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Future

18.1 INTRODUCTION

The U.S. Department of Energy (DOE) has been working on visions and
roadmaps for the future of a number of industry areas including aluminum,
metal casting, petroleum refining, glass, chemicals, and steel [1]. One of the
technologies that crosscuts all of these industries is combustion. As a result,
the DOE has also developed a vision and roadmap for industrial combustion.
The industrial combustion vision foresees future furnace and process
heating systems producing uniform, high-quality end products with minimal
environmental impact [2]. Future burners will be compliant with emissions
regulations.

There are many barriers to future combustion improvement including [3]:

. Most industrial firms are risk-averse

. Financial constraints

. Lack of performance standards

. Gap between industry and academia

. Inadequate technologies for measuring key combustion parameters

. Slow adoption of new technologies by industry

These barriers are balanced against ever more stringent emission regulations
where firms are often forced to make changes to meet those regulations. Therefore,
technological advances will continue to change industrial combustion processes. This
chapter discusses some of those current and potential developments, including
regulatory changes. It is by no means comprehensive nor exhaustive, but merely a
sampling.

18.2 PROCESS PARAMETERS

A number of important process parameters may be affected by future changes
and new developments. These parameters include fuels, oxidizers, burners,
sensors and analyzers, feed materials, and energy sources. These are briefly
discussed next.
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18.2.1 Fuels

Concerning pollution emissions, there is a constant struggle between using cheaper
but more-polluting fuels and using more expensive but less-polluting fuels.
Technologies that can minimize pollution while using less expensive fuels will be
in great demand, assuming that the overall process economics are still less expensive
than using more expensive, cleaner fuels. There may also be increased interest in
treating fuels prior to their use. One example is removing sulfur from liquid oil fuels
prior to using them to minimize SOx emissions.

Some consider hydrogen to be the fuel of the future because the main product
is water [2]:

2H2 þ ðO2 þ 3:76N2Þ ! 2H2Oþ 3:76N2 ð18:1Þ

The only pollutant likely to be generated from the combustion of hydrogen is NOx.
It may be possible to reduce or eliminate even the NOx emissions with advances in
technology. One way to eliminate the possibility of NOx formation is to use pure O2:

2H2 þO2! 2H2O ð18:2Þ

There is an energy cost (and possible pollutant emissions) to produce both the
hydrogen and the oxygen, which must be taken into account. However, the pollution
occurs at the power plant generating the electricity used in the production of
hydrogen and oxygen. There is an advantage to that because it is usually easier and
cheaper to handle the pollution emissions from a large source (i.e., the power plant)
compared to many smaller sources (industrial combustion applications). Most
industrial combustion processes rely to some degree on the radiation heat transfer
from the flame to the load. This will be an issue with hydrogen combustion which
produces very little flame radiation, which means that combustors may need to be
redesigned for all convection heating. Hydrogen combustion deserves strong
consideration as a potential solution to the pollution problem.

Another possible future trend regarding fuels is further use of nonstandard
fuels. One example is the use of methane collected from landfills. Another example is
further use of off-gases from production processes such as refinery gases generated
during the processing of crude oil. It is likely that the widespread flaring of these

gases (see Chap. 15) will be regulated. Therefore, it may become more cost-effective
to collect those gases and sell them, rather than flaring them.

18.2.2 Oxidizers

Most combustion processes use air as the oxidant. In many cases, these processes can
be enhanced by using an oxidant that contains a higher proportion of oxygen than
that in air (approximately 21% O2 by volume). This is known as oxygen-enhanced
combustion or OEC [4]. There has been a continuing trend in a variety of industries
for increased use of oxygen, instead of air, for combustion processes. Many of these
applications have been discussed throughout this book.

New developments have made OEC technology more amenable to a wide range
of applications. In the past, the benefits of using oxygen could not always offset the
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added costs. New oxygen generation technologies, such as pressure and vacuum swing
adsorption, have substantially reduced the cost of separating oxygen from air. This
has increased the number of applications where using oxygen to enhance performance
is cost justified. Another important development is the increased emphasis on the
environment. In many cases, OEC can substantially reduce pollutant emissions. This
has also increased the number of cost-effective applications. The Gas Research Insti-
tute in Chicago, IL [5] and the U.S. Dept. of Energy [6] sponsored independent studies
which predicted that OEC will be a critical combustion technology in the future.

Historically, air/fuel combustion has been the conventional technology used in
nearly all industrial heating processes. Oxygen-enhanced combustion systems are
becoming more common in a variety of industries. When traditional air/fuel combu-
stion systems have been modified for OEC, many benefits have been demonstrated.
Typical improvements include increased thermal efficiency, increased processing
rates, reduced flue gas volumes, and reduced pollutant emissions.

