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     FOCE- Free Ocean CO2 Enrichment

1) ABSTRACT (new projects only)
In preliminary work we have developed and tested a prototype seafloor Free Ocean CO2 Enrichment (FOCE) system, using acid injection with controlled loop pH feedback to maintain a specified ΔpH within a 2m diameter ring. Several aspects of the early work have shown promise as well as strong interest from the science community. The prototype results clearly showed that control was possible, but that a new design was necessary to address issues discovered while performing in situ testing. The primary developments needed are to extend the work to actual CO2 enrichment, with all the complexity that requires, and to account for the significant lag times for full development of the pH signal. Plans for additional gas manipulation options are desired, for example there is strong interest in controlling oxygen levels. Another area of development still to be addressed is tissue sampling and preservation for recovery of specimens obtained from animals who are exposed to the CO2 enriched seawater. Depending on the science requirements two distinctly different approaches are being requested. The primary design planned is for a small controlled flume, with a delay loop to allow the full ΔpH signal time to be developed, thereby avoiding the very large pumping requirements associated with high velocity events. We propose using the MARS cable for development purposes, with the power supply and real time access to data created by this facility. Year 1 will see technical development and component testing, with active engagement in the permit planning and public outreach process. Year 2 will see the first short-term assembled system tests, with ROV delivery of CO2 enriched water to the experimental site. Year 3 will see final testing, and the inclusion of external user groups in developing use scenarios and system training. Year 4 is transition to science and support from the technical team.

2) PROPOSAL
a) New Projects

N/A
b) Continuing Projects

If the proposed project includes multiple individual projects, please list each of these projects as a subheading in the proposal. For each subheading, please address the following:

Current status of project and results to date
The FOCE project had an eventful year in 2010. After recouping time lost during the period of MARS being repaired we entered into 2010 with a small weep someplace in the main FOCE housing. Finding the source of the leak proved difficult. Helium leak detection didn’t work and neither did pressure testing. We replaced the suspected components and did a series of tests with Ventana. Ultimately we located the leak and why He leak detection didn’t find the problem. The issue was a flaw in the machining of one of the parts. The holes for several connectors were out of round by a very slight margin but within tolerance. The problem only became evident after finding that a high spot and low spot in tolerance were very close together essentially creating a span that a warm and unpressurized o-ring could seal but at depth under cold temps and pressure would retreat enough to allow a drop of seawater approximately every few hours. After replacing the bad part and rebuilding the system the team deployed FOCE in April. After installation checkout and leaving the pH probes went dead as a set. On shore diagnostics pointed to a failed fuse due to a flooded pH probe. A new set of breakout boards were made to isolate each pH probe as part of this repair and polymer fuse that autonomously resets when the temperature of the material is cooled. We redeployed in early May and have been operating since without incident or alarm. 
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Fig 1: The leaking part with out of round connector mounting holes.

The FOCE project did advance the poor design and quality of pH probes. Thom Maughan, with the assistance of Ed Peltzer, created a new set of internal electronics that digitize the signal, isolate the probe properly from the environment, and allow for long stability directly enabling longer deployments. Thom presented the results and design at the Ocean Sciences meeting in Portland, Oregon this year. The probes have been deployed several times now and the results encouraged us to apply for a patent pending. The project has done so and the process is underway. The data below shows the performance and error bounds that clearly show this new design performs extremely well. Compared to the original SeaBird units these were the reduction of noise and the increased sensitivity provides a ten-fold improvement. 
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Fig 2: A plot of the correlated data showing the digital pH probe mean error

The deployment of the CO2 delivery system was delayed until August because the team had a Flyer cruise to Southern California. The CO2 components were demonstrated to the board as part of the Day of Science and Engineering Technology. The design is based on testing that occurred previously on the cabled deep water FOCE system. We expect to complete this portion of the system and demonstrate it this fall to be ready for science missions in 2011. The science missions and further deepwater FOCE efforts have been moved to the High CO2 Initiative proposal. 
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Fig 3: The prototype CO2 delivery system used for a multi-day delivery

