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1.0 Introduction

      In the early 1970s, public concern about the effects of acid rain initiated legislation to study, quantify, and address the effects of acid rain.   In this era, little data was actually available to quantify the effects or even the mechanisms of these phenomena.   As a consequence of the initial ambiguity around this topic, even today the public still approaches this area with preconceived ideas of the implications and underlying mechanisms.  In some instances, these notions are not necessarily even scientifically based.  The body of research initiated by legislation stemming from 1970s concerns concluded that SO2 is the primary acid rain precursor and NO2 was secondary and comparatively minor mechanism.  Of the industrial sources, coal-burning utility plants are the largest contributor.  The successful operation of these facilities is instrumental to the future success of the United Stated economy.  This precept, coupled with the current socio-political attitudes about this topic, creates an interesting and urgent topic of study.  The influence of sound rational scientific basis is tantamount to the deployment of appropriate control technologies.  Control technologies include the retrofit of existing facilities as well as implementing best practices in the design of new facilities.  Initially in industry, these mandates are perceived as added overhead.  However, the optimization environment surrounding the appropriate implementation of control technology often leads to better process control and in some cases lower operating costs.

     The focus of this review is SO2 control in stationary power production facilities.  However, the nature of acid rain precursors, SOx, NOx, CO and the most recently considered greenhouse gas pollutant CO2, is such that SO2 removal cannot be considered exclusively. Oftentimes, the most efficient processes are those which do not necessarily remove the greatest amount of SO2, but most efficiently address the net amount of all acid rain precursors.  Furthermore, this is seldom accomplished in one step, but requires several steps, the order and efficiency affecting the operational efficiency of each subsequent step.

     This topic has a very interesting dichotomy.  Minimizing the environmental impact of SO2 is not always synergistic with producing cost effective power and this is fact worthy of significant consideration in the context of a state of the art review.  Optimization of one component without macroscopic consideration of the system yields results difficult to incorporate into an overall control scheme.  In some cases, this is the result of an innovative concept requiring subsequent research.  However, in other cases it is the result of an experimental approach that may be too narrow to provide practical implementation.  As a result, technologies which are in or on the verge of practical utilization in the form of retrofits or next generation utilization are more significant than narrowly defined bench top experiments.
2.0 Technological Context

      In the US, coal is the most abundant and cost effective source of energy (Bauer, p27A and the primary SO2 generator is coal-fired electric power plants (Taylor, p. 4527).   In order to remain cost effective without compromising the environment, SO2 control retrofits and control processes for next generation power plants are needed.  Start-up facilities face near zero pollutant restrictions.  Hence, the same technology used for “good” retrofits are not necessarily the solution for next generation plants. In current plants, the approach to controlling SO2 emissions has been twofold- switching to fuels that contain lower sulfur or installing retrofits to capture SO2 before it is emitted.  The importance of macroscopic consideration was previously mentioned.  However, a final issue confounds the development of SO2 removal technology.  Coal is not a chemically consistent source.  Huge geographical variations exist as well as variations within each seam.  The status quo state utilization of low sulfur coal as a control technology is driving excavation of low sulfur coal at the exclusion of higher sulfur seams with lower environmental and geological mining impacts (Hayvanovych, P. 1186).  Hence, a toolbox of SO2 control technologies may be necessary as trying to find an exclusive approach.  

3.0  SO2 Removal Strategies
   3.1 Wet SO2 Removal

     Flue gas desulphurization (FGD) is a broad category of control technologies.  In general, however, the key chemical phenomenon being monopolized is absorption.  There are multiple approaches to implementation.  Spray towers and scrubbers seek to maximize mass transfer of the contaminants by spray nozzles loaded hydraulically or steam atomized.  Spray towers are typically designed with vertical countercurrent flow in which the gas rises upward and liquid flows downward.  The most widely used liquid slurry of calcium compounds (Harriot, p 254).  The technology itself is proven and widely implemented (Matsuoak, 648) in the form of retrofits and new design.  However, retrofits can be especially difficult due to the size of the scrubbers required. On start-up constructions these can be integrated into the design, often with less capital impact than retrofits. In addition, the water requirement of both of the following detaining processes creates significant costs in terms of the requirement of water on hand and waster water treatment.  While the authors advocate both as fairly low cost upgrades, neither author, Harriot or Ortiz, provides operational consideration of this area.  Finally, as the use of limestone slurry based technology increases for SO2  removal from exhaust gases the amount of CO2 production increases (Srinvasan, p 1464).

