Biomimetic Membrane for CO, Capture from Flue Gas

Type of Report: Final Scientific/Technical Report
Report Period Start Date: 05/10/06
Report Period End Date: 03/19/07

Principal Author: Michael C. Trachtenberg
Date of Report: August 29, 2007

DOE Award: DE FG26-06NT42824
Submitting Organization: Carbozyme, Inc.

1 Deer Park Dr., H3
Monmouth Junction, NJ 08852



DISCLAIMER

“This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.”
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ABSTRACT

These Phase III experiments successfully addressed several issues needed to characterize
a permeator system for application to a pulverized coal (PC) burning furnace/boiler
assuming typical post-combustion cleanup devices in place. We completed key laboratory
stage optimization and modeling efforts needed to move towards larger scale testing.

The SOPO addressed six areas.

Task 1 - Post-Combustion Particle Cleanup — The first object was to determine if the
Carbozyme permeator performance was likely to be reduced by particles (materials) in
the flue gas stream that would either obstruct the mouth of the hollow fibers (HF) or stick
to the HF bore wall surface. The second, based on the Acceptance Standards (see below),
was to determine whether it would be preferable to clean the inlet gas stream (removing
acid gases and particulates) or to develop methods to clean the Carbozyme permeator if
performance declined due to HF block. We concluded that condensation of particle and
particulate emissions, in the heat exchanger, could result in the formation of very sticky
sulfate aerosols with a strong likelihood of obtunding the HF. These must be managed
carefully and minimized to near-zero status before entering the permeator inlet stream.
More extensive post-combustion cleanup is expected to be a necessary expense,
independent of CO, capture technology This finding is in agreement with views now
emerging in the literature for a variety of CO, capture methods.

Task 2 - Water Condensation — The key goal was to monitor and control temperature
distributions within the permeator and between the permeator and its surroundings to
determine whether water condensation in the pores or the HF bore would block flow,
decreasing performance. A heat transfer fluid and delivery system were developed and
employed. The result was near isothermal performance that avoided all instances of flow
block. Direct thermocouple measurements provided the basis for developing a heat
transfer model that supports prediction of heat transfer profiles for larger permeators.

Tasks 3. 4.1, 4.2 - Temperature Range of Enzymes — The goal was to determine if the
enzyme operating temperature would limit the range of thermal conditions available to
the capture system. We demonstrated the ability of various isozymes (enzyme variants) to
operate from 4-85°C. Consequently, the operating characteristics of the enzyme are not a
controlling factor. Further, any isozyme whose upper temperature bound is at least 10°C
greater than that of the planned inlet temperature will be stable under unanticipated,
uncontrolled “hiccups” in power plant operation.

Task 4.4, 4.4 — Examination of the Effects of SOx and NOx on Enzyme Activity
(Development of Flue Gas Composition Acceptance Standards) — The purpose was to
define the inlet gas profile boundaries. We examined the potential adverse effects of flue
gas constituents including different acids from to develop an acceptance standard and
compared these values to actual PC flue gas composition. Potential issues include
changes in pH, accumulation of specific inhibitory anions and cations. A model was
developed and validated by test with a SO,-laden stream. The predicted and actual data
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very largely coincided. The model predicted feed stream requirements to allow
continuous operation in excess of 2500 hours. We developed operational (physical and
chemical) strategies to avoid or ameliorate these effects. Avoidance, the preferred
strategy (noted above), is accomplished by more extensive cleanup of the flue gas stream.

Task 5 - Process Engineering Model — We developed a process-engineering model for
two purposes. The first was to predict the physical and chemical status at each test point
in the design as a basis for scale-up. The second was to model the capital and operating
cost of the apparatus. These were accomplished and used to predict capex, opex and cost
of energy.

