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Abstract – The burning of fossil fuels for energy production has produced cumulative emissions on the order of 1 trillion tons since the beginning of the industrial revolution.  While approximately half of the CO2 has remained in the atmosphere, most of the rest has been absorbed by the surface ocean.  This has resulted in a lowering of the surface ocean pH by about 0.1 units and, if society is able to stabilize atmospheric CO2 levels at twice the pre-industrial concentration, will result in a lowering of surface ocean pH by 0.25 units.  While some researchers are asking the question of whether we should pursue direct ocean CO2 sequestration, the FOCE experiment asks what the impact of this pH change will be on ocean biogeochemistry and ecology. In order to address this question, MBARI scientists and engineers have designed apparatus to enable small-scale in situ CO2 enrichment experiments to be carried out, in a manner analogous to the land-based Free Air CO2 Enrichment (FACE) experiments. The FOCE prototype was designed to test the ability to control pH within a fixed but freely exchanging volume of sea water.  The technology concept for the experiment is based on a small ring structure using a central valve to direct the flow of pH altering fluid.  The initial phase of the project uses concentrated HCl mixed with sea water and includes directional and volume control to achieve a desired pH offset. Control feedback is obtained by using pH sensors in the center of the control volume. Other aspects of the design that address the inherent time delays and noise of the associated pH signal are also discussed. Test results show the capability of the system to maintain closed loop control of pH in a given volume. Sea trials, at a selected site, then demonstrate the ability of this prototype system to control pH to a specified average level over a given time period. Further discussion includes systems in-situ results analysis, corrective actions, upgrades, and the anticipated next phase for FOCE including the use of CO2 addition to change the local chemistry. As the FOCE team continues these efforts external science communities have expressed interest in the FOCE system for their studies, such as 400 m water coral research off the coast of Norway. Just as the FACE system has extended out to work with the international community, the technology development team of FOCE is interested in addressing the questions posed by the broader oceanographic science community regarding ocaen pH.
I.  INTRODUCTION

Ocean CO2 sequestration concepts and questions, and ongoing “passive” ocean acidification, are important societal issues, and they provide interesting experimental opportunities for science researchers and the engineering staff at the Monterey Bay Aquarium Research Institute (MBARI). Debate has proliferated from the early idea proposed by Marchetti in 1977 [1] with little consideration to testing the theories about the technology and associated environmental concerns. Having easy access to the deep ocean along with teams of science and engineering at the same facility, MBARI decided to venture into small-scale in-situ experimentation and provide some insight into the questions being posed. The prevailing concepts in many sectors favor a principle that the ocean is a big place and can absorb a tremendous amount of CO2 (Caldeira et al., 2005).  The chemistry of seawater is slightly basic which makes the uptake of CO2 from the atmosphere a natural process. The result as CO2 is absorbed is that the ocean pH must drop. The pH cannot return until the natural weathering processes of silicate rocks dissolve and bring it back to equilibrium over time scales of 104 years. The slightly basic pH value of sea water is predominant during geologic time.  

At present a third of the anthropogenic CO2 emissions are absorbed by the ocean annually, this equates to approximately 2 giga-tons of carbon (7 tons giga-tons of CO2) per year. As the atmospheric levels of CO2 increase the chemical disequilibrium will create a similar response in ocean absorption. Eventually the chemistry over the long duration will drive the ocean to absorb 80% to 90% of the worlds atmospheric CO2 and therefore 80-90% of anthropogenic emissions will be sequestered there. Estimates at the moment have about 500 giga-tons of anthropogenic CO2 in the world’s upper ocean waters. This is evidensed by a pH change of -0.1 in the current ocean that projections show will continue to decrease over this century another -0.2 units at least [2]. 