The transfer of the technology has been very successful. The efforts in 2009 led to a series of successful science deployments on the Great Barrier Reef with our collaborators at the University of Queensland. Dr. David Kline, the UQ PI, started a 1year deployment of 3 FOCE units on the shallow reefs located at Heron Island on the Great Barrier Reef. Based on this activity and the continued outreach efforts of the FOCE group we have been contacted by an ever-growing list of interested scientists exploring FOCE technologies for their research efforts. Dr. Hans Portner, a very notable scientist in Europe at the Alfred Wegner Institute with a worldwide reputation, contacted us with strong interest in FOCE applications he and his colleagues are pursuing in and around the waters of Europe (email attached in Appendices B). 
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Fig 4: A close-up of the Coral Prototype FOCE on the Great Barrier Reef

FOCE was also recognized by the editorial panel of the European Project on Ocean Acidification (EPOCA). The purpose of EPOCA is to create a document with the aim of documenting changes in ocean chemistry and biogeography across space and time. To actively determine by experimentation what the sensitivity of marine organisms, communities and ecosystems are to ocean acidification. Then take that data and couple it with ocean-climate models to create a better understanding of Earth systems responses to ocean acidification. The end goal is to grasp the uncertainties and risks looking for “tipping points” due to ocean across a range of scales and environments. The editorial board of the document, published as part of EPOCA, highlights FOCE in Chapter 2 as a method to perform in-situ perturbation experiments. The guide can be downloaded at 

http://www.epoca-project.eu/ . 
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Fig 5: The EPOCA report cover jacket recognizing FOCE

Significant changes from previous project proposal 
The demand from external sources and the desire on the part of MBARI to participate with the Center for Ocean Solutions has given a new direction to the shallow water FOCE concepts. We had originally been considering the Elkhorn slough for grass studies and the locality being so close to MBARI. After meeting with the Center for Ocean Solutions at Stanford we have submitted a joint proposal to NSF where we would use the already approved cable at Hopkins Marine Station to develop what we are calling 

S-FOCE (shallow water FOCE). The impact of funding from NSF is still undetermined but the project direction is table in that the cable being made available to MBARI at Hopkins should be unaffected regardless of the NSF proposal. 

Publications based on the results of this project only
Marker, M., D.I. Kline, W.J. Kirkwood, K. Headley, P.G. Brewer, E.T. Peltzer, T. Miard, A. Chai, M. James, K. Schneider, J. Silverman, K. Caldeira, J.R. Koseff, S. Monismith, B. Opdyke, R. Dunbar, R. White, S. Dove, and O. Hoegh-Guldberg (Submitted). “The Coral Proto - Free Ocean Carbon Enrichment System (CP-FOCE): Engineering and Development”, Proceedings of the MTS/IEEE Oceans '10 Conference, Sydney, Australia. May 24-27, 2010.
Thomas Maughan and Edward T Peltzer, “Real-Time Observations of the Tidally Driven pH Signal at the MARS Cabled Observatory in Monterey Bay”, Ocean Sciences 2010, Portland, Oregon, Feb 25, 2010. 
William Kirkwood and Larissa Sano “Developing New Instrumentation for In Situ Experimentation Related to Ocean Acidification” Current - The Journal of Marine Education, Volume 25, Number 1, 2009. 
 
William Kirkwood, Ed Peltzer, Jim Barry, and Peter Brewer “Recent Advances in FOCE Technology: Building a Better Sea Floor CO2 Enrichment Experiment”, The 11th Pacific Science Inter-Congress of the Pacific Science Association Peete, Tahiti, 2 - 6 March 2009. 
William Kirkwood, Ed Peltzer, Peter Walz, and Peter Brewer “Cabled Observatory Technology for Ocean Acidification Research”, IEEE-Ocean Engineering Society Oceans 2009, Bremen, Germany, May, 11 2009.  
c) New and Continuing Projects: Plans for 2011
Research Activities
Research plans for 2011 using the Deepwater FOCE (D-FOCE) include closed loop pH control experiments. The details of this work are in the over arching initiative documentation for project 900815 : Ocean in a High CO2 World. Resource requirements for research are contained within that document the ship time, science needs and engineering support requests for the deepwater cabled FOCE.

