Design, Development and Field Testing of a Prototype FOCE (Free Ocean CO2 Enrichment) System

Narrative

1. Background

The topic of present and future large scale changes in the chemistry of the upper ocean from atmospheric fossil fuel CO2 invasion is now so widely recognized that it needs no lengthy introduction. The oceanic fossil fuel CO2 invasion rate is now ~ 1 million metric tons CO2 per hour, or alternatively about 1 metric ton CO2 per year for each person on this planet. With modern high precision ocean CO2 survey techniques, coupled with procedures for deconvoluting the fossil fuel signal from the pre-industrial background (Brewer, 1978; Gruber et al., 1996), the fossil fuel signal can be readily recognized throughout the world’s oceans (Sabine et al., 2004). From this we can calculate that the pH of ocean surface waters today is ~ 0.1 pH units lower than pre-industrial. And from extrapolation of widely used scenarios for future CO2 emissions we may expect (absent successful atmospheric CO2 stabilization strategies) further declines in pH, and thus CO3= concentration, throughout the 21st century (Brewer, 1997; Caldeira and Wickett, 2003). The environmental impacts of these rapid and large scale changes have been the subject of important meetings (Cicerone et al., 2004. See: http://ioc.unesco.org/iocweb/co2panel/HighOceanCO2.htm)
papers (e.g. Zondervan et al., 2001; Feely et al., 2004; Delille et al., 2005), and reports ( See: http://www.royalsoc.ac.uk/document.asp?id=3249).
It is interesting that the authoritative series of IPCC reports to date have made no, or very little, mention of this problem. The focus of these reports has been on the physical climate system, and on ways to deal with this problem (Wigley et al., 1996). Large scale CO2 sequestration is being considered, and the soon to be released IPCC WG III Special Report on this topic contains a detailed chapter on direct ocean CO2 disposal as one strategy. This was first proposed more than a quarter century ago (Marchetti, 1977), but it was not until the bold and successful execution of a small scale deep-ocean experiment (Brewer et al., 1999) that active field research began. The extraordinary image of a beaker of liquid CO2 on the sea floor served to crystallize long latent ideas, questions, and concerns (see: 2004. Journal of Oceanography, 60(4) for a special issue on this topic). Stabilization of the atmosphere at (optimistically) 550 ppmv implies the eventual transfer of 6.2 trillion tons of CO2 to the ocean, but it will take many centuries for this to occur. The Special Report will contain a detailed discussion of environmental impacts of elevated ocean CO2 levels.
It is now clear that the environmental impacts of a lower pH ocean must be considered, either in association with, or independently from, climate change, in debates over atmospheric CO2 stabilization. Thus the beneficial effects of ocean CO2 uptake in greatly ameliorating climate change must now be weighed against the potentially harmful effects of increasing acidification. In this proposal we request support for development of novel technologies for assessing this problem, with the aim of providing tools and techniques that may be used by scientists’ world wide.
2. The FOCE (Free Ocean CO2 Enrichment) Approach