Task 6 - Preliminary Commercialization Plan — We carried out analyses of the market
and the competition by a variety of parameters. The conclusion was that there is a large
and rapidly growing market that will support good business growth.
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EXECUTIVE SUMMARY

This Phase III project is an expansion of work done under DOE-funded Phase I, II and
IIE projects. Phase III tasks were geared towards moving the research stage technology
forward, emphasizing development, engineering and commercialization.

Key issues addressed in this work included: 1) understanding and developing a strategy
to manage particles in the flue gas stream, 2) understanding and developing a strategy to
manage water condensation in the permeator, 3) examining the efficacy of several
different isozymes over a temperature range from 20 to 85°C, 4) development of
acceptance standards for acid gases and mercury in the flue gas stream, 5) developing a
process engineering model, and 6) developing a preliminary commercialization plan.

Managing Particulates

The proposed test strategy was to examine potential reduction in permeance due to block
of the hollow fiber bore and/or obstruction of the surface by clean, dry particles, a
potential surrogate for flue gas particulates. The particulates present in flue gas from coal
combustion include ash that is entrained in the flue gas, i.e. fly ash, and aerosols. When
flue gas is maintained at a relatively high temperature (to guarantee sufficient
atmospheric buoyancy and dispersion) the particulates act as dry materials. However,
when flue gas temperatures drop below the dew point ~160°C for typical stack gas
concentrations of SO,) acid gases can condense as liquid aerosols. Our investigation into
managing flue gas particulates showed to achieve a flue gas temperature acceptable for
delivery to the Carbozyme CO; capture permeator, the gas must be cooled to well below
the due point allowing acid aerosols to condense. Condensation of these sulfate and
sulfite aerosols typically occurs by nucleation onto fly ash dust and fines (Miller 2006).
Testing with clean, dry particles was not deemed a suitable surrogate.

Extensive investigations, were carried out via expert input (Szalach 1998; Miller 2006;
Blankenship 2006; Salvador 2006) and literature review (Li et al. 2006; Mcllvaine 2006;
Miller and Laudal 1998; EPA 2005), to address the key issues and to provide a strategy
for subsequent testing. The data showed that cleanup of the flue gas stream prior to entry
into the permeator was much preferred to secondary cleanup of the permeator. This
conclusion is now preferred by developers of other liquid absorption technologies.
(Details are described under Task 1 and Task 4 activities). In brief,

1) Cleanup of particulate and SOx is needed to minimize the probability that sticky
particles, derived from sulfate nucleation on particles, might attach to the membrane
surface,

2) The greater the particulate and SOx load at the permeator mouth, the more
maintenance will be required,

3) The maintenance required with higher loadings of particulates and SOx may include
cleaning the membrane with low strength caustic solutions followed by drying of the
membrane. If this process were required at high frequency it will be costly and time
consuming,
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4) High particulate and SOx loading may lead to decreased membrane life, due to
frequent cleanings,

5) Technologies exist that eliminate all or virtually all acids and particles. These have
been demonstrated at operating facilities, (Salavador, 2006).

A successful analysis of likely surface blocking materials and processes was achieved.
We concluded that either alterations to current post-combustion cleanup or the addition
of a washing/filtration stage would likely achieve a sufficiently low particulate and SOx
load to allow non-detrimental entry to the permeator.

Managing Water Condensation - Condensation of water within the bore and/or on the
surface or in the pores of the hollow fibers was previously identified as a potential
problem that might arise under conditions of inadequate temperature control (Fang et al,
2004). Water evaporation occurs within the permeator making it necessary to add heat to
prevent excessive cooling. These observations indicated the need to study the temperature
profile within an operating permeator and analyze the data as a basis for the design of
scaled-up permeators. The data showed that thermal management was readily
accomplished by incorporating heat transfer (HT) elements within the current scale
permeator. A heat transfer model for thermal management was calibrated using data
collected from operation of the current scale permeator. These data provided the key
information necessary for designing thermal management elements applicable to larger
permeators.

