In Situ Ocean Acidification Environmental Observations: MBARI’s Cabled Observatory Technology for Controlled Studies of Changing Ocean pH
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Abstract - This poster explores modifications to the design, fabrication and implementation of the field tested prototype Free Ocean CO2 Enrichment (FOCE) system. The proof of concept prototype system was able in the field to control pH perturbations from acid release simulating CO2 induced pH changes in specific habitat experiments. The acidified flow was pumped so as to maintain a constant delta pH under varying environmental conditions. The modified FOCE system concept is to be powered and supplied by a cable and pipe system from shore, and to move towards CO2-rich water rather than acid releases. Discussion of the FOCE test results to date indicates paths to improved performance, with a primary problem being system design to accommodate the slow kinetics of the CO2 hydration reaction in sea water. This paper discloses current MBARI science and engineering efforts and concepts towards an ocean observing system solution by integrating the chemical kinematics of the CO2 –water reaction and the next step in FOCE development for in situ science. 

I. INTRODUCTION


Societal acceptance of ocean acidification as reality has been a debate from the early idea proposed by Marchetti in 1977 [1]. Ocean CO2 proposals such as sequestration as well as the established daily “passive” acidification of the ocean are recognized as important issues by science and society. The question has transferred from ‘is it happening?’ to ‘what is happening?’ That change of focus provided the drive for science researchers and the engineering staff at the Monterey Bay Aquarium Research Institute (MBARI) to pursue a series of new interesting experimental opportunities. One such opportunity is the Free Ocean CO2 Enrichment experiment (FOCE). 

The physical location of MBARI provides easy access to the deep-ocean as well as teams of science and engineering at the same facility. Access to these assets enabled MBARI support our venturing into small-scale in-situ experimentation in attempts to provide some insight into the questions being posed. Earlier the prevailing concepts in many sectors favored a principle that the ocean is a big place and can absorb a tremendous amount of CO2[2].  The slightly basic chemistry of seawater makes the uptake of CO2 from the atmosphere a natural process. As the CO2 is absorbed the result is the ocean pH must drop. The pH cannot return to pre-industrial values until natural weathering of silicate rocks produces run-off that can dissolve in the ocean to bring back equilibrium. That process works over time scales in the order of 104 years. It should also be noted that the slightly basic pH value of sea water has been predominant during geologic time.  


Presently a third of all anthropogenic generated CO2 emissions are absorbed annually by the ocean. This approximately equates to 2 giga-tons of carbon (7 tons giga-tons of CO2) per year. The atmospheric levels of CO2 are increasing the chemical disequilibrium and therefore create a similar response in ocean absorption. The natural kinetics of CO2 chemistry over time will eventually 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. The proof of this is a pH change of -0.1 in the current upper ocean with projections showing this will continue to decrease over this century another -0.2 units at a minimum[2]. 

The established pH change leads to the next phase, questions about what do these changes mean? Will carbonate be disrupted such that coral reefs will be substantially damaged? Will plankton be adversely impacted? Will any of these effects transfer into the fisheries society depends on? The FOCE experiment was created to provide a test platform for addressing a broad spectrum of ocean science issues associated with anthropogenic pH change in the ocean. The prototype FOCE was designed to create and actively control a commanded lower pH environmental condition, maintain the condition within boundary parameters to establish feasibility. The first efforts have been accomplished successfully enough to show the concept can work and would allow in-situ multi-discipline science experiments to conduct observations and perturbations over a desired temporal scale. 
II. FOCE CONCEPT

MBARI has performed a series of small scale CO2 experiments over a number of years [3,4,5]. These experiments have focused on the chemical dynamics and allowed MBARI to gain specific skills useful for developing FOCE. Science observation of CO2 hydrates, and measuring reaction kinetics, has helped establish the dissolution rates and equilibration fundamentals necessary for the engineering system design. Other experiments have correlated amounts of CO2 released at a central pool and the observed pH disturbances of the surrounding water over time and tidal cycles to establish technical performance specifications.  Additional studies have observed the impacts on the local biota [6] to further develop the concept specifications.  For example, early experiments quickly disclosed various problems of large pH excursions driven by the tide cycles. The experiment demonstrated that for longer term observations much more control is required for the environmental manipulations of total dissolved CO2 to obtain and maintain a desired and stable pH value.