Many industrial heating processes may be enhanced by replacing some or all
of the air with high-purity oxygen [5,7]. Typical applications include metal heating
and melting, glass melting, and calcining. In a report done for the Gas Research
Institute [8], the following applications were identified as possible candidates for OEC:

. Processes that have high flue gas temperatures, typically in excess of 2000�F
(1100�C).

. Processes that have low thermal efficiencies, typically due to heat-transfer
limitations.

. Processes that have throughput limitations, which could benefit from
additional heat transfer without adversely affecting product quality.

. Processes that have dirty flue gases, high NOx emissions, or flue gas volume
limitations.

When air is used as the oxidizer, only the O2 is needed in the combustion process. By
eliminating N2 from the oxidizer, many benefits may be realized, particularly
significant reductions in pollutants like NOx and particulates.

18.2.3 Burners

Burners are the heart of the combustion system. Tomorrow’s burners will produce
very low NOx, CO, and unburned hydrocarbon emissions while achieving high
thermal efficiencies [2]. Ideally, the burners alone will be able to meet regulatory
emission requirements without the need for post-treatment equipment. More
advanced controls will be used to automatically adjust burners to changes in
operating conditions while still meeting regulatory emission limits. These ‘‘smart’’
burners should be able to produce low emissions with fuel blends and liquid fuels [3].
The increased use of computational fluid dynamics should lead to more advanced
burner designs [9].

18.2.4 Combustors

Combustors of the future will produce high-quality end products with minimal
environmental impact [2]. Future combustors should be fully automated and
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adaptable to changing conditions while still producing high-quality products and
low pollutant emissions. There is likely to be increased flexibility in some more
advanced combustors to process a wider range of materials, including the ability to
switch quickly to other products. Related to minimizing pollutant formation, new
combustors will be more energy efficient, which indirectly reduces emissions as less
fuel needs to be combusted.

18.2.5 Sensors and Analyzers

Advanced fast-reacting flame scanning may be necessary to adjust rapidly to
changing operating conditions while minimizing emissions [3]. Robust emission
sensors will be required to monitor quickly and reliably the effluents from
combustion systems. Ruão et al. [10] describe a new technique for making in-flame
NO measurements using a spectral ultraviolet/visible imaging device. The device was
tested in a small-scale laboratory furnace using a propane- or ethylene-fired swirl
burner. Besides NOx, the in-flame measurements also included O2, CO2, CO, and
unburned hydrocarbons. While the system needs to be tested on a larger scale and
developed for commercial use, it could provide valuable data for automated,
nonintrusive, and real-time control of combustion systems to minimize pollutant
emissions.

Significant research has been done on using laser diode absorption sensors to
make in-situ species and temperature measurements. Webber et al. [11] demonstrated
their use in making CO, CO2, and H2O measurements in air–ethylene combustion.
The accuracy was very good compared to that of laser measurements. Ebert et al. [12]
measured H2O, O2, CH4, CO2, and temperature using laser diodes in a full-scale
gas-fired power plant.

Zhuiykov [13] describes the development of a dual SOx/O2 in-situ sensor based
on zirconia solid electrolyte and a composition of metal sulfates. The technology was
demonstrated over a wide temperature range of 650�–1100�C (1200�–2000�F) with
typical response times at 700�C (1300�F) in the range of 45–80 sec. While this is too
slow for real-time control, it would still be useful for monitoring and for more course
system adjustments to minimize SOx emissions. Fleckl et al. [14] describe the use of
Fourier transform infrared (FTIR) absorption spectroscopy as an in-situ diagnostic
tool for measuring gas compositions in a traveling grate furnace. Lacas et al. [15]
describe similar measurements made in a fluidized-bed waste incinerator. Using
FTIR in situ could provide real-time data for use in controlling emissions.

18.2.6 Feed Materials

There are likely to be some changes in the feed materials processed in industrial
combustion systems, in many cases to reduce pollution emissions. Some examples
will illustrate this trend. In high-temperature glass processes, one of the feed
materials referred to as niter contains nitrogen that contributes to NOx emissions.
Less niter and replacements for niter will be used to reduce NOx. Incoming scrap
metal will continue to be pretreated to reduce pollution. This includes removing
materials that are not needed in the production process and that increase emissions.
An example is plastics, which could produce dioxins and furans. The oil-based
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solvents in printing inks that cause VOC emissions are being replaced by aqueous
solvents that are environmentally benign. The use of feed material preparation is
likely to increase. An example is the shredding of incoming scrap metal to be charged
into a melting furnace. More material can be charged and less energy is required per

unit of charge to process shredded scrap. The increased energy efficiency reduces the
pollution emissions per unit of production.