Thermal Range of CA Isozymes — The design parameters that account for system
performance are the permeation rates of each gas component in addition to the physical
dimensions of the membrane systems. For a specific hollow fiber (HF) and system layout
all of the gases, other than CO,, have a fixed permeance. CO, transport across the liquid
membrane is more complex, since its permeance is not only dependent on the geometry,
but also on the facilitation provided by the enzyme. It was desirable, therefore, to identify
and test several different carbonic anhydrase (CA) isozymes with respect to their activity
at different temperatures and to measure the permeate CO, concentration when they were
in use. This was accomplished by testing the performance of a lab scale permeator over a
range of temperatures using three different isozymes. The data collected, while operating
the permeator, show that regardless of the operating temperature selected (over the range
of 20-85°C) it is possible to provide an isozyme that will work well. (Enzyme activity
was tested at 4°C). Thus isozymes characteristics are not a controlling feature for
selection of the operating temperature of the permeator. In view of this data, other
engineering optimization considerations can be used to determine the operating
temperature.

Flue Gas Composition Acceptance Standards — Flue gas contaminants, SOx, NOx, HCI
and HF can all affect permeator performance and influence carbonic anhydrase activity.
This can occur via two mechanisms, primarily changes in CLM pH through acid
accumulation, and secondarily, by inhibition of CA via accumulation of competitive
anions in the CLM, both of which involve their accumulation in the CLM. Mercury can
also impact permeator performance by serving as a cationic inhibitor of CA activity. To
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do this it must accumulate in the CLM as Hgﬂ, i.e., oxidized mercury ions. Literature
research, experiments, and simulation modeling were used to investigate each of these
effects. The conclusions reached from this work were that: typical concentrations of HCI,
HF, and NOx do not present a problem either because their concentration is too low or
because the contaminants will be removed in the FGD to acceptable levels, provided that
SOx is removed to an acceptable level. We predict successful operation of the permeator
for >2500 h without CLM replacement when operated on a flue gas meeting the
acceptance value conditions of SOx = <7.08 ppm, HCI = <7.08 ppm, HF =<7.08 ppm,
NOx = no limit, Hg =<3.54 x 10° ppm as Hgﬂ. Finally, we have learned that the
Carbozyme permeator acceptance limit for SOX is in line with that for other CO, capture
technologies (e.g., amine or ammonia) (EPRI 2000, 2007).

Process Engineering Model — A process flow diagram was constructed in order to define
the major pieces of equipment needed to operate the Carbozyme permeator and produce a
dry, high pressure CO, product. Heat and material balances were performed in order to
determine the energy use of each major equipment item defined and to set sizing for
several others. This information was then used to estimate the major equipment cost by
use of the size or energy times a factor. This is not a complete detailed cost; rather it is an
indication of cost. The sum of the major equipment items was multiplied by 3 to estimate
the installed cost. Any first-of-a-kind installed system is expected to be more expensive
because of all the unknowns and manufacturing at a scale that has not yet been
developed. Modeling, using heat and material balance, showed that the simulation of the
permeator and the compression train was sufficient to characterize the needs of the
system. The simulation addressed process optimization, capital and operating cost and
parasitic load. Using this simulation and the data provided in EPRI Case 7C (EPRI 2000)
we showed a parasitic load of 60MW (of the 462 MW that would have been delivered to
the electrical grid) would be required to remove 90% of the available CO,, drying and
compressing the product gas up to 8274 kPa (1200 psig). Further pumping to 2400 psig
would require additional energy of about 1.3MW.