The Free Ocean CO2 Enrichment (FOCE) experiment was created to provide a test platform for a broad spectrum of ocean science to address issues associated with anthropogenic pH change in the ocean. FOCE has been designed to create and actively control a commanded lower pH environmental condition, maintain the condition within  boundary parameters, and allow in-situ multi-discipline science experiments to conduct observations and pertibations over a desired temporal scale. 
II. FOCE CONCEPT
Over a number of years MBARI has performed a series of small scale CO2 experiments. These experiments have focused on the chemical dynamics and allowed MBARI to gain unique skills. Observation of CO2 hydrates, and measuring reaction kinetics, has helped establish the dissolution rates and equilibration fundamentals. The same experiments have correlated amounts of CO2 released at a central pool and the observed pH disturbances of the surrounding water.  Additional studies have observed the impacts on the local biota [3].  The early experiments quickly disclosed various problems of large pH excursions driven by the tide cycles. The issues demonstrated that longer term observations would require much more stability and control over environmental manipulations such as pH and total dissolved  CO2.
There are analogous experiments carried out on land of routine large scale CO2 enrichments called the Free Air CO2 Enrichment (FACE) [4].(Fig. 1). The towers release CO2 into the local air at controlled rates to bathe the local vegetation in anticipated  levels of CO2 that simulate the conditions for the later part of this century. Release rates are controlled using wind speed and direction. FACE sites emit various amounts of CO2, one specific location releases about 1,000 tons CO2 per year.

Fig.1: A FACE (Free Air CO2 Enrichment) experiment in Wisconsin.
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The FOCE system concept is based upon the multi-year efforts and success of the FACE systems. The specifications were modified to address the environmental differences of being in the ocean such as being in an incompressible fluid, current, chemistry, mixing dynamics and closed loop control variables. The initial concept can be seen in Fig. 2. To accomplish a prototype quickly, one key decision was to use diluted hydrochloric acid (HCl) in place of CO2 for the early experiments. Once the test concept was proven out the design allows for easily switching over to CO2 in the future. A requirement from science was to monitor pH as the primary variable and to use the pH probe readings as the input for control. This approach presented several challenges since the dynamics of pH change is dependent on temperature, pressure, and time for either acid or CO2 to equilibrate with the sea water. Additionally, it was recognized that a natural time delay exists in the system based on scale. Small currents or a large control area would have significant delays in reaching pH equilibrium. The delays are compounded by a need to manage the buoyancy of acid or liquid CO2. For the purposes of a prototype the first experiments were bounded by limiting current regimes between 10 cm/sec minimum and 30 cm/sec maximum to complete the technology demonstration. These current speeds would allow the system to have enough time to react and obtain a perceptible (though not full equilibrium) change pH within the voume of a small frame with limited amounts of HCl. Pumping a premix of fluid continuously minimizes the differential in buoyancy. Bounding the pH within an order of magnitude from pervious experiments, +/- .20 pH, gave liberal adjustment and allowed us to ignore buoyancy issues as long as the current speed stayed in the specified range. Limiting the prototype in this manner demonstrated the FOCE concept was completely feasible and scalable without substantial engineering investment. 

Using the outlined  approach allowed the FOCE team of science and engineering to build, integrate, tank test, and obtain results from an in situ deployment within 3 1/2 months. Power and communications were simulated by a small length of cable that tied the system to MBARI’s ROV Ventana for power while using ethernet for all control and data logging functions.
III. FOCE TECHNOLOGY

The FOCE prototype design is constructed from a series of distinct subsystem components; FOCE Frame, Directional Control Valve, Mixers and plumbing, Controls, pH Instrumentation, and Additional Science Instrumentation. Each subsection was designed and built to be as simple as possible while strict interface control assured quick integration later. Each portion was developed in parallel efforts demonstrating the multi-disciplined rapid implementation program approach was easily managed with clearly defined interfaces. This also allowed the subsystem components to be independently traded against delivery, cost and schedule drivers. Compromises were often made to use what was readily at hand or could be quickly manufactured with the machine tools and equipment located within MBARI. This prevented long lead items from delaying the project and guaranteed the system would be ready by the scheduled deployment date. The additional benefit from these efforts was to demonstrate that other than a few key components requiring technical expertise the system can be designed, constructed, tested, deployed and operated by a diverse set of science and technology individuals. This is key to the viability of the FACE concept. FACE must be configurable for a variety of science and easily transferred to the community of interested users. 
A. Prototype FOCE Construction
[image: image3.jpg]