18.2.7 Energy Sources

Energy sources refer to the use of alternative energy sources to supplement industrial
combustion and to the use of other sources of energy in the combustor. The

former includes the use of, for example, electricity to replace some of the fossil-fuel
combustion. This is commonplace in certain applications such as glass melting where
electrodes under the molten glass assist in the heating. The use of electricity reduces

the emissions at the plant site and may be an economical alternative for pollution
control. There is an added benefit if some or all of the electricity has been generated
by alternative sources such as solar and wind.

There may be some applications where other energy sources can be used in the
combustor. One example discussed in Chap. 13 is the use of aluminum scrap contami-
nated with oil where the oil is a supplemental energy source. Another example in

Chap. 16 is the processing of contaminated soils in an incinerator where there is some
heating value in the contaminants. Waste oils are sometimes fired in an incinerator to
dispose of them. A better use of the heating value would be to fire the waste oils in an
industrial combustion application, making a usable product such as metal or glass.

18.3 REGULATIONS

Industrial combustion end-users see their most critical target for the year 2020 as a
90% reduction in total air emissions (including air toxics, but excluding CO2) from

combustion systems compared to uncontrolled 1990 levels [2]. It is noted that this is a
particularly aggressive target as it is on an absolute basis and includes any new
market growth. CO2 emissions would be reduced to levels agreed upon by the
international community by increasing energy efficiency, using fuels with higher

hydrogen-to-carbon ratios, carbon sequestration, and the increased use of biomass.
It is also noted that it is very difficult to predict the future of many factors including
environmental regulations, global competitiveness, and fuel availability and pricing.

Davis et al. [16] note that future regulations will continue to emphasize
reducing the emissions from a wide range of compounds including [16]:

1. Volatile organic compounds (VOCs) and other ozone precursors (CO and
NOx).

2. Hazardous air pollutants, including carcinogenic organic emissions and
heavy metals emissions.

3. Acid rain precursors, including SOx and NOx.

Particulate emissions will continue to be reduced including reducing both the size

and concentration limits.
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Delaney et al. [17] discuss the importance of a greenhouse gas management
strategy to ensure that companies are prepared for future regulations that may
involve minimizing the emission of gases like CO2 that are not currently regulated,
for example, in the United States. It becomes more complicated for global companies
that operate in some companies that already have CO2 emissions restriction, but also
operate in other companies that do not. Without advance preparation, it will be
difficult and costly for companies to catch up and meet new regulations.

Zaborowsky [18] notes the importance of getting a head start to plan for
impending changes in environmental regulations. There are many reasons for this.
The first is that it takes a significant amount of time to determine what the best
options are for a given situation. There is often a long lead time for the large and
often sophisticated air pollution control equipment used by industrial combustion
processes. Another reason is that in some cases, this may include an emissions
trading program where companies can buy and sell pollution credits. There are
numerous factors to consider including capital costs, operating costs, timing, impact
on existing operations, and training of operating personnel to name a few. A
company’s strategy may change with time. For example, a company may buy credits
from other companies in early years when those credits are often less expensive. The
credits become more expensive in succeeding years when regulatory limits are phased
and get more stringent with time. The first year may require only a 10% reduction in
emissions but the fifth year may require a 50% reduction. There will be fewer excess
emission credits available to sell in the fifth year, which increases the cost of the
credits. The company may deliberately plan to install pollution control equipment
after the first year but before the fifth year due to economics. In fact, the company
may plan to reduce its emissions below the required levels in order to generate
pollution credits that it can then sell to other companies.

18.4 TECHNOLOGY

18.4.1 Modeling

The U.S. Department of Energy has identified the following industrial combustion
needs related to CFD modeling [3]:

. Computational tools that contain validated, high-fidelity models

. Reliable, efficient model of turbulent, reacting flow

. Common method for measuring furnace efficiency

. State-of-the-art combustion laboratories to validate CFD models.

Awais et al. [19] have shown that neural networks can be used to predict NOx

emissions. The authors believe neural networks have the potential to span the gap
between numerical predictions and experimental measurements. This may be an
alternative tool for studying combustion processes.

18.4.2 Combustion Modification

The U.S. EPA has sponsored much research on reducing NOx [20] and SOx [21]
emissions, which has led to a number of combustion modification technologies that
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have been applied in industry. One example of a new yet-to-be commercialized
research and development project is a demonstration of the use of pulse
combustion in waste incineration to reduce pollutant emissions [22]. The
technology was applied in the Environmental Protection Agency’s Incineration
Research Facility rotary kiln system. The demonstration showed that pulsed
combustion

. Reduced NOx, CO, and soot emissions

. Increased principal organic hazardous constituents (POHC) and destruc-
tion and removal efficiency (DRE)

. Decreased combustion air requirements

. Decreased auxiliary fuel requirements.