The Shallow water FOCE (S-FOCE) will not enter into full research in 2011 we suspect. We are going to try and perform the first test of a science experiment in the sea grasses located between two large kelp beds. Looking at figure 6, the aerial photograph shows the approximate locations and clearly outlines the kelp beds. As with all of the previous engineering tests of FOCE systems, we will work in conjunction with science to collect meaningful data suitable for technical publication or a science journal. 

Engineering/technology development

The concept of operations is to deploy and work from shore predominantly at the Stanford University Hopkins Marine Station. The particulars for this location include a number of diverse environments of interest to science. The observatory permits and cables are being provided by Stanford University and the Center for Ocean Solutions (COS). The collaboration we anticipate being funded under the NSF call for Ocean Acidification Research does require that we accommodate some aspects for their research into the S-FOCE design. A cartoon of the their concept is shown in figure 7. If funded there will be discussions and technical trades to establish the true requirements since their needs are not well defined as yet. We are uncertain how a closed flow study for their PhD student will enhance the study of ocean acidification but as Co-PIs we must accommodate their needs. 

The main node is to be placed in 60 feet of water. Four sub-nodes will then be branched off from the main node. Each sub-node has a series of low voltage and comms connectors. The exact number is not settled but has been specified as 6 connections. The main cable will deliver 300 volts DC and standard Ethernet over optical fiber to the node. The sub-nodes will deliver 24 volts DC with copper delivered Ethernet. The details of the shore based connections have been outlined by the Stanford team installing the cable but we will need to add a data server at that location. The concept we are working from is to leverage our current systems and install a new SSDS server that we can access by standard Internet protocols. We will also strongly encourage the Stanford and COS teams to adopt our data and interconnect standards to enhance reliable and ease of data exchange. This will also increase reliability when they are performing their research using the S-FOCE.  
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Fig 6: The Hopkins Marine Station observatory site with main node and sub nodes
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Fig 7: Closed flow system the COS is requesting be part of the S_FOCE design

We will need a common time stamp and a modified form of the current control interface for the users since true remote access and cooperation are required. The current request for S-FOCE is to provide 3 units so that suitable biological experiments can be preformed. This also places the need on us to make it clear which S-FOCE is being manipulated to avoid accidental disturbances and unintended consequences for an experiment. We do not know at this time if all three units must be identically outfitted with instrumentation or must accommodate the Stanford elements for flow studies. As part of the initial discussions for system requirements and specifications will be also develop a simple form of management plan to establish access to any particular S-FOCE unit. 

The current concept for an S-FOCE design is that it will be smaller than the D-FOCE design. We do not have firm dimensions yet form the science partners but based on a preliminary discussion the size of the control volume will be approximately half of a D-FOCE. The temperature of the waters in S-FOCE need to be confirmed for year round operations, but a preliminary look at average temperatures indicates the delay time for full CO2 reactions will be approximately half also. This should greatly reduce the overall size and weight of the systems and decrease the individual costs slightly due to less material.  The call from science is to maintain the number of sensors and to add two new sensors with an option for a third. The two new sensors would be turbidity and a spectrophotometer since the S-FOCE application is in a more energetic location and in the photic zone. Special attention and consideration will be given to the sealing around the bottom of the systems because of the anticipated variations in bottom sediments. 

Installation of the S-FOCE will also be a different process. Because of being so close to shore and in shallow water the installation is not suitable for ROV operations. The current thinking is to design the S-FOCE to be science diver installed. The ready access from shore allows the use of a small dinghy type support boat and to make the installation modular, this likely means that S-FOCE will require a number of days to completely install. The current thinking is to maintain the core system concept, this allows us to plug-in any given S-FOCE unit and to be sure it is functional prior to adding the delay wings and deploying the support instruments. The example FOCE versions with this type of thinking are the CP-FOCE units in use at Heron Island. 

Carbon dioxide delivery will be accomplished by supply hose and pump, assuming we can integrate with the Stanford cable through the air-sea interface. This gives us a tremendous advantage but allowing an accurate fix of seawater and CO2 on shore and to monitor the supply product. It becomes easy to provide CO2 for long-term experiments and to perform the types of studies the science community is interested in. 