Analogous experiments have been carried out on land for a number of years performing routine large scale CO2 enrichments called the Free Air CO2 Enrichment (FACE) [7] (Fig. 1). Numerous designs of towers in a host of different environments release CO2 into the local air at controlled rates. Release rates are controlled using wind speed and direction. FACE experiments emit various amounts of CO2 at selected sites simulating future CO2 conditions. one specific location releases about 1,000 tons CO2 per year exposing the local vegetation to the anticipated levels of CO2 expected in the later part of this century.
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Fig.1: A FACE (Free Air CO2 Enrichment) experiment in Wisconsin.

The FOCE concept and prototype system is directly based upon the multi-year efforts and success of the FACE systems. The specifications were modified to address the environmental difference of being in the ocean.  The technology challenges in the ocean are substantial: being in an incompressible fluid, currents, CO2 chemistry, mixing dynamics are all variables in successful closed loop control. The initial concept can be seen in Fig. 2. To accomplish a prototype quickly, a key decision was to substitute diluted hydrochloric acid (HCl) in place of CO2. The use of acid afforded simplicity in delivering the CO2 chemistry, seen in Fig. 3, while keeping the system contained to one manageable package that could be delivered as an elevator to the test site in a single deployment. 


Fig.2: FOCE (Free Ocean CO2 Enrichment) experiment in MBARI Test Tank.
[image: image1.jpg]The design of the FOCE prototype allows for easily switching over to CO2 in the future but for proving the concept the HCl was a much easier deployment design since it was a temporary installation, seen in Fig. 4. 


Fig.4: FOCE experiment deployed in the Monterey Bay, note containers of HCl around upper ring.
The operational requirement from science is to create and hold a given pH value with in the internal 1 meter diameter frame area. The primary control variable was therefore pH and we used pH probe readings as the input for control. Because pH probes are point measurements with lag times themselves a calibration procedure was used and correction factors were included in the software for the prototype. The approach presented several challenges since the dynamics of pH change is dependent on temperature, pressure, and time for CO2 to equilibrate with the sea water. Additionally, we recognized that a natural time delay exists in the system based on scale. Steady state performance is easily upset by small current changes before 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. The selected current speed range allowed us to show the technology of the system could react fast enough within the preset constant distance over a current regime to maintain a controlled (though not at full equilibrium) change in pH within the volume of a small frame using limited amounts of HCl. The differential in buoyancy was managed by pumping the HCL fluid and ocean water together in tubing far enough removed from the release point to allow a premix and reaction start in a semi-controlled environment. Measuring the background pH and bounding the desired pH within an order of magnitude from previous experiments, +/- .20 pH, gave liberal adjustment and allowed us to ignore buoyancy issues as long as the current speed was within the specified range. Limiting the testing of the prototype this way demonstrated the FOCE concept was feasible and could provide a stable and suitable environment for in situ studies, shown in Fig. 5. The approach, as outlined, gave MBARI’s FOCE team of science and engineering results from the in situ deployment that were satisfactory to gain support for the next phase of development. The next issue to be addressed is scalability for a variety of other environments to do long term in situ studies. 

 Fig.5: FOCE control loop using current velocity and pH sensors demonstrated it is possible to obtain a desired pH with a +/- .20 pH tolerance.
III. NEW FOCE REQUIREMENTS