. Increased incinerator capacity

compared to nonpulsating combustion. Dioxin and furan emissions were similar for
both pulsating and nonpulsating combustion.

Joshi et al. [23] have patented a process to minimize NOx emissions in
regenerative glass-melting furnaces. The process involves firing an oxidizing oxy/fuel
burner at an angle to and underneath of an air/fuel burner operated under reducing
conditions (see Fig. 18.1). The flame from the oxy/fuel burner should just intersect
the end of the air/fuel burner. NOx reductions from 30 to 70% are claimed.

Li and Garg [24] describe a process to reduce NOx emissions in multizone
metal reheating furnaces, as shown in Fig. 18.2. The oxidant/fuel stoichiometry is
varied in different zones so that some zones are fuel rich and other zones are
fuel lean, which are both less favorable for NOx formation compared to near-
stoichiometric operation. The overall stoichiometry of the system is near-stoichio-
metric. The stoichiometry in each zone is controlled by adjusting the oxidant
and fuel flow rates to the burners in that zone, so no furnace modifications are
required.

Pieper [25] has patented a process to reduce NOx and CO in the exhaust gases
from a glass manufacturing process [25]. Oxygen and fuel are introduced under the
flames under slightly substoichiometric conditions. Secondary fuel and air are
introduced downstream of the flames for reburning and postoxidation, respectively.

Figure 18.1 Process for reducing NOx emissions from a regenerative glass furnace

(From Ref. 23.)
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This technology uses oxidant and fuel staging in the glass furnace to minimize
pollution emissions.

18.4.3 Process Modifications

One alternative for incinerating municipal solid waste has been proposed, which
would produce methane or methanol from a biomass process [26]. Figure 11.12
shows a schematic of the proposed process. This not only promises to reduce
pollution emissions associated with combustion such as NOx and SOx, but it also
produces a valuable fuel that can be sold and used rather than being combusted.

Simpson et al. [27] describe a method for improving the heat transfer and
thermal efficiency in a glass-melting furnace by using oxy–fuel burners mounted in
the roof that directly impinge on the melt surface (see Fig. 18.3). By improving the
thermal efficiency of the melting process, all pollutant emissions are reduced because
less fuel is consumed for a given production rate. The proposed technique is a

Figure 18.3 Method for improving the heat transfer and thermal efficiency of a glass-

melting furnace. (From Ref. 27.)

Figure 18.2 Schematic of a process for reducing NOx emissions in multizone metal

reheating furnaces. (From Ref. 24.)
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significant departure from current practices, but may become a viable option
because of the increasing interest in reducing emissions and improving fuel
efficiency.

18.4.4 Post-Treatment Equipment

In most cases, it is preferable to prevent pollutant formation rather than clean up
emissions after they have already been formed. Some pollution control technologies
(e.g., scrubbers) may generate another, although more benign, pollutant themselves
(sludge in some cases) that must also be treated.

As with nearly all technologies, there is always a demand for cheaper, more
efficient, smaller, easier-to-operate, lower maintenance, more durable, more flexible,
retrofittable, more robust, etc., equipment. Because environmental regulations will
only get stricter, the demand for pollution control equipment should only continue
to rise. More advanced technologies will be developed for controlling emissions.

Altwicker [28] lists a number of emerging high-temperature technologies for
thermally destroying a variety of pollutants. Molten salt oxidation can be used to
destroy combustion liquid and solid wastes and can neutralize acidic species such as
HCl and SO2. Molten-metal reactors with temperatures up to 3000�F can be used to
destroy wastes with low oxygen contents and produce off-gases composed primarily
of CO and H2 (due to the high-temperature dissociation of the hydrocarbons). These
off-gases can be easily combusted to generate heat either to maintain the temperature
of the molten metal or for use elsewhere in the plant. Molten-metal baths usually
have very high waste destruction efficiencies and can even be used to treat wastes
containing toxic metals. Molten-glass baths also have high destruction efficiencies
and are especially effective for treating wastes containing some type of ash product
that can be absorbed into the glass. The resulting glass is very stable and inert so it is
highly resistant to leaching to make it amenable for landfilling. Plasmas can have
very high destruction efficiencies due to the very high temperatures (5000�F or
more). High combustion efficiencies make these systems especially portable. Corona
discharges can be used to destroy NOx, SOx, and VOCs. Mok and Nam (29)
modeled the use of a pulsed corona discharge to remove NOx and SOx from a gas
stream [29]. Further research is needed for these technologies to make them
commercially viable.

18.4.4.1 NOx Control

One example currently under development, but not widely commercialized, is the use
of aerobic biofiltration to convert NO into nitrite and nitrate and anaerobic
biofiltration to convert NO into nitrogen [30]. Removal efficiencies of 70 and 90%
have been demonstrated for the aerobic and anaerobic processes, respectively.
Biofiltration has been used commercially for some time to control VOCs, but has
only recently been applied to NOx.