Over the last few decades the approaches taken by oceanic and terrestrial CO2 scientists have been fundamentally different. Ocean scientists have engaged in global surveys of the ocean water column, coupled with time series stations and a series of elegant large-scale process studies under the auspices of international programs such as the highly successful JGOFS program. This, coupled with modeling and satellite science, has provided a robust and sophisticated understanding of the large scale changes at work. But, apart from the skillful execution of a series of iron enrichment experiments (Coale et al., 2004 and references therein), controlled open field perturbation experiments have not yet been carried out.
In contrast terrestrial scientists have excelled in such studies, with the FACE (Free Air CO2 Enrichment) experiments providing a prime example. Initiated by the Dept. of Energy, and designed at Brookhaven National Laboratory (http://www.face.bnl.gov/), but now supported by many agencies and nations, the FACE program has allowed scientists to directly explore the effects of elevated CO2 levels on natural terrestrial ecosystems (Delucia et al., 1999; Shaw et al., 2002). It is instructive to read the early accounts in which FACE experiments were first contemplated (Drake et al., 1985) – the prospects seemed daunting, and the quantities required impossibly high. But the need to proceed came from realizing the limits of enclosed system experiments in representing complex ecosystem interactions; the same is true for aquarium experiments versus open ocean systems
But no such experiments have yet been carried out in the ocean. There are good reasons for this: it is relatively easy to construct, deploy, and maintain complex experimental assemblies on land; it is difficult to do so in the ocean. CO2 has no reactivity in air, and so turbulent mixing is all that is required to expose the ecosystem to the desired CO2 level; CO2 has a complex ocean chemistry, with significant times for equilibration of the system due primarily to the slow hydration rate, but in detail due to the equilibration time of the full aqueous CO2 system (Zeebe et al,,1999; Zeebe and Wolf-Gladrow, 2001). The ecosystem responses explored on land involve photosynthesis of stationary species such as trees, shrubs, and grasses; the majority of oceanic photosynthesis is carried out by free floating phytoplankton, with CO2 responses better detected in closed mesocosms. 
Finally one must posit that there may be an unconscious bias towards belief that higher CO2 levels could be beneficial for land plants, but harmful to the ocean, and thus there has been a reluctance to confront the issue by direct enrichment approaches.
Nonetheless there are very good reasons for considering such experiments. Many of the potentially most sensitive and valuable marine ecosystems, such as coral reefs, are “stationary” and accessible, and are expected to be strongly affected by lower CO3= ion concentration (Kleypas et al., 1999; Langdon et al., 2000; Leclercq et al., 2000). Cold water corals too are cherished and protected resources, and are to be found at relatively shallow depths around the north Atlantic basin (http://www.ices.dk/marineworld/deepseacoral.asp). There are many other benthic habitats that are of high ecological value, where the impacts of higher CO2 levels remain uncertain (Seibel and Walsh, 2003).
    3. Progress to date
    A. Solution Chemistry. We have over the last several years developed the skills for carrying out a series of ROV controlled deep ocean CO2 injection experiments of steadily increasing sophistication (Brewer, 2004; Brewer et al. 2005; Barry et al., 2004). In an early effort to examine the impacts of elevated CO2 levels on deep sea animals (Barry et al., 2004) we demonstrated that the reduced pH signal surrounding a pool of liquid CO2 on the sea floor was clearly recognizable (Figure 1), but that the dominant tidal forcing quite naturally produced a strongly oscillating signal.

[image: image1.wmf] Figure 1. The pH signals recorded at distances of 1m, 5m, and 50m, distance from a single CO2 source placed on the sea floor. The effects of electrode drift have been removed, and the data sets are off-set for visual clarity. The background oceanic pH is about 7.6. The effect of the tidal velocity ellipse is to advect the CO2 plume past each sensor with about a 12.4 hour period. From Barry et al. (2004).

Figure 1 demonstrates quite clearly that if a coherent and stable exposure of a site to elevated CO2 levels is to be carried out, then surrounding the area with a ring of emitters in a manner analogous to FACE experiments, is an essential requirement.
In other work we have formally recognized the complexity introduced by the finite time required for equilibration of the CO2 system in sea water. The phenomenon is clear to every scientist who has performed an alkalinity titration, where the time taken for stability of the first point on the curve requires extraordinary patience. An authoritative account is provided in the text by Zeebe and Wolf-Gladrow (2001; Appendix C.7). In field studies we have observed (Brewer et al., 2005) the effect of large quantities of free dissolved CO2, not yet reacted H2O, in the plume emitted from a liquid CO2 source, and thus not detectable by a pH sensor. A correction for this was applied by examining the decrease in conductivity observed (Brewer and Bradshaw, 1975).
The published rate constants (Johnson, 1982; Soli and Byrne, 2002) and models at one atmosphere pressure may not serve as wholly reliable guide for experimental design. In Brewer et al. (2005) we noted the extraordinary speed with which pH equilibrium was reached (T=1.9(C, Depth = 3,960m) when the plume fluid was trapped in a closed loop flow cell. We suggested that a strong pressure dependency existed on the reaction system
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in which the large negative partial volume change occurring on reaction of CO2 with sea water favored a strong increase in the hydration rate with pressure. 

This idea was further developed in Nakayama et al. (2005) where a controlled series of acid, and CO2 rich sea water, injections was carried out at several depths to explore the practical system equilibration times. The results (Figure 2) were striking
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Figure 2. The data record of pH changes from a series of three injections of acid at a depth of 500m. The pH electrode output is sampled at 2 Hz. Mixing in the cell accounts for the initial rapid (pH, and the chemical system then relaxes towards equilibrium with a time constant defined by the shape of the pH-time curve, which here trends exponentially to lower pH with time. This is consistent with formation of an intense cloud of CO2 at the point of injection, followed by hydration of the excess CO2 to form HCO3-.