Our maintenance concept is to take advantage of the developments from the D-FOCE for cheap wet-mate connectors (patent pending) that allow difficult instruments like pH sensors to be easily swapped in-situ. The majority of the other devices require much less care and frequency of calibration. We also recognize bio-fouling will be a problem not experienced with D-FOCE. At this time we don’t see any particular options other than using divers to clean the system on a regularly scheduled basis. This will in turn placed some requirements on the design to accommodate access for divers to efficiently clean and swap instruments as needed without disturbing an experiment in process. The majority of the system will be in plastic so long term exposures are not a particular problem. At the depths we are considering low cost plastic tubing will suffice for pressure housings for example. This reduces the need for returning the FOCE assembly to the surface unless something major is required or a reconfiguration of the system is needed for the next experiment. 

The basic task outline we have developed for S-FOCE is listed below:


Concept Phase: 


1) Requirements doc – compiled from science and interested parties


2) Engineering Specification doc 


3) Concept layout



4) Concept Review 


S-FOCE Design Phase: 


5) Mechancial 



i)   FOCE chamber and time delay



ii)  Anchoring system of some sort



iii) Elec Housing



iv) Bottom seal 



v)  CO2 delivery





vi) Mech interface to Hopkins cable 



vii) Implementing swappable connectors 


6) Electrical 



i)    EE interface to Hopkins Cable



ii)   CPU



iii)  Comms



iv)  Control Elec for motors and pumps 



v)   Camera and lights



vi)  Instruments

a) add  turbidity 

b) add spectrometer 





c) ? fluorescence sensor





vii)  Ground fault monitoring 



viii) Implement swappable connection system


 7) Software  



i)    Reuse what we can as a baseline



ii)   Operational functionality (LRS like plug and play goal) 



iii)   Security and ability to hand off control 







iv)   SE management of swappable connectors



v)    New or tuned up algorithm for pH closed loop control



vi)   Power management (TBD – but Hopkins cable is limited)



vii)  COS interface support / drivers potentially 



viii) New instrument drivers 



ix)   New data SSDS data server 


 8)  S-FOCE Final Design Review (because of past experience we expect some

                   parts will already be in process and a full final review is not necessary)


 9)  Finalize the design questions based on review feedback


10) Build and Manufacture 



i)   Bench test of software on development core in lab



ii)  Priority to uncertain systems or difficult items



iii) Sub-component testing as needed (i.e. bottom seal of chamber)  


11)  Integration and Test



i)   Sub-assembly build and test



ii)  GUI operation and tuning based on user input



iii) Full assembly build

a) Dry test

b) Tank test 

    
12)  Engineering deployment at Hopkins / field test 


13)  Contingency for recovery and modification using findings from first Eng test


14)   Redeploy – first science test of system 


15)   Recover and service for turnaround to do full science mission


16)   Hand-off to science and support 

Field programs (detail ship requirements/deployments)
We anticipate there will be two deployments late in 2011. The first will be an engineering test to verify functionality, control and fault diagnostics on the Stanford/Hopkins cable system. The second deployment is a potential deployment based on experience that some part of the system will need to be altered or replaced based on findings from the prior deployment. Neither of these are expected to use ship or ROV time. They will likely require some science diver support. Rough estimates would be 2 divers for 3 days to deploy and 3 days to fully recover each time with some testing of the wet swappable sensors also. 

2 deployments x 2 divers x 3 days = 12 days

2 recoveries x 2 divers x 3 days = 12 days

2 test connector/sensor tests x 2 divers x 1days = 4 days


4 maintenance dives x 2 divers x 1 days = 8 days

For a total of 36 diver days

I do not know what the divers might need in terms of a support dinghy, however I’m including that in the engineering time as part of our test program. 