Preliminary Commercialization Plan - Our preliminary commercialization plan focused
on a SWOT analysis (Strengths, Weaknesses, Opportunities and Threats). This included
the technical features of key competitive technologies and the business status of the
respective companies. The plan allowed a grouping based on physical-chemical
properties and an analysis based on parasitic energy cost. A further analysis examined
partnerships that are developing among companies in this space and examined
development strategies to gain experience and the confidence of candidate customers.
Our analysis confirmed the strength of the Carbozyme technology and helped to plot a
development and interaction course for business success.
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PROJECT TASKS

Task 1 - Flue Gas Particle Evaluation and Management

Task Description —

The first objective of this task was to determine if particles being delivered to the
permeator (leaving the baghouse or the FGD) would reduce permeance by either blocking
the orifice (bore) of the hollow fibers or adsorb onto the inner surface of the fiber bore
and thus increase the resistance to mass transfer presented by the hollow fiber membrane.
The second objective was to devise and test permeator cleanup methods. The purpose of
these cleanup methods was to determine if it was possible to return a clogged permeator
back to usable operation. The third objective was to consider pre-treatment approaches
that would prevent particulates from reaching the permeator. The objective being
sufficient treatment of the flue gas prior to the permeator such that cleanup would not be
required for a predetermined time period. The last objective was selection of a preferred
management strategy.

SOPO details are as follows:
Objective 1 — Design test and implement test apparatus
e Task 1.1: Characterize the particle distribution
e Task 1.2: Obtain particle design/generation method from NIST
e Task 1.3: Design and construct particle test apparatus
Objective 2 — Carry out test regimen
e Task 1.4: Measure changes in axial and transverse flow on particle exposure
Objective 3 — Consider remediation/recovery paradigms
e Task 1.5: Examine benefit of increased filtration on improving gas flow blockage
e Task 1.6: Examine benefit of membrane washout on improving gas flow blockage
Objective 4 — Evaluate results of Tasks 1.4-1.6
e Task 1.7: Select preferred particle management strategy

Objective 1 — Design, test and implement a test apparatus. Tasks 1.1, 1.2 and 1.3 were
targeted towards developing and implementing a test method to characterize the
composition of the flue gas stream, following standard cleanup, i.e., SCR, baghouse and
FGD. The key assumption was that the hot gas entering the stack contained fly ash and
suspended acid aerosols that could be treated as dry materials. The surrogate material, in
lieu of a burner and cleanup train, was Arizona road dust particles and/or fly ash, both
available from NIST. These materials are used by membrane manufacturers to examine
possible occlusion of hollow fiber membranes in dusty environments.

On the basis of this assumption the experimental questions (Task 1.4) were to determine
if the dust particles would occlude the mouth of the hollow fibers and/or attach to the
walls of the hollow fibers thereby increasing the pressure drop through the hollow fibers
and/or increasing the resistance to mass transfer through the membrane. Further, to
determine if a reverse airflow (Task 1.6) would readily dislodge dust blocking the orifice
and remove dust from the bore sidewalls, or if additional filtration prior the permeator
was a necessary addition (Task 1.5).
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To support Objective 2 we generated a preliminary model. The hollow fibers we use have
an ID of 240um. Given the EPA baghouse P10 requirement we anticipated that the
stream exiting the FGD would consist largely of particles less than 10um in diameter. As
a rule-of-thumb the potential for face occlusion is quite low if the ratio of particle
diameter to mouth orifice is <1:10. In the case of a 10um particle and a 240pum ID hollow
fiber the ratio is 1:24, thus occlusion by dry particles is unlikely.

Prior data from hollow fiber manufacturers who had exposed hollow fibers to dry
Arizona road dust indicated that if any surface blockage occurred it would likely be easily
dislodged by reverse air flow (Membrana, 2006). Wet particles were more likely to form
a resilient plug. Our initial assumption was that an air blow would be sufficient to
dislodge the particles, presuming they were dust-like and dry (Task 1.5). Thus, a key
approach was to develop capability to deliver clean, dry particles.

To carry out dry particulate based tests we needed to obtain the appropriate particles
(Task 1.2), a particle delivery and distribution apparatus (Task 1.3), and flow measuring
equipment (Task 1.1). The hollow fiber permeator or a hollow fiber contactor would have
to be instrumented to measure changes in gas flow in both the axial and transverse
directions (Task 1.4).