We are continuing to address this problem. Preliminary results show that the equilibration time at a depth of 500m is approximately a factor of 3 faster than at the same temperature and 1 atmosphere. The exact mechanism is unknown, however ab initio molecular orbital models of the reaction CO2 + H2O ( H2CO3 (Jonsson et al., 1977) point towards the effect of pressure on the hydration sheath of the dangling proton of the reacting H2O molecule. We are now directly comparing the experimentally determined equilibrium times with the model given in Zeebe and Wolf-Gladrow (2001).
B. Proof-of-Concept System. 
Armed with the information above we assembled a MBARI team with the aim of developing and testing a small proof-of-concept FOCE system. The initial design was to use acid release to generate a small, well controlled (pH of ~ 0.2 inside a control volume. The system was to be “stand-alone” internally controlled once power was supplied, and to have active feedback control from an array of pH sensors and measurement of local velocity. The choice of acid to create the change in pH was for simplicity in this initial stage. Design and testing of a system for release of CO2 enriched water is now proceeding. 
[image: image4.jpg]
The test system design is comprised of a series of subsystem components; Frame, Directional Control Valve, Mixers and plumbing, Controls, pH Instrumentation, and Science Instrumentation. Each subsection was designed and built to be as simple as possible while being assured of later integration. The system is shown, deployed in the MBARI test tank, in Figure 3.
Figure 3. The prototype FOCE frame deployed in the MBARI 10m deep test tank. The flotation pack is on top, cubitainers of acidified sea water are below, the current vane is center, and the control module is at left. The vertical lines on the bottom ring are the emitters. The design is basically comprised of an outer emitter ring, and an inner control volume with the space between the two arranged so as to provide time for mixing and relaxation of the system towards chemical equilibrium.
 The FOCE Frame

The frame is a simple 6061 aluminum weldment with cross wire bracing, (Fig 3). At the base of the frame are two pairs of horizontal rings, set 0.5 meters apart. The outer 2m diameter rings provide structural support for an array of vertical acidified-seawater emitters.  The inner 1-meter diameter rings define the boundaries of the pH control volume. Eight mount points are equally spaced along the upper 1-meter ring for a horizontal array of pH probes on the perimeter of the control volume. A center post holds 3 pH probes in a vertical array with equi-distant separation to provide the control inputs for the system. Four vertical struts hold an upper pair of 2 meter diameter rings approximately 1.5 meters from the bottom of the frame. In a developed system the acid/High CO2 water would be piped in: here eight bays hold plastic crates to provide holding places for the cubitainers used as HCl holding tanks. Above the top ring is a flotation pack. This configuration allows the prototype to be treated as an free-fall elevator system which is easily deployed and recovered using standard operating practices. 

The Directional Control Valve


Passive control for directing the upstream release of the HCl was selected to keep the electronics and equipment simple. Although later designs will use solenoids and electronic control it was determined that for this initial proof of concept field trial a mechanical current vane would suffice. The valve is required to respond to the ambient current and direct the to-be-injected acidified seawater flow to the upstream plumbing side of the FOCE frame. The vane turns a rotor in currents as low as 5 cm/sec and appropriately directs flow to 2 adjacent sectors on the frame (out of a total of 8).  An interior stator has a single grooved input port arrangement and 8 o-ringed output ports corresponding and leading to the 8 sectors of the frame. The material selected for valve construction was polyetheretherketone (PEEK). A combination of machinability, dimensional stability, tolerance to low pH fluids, high ambient pressures, salt water environment, minimal friction/stiction of the rotor assembly, reasonable sealing of the dynamic seals and good response to ambient currents and deployment parameters made PEEK a good choice. PEEK also provided a strong attachment point for the large vane to the rotor.  A preliminary analysis of drag in seawater under a current regime of 10-30 cm/sec yielded a vane of about 1600 cm. sq.  Another requirement was near zero response to gravity or buoyancy when deployed on a non-level seabed. The bearings are Torlon for axial loads and Zirconium Oxide (ceramic) for radial loads to keep friction as low as possible. The port seals selected are silicon encapsulated with Teflon (FEP) which gave a good sliding seal with minimal friction.  The port seals required several trial configurations of varying tolerance before a first article was completed.  The Teflon worked well to reduce friction but the cold-flow tendency of this material was found to create changing conditions with time.   
 Flow Control
A system of pumps and tubing was attached to the FOCE frame to deliver the HCl solution through the central directional valve and out of the emitter tubing.  For the acid delivery, eight 5 gallon (20 liter) plastic cubitainers were united at a common manifold that was then connected to a Cole Parmer peristaltic pump head. This pump head was driven by a variable speed electric motor.  Seawater was delivered to the system by an identical Cole Parmer peristaltic pump head and motor assembly.  The inlet for the seawater pump was located near the top of the FOCE frame.  To measure pumping rates and delivery volumes, a Gems Hall effect turbine flow rate sensor (MEPS FT-110 series) was placed in-line downstream to each peristaltic pump.  Real-time data from these sensors was then used to control seawater/acid mixing ratios. The seawater and acid lines were joined at a second manifold that provided adequate mixing prior to delivering the solution in a single line to the central directional valve. At the outer (emitter) ring, the nylon tubing was connected to 0.25” OD PVC garden soaker hose arranged vertically around the perimeter. The choice of soaker hose permitted a large emitter surface area and minimized system backpressure at high pumping rates.
 Modes of Operation and Software Architecture 
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        The FOCE control system utilizes a simple design concept (Figure 4). 