Specific deliverables
Requirements Document

System Specification

3 working S-FOCE systems (each configured per science request) 

SSDS Data Server

Improved GUI with security and control features as outlined

2 Publications at suitable conferences or journals 

Milestones (see last page for personnel classification list)
	
	Milestone 1
	Milestone 2
	Milestone 3
	Milestone 4
	Milestone 5
	Total Resources
 for each resource category for all milestones listed here

	Milestone Date
	Mar 2011
	July 2011
	Aug 2011
	Oct 2011
	Nov 2011
	

	Milestone Description
	Concept Review
	Full design & Bench tests
	Final Design  & Review
	Integrate and Wet Test
	Eng Test Deploy
	

	EE
	176
	508
	308
	240
	240
	1472

	SE
	240
	872
	408
	300
	168
	1988

	ME
	178
	540
	328
	240
	200
	1486

	EE Tech
	 0
	 240
	 0
	80 
	 40
	360 

	SE Tech
	60
	100
	140
	480
	300
	1080

	ME Tech
	20
	190
	20
	280
	100
	610

	Machine Shop
	
	
	
	
	
	


See Appendices A for preferred personal to classification

Budget justification
   [Click here to enter text]   
Project team
Peter Brewer – PI

Ed Peltzer – Asst. Science

Peter Walz – Science Tech

Bill Kirkwood – Project Manager

Farley Shane – ME

Chad Kecy – EE

Thom Maughin – EE

Bob Herlien – SE

Kent Headley – SE

Tom O’Reilly – SE

Jim Scholfield – ME Tech

Jose Rosal /Tom Marion – EE Tech

Karen Salamy – SE Tech

Project lab space
We will use the high bay facilities for system assembly and the test tank area for wet testing. Lab work will continue to use the Bldg B extension lab B222 and the Bldg A Brewer Science Lab.

Data availability outside project team, uniqueness

All data is automatically published to the web through SSDS. Data Turbine will enable custom GUI interfacing and immediate data analysis beyond the preset modes available in SSDS. The GUI and the other technologies are open source and freely available to anyone requesting them (with the proper copyright protections for MBARI). The only restrictions are on operating the FOCE system on MARS, however some experimentation will be undertaken to allow remote operating by selected individuals with science approval.

Risk matrix (development and infrastructure projects only)
	
	Technical Risk
	Organizational Risk
	Tech Transfer Risk
	Labor Estimate Risk

	High
	
	
	
	

	Medium
	X
	
	
	X

	Low
	
	X
	X
	


Personnel Classifications

	Engineer - 

Mechanical Engineer
	Engineer - 

Electrical Engineer
	Engineer - 

Software Engineer 
	Engineer - 

Mechanical  Tech
	Engineer - 

Electrical Tech
	Engineer - 

Software Tech 

	(Reg)
	(Reg)
	(Reg)
	(Reg)
	(Reg)
	(Reg)

	Jim Birch 
	Mark Chaffey
	 Dave Caress 
	John Ferreira
	Paul Coenen 
	Karen S

	Larry Bird
	Scott Jensen
	 Danelle Cline
	Mike Parker
	Tom Marion
	

	Jon Erickson
	Chad Kecy
	 Duane Edgington(2/3)
	Jim Schofield
	Jim Montgomery
	

	Andy Hamilton
	Denis Klimov
	 Kevin Gomes (2/3)
	
	Jose Rosal
	

	Brett Hobson
	Paul McGill
	 Kent Headley (2/3)
	
	
	

	Bill Kirkwood
	Ed Mellinger
	Rich Henthorn 
	
	 
	 

	Gene Massion
	Craig Okuda
	Bob Herlien
	
	 
	 

	Doug Pargett
	Alana Sherman
	 Brian Kieft
	
	 
	 

	Farley Shane
	
	Thom Maughan 
	
	 
	 

	
	
	Mike McCann
	
	 
	 

	
	
	Rob McEwen
	
	
	

	
	
	Tom O’Reilly
	
	 
	 

	
	
	Wayne Radochonski
	
	 
	 

	
	
	Mike Risi
	
	
	

	
	
	Brent Roman
	
	
	

	
	
	Carlos Rueda-Velasquez
	
	
	

	
	
	Brian Schlining
	
	
	

	
	
	Rich Schramm
	
	
	