Task 1.2 — Obtaining Particle Test Equipment: We identified the Vilnius Dry Powder
Aerosol Generator (CH Technologies Inc., Westwood, NJ) as an excellent piece of
equipment to deliver dry dust particles in a low volume / low flow generation situation
providing the precise regulation of flow and particle loading necessary. It is typically
used in air pollution studies. We designed experimental protocols to measure decreases in
tangential and in parallel flow conditions (Task 1.4). We anticipated measuring changes
in pressure drop through the hollow fiber and across the membrane under a range of
particle loading conditions. We would also examine face blockage and the ability of back
blow, or a more aggressive wash method, to clear the hollow fiber mouth (Task 1.5, 1.6).

The Vilnius devices are made to order; few are sold and the manufacturer does not lease
or rent their devices. Efforts to borrow this item proved fruitless. Given the very small
number of experiments and the high cost of the equipment outright purchase proved well
beyond the project budget.

In parallel with the efforts just described we were consulting with experts in post-
combustion cleanup and particulate management to determine what alternative paths
might be taken. The experts consulted were Stanley Miller at EERC (Energy and
Environmental Research Center), George Blankenship at SRI (Southern Research
Institute) and Carlos Salvador at CANMET. Their inputs were augmented with a review
of the scientific and engineering literature on the subject (Li et al. 2006; Mcllvaine 2006;
Miller and Laudal 1998; EPA 2005). This learning forced the realization that the particle
impact testing approach outlined in the application (use of dry road dust or fly ash) would
not adequately address the issues that would be encountered in treating power plant flue
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gas because of the need to lower the entry temperature and thereby create a new regimen
with extensive acid aerosol condensation product.

More specifically, the experts highlighted the complexity and variability of flue gas
streams as a function of the rank of coal burned, the type of furnace used and the types of
cleanup equipment in place (Szalach 1998; Miller 2006; Blankenship 2006; Salvador
2006). The effluent stream from a coal burning power plant, even in the presence of a full
compliment of cleanup equipment given current standards and accepted procedures, still
emits a gas stream that would have very high likelihood of fouling the hollow fiber
membrane, due to the creation of very sticky particles. Going into this project the thought
was that removal of the particulates that exit the burner — the fly ash — from the flue gas
was going to be the controlling issue. What we found out was that even with effective
control of these dry materials any appreciable concentration of SOx remaining in the flue
gas would present a problem by forming acid aerosol particulates by condensation
nucleation when the flue gas is cooled to the temperatures necessary for operation of the
permeator.

The stream exiting the FGD can include a fine aerosol particulate consisting of liquid
acid aerosols and particles, collectively called particulates. Some of the sulfate aerosols
are so small and tenacious they have a tendency to remain in the flow stream, despite the
most intensive liquid scrubber, and not contact any surfaces so that they will exit the
exhaust stack (Li et al 2006). This condition occurs even when the gas temperature is well
below the dew point of acid aerosols (typically 127°C, 260°F). Cooling the flue gas to the
temperature appropriate to enter the permeator (<85°C, 185°F) would result in complex
condensation products with some coals. The sulfate aerosols tend to accumulate moisture
and become sticky, thus increasing their potential for accumulating into larger particles.
These larger sticky particles are expected to adhere tightly to the membrane, the fiber
surface and possibly agglomerate at the bore mouth. These particulates behave quite
differently than do dry or even wet fine dust particles

This issue was discussed at a DOE sponsored conference held in 1998, “Formation,
Distribution, Impact, and Fate of Sulfur Trioxide in Utility Flue Gas Streams
Conference” (DOE 1998):