Leipertz et al. [31] discuss the use of UV emission tomography to measure NOx

emissions in real time for use in a closed-loop industrial combustion emission control
system. The system measures both temperature and species including particulates.
Because of the nonlinear nature of combustion processes, a control strategy using
neural networks and fuzzy logic was recommended. The system needs further
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development and more favorable economics before it is truly ready for the rugged

demands of industrial combustion applications.
Zhou et al. [32] describe a technique referred to as the NOx recycle process (see

Fig. 18.4) for reducing NOx emissions. Regenerable sorbent is used to adsorb NOx

from the flue gas stream coming from the combustor. This is followed by desorption

to produce a highly concentrated NOx stream containing both NO and NO2. That

stream is then sent back to the combustor where the NOx is reduced in the stream.

Reduction efficiencies of 50–90% were experimentally demonstrated. The best

reduction efficiencies were shown when the recycle stream was injected into the

primary air inlet duct.
Zimmermann et al. [33] discuss the use of laser-induced resonance-enhanced

multiphoton ionization (REMPI)/mass spectrometry for on-line control of emission

from combustion processes. One of the advantages of the technique is the very fast

response rate (up to 50Hz) compared to most conventional gas-sampling systems

that require seconds for in-situ measurements and sometimes minutes for extractive

sampling systems. At this time the equipment is too expensive and requires highly

trained technicians so it is not feasible for commercial applications.
Sung and Law [34] showed computationally that NO emissions from the

combustion of pure O2 with a fuel containing methane and nitrogen ranging from 0

to 1wt% of the fuel, may potentially be reduced by increasing the velocities in the

flame. The increased velocities increase the strain rate in the flame. While the flame

temperatures are not significantly impacted by changing the strain rate, the residence

time in the flame region is shortened, which can reduce NOx emissions. There is no

known study that demonstrates this theory experimentally.
Lim et al. [35] describe the use of photocatalytic reduction of NO in flue gases

in a fluidized bed containing titanium dioxide particles. The conversion efficiency

depended on the UV intensity, the irradiation time, the TiO2-to-silica gel ratio, the

superficial gas velocity, the initial NO concentration, and the reaction temperature.

Barranco et al. [36] experimentally demonstrated the feasibility of using palladium/

zirconia catalysts as a future method for decomposing NO.
Cheng et al. [37] discuss the development of low-swirl burners for low NOx

(<15 ppm) and CO (<10 ppm) emission furnaces and boilers [37]. The key aspect of

the burner is a low-swirl vane for the combustion air that does not require flow

recirculation to anchor the flame. The burner is capable of stabilizing very lean

premixed flames close to the flammability limit. The experimental results showed that

NOx was not dependent on heat input rate but was dependent on equivalence ratio.

Figure 18.4 NOx recycle process. (From Ref. 32. Courtesy of the Combustion Institute,

Pittsburgh, PA.)
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Stern [38] has patented a post-treatment process for reducing NOx emissions in
a CO2-rich stream by reacting the stream with ammonia in a reactor containing a
reduction catalyst. Gas recycling is used to control the gas temperature and to reduce
the CO2 content in the stream before introduction into the reactor. Any SOx in the
stream should be removed prior to treatment in the reactor. The preferred catalyst is
a zeolites/copper catalyst.

Yang [39] has patented a process using a corona discharge in conjunction with
chemical scrubbers to minimize NOx emissions in an exhaust gas stream. Figure 18.5
shows a schematic of the process, which is fairly complicated. It may take some time
to develop a commercially viable system for use in industrial combustion processes.

Frohlich et al. [40] have patented a process for reducing NOx emissions in
exhaust gas streams with particular focus on the production of cement clinker.
Figure 18.6 shows a schematic of the process. The exhaust gas containing suspended
particles enters a cyclone where the particles drop out the bottom. The cyclone also
increases the gas residence time in the NOx reduction system. The exhaust gas is in
the temperature range 450�–800�C (840�–1500�F) with some excess O2. Heat is
transferred in a heat exchanger, which substantially lowers the gas temperature and
thus the NOx emissions given adequate residence time and the above conditions.