    An option for SO2 removal in existing plants is injection of the lime slurry by spraying it directly into the flue gas at a point amid the air preheat and particulate collection equipment.  In this scenario, the SO2 is absorbed and collected with fly ash via a baghouse.  Harriott estimates this technology could be utilized on approximately 42% of all uncontrolled utility boilers, which accounted for 60% of the total SO2 emissions from uncontrolled units.  The largest constraint in implementing this technology is adjusting the flow rates and/or lengthening the ducts to provide sufficient residence time to the facilitate evaporation as the gas flow cools.  The amount of SO2 removal is dependent upon the initial SO2 concentration and ability to increase the residence times.  Harriott assessed 6 power plants and with current duct sizes he determined that between 35-72% of the SO2 could be removed.  For every plant to be able to meet a 50% minimum hurdle the air duct in half of the plants would have to be enlarged or a vertical or horizontal chamber inserted to increase the residence time.  While this technology falls far short of eliminating SO2 or even getting it in the 90% or greater category required on new installations, it is a fairly cost effective reduction approach (Harriott, pps 255-257).

     Ortiz and Ollero detail another approach to in-duct desulphurization.  In a pilot plant, utilizing advanced in-duct desulphurization (DSI) process efficiency increases on the order of 3 over standalone systems as reviewed by Harriott.  In addition to the increased efficiency, less product requiring disposition is produced.  In the Ortiz and Ollero scenario dry limestone is injected into a humidified flue gas stream and the subsequent material is collected in an electrostatic precipitator or a fabric filter.  The primary operating considerations are balancing the Ca/S ratios with sorbent utilization.  For example, as the Ca/S ratio is increased the SO2 removal yield is proportional, but a lower amount of the effective sorbent surface area is utilized (<35%).  Improvements can be made by collecting fly ash upstream from the sorbent injection point, recirculating the sorbent from the final electrostatic precipitator, and humidification of the recirculated sorbent in a pugmill, preferably with seawater.  Sea water humidification increases efficiency on the order of 5-15% by presumably by affecting the adiabatic saturation temperature.  However, the corrosive impact of SO2 is an important consideration.  In the presence of sea water, SO2 corrosiveness as well solid deposition could reduce efficiencies and limit cost-effective use of sea-water in a long term commercial application.  Ortiz also determined that DSI efficiencies were greater with a fabric filter than an electrostatic precipitator.  Hence, increased operational costs and/or lower than theoretical efficiencies should be factored in terms of materials and downtime associated with changing filters in a bank or the operational cost of maintaining two parallel banks.  It is also important to note that commercial application of this type of system would require carefully sizing so as to prevent the final fabric filter from being a process bottleneck and to ensure adequate detection/process stoppage or switching in the event of break in the filter (Oritz, pp 6625-6631).

     Another option for spray tower based FGD is replacement of the limewater slurry with seawater.  Seawater is quite alkaline, hence an alkaline sorbent is not required.  The most glaring disadvantage of this process is that it requires coastal power plant location.   In addition, 4-5 times more water throughput is required compared to the liquid throughput of a conventional limestone slurry application.  Finally, some ambiguity still exists around the reaction kinetics.  However, overall pH control is very important.  Therefore, well-developed real-time analysis and complex feedforward process logic control is necessary to optimize sulfur oxidation (Vidal, 99 2795-96).