The abstract by S J Miller and D L Laudal (1998) addressed the issue thusly —
“Clearly a scrubber will neutralize any SOs or acid mist that contacts the
low-pH liquid. The problem is that once the SO; is in the form of an
aerosol, there is poor mass transfer to the liquid. A scrubber will not collect
acid mist any better than it collects fine ash particles. A fraction of the
particles is collected by diffusion, interception, and impaction, but most
pass through the scrubber uncollected. A scrubber may make opacity much
worse because the rapid quench can cause significant acid condensation,
which passes through the scrubber. If the scrubber were not present, much
of the SO3; would remain in vapor form and have no effect on opacity. The
best approach to controlling SO; in coal-fired boilers is unclear.”
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The complexity of managing the problem, in part, was illustrated in the paper by P
Szalach et al. (1998) presented at the same conference. The principal issue here was
tracking down the causes of blue and brown plumes in the air above the stack. Sulfate
aerosols were seen as the culprits but a disassociation between sulfate management and
plume formation was observed. More importantly (for our apparatus) the concentration of
various sulfate species was dependent on interactions between the conditions in the
burner and in the cleanup processes.

The issue devolved to how to manage such sticky materials should they attach to the
membrane. We contacted Membrana, the manufacturer of the hollow fibers we use, to
determine how to manage the possibility of these sulfate particles sticking to the
membrane. They indicated that sulfate aerosol accumulation on the polypropylene
surface membrane would be very difficult to remove and would not come off with
reverse airflow. Instead the HF would, at minimum, require cleaning off with a dilute
caustic solution like that used to remove biological soils. Additionally, there was
considerable uncertainty that all the particulates would be removed (Membrana, 2006).

Additional analysis focused on determining the potential effects that acid condensates
would have on the polypropylene. Data from the CRC Polymers database
(http://www.polymersdatabase.com/) and Sterilitech (2006) on the chemical
compatibility of polymer membrane filters showed that polypropylene is resistant to both
dilute and concentrated acids, including individual concentrations of nitric, hydrochloric
and sulfuric acid. Based on this information we concluded that failure of the polymer
membrane due to acid aerosol loading would not be of significant concern. However, it is
possible that, over time, the exposure of the membrane to strong acids could lead to
partial oxidation of the membrane surface. This oxidation would decrease the membranes
hydrophobicity. Sufficient loss in hydrophobicity results in membrane pores filling with
water resulting in reduced performance. Catastrophic failure would not be expected, but
reduced performance would be observed and could be resolved through module
replacement. At the acceptance concentrations (see Below) there should be little
possibility of damage due to acid condensation on the feed side.

In contrast, Membrana’s observations are HF lifetime decreases with repeated cleaning
cycles. According to Membrana engineers it is not possible to predict, even with
accelerated testing, what the membrane lifetime will be in any specific situation
(Membrana, 2006). The result of the Carbozyme and Membrana discussions was that if
the acid aerosol loading to the permeator were kept to a minimum, it would be possible,
with reasonable controls and occasional cleaning, to achieve our desired lifetime of 8
years (Membrana, 2006). This value is based on Membrana’s extensive experience with
polypropylene membranes, replacement frequency and analysis of the cause of failure
from such applications as pharmaceutical, diary and beer manufacture. Membrana does
not carry out accelerated aging and did not have a protocol for doing so. Subsequent
discussion with other membrane manufacturers confirmed that fouling and surface
property changes were two principal reasons for membrane replacement. Fouling is
idiosyncratic as a function of the feed stream and is best limited by effective filtration and
cleanup before presenting the gas (or liquid) to the membrane.
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Task 1 [Objective 2] Experimental Methods —

The purpose of objective 2, using the answers discovered in Objective 1, was to proceed
to test the effects of the particles in blocking a hollow fiber array and then to examine
ways to remove any attached particles.

Task 1 [Objective 2] Results and Discussion -

In view of the results described above, i.e., the formation of acid condensates, we elected
to delay implementation of experiments until they could be done properly and
meaningfully using an appropriate coal flue gas streams to validate particulate
management under condensing conditions.