Catton et al. [41] describe the development of carbon foam packings with a
biofilm to reduce NOx emissions. While the process physics are still being studied
to understand the removal mechanisms, removal efficiencies up to 98% were
demonstrated with sufficient residence times. Min et al. [42] showed a maximum NO
removal rate of 74% for a hollow-fiber membrane bioreactor (HFMB) consisting of a
bundle of microporous hydrophobic hollow-fiber membranes and a bioreactor
containing nitrifying organisms and a nutrient supply. NO diffuses through the

Figure 18.5 Post-treatment system for reducing NOx emission. (From Ref. 39.)
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membrane pores and partitions into a nitrifying biofilm where it is oxidized to nitrate
(NO3) (see Fig. 18.7), which can be removed in a subsequent wastewater treatment
step. The removal efficiency was not sensitive to the range of gas temperatures from
20� to 55�C (70�–130�F). van derMaas et al. [43] describe a BioDeNOx process for the
biological removal of NOx from flue gases, consisting of a two-step process. NO is
absorbed into a chelate solution in the first stage and the chelate solution is
regenerated by a biological denitrification process in the second stage (see Fig. 18.8)
[44]. Hu et al. [45] describe a pulsed corona discharge for destroying N2O. The study
showed that argon was more effective than nitrogen as a background gas, which
makes it less commercially attractive as combustion exhaust gases typically contain
large fractions of nitrogen and only trace amounts of argon. Wang et al. [46] discuss
NO adsorption and desorption on alumina-supported palladium. Zbicinski [47]
discusses the use of pulse combustion in drying processes that offers the potential to
increase the efficiency of drying processes and to reduce NOx emissions.

Nam and Kim [48] describe the use a pulsed corona discharge for the
simultaneous removal of both NOx and SOx specifically for an iron ore sintering

Figure 18.6 Process schematic for NOx reduction process. (From Ref. 40.)
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plant. However, the technology should be more generally applicable to a wide range
of industrial processes where the flue gases contain NOx and SOx. Removal
efficiencies of 90 and 65% were demonstrated for SO2 and NOx, respectively.
Figure 18.9 shows a schematic of the process.

Ji et al. [49] have patented a vanadium-based catalyst for removing NOx from
flue gases, which also exhibits high durability against SO2 poisoning. The inventors
suggest a new way to prepare the catalyst, which has been used for some time to
remove NOx but which has had problems with plugging and poisoning. Barium
oxide or calcium oxide are added as an active ingredient with vanadium pentoxide.
The mixture is dried and calcined on the catalyst support surface, which gives it
unique properties compared to conventional vanadium pentoxide catalysts.

18.4.4.2 SOx Control

Philip and Deshusses [50] discuss the use of a two-stage process consisting of a
biotrickling filter followed by a biological post-treatment unit that has up to 100%

Figure 18.7 Hollow-fiber membrane bioreactor for NOx removal. (From Ref. 42. Courtesy

of Air & Waste Management Association, Pittsburgh, PA.)

Figure 18.8 BioDeNOx process. (From Ref. 44.)
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removal efficiencies for SO2 in concentrations from 300 to 1000 ppmv. In the first
stage, SO2 is converted into a liquid effluent containing sulfite and sulfate, which can
be converted into elemental sulfur in the second stage. A schematic of the
experimental setup is shown in Fig. 18.10.

Figure 18.10 Biotrickling filter and post-treatment system for SO2 removal. (From Ref. 50.

Courtesy of Air & Waste Management Association, Pittsburgh, PA.)

Figure 18.9 Schematic of a pilot-scale pulsed corona discharge process. (From Ref. 48.

Courtesy of Air & Waste Management Association, Pittsburgh, PA.)
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Meikap et al. [51] discuss a novel modified multistage bubble column scrubber
for flue gas desulfurization. Experimental results showed nearly 100% removal
efficiency for SO2 from an air–SO2 mixture without the need for additives or
pretreatment.

18.4.4.3 Soot

Martin and Ezekoye [52] describe the use of acoustics to control soot formation in
flames. Applying a 940Hz acoustic source to an acetylene diffusion flame reduced
soot formation by nearly three orders of magnitude. The flame characteristics were
also changed with the flame enlongating and brightening. However, applying a
3100Hz acoustic source to the flame actually increased soot formation by almost a
factor of four. This is a promising technique for controlling soot emissions from
flames.

18.4.4.4 VOC Control

Ozone and membrane processes are available for controlling VOC emissions, but are
not yet commercially viable [53]. Serageldin [54] notes that many of these devices are
not widely used yet in the United States and discusses some of the programs the U.S.
Environmental Protection Agency has sponsored to increase their use.

There are also numerous possible combinations of technologies that may be
more optimal than any single technology, depending on the application. One
example is referred to as ‘‘hybrid catalytic control’’ that combines fuel staging and a
catalytic reaction [55]. Popov et al. [56] discuss a process called the BIOREACTOR
that uses a trickling bed biofilter with VOC removal efficiencies of 80 to >99%
for VOC concentrations of up to 1500mg/m3 and contact times of 2 to 20 sec.
Figure 18.11 shows a schematic of the process. Commercial units have been
successfully demonstrated in Russia. Kim et al. [57] describe a novel rotating biofilter
for VOC removal that promises better distribution of moisture, oxygen, and nutrients
on a large surface area of biofilm inside a rotating foam media. Figure 18.12 shows a
schematic of the system which has VOC removal efficiencies of up to 99%.