     A resounding theme throughout the research is the need to tightly control and adjust combustion process as variations are encountered.  This can have a dramatic impact on properly driving/adjusting process kinetics as well as translating successful bench top studies to robust industrial processes.   This would not only enhance the efficiency of future state, but current processes closely associated with changes in the combustion process or products as in Temperature-Programmed decomposition (TPD) (Sugawara, p 205) and pressurized fluidized beds (Huang, p 1474).  However, in most of the literature this is more of an afterthought than viewed as an opportunity to maximize efficiency.  

   3.2 Dry SO2 Removal
     Typically reaction kinetics are controlled by pH, temperature, and pressure.  Achieving this control requires additional treatment agents or significant energy expenditure.  Another opportunity that enhances reaction kinetics non-chemically with low energy expenditure is the use of pulsed corona technology to enhance the gas-liquid transfer and subsequent absorption.  The effect requires little energy and greatly enhances alkalinity in a controllable and readily reversible manner (Lee, pp 2031-2).  This technology is still in the developmental stage.  

     Dry methodologies for post-combustion desulfurization remove the constraint of high water volume usage and effluent treatment/disposition.  However, the application is limited because much higher amounts of sorbent are required.  Introduction of calcium containing species directly into the combustor has been examined as a method to increase sorbent efficiency without introducing water.  The greatest success has been achieved in this area on lignite coal.   Bituminous coal is less successful because there are less carboxyl or hydroxyl groups to drive coal oxidation (Fujiwara, p 541). Subsequent attempts have been made to introduce ion exchange sites, but ultimately the treatment methodologies for treatment of bituminous coal today lead back to lime mixtures in aqueous solutions (Matsuoka, p. 648).  

     SO2 adsorption with zeolites synthesized from fly ash is another dry alternative also seeks to diminish the disposition and treatment issues surrounding limestone based abatement.  Furthermore, it does not increase the production of CO2 as is characteristic of limestone based FGD technologies.  Two methodologies, one in terms of a fixed bed reactor and the other utilizing zeolite particles injected in the flue gas in a manner similar to conventional limestone reduction were considered by Srinivasan and Grutzeck.  The zeolites were synthesized from fly ash.  Several varies sources of fly ash were used and subsequent analysis indicated the final zeolite content was not strongly linked to the initial fly ash carbon content.  In terms of performance, zeolite dryness proved to be more important than the actual methodology structure utilized to introduce the zeolite, particulate or bed.  A microwave dried sample was able to adsorb 3 times as much SO2 as an air dried sample (Srivinivasan, pp 1466-68).  The initial results demonstrate a very promising technology warranting subsequent study.  However, there are too many unknowns, such how long the SO2 can be adsorbed, if it can be recharged and effluent SO2 captured for some other use via a pressure swing absorption scenario in a more efficient/permanent media or retained as a concentrated gas with some new use.

     An option increase the efficiency of ZnO and zinc ferrites has been the use of graphite to increase pore formation capability.  On the first few passes this option shows promise, but after about 20 passes the degradation of the sorbent is still an issue, but a significant improvement over current gaseous pore-forming options which devolve after the first regeneration cycle (Alonso, p 1397).  Additional testing using the graphite treated sorbent followed by a particulate fluidized bed using the pulverized sorbent could increase the feasibility of this option.  