The frame is a simple 6061 aluminum weldment with cross wire bracing. It consists of two sets of horizontal rings set 0.5 meters apart. The inner ring is 1 meter in diameter and the outer ring is 2 meters in diameter. The 0.5 meter by 1 meter diameter defines the pH control area, Fig. 3. Eight mounting points are equally spaced for perimeter pH probes. A solitary center post holds 3 pH probes separated equi-distant vertically to provide the control inputs for the system. Four vertical struts hold an upper set of rings approximately 1.5 meters from the bottom of the frame. Eight mounting points for plastic crates provide places for the HCl holding tanks. Center to the top ring is a flotation pack to set the in water 
The configuration is entirely flexible which can be seen from the image in Fig 3. The tanks for fluid could easily be moved off to the side. Instrumentation is strapped on in desired locations as per science requirements. Aluminum was selected because it could easily be assembled within MBARI,  but plastic structural members could easily be substituted if proper consideration was given to strength needs. The prototype has flotation at the top but this was a matter of convenience for this experiment. Because the system was intended to be deployed and recovered using one ship and ROV dive the system was designed for engineering testing and easy installation and recovery. A more permanent installation would not require floatation and could easily have nothing overhead to impede detritus, nutrient  transport, current gradients, photic effects or any other environemntal factor of importance tot eh science experiment. 
B. Directional Control of pH Adjustment Media 

Prototype testing implemented passive control for upstream release of the HCl and was selected to keep the electronics and equipment simple. Curerntly, MBARI engineering is upgrading the system design to use solenoids for fluid release and resolvers for directional control. The first iteration was configured to use a mechanical weather vane to accomplish upstream release passively, Fig. 4. The valve is required to respond to the ambient current and direct the injected mix of acidified seawater flow to the upstream side of the FOCE frame. The vane turns an outer rotor in currents as low as 5 cm/sec and appropriately directs flow to 2 adjacent sectors on the frame out of a possible 8.  A simple preliminary analysis of drag in 10-30 cm/sec seawater yielded a vane of about 250 in. sq.  The valve was also constructed to near zero response to gravity or buoyancy when deployed on what most certainly would be a non-level seabed. The port seals required several trial configurations of varying  interference to the rotor before a 1st article (?) was completed.  During at sea trials it was demonstrated that an all mechanical valve system could function adequately. In turn, this enables a wider range of applications were power limitations could be an issue. For example, concepts being considered for moored deployments as part of the wider observatory efforts present unique challenges. Not because of the FOCE concept itself, but more due to the limitations and access of curent technologies to bring adequate power readily to the bottom of the ocean. A highly simplified moored FOCE system concept can be seen in Fig 5. This image is reprenstative of an offshore sea mount or ridgeline.   
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C. Plumbing

Prototyping the mechanism of pumps and tubing to deliver the HCl solution from the containers to the FOCE frame demonstrated the simplicity of the design.  The acid pump head was driven by a variable speed electric motor integrated to the control electronics.  Seawater was delivered to the system by an identical peristaltic pump head and motor assembly.  To measure pumping rates and delivery volumes, a Hall effect turbine flow rate sensor was placed in-line subsequent to each peristaltic pump.  Real-time data from these sensors was then used as feedback for controlling seawater/acid mixing ratios.  The seawater and acid lines were joined at a second manifold, this provided adequate mixing prior to delivering the [image: image5.png]5! FOCE (beta)
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solution in a single line to the central directional valve. The choice of soaker hose permitted a large emitter surface area and minimized system backpressure at high pumping rates.  The soaker hose also promoted rapid and turbulent mixing with ambient bottom currents as can be seen in Fig 6. 
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D. Sensors