Berry [58] describes the use of ordinary dirt as the ultimate catalyst for VOC
catalytic thermal oxidation, as a type of biofilter. Three criteria are set forth as the
requirements for the ultimate catalyst: easily available or renewable, minimal cost,
and functions at atmospheric temperature. It is readily seen that dirt meets the first
two criteria, but it is relatively unknown that dirt satisfies the third criterion. This is
compared to the precious metal catalysts like platinum and palladium that are
currently used, which are very expensive and not readily available.

18.4.4.5 CO2 Control

Kumar et al. [59] describe the use of a new absorption liquid based on amino acid
salts for removal of CO2 from dilute gas streams in membrane gas–liquid contactors.
The process was studied numerically and experimentally using a single tube made
from relatively inexpensive polyolefin membrane.
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Tan et al. [60] describe experiments conducted with an oxidizer consisting
of O2 and recycled flue gas that they termed O2/CO2 recycle combustion. While
the process is intended for large natural gas-fired power plants, it could be
technically amenable to industrial combustion processes. However, the economics
are not expected to be as favorable as for a large plant. The experiments showed
that flames similar to those using air as the oxidant can be achieved. An added
benefit is that NOx could be eliminated in a tight system due to the absence of
nitrogen.

Figure 18.11 BIOREACTOR flow diagram for VOC removal. (From Ref. 56. Courtesy of

the Air & Waste Management Association, Pittsburgh, PA.)

Figure 18.12 Rotating drum biofilter system schematic. (From Ref. 57. Courtesy of Air &

Waste Management Association, Pittsburgh, PA.)
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18.4.4.6 Dioxins/Furans

Samaras et al. [61] experimentally demonstrated dioxin/furan prevention through the
use of inorganic sulfur and nitrogen solid compounds in the fuel (refuse-derived fuel
in this case). Reduction efficiencies of up to 98% were measured. This technology
needs to be demonstrated on a full-scale combustion system. Alternative schemes
may be needed for systems using gaseous or liquid fuels.

18.4.4.7 Multiple Pollutants

The U.S. EPA has published information on the use of advanced nonphotochemical
oxidation processes for reducing pollutant emissions such as NOx, SOx, VOCs, and
metals from both pilot-scale and industrial sources [62]. Two of these advanced
techniques include electron-beam radiation and corona discharge. Further work is
required for these to be commercially viable technologies for industrial combustion
applications.

Sinha [63] has patented a process for removing particulates, hazardous
substances, NOx, and SOx, in part by injecting a salt into the exhaust gas stream [63].
The hazardous substances could include arsenic, ammonia, ammonium sulfite,
mercury, and the like. The salt comes from the group consisting of sodium nitrate,
sodium nitrite, ammonium nitrate, lithium nitrate, barium nitrate, cerium nitrate,
and mixtures of these. The salt is added upstream of some type of post-treatment
system such as an electrostatic precipitator, cyclone, or baghouse.

Kurihara et al. [64] have patented a process for removing dust, dioxins, and
NOx from a combustion exhaust gas stream. The exhaust gas temperature is first
reduced to 180�–230�C (360�–450�F) in a temperature-lowering unit. Next, dust is
removed in a dry collector. Dioxins and NOx are then removed in a catalytic
reduction unit with a vanadium oxide-based catalyst. An air preheater can be
incorporated into the system to reduce the exiting exhaust gas temperatures and to
gain some thermal efficiency.

Penetrante et al. [65] have patented a two-stage noncatalytic process for
removing NOx and particulates from exhaust gas streams. A plasma is used in the
first stage to convert NO into NO2 in the presence of O2 and hydrocarbons. The
second stage converts the NO2 and carbon soot particles into N2 and CO2. While
this was originally developed for treating the exhaust from an engine, it should be
adaptable for industrial combustion processes.

Das et al. [66] describe the use of a Na–�-Al2O3 sorbent to adsorb SO2, O2, and
NO simultaneously. Liu et al. [67] demonstrated experimentally the use of a spray
dryer and a fabric filter along with some additives to control acid gas and polycyclic
aromatic hydrocarbon (PAH) pollutant emissions. The inorganic additives to the
spray dryer, such as SiO2, CaCl2, and NaHCO3, increase the removal efficiency of
SO2 and PAHs. Additives to the feedstock, including polyvinyl chloride (PVC) and
NaCl, also increase the removal efficiency of SO2 and PAHs in the spray dryer.