     Another technology termed Powder-Particle Fluidized Bed (PPFB) seeks to perform SOx and NOx treatment in a single step rather than the previously utilized process of FGD and selective catalyitc reduction (SCR).  In this process, particles are continuously fed across a bed and fluidized with flue gas.  The bed particles are a combination of catalysts specific to the flue gas compositions.   This creates an interesting option as it may be possible to ultimately adjust the particle formulation to deal with changes in the coal composition.  Xu and his associates showed good adsorption of both SOx and NOx by varying the particle composition of the bed (Xu, pp 2195-2197).  However, this research is still fairly primitive and mass production as well as disposition of the catalyst/sorbent is an important consideration.  It may be feasible to consider making the catalyst separable from the sorbents or performing a two stage operation in close proximity so that additional catalysts need not be utilized as sorbent is replaced.
     Utilization of a filter and fixed bed reactor filter cake to remove SO2 was simulated by Kavouras (Kavouras, pp 5467).  The proposed configuration simultaneously behaves as both a dust collection mechanism and chemical reaction bed.  A previously considered drawback of this approach was the breakdown of the cake at various points in reaction to jet pulses.  An attempt to offset this effect was made whereby a distribution model determined the weak cake areas encountered in jet propulsion and fortify the cake dimensions only where necessary to prevent breakage while still minimizing thickness and thereby minimize inefficiency associated with pressure drop.   The drawback of this process is decreased SO2 capture as the cake initially forms combined with the learning curve on maximizing cake thickness and operational efficiency, i.e. what is the operating range thickness and how far/times can the cake be cut back.  Finally, controlling relative humidity was extremely important to performance of the filter (Chisholm, p. 1059).

   3.3 Biotechnical/Pre-treatment Strategies for Sulfur Removal
     Biotreatment has received significant focus over the past several years.  The “bio” aspect gives this type of technology popular appeal, but ultimately it has problems similar to other treatment technology- final product disposition, removal efficiency, and process efficiency.  The other drawback has been the inability to simultaneously remove both organic and inorganic sulfur or to approach 100% efficiency in either category.  Two areas currently under consideration are pretreatment of coal and bio applications to replace the FGD.  For pyritic sulfur pretreatment, microbial desulfurization rates were reported utilizing Rhodococcus rhodocrous (Huffman, p. 549). A wide range of coals are amenable to biodesulfurization.  However, initial studies indicate that the combustibility of subbituminous coal is significantly effected by pretreatment which is currently attributed to an oxygen content greater than other types of coal and a higher oxygen chemisorption rate during processing (Rubieara, p. 478).  Additional testing is required to better quantify the effects on subbituminous coal. 

     An alternative method of pretreatment that yields itself well to subbitminous coal is utilizing a hydrogen peroxide solution to pretreat the coal.  In addition to inorganic sulfur removal of 26-31%, the combustion process was actually enhanced due to the removal of ash 43-45%.  This treatment process is especially intriguing as it can be carried out at ambient temperatures and does not contribute to an increase in oxygen content which could subsequent affect combustion efficiencies (Mukherjee, pp 432-424).    

      As coal is prepared for combustion, another option whereby the coal is hydrothermally treated and subsequently acid washed showed results on the same order as introducing the calcium with the combustion reactants (Matsuika., 652).  However, utilization of this technology significantly improves downstream FGD efficiencies, and holds significant promise as a pre-treatment step (Ishizuka, p 443). This area is an improvement, but the actual reaction mechanisms are still relatively undefined and require additional study, not only to better define the mechanisms, but to better define the sulfur utilization boundaries associated with this method.

4.0 In Conclusion- Approach and Considerations

In conclusion, while not very gratifying it is important to continue researching multiple approaches to SO2 removal for stationary power plants.  A single-best approach does not exist.  Currently the most robust technology, fluidized bed gasification, works most efficiently over a wide range of coal, but like each of the approaches falls short of addressing all the issues around desulfurization coal fired power production (Huang, p 1479).  Currently, the best overall approach is a tool box of technologies, sometimes applied in tandem, tailored to the nuances of each type of raw supply and operating conditions.  In terms of new development, the most influential control strategies may be in terms of process control capability and design considerations. While it may not be possible to design an all-inclusive SO2 removal process, the ability to bring sequential processes on-line and off-line or cost-effectively retrofit the next generation of plants as technology advances will be extremely influential on cost-effective energy production.  The output of this industry is all-ready highly regulated, but the input may require some regulation as well.  Many industries, such is Information Technology ultimately evolve and self-regulate, for example utilization of a standard windows operating system, but the stakes and the costs associated with allowing power industry may be too great.  Development of systems to effective standardize process design (inputs) may be the next logical step to addressing SO2 removal rather than continued legislation around the outputs. 
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