The FOCE structure was outfitted with eleven SeaBird pH probes.  Eight pH probes were fixed to the exterior 0.5 m ring with the tip of the probe approximately 25 cm from the seafloor.  Data from these probes was logged internally to two CTDs.  The three remaining pH probes were clustered at the center of the control volume along with a micro-CTD. The data from these sensors was relayed to the ROV control room in real time and provided the necessary pH feedback for control of the acid/seawater delivery. The system elements were modeled in a simple graphical user interface (Fig 7).
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Additional instruments were also deployed and/or recorded to obtain background information which was later used to verify the prototype test resutls. One pH sensor was on the MBARI ROV Ventana and recorded during the entire experiment, this unit provided background pH information. An InterOcean Systems S4D current meter was placed 0.5 meters from the seafloor and approximately 5 meters away from the FOCE frame to measure current speed and direction during the duration of the two day experiment. Real time current data was provided by the ROV. This data was used to set the flow ratios on FOCE as a feed forward input in the control loop. Standard CTD data on the FOCE frame and the ROV were also collected to establish the environmental conditions for the systems test. 


One additional device constructed at MBARI was taken along and used to sample the waters independently from the FOCE system. A custom sensor arrangement with pumped flow called the pH sniffer was positioned at a few different spots by the ROV manipulator, Fig. 8. This device was used to sample and verify the equilibrium rates of the HCl concentrations used in the first FOCE deployment. This data was very important to determine the difference between pH equilibrated water and acidified enriched water. This data will be used to modify system parameters around environmental conditions for future FOCE deployments.
[image: image10.jpg]CO2 Storage
==

Control Station

Deep Water
Off-shore

Shallow
Water
Environment

Configured
for Terrain
and Experiment




E. Modes of Operation and Software Architecture 


Operation of the FOCE system is very simple using the graphical interface, Fig. 9. Due to the long time delays required to obtain equilibrium, a box car filter of first in first out values was implemented, and sampling rates were designed into the algorithms to allow pH adjustments in fractions of hertz . This approach is beneficial since the pH sensors are sensitive and prone to appearing noisy as fluid runs past the electrodes. The filtering also uses a simple set of bounds based on the capability of the system to adjust pH. The science user can set these values in the graphical user interface (GUI). The overall ratio of fluid is adjusted by the science user inputs. Then the adjusted mix ratio of sea water to acid is automated based on the  environmental current (initial experiments allowed current to be manually input for testing purposes). The delta pH from set point is then fit to a preset function, a curve that non-linearly adjusts mixing ratios as the delta pH varies further from the mean. The resultant scalar is then used to modify the acid pump rate and inversely adjust the sea water pumps rate thus maintaining a constant fluid flow into the current stream. 

[image: image11.jpg]


Most system parameters can be adjusted on the top level GUI. The control software and operational diagrams were created in LabVIEW™. The approach allowed for very quick software development, immediate testing of each module and addition of features or parameters as desried by the science staff. For example, adding or deleting an additional pH sensor takes only minutes in software effort.

The integrated system and software culminate to give a desired pH value in the control voluem as specified by the scientist. Referencing Figure 9 again, the desired pH level is given by the thin yellow line, the thicker yellow line is the average pH with the entire control volume. The blue, green and red lines are the three pH sensors located within the volume that are used to obtain the average. The average of the pH probes the system homes in on the selected value. The real time graph shows the filtered values of the three pH sensors being incorporated in the control loop. The analog gauge representations show the real time output values of the acid and sea water pumps. The data is collected at the selected frequency of the scientist, this is independent of the filter sample frequency. The system time is matched with the network clock used for synchronization with any other instrumentation associated with the experiment. Time synchronization also allows for multiple FACE sites to properlycorrelate data sets. 
IV. PERFORMANCE / RESULTS
Tank testing of the FOCE system was performed two weeks in advance of the scheduled deployment date. This allowed for fine tuning of the system and making necessary corrections to be sea worthy. A hydraulic ROV thruster was used to create an artificial current in the test tank. The system was placed at a 10 meter depth in the MBARI salt water test facility and allowed to respond as it would deployed at sea. The directional valve worked as designed, porting the acidified sea water flow to the desired up stream side of the frame. The control system also performed as desired, controlling the pumps at the levels specified and mapping to the control curve as defined by engineering. Some minor plumbing changes and tuning were performed in preparation for the field trials.