Gerasimov [68] found that the use of electron-beam gas cleaning to remove
SOx and NOx also had the beneficial effect of removing dioxins. This was shown
kinetically to be caused by the degradation of dioxin molecules by OH radicals
formed under the ionizing radiation. Schoubye et al. [69] describe the SNOX process
used to remove NOx and SOx emissions produced by high-sulfur fuels. The process
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removes 95–99% of SOx and 90–95% of NOx emissions. While it is designed
primarily for large sources such as power plants, it has successfully been applied in a
refinery. Because of the economies of scale, the process is best applied to treating
larger flue gas volumes. This could be applied in a plant where multiple sources may
be combined and treated. The process does not generate any secondary pollutants
such as wastewater, slurries, or solids.

Enviroscrub Technologies (Minneapolis, MN) has developed a new method for
simultaneously removing NOx and SOx emissions called the Pahlman ProcessTM [70].
It is designed for large sources that could be used at industrial plants combining

multiple exhaust gas streams. This dry process is claimed to have operating costs lower
than those of an SCR (see Chap. 6) and does not use any ammonia. Non-
contaminated gypsum is produced, which can be sold along with nitrates and sulfates
that can be recovered and sold. Removal efficiencies are up to 99% for both NOx and
SOx are reported. The process has been successfully demonstrated at several sites.

18.4.4.8 Other

In some cases, waste materials to be incinerated contain inorganic salts such as
NaCl, Na2SO4, CaCl, or KCl. Most of these wastes are salt-contaminated liquids
that often contain water and may also contain organics, which makes them a
candidate for thermal oxidation (see Chap. 11). The added heat load of the water
often requires higher temperatures to ensure high destruction efficiency. The high
temperatures and alkaline wastes are detrimental to typical refractory materials that

would be used in a thermal oxidizer. This problem has led to the development of
molten-salt incineration systems, as shown in Fig. 18.13 [71]. The incinerator is
usually vertical to minimize buildup of any molten salts on the refractory-lined walls,
which would reduce their life. The water-based wastes are injected into the thermal
oxidizer downstream of the burner, which is usually fired with auxiliary fuel for the
incinerator to reach the desired operating temperatures.

18.4.5 Controls

Diez de Ulzurran et al. [72] describe a sophisticated control system consisting of an
array of sensors monitoring air flow, O2 and CO concentrations in situ, water flow,
and temperatures in a boiler for use in maximizing thermal efficiency and minimizing

pollutant emissions. Further work was recommended to make the system robust and
reliable enough for commercial use. Michel et al. [73] experimentally studied the use
of existing flame detectors to produce so-called ‘‘flame signatures’’ to be used for
controlling combustion systems including ensuring flame stability and minimizing
CO and NOx formation. The technique is potentially low cost and simply applied as
most industrial combustion systems already have some type of flame detection
system in place.

Homma and coworkers [74,75] proposed a combustion optimization control
system using genetic algorithms to reduce NO2 emissions from combustion

processes. The optimization scheme is based on genetic evolution in biology.
The system has the potential for controlling transient as well as slowly evolving
‘‘steady-state’’ systems that change over time. The numerical results were promising.
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Further work is needed to apply this technology in large-scale industrial combustion
processes.

Beisswenger et al. [76] have patented a feedback control process for minimizing
NOx emissions from glass furnaces. The O2 and NOx in the exhaust stream are fed
back to the control system that adjusts which burners are on and which are off to
minimize NOx formation. The system works in conjunction with the ammonia
injection in the post-treatment removal system.

18.5 RESEARCH NEEDS

The U.S. DOE has identified a number of burner R&D needs related to emissions
including [3]:

. New combustion control algorithm for ‘‘smart’’ burners incorporating
emissions numbers.

. Advanced fast-reacting flame scanning for low-NOx burners.

. Equipment to measure low emissions economically and accurately.

. Ultra-low-emission liquid fuel burners.

. Low-emission burners that can operate on a wide range of fuel blends.

. Better understanding of how catalysts can be used to reduce NOx.

Figure 18.13 Molten salt thermal oxidation systems: (a) downfired salts—condition to low

temperature; (b) downfired salts—condition to recover steam. (From Ref. 71. Courtesy of

John Zink Co. LLC, Tulsa, OK.)
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18.6 CONCLUDING REMARKS

It is impossible to predict the future accurately, but it appears clear that regulatory
limits will continue to get stricter. Therefore, whenever possible, it is advisable to
choose pollution control strategies with maximum flexibility to meet increasingly
more stringent regulations. It is also advisable to continue reviewing process
requirements to see if modifications can be made to reduce emissions.

Technologies that may have previously been unfeasible or uneconomic may
become feasible and economic in the future due to advances in technology and
changes in regulations. Air pollution control is a dynamic field that is expected to
remain so for the foreseeable future due to the importance of protecting people and
the environment while maintaining and improving existing standards of living.
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