The FOCE prototype selected test site was within the oxygen minimum zone on a fairly flat area of the Monterey Bay, California. The site was selected to be in the oxygen minimum which meant the pH would already be low in those waters. Our reasoning was this would test the systems ability to further depress the local pH when the available buffering was at a minimum. The system and all sub-components worked as predicted with the pH change being controlled at +/- .03 units as long as the currents were within the specified range. We encountered some trouble when the current approached zero m/s. The acid enriched water created buoyancy issues and a pool of low pH water sank around the emitters and was not cleared until the currents picked up again. Since the prototype design conditions were known with predictable results we don’t consider this a performance issue for FOCE but it is a boundary that condition that should be managed in a full scale deployment. 
Testing has indicated to us that the most difficult issue to address in developing a full scale FOCE system will be the sensitivity of the CO2 reaction to temperature and pH. There is also a pressure effect but it is small enough that we ignore for our purposes. The kinetics of the chemistry creates a lengthy e-folding time (τ) to reach equilibrium. The current FOCE system is performing as requested but the chemistry is incomplete within the timing of the frame and exposure time required by CO2 to complete the reaction outlined in Fig. 3. The pH sensors are measuring the H+ ions from the concentrated acid and not truly CO2 acidified water. After a series of experiments performed in situ, MBARI science has verified the CO2 kinetics model of Zeebe and Wolf-Gladrow [8]. Using a series of other experiments MBARI science has determined this is the most representative model to use in determining the CO2 relationship between time and temperature. Figure 6 illustrates the temperature and pH relationships at various states and the resulting calculation for a 3 e-folding time of τ. The definition of 3 e-folding time is that (1/e)3 and this results in 95% of the reaction being completed. The impact of this time lag is translated into engineering requirements which can be stated as: 150 seconds contact time is required for the specified amount of CO2 in seawater before reaching the site of interest when the initial conditions are 4 OC and a pH of approximately 8.0. The model yields a highly non-linear curve with very strong pH dependency. The reaction is autocatalytic to a certain extent as observed in the slope change when pH lowers the resulting reaction goes faster. Prior to CO2 introduction the equilibrium state of the sea water at a given temperature is at the peak of a given curve. 

 
Fig.6: FOCE system delay in the control loop is determined by the local initial conditions.
Once the e-folding time has been taken into account the FOCE system can be sized based on a range of currents. The fastest current regime would of course define the maximum size. The upstream distance to reach a state of 95% reaction equilibrium (τ3) at a maximum current of 8 cm/sec in 4 OC water is easily calculated to be 12 meters. If 86% of reaction equilibrium is acceptable (τ2) the distance is reduced by a third to 8 meters. Other alternatives to consider are to limit the current speed within the control volume. Therefore a 6 cm/sec maximum current at 3τ would equate to a distance of 9 meters. The options are numerous and we believe diverse enough that the in situ site for long term science would warrant a modified design. The next issue to be addressed is the delivery of the CO2 and understanding the quantity needed to accomplish the science. 

Current predictions for future ocean acidification values have stated numbers for the ocean surface from .30 to .40 pH lower by the year 2100[2].  Those same models predict values of .10 at depths below 500 meters or so. Therefore, depending on the science a range of .10 to .40 plus some tolerance would be required of the FOCE system. Using this belief, MBARI engineering has selected a .50 ΔpH as the maximum value required for a long term in situ experiment. The .50 ΔpH is a ratio of the initial condition of H+ to the final condition of H+ which also only occurs in nature in a natural band of initial pH conditions from the surface waters of a coral reef to a depth of 4000 meters. The initial pH conditions range from 8.2 pH to the oxygen minimum layer with a value of approximately 7.7 pH. Taking these factors and using a 1 meter by 1 meter cross-section and an average current of 6 cm/sec to calculate for ΔCO2 we obtain an average value of 183.4 μmols/kg would be needed per day to conduct this experiment. Converting this answer into units of liquid CO2, FOCE would require approximately 0.17 cubic meters (6 cu. Ft.) or about 136 kg (300 lbs.) per day. This equates to approximately 55 tons per year for a single FOCE experiment. Using the land based FACE experiments as a point of reference they release approximately 1000 tons annually at a large site and 100 tons at an average site.  A typical FACE CO2 and delivery system can be seen in Figure 7. 
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Fig.7: Typical FACE system storage and delivery piping system. The main tank in the center is approximately 2 meter diameter for scale. 