At sea testing took place on April 12th and 13th, 2005, Fig. 10. The test site selected was within the oxygen minimum zone on a fairly flat area of the Monterey Bay off the coast of central California. Records had indicated the average currents would be in the specified range and the oxygen minimum meant the pH was already low in those waters which would test the systems ability to further depress the local pH. The elevator style deployment went as planned with the system landing within meters of the desired landing site. The system was connected to the ROV using the ODI™ wet mate connector. The system was brought up and exercised with several short duration pH control experiments. The system and all sub-components worked as predicted with the pH change being controlled at +/- .03 units. Troubles were encountered when the local currents went to near zero and eventually completely slacked. The acid enriched water buoyancy issues created a pool of low pH water which was not cleared until the currents picked up again. This was not a performance issue for the FOCE prototype, as the conditions and results were known. 

V. CONCLUSION / FUTURE EFFORTS
· Testing to date has demonstrated the basic feasibility of moving the FACE experimentation concepts for studying enriched CO2 conditions into the ocean.  With minimal resources and limited time a successful prototype was able to control pH within an open area of water within specified parameters as given by MBARI science staff. Further review of the data illustrated that even tighter control is possible as the design incorprates more advanced physical measurements and chemical complexities in the algorithm at the root of the systems control. 

Further deployments are being planned with the prototype system to incorporate more advnaced control schemes. The current system has repeatedly controlled pH within the +/- .20 pH unit bounds. Often the system has been tested to control the pH within +/- .10 pH units. Current designs for the deeper and less energetic environments are looking to attempt +/- .03 pH units for the majority of a deployment. For the more energetic regiems, such as closer to shore in the photic zone, designs are being traded to look at increasing residence time and reduce the amount of CO2 or acid that would be required. Theoretically there is nothing to prevent controlling the flow through the volume under pH control within reasonable mass transfer limits. The specifications and design for controlled  flow still require science review to be sure that the system can accomplish the experiments in situ without adverse impact on the data sets.  

Results have shown thus far that the FOCE initial design is viable. In the context of front-line oceanography, usable results from the first time deployment are always a reason to look to the future.  Now that we have met the first hurdles we have more time to work on several improvements. Among them are: a current meter for dynamic input and an electro-mechanical valve design more sensitivity to current direction low ambient flow rates.  We are also considering the various configurations and applications to accomplish a series of science objetives, Fig. 11
Further testing is planned to expand the FOCE systems concepts into more challenging areas of operation. The first task is to begin addressing delivery of large amounts of CO2 for long term testing that is required for many experiments. Other FOCE modifications for trawl resistance and interfacing with cabled or moored observatories also need consideration. One key topic to address is bringing the system to shallower depths and more dynamic water masses, and matching these to chemical equilibration times. Theoretically, the problems are very addressable and repeatable flow could help the system reaction times. The larger issue is water masses moving past the test site, for example along-shore currents, can dominate the amount of CO2 required. These problems are well defined in terms of the chemistry so the real issue becomes experiment funding and permitting for the necessary quantities of CO2. These issues are being actively pursued. 
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Fig. 8: CO2 Sniffer for Equilibrium Detection





Fig.2: FACE Concept as part of a cabled observatory





Fig. 3: FOCE Prototype in the MBARI test tank





Fig. 6: Soaker hose was selected for HCl release after testing a variety of methods





Fig. 7: System diagram and parameter controls page





Fig. 4: FOCE Directional Control Valve





Fig. 5 : FOCE Concept as a Moored System





Fig. 10: FOCE In Situ Operations 





Fig. 11: FOCE Shore Based Concept





Fig. 9: FOCE Real Time Data Display and Control
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