Task 1 [Objective 3] Experimental Methods —

The purpose of objective 3 was to examine two different approaches to managing
particulates — reducing the quantity delivered to the permeator (Task 1.5) or cleaning the
permeator by blow back or by washing (Task 1.6).

Task 1 [Objective 3] Results and Discussion -
The data we had accrued showed that prior particulate management was far more
preferred than was cleanup after partial or total occlusion.

These findings were augmented by data from water filtration manufacturers and, more
importantly from Natco (Cynara). They use hollow fiber membranes to extract high
pressure CO; from oil, following enhanced oil recovery (EOR). They have over 20 years
experience in this field. Over this period they have progressively increased the amount of
pre-extraction cleanup. Today over 60% of their cost for such CO, extraction is in pre-
extraction cleanup to maximize the lifetime of their membranes and to minimize the need
to replace modules (Sanders, 2003).

Task 1 [Objective 4] Results and Discussion -

Integrating the various inputs led to the clear conclusion that additional post-combustion
pre-treatment was necessary. Further, that the type of pre-treatment needed would depend
on the permeator inlet composition acceptance values. Pre-treatment could be of two
types. One approach, provided that a full suite of clean-up equipment was in place, would
be to modify the FGD to minimize aerosol particulates (now known as “deep FGD”). A
second was to add either a WESP or some other type of aqueous absorber. If little or no
post-combustion clean-up equipment were in place, the approach could be a condensing
heat exchanger (CHX) or some other full treatment technology.

The conclusion from all of these sources of information was that it was far wiser and
more economical to clean the inlet stream of potentially problematic materials, i.e.,
prevention, then it was to attempt to repair the permeator. Cleanup could be managed by
improvement of existing apparatus, addition of a guard column or installation of new,
more efficient cleanup systems. Recent data indicate that other technology developers
routinely discuss the idiosyncratic character of power plants and the need to match new
equipment to that in place and to acceptance values. Discussions with C Salvador and K
Zanganeh at CANMET indicated that use of two CHXSs in series in their facility, burning
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lignite, eliminated virtually all particles and reduced sulfates to only a few ppm (Salvador
2006; Zanganeh 2006).

As noted, CANMET uses two CHXs in series and measured sulfur acids at the few ppm
range and virtually no particles in the outlet stream.”! Many new cleanup procedures were
presented at the American Filtration Society 2006 annual meeting (where Carbozyme
presented). Specific examples include Mcllvine (2006) (The Mcllvaine Company)
“Power Plant Filtration Decisions” (Mcllvaine, 2006) and that of Li et al (2006), (Ohio
Coal Research Center) “Acid Aerosol and other Fine Particulate Control with Wet
Laminar Electrostatic Precipitation.” They concluded that with the appropriate design, for
a given rank of coal, virtually all particulates could be removed. The data reported there
were substantiated at meetings with Wheelabrator Air Pollution Control, Inc., a Siemens
AG company (Wheelabrator, 2006). In both cases wet ESP (WESP) after the FGD and
changes to the FGD were suggested as candidate methods to virtually eliminate all acids
as well as virtually all particles.

Task 1 Conclusion —
The activities performed in fulfillment of Task 1 showed the following:

Re Objective 1 — Current particulate streams, even after typical full treatment, have a
strong possibility, over time, of blocking membrane surfaces. The most important reason
is that when the inlet flue gas is cooled that even the highest temperature that a permeator
would operate at, 85°C, is well below the dew point of acid aerosols, particularly that of
of SOx (a few hundred ppmv). SO; and sulfuric acid will condense. If any residual dust
(fly ash) particles are present the acids will nucleate on them and form acid aerosols that
are difficult to remove in scrubbers but are very likely to adhere to the bore surface of the
hollow fiber membrane. Attachment of these sticky condensates may block the polymer
membrane surface thus increasing the mass transfer resistance and decreasing permeator
performance.