Image from http://www.bnl.gov/face

Although the FOCE system and basic requirements are fairly reasonable there are details to be worked out with science which are still critical to understand. First, we’ve established the amount of material to operate FOCE site is reasonable but discussions are still needed to determine material delivery. Delivery has two aspects of high level importance that have major impact on the technology design and implementation for any given FOCE site. The first is the operating depth which impacts the regulation and delivery on site of the CO2 into the environment. The science depth requirement determines if the system will need to manage possible clathrate formation which in turn narrows options of how CO2 injection can be achieved in situ. One example of this is we know if we mix a 50% CO2 and 50% N mixture there will be no hydrate formation, however the amount of material delivery required is approximately doubled. The second important aspect of location is proximity to shore. The proximity has a direct impact on the infrastructure a FOCE system requires to successfully run unattended for a specified duration. The duration for unattended operations will be determined on a case by case basis using cost-benefit analysis to obtain the lowest operational costs for the science mission and negotiating what the project can afford versus added value. To address these last issues several variants of FOCE have been and are being explored, but the system originally was conceived to be part of the Ocean Observatory Initiatives (Fig. 8) that many researchers and governments are investing in today. 
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Fig.8: FOCE system as originally conceptualized based on the FACE experiment infrastructure.  
IV. FOCE TECHNOLOGY


The FOCE prototype design was comprised of several distinct subsystem components. The notion of modularity was implemented so that future configurations could be easily integrated and tested while holding all other items constant. As previously discussed, prototype data has indicated that we can improve performance to give a highly accurate and sustainable environment for in situ multidisciplinary science. Compromises will still need to be traded for each FOCE implementation at a given site.  

The first element we have started to modify is the control algorithm. The original algorithm can be simplified in some ways but we believe will require a series of available filters implemented for current inputs so tune the system for deep water circular implementations versus the linear implementations we envision might be more useful around a shallow reef environment. The original algorithm used a process of pumping inverse amounts of sea water and the HCl based on pH feedback while the velocity of the pumps matched the surrounding current. This approach meant that the amount of fluid premix released into the sea water current stream could be predictably controlled. The original testing and science kinetic studies have given us requirements for CO2 and sea water mix time, 3τ as previously mentioned. The lag time is preset based on the temperature and initial pH conditions. The current speed and direction are variables as before but unless we completely substitute premixed sea water we must have a stream wide enough and resident for long enough to reach equilibrium. 

Our current concept is to capture current data acoustically by averaging over a vertical scale slightly higher than the FOCE area of interest. To obtain the necessary lag time we have several concepts in mind, however two are likely the most practical for the chemical kinetics to complete. The first approach is to build the system large enough that the natural travel time is sufficient within an acceptable range for science. To do this the FOCE system would be relatively large for an average sub-sea science structure, approximating the size of the on shore FACE 15 meter rings.  The second option is control the speed of transition across the FOCE experiment. This can be done by use of the natural site behaviors, such as the linear nature of many shallow reefs washing in a very linear fashion towards shore and then back again. We refer to this type of constrained FOCE as a flume, Fig. 9 shows a small scale flume configured  for an in situ  kinetics  experiment. 
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Fig.9: Flume entering MBARI’s test tank prior to deployment in situ for CO2 kinetics studies.  
Another option for velocity control is to divert and control the flow through the FOCE area of interest. This form of physical control model does have some impact since the natural flushing of the area is slightly restricted. However the benefit of this approach is the amount of CO2 and power required can be bounded and therefore reduce the overall costs of operation (Fig. 10). The ability to control flow might be very desirable for remote sites where access is difficult or sufficiently costly that the science could be in jeopardy of obtaining support. 

The enabling technology for many of these concepts comes from external sources already well established. The power necessary and the deliver systems for CO2 or other materials as necessary are also readily available. Although pH sensor technology has limitations as currently available, we have specific solutions to work around the issues that will work except for the more remote applications where no maintenance could be accomplished over a span of a year or more.  
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Fig.10: The basic frame of a circular FOCE with restrictive louvers, either active or passive as needed.  
V. CONCLUSION 
Testing at MBARI has demonstrated the feasibility of FOCE experimentation for studying enriched CO2 conditions in the ocean. The previous technology hurdles are no longer limiting us from proceeding with the next phase of FOCE. 
The science community and governments around the world are proceeding together in the pursuit of ocean observatory installations and advancing the technology. We believe FOCE is very timely in taking advantage of those emerging technologies and offering technology solutions that can assist with serious and societally relevant questions about anthropogenic impact on our environment.
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Fig.3: Rational of HCl substitution for CO2 chemistry reaction in the prototype.




















