in more frequent backwashing or cleaning that may be necessary. Due to this, once the
backwash system and ocean reach steady-state, it is strongly recommended that a study is
performed to measure if certain operating parameters can be reduced, such as bags used with the
bag filter replacement frequency, RO pressure, protein skimmer residence time, and the
ultrafiltration backwash frequency. If less material is being removed than originally anticipated,
these parameters can be relaxed, reducing the amount of cleaning and backwashing needed. This
saves the Biosphere time, money, and reduces the amount of waste generated.
The frequency of CIP process for the reverse osmosis membrane was estimated using a
brochure
Another key recommendation would be exploring possible methods of cleaning the CIP
solutions, allowing for the CIP acids and bases to be used near indefinitely. As it stands
currently, the CIP solutions need to be replaced a few times per year as they are contaminated
beyond the point of being reused. If a process were put in place that removed the contaminants
from the CIP, a major waste source would be eliminated, further closing the overall loop of the
project.
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Appendix
A. All Final Calculations (print)
B. Spreadsheets/Software (dropbox)
C. Overall Mass and Energy Balance (print)
D. Useful Highlighted ASPEN Output (dropbox)
E. Info from Web (dropbox)
F. Phone and Meet log (dropbox)
G. Other Information (dropbox)