Figure 4. The Controls Concept Diagram for pH feed back and Current feed forward inputs.
Input signals to the control program are regulated by sampling the 3 central pH probes at low frequency (1 Hz) and the application of box car filters (30 samples).  The 3 pH records are then averaged. This approach is beneficial due to both the inherent time lag in the system (distance from acid emitters to pH probes), and because the pH sensors are sensitive to small changes in pH  due to incomplete mixing of the added acidified seawater with ambient seawater. The filtering also uses a simple set of bounds based on the capability of the system to adjust pH. These values are set in the graphical user interface (GUI). The ratio of sea water to acid mixing is based on the estimated current. 
Figure 5. User GUI system diagram and controls page.

The delta pH from the set point is then fit to a common curve. A percentage scalar is then determined and used to adjust the acid to sea water pumps ratio in an inverse manner. Most system parameters can be adjusted on the GUI. A system diagram shows the component and values the user can adjust (Figure 5). The control software and diagrams were created in LabVIEW™. [image: image6.png]5! FOCE (beta)
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Using this approach, the software was quickly constructed and lab bench tested. A key feature of the system is the ability to set the desired pH value. Using the average of the central pH probes the system seeks the value selected. 
A real time display shows the filtered values of the three pH sensors being incorporated in the control loop. The two pumps can be readily seen and the operative ratios are settable from this page.  The relative adjustment [image: image7.emf]Current
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of these parameters is modified by the estimated current input, or feed forward estimates for system delay and mix ratio of HCl to sea water. Figure 6 is the real time graph obtained and the resultant output of the system. 
The red, blue, and green lines are the individual pH probes. The yellow line is the averaged value of the pH probes, providing an estimated average pH for the control volume. The graph in Fig. 6 shows a step response to an HCl input through the control volume. The analog gauge representations show the real time output values of the HCL and sea water pumps. Above them are red bar graphs which give the ratio in percent. In this example, one pump is shown at 100 percent while the other is at 0 %. Operational and control data is collected at a frequency selected by the operator. This setting is 
Figure 6.  Real time graphical display of system output, showing pump rates (left) and the system response, adjusting to a lower pH set point.

independent of the filter sample frequency. The system time is matched with the network clock used for the other instrumentation on the ROV. This aids in post-dive data and 
Proposed Research

We propose to extend the work described above, with the aim of creating a system that is designed, tested, and documented well enough so that it can be deployed at any desired site. This means that the basic principles of ocean physical forcing, varying equilibration rates with temperature and pressure, sensor and valve technologies (lifetime, servicing), control algorithms etc. be well understood. The physical dimensions of the proof-of-concept system above are chosen arbitrarily for operational convenience in testing. The much slower ocean vs. atmospheric velocities means that much larger dimensions than those above are achievable and may be desirable. Further the rigid frame design may be modified to accommodate real terrain, the superstructure holding acid etc. (Figure 3) must be separated and located to one side. And a series of rings with varying (pH, and blank controls, must be integrated into the system. For short term experiments designed to test operating systems the required quantities of acid and/or CO2 can be contained and carried down to the site, and electrical power can be supplied by an ROV. But for longer term durations cabled electrical supply, coupled with piped flow of acid and/or CO2 must be used. Thus near shore, shallow sites will be initially preferred.
The work will be carried out at MBARI, with initial field deployments in local waters.
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Fig. 9: Real time graphical display of system output 
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