Appendices A: 

Preference of man-hours assigned to individual as part of the FOCE Team:

Bob Herlien – 740 hours

Tom O’Reilly – 348 hours

Kent Headley – 364 hours

Thom Maughan – 312 hours (connector design and implementation)

Karen Salamy – 1080 hours 

Farley Shane – 1486 hours 

Chad Kecy – 1472 hours 

Jim Scholfield – 610 hours

Tom Marion – 360 hours 

Appendices B: 

Dear Bill and Jim, Peter,
nice to hear from you and thanks a lot for your reply on the FOCE. We would be happy to discuss more and develop this into something with you that is usable in shallow water work, e.g. to place FOCE on mussel beds. 
What would the procedure be to move forward?
All best, Hans

------------------------------
Am 21.07.10 20:32, schrieb Kirkwood, Bill: 
Re: FOCE Hello Hans - 
 
Peter is just getting home from a cruise. I’m not sure when he’ll get to email. I thought I’d write you and let you know we are more than open to helping and discussing your interest in FOCE. 
 
On the technology front we have several things in process. There is already a  shallow water version working, in fact two but one is not a design we did. The University of Queensland collaborated with us on a shallow water unit. We helped them setup a FOCE for shallow water reefs and very high currents at Heron Island and slower currents at One Tree Island. They did development for about a year and have just started a one year program using 3 chambers with 3 different pH settings. They are also doing calcification rate studies, so the chambers can be sealed for those moments when they look at calcification and pH. I can give you details but it might best for Peter and you to discuss the application you are looking at first. I’ve learned that the FOCE concept is always the same but the actual configuration and construction is dependent on the needs of the scientist. 
 
Looking forward to helping out, feel free to contact me anytime – Bill 
------------------------------
On 7/21/10 10:58 AM, "Barry, Jim" <barry@mbari.org> wrote:
Hi Hans,
I’ve been away for a bit and am just catching up on email.
Peter is running the development of the FOCE system and I am sort of on the sidelines these days with its status.
It is running in deep water, but only as a test system.  The plan for next year is to move to a shallow water system, which I hope will be replicated and useful for some biologically relevant experiments.
 
I’ve copied Peter and the lead engineer on the project  and perhaps they can provide more information on its status.
 
I hear it has been very warm in Europe – we have cool summer fog here now.   I’ll see you soon in Colorado where I expect it will be quite warm.
 
Best wishes, Jim

----------------------------- 
From: "Hans O. Pörtner" [mailto:hans.poertner@awi.de] 
 Sent: Wednesday, July 14, 2010 2:59 AM
 To: Barry, Jim
 Subject: FOCE
  
Dear Jim, 
a colleague from Greece (B. Michaelidis) is interested in field investigations on CO2 effects and we are discussing possibilities. I was wondering what the present status is on the FOCE experiments and  the associated methodology? Would you have any information / paper at hand that you could email me? Thanks a lot in advance for any information you can send!
I hope all is well and that the California coast is as cool as ever. We are experiencing some Mediterranean temperatures in Northern Germany (up to 37), nothing we are really keen on.
I look forward to seeing you in Colorado!! Best wishes, Hans
 
-- 
Hans-O. Pörtner
Professor
Marine Biology/Ecological and Evolutionary Physiology
Section: Integrative Ecophysiology
Alfred-Wegener-Institute
Postfach 12 01 61
Am Handelshafen 12
D-27570 Bremerhaven
Germany
 
Tel: ++49-471-4831-1307
Fax: ++49-471-4831-1149
 
email: hans.poertner@awi.de
http://www.awi.de/de/forschung/fachbereiche/biowissenschaften/integrative_ecophysiology/
http://www.sciencemag.org/cgi/content/short/322/5902/690
http://www.agu.org/journals/ss/HIGHCO2/
http://www.ocean-acidification.net

 






� Development and infrastructure projects must complete the risk matrix (see item #5 at the end of the proposal form).


� Not all projects will require all four titles to be filled in. Please indicate individuals only for those titles that are appropriate for your project. 


� This number should be the same number you entered on the resource requests for this particular resource.
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