Re Objective 2 — The data obtained led to the conclusion that experiments utilizing
condensed acid aerosols from a PC source are the only reasonable test of mouth or
surface blockage.

Re Objective 3 — Cleaning of the permeator by use of an alkali wash will remove
particulates and acid aerosols from the hollow fiber membrane surface. Most likely me
debris will accumulate, over time, as not all of the adherent material will be removed by
any given wash cycle. Repeated alkali washes will alter the membrane surface chemistry,
eventually causing changes that can compromise performance. Higher particulate and
SOx loading along with frequent cleaning would likely lead to decreased membrane life.
Repeated surface management, if required at high frequency, will prove costly and time
consuming. Thus, the alternate approach of improved cleanup of the flue gas stream is
preferential and presents less risk. This conclusion contributed to our investigation into
improved cleanup technologies.
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Re Objective 4 - Our findings concur with those now emerging in the literature for a
variety of CO, capture methods, including towers using amine chemistry. Specifically,
particle and particulate emissions must be managed carefully and minimized to near-zero
status (for amine-tower systems to avoid foaming, flooding and obstruction of filters).
This more extensive post-combustion cleanup is expected to be a necessary expense,
independent of CO, capture technology. As is discussed below (Task 4) treatment
emphasis is on particles, particulates, mercury and especially SOx.

Task 2 - Characterize the Effect of Operating Parameters on
Water Condensation

Task 2 Background and Description —

Water evaporation from the contained liquid membrane of the permeator into the
permeate gas stream is a natural part of as the permeator operation. This evaporation of
water requires heat that must be replaced or the temperature of the permator will decrease
(evaporative cooling) resulting in condensation of water in the feed/retentate side hollow
fibers. Water condensation can decrease permeator performance by blocking the pores of
the membrane and/or the bore of the hollow fiber. Pore blockage will decrease the
effective area available for mass transfer and/or increase the mass transfer resistance for
CO; (decreased permeance). Bore blockage will decrease the effective area of membrane
available by preventing gas to flow through the occluded hollow fiber tubes, thus
preventing gas flow through some hollow fibers and increasing the pressure drop through
the permeator at a given flow rate.

We documented the decreased performance previously while running a cross flow
permeator (Trachtenberg et al, 2005). Cooling of the permeator from 20°C to 17°C
resulted in decreased performance — shown as decreased CO; in the argon sweep diluted
permeate. The data from this study are shown in Figure 2-1. A condensation event and
recovery from that condensation event is shown for the time period from 230 to 310
hours. The time from 0 to 75 hours shows recovery from a previous event. The time from
675 to 700 hours shows the occurrence of another condensation event. The recovery from
condensation events was achieved by increasing permeator temperature and providing
time for water to evaporate. As seen in Figure 2-1 the permeator would return to the pre-
condensation performance level. Condensation on gas permeable membrane surfaces was
independently observed (in much shorter duration experiments by Fang et al. (2004).
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Figure 2-1. CO, flow change due to temperature
drop driven condensation.

SOPO Details are as follows:
e Task 2.1: Examine operating temperature effects on water condensation
e Task 2.2: Test thermal reversal of water blockage
e Task 2.3: Measure heat distribution throughout permeator

Task 2 Experimental Methods —

The approach taken was to study all three subtasks using a spiral wound hollow fiber
(SWHF) permeator equipped with and internal heat transfer element and instrumented
with thermocouples and pressure measurement devices (Figure 2-2). The proposed plan
was to avoid condensation events, if possible. We achieved operation of the permeator
without the occurrence of the condensation events. In other words, the improved design
and operation eliminated the previously observed failure mode.

A SWHFCLM will exhibit a temperature distribution along the length. To determine the
axial temperature profile we constructed an apparatus instrumented with thermocouples.
Thermal profiles within and particularly between the permeator and the surroundings
turned out to be relatively complicated in this very small permeator because of the small
diameter of the apparatus, with its attendant high surface area-to-volume ratio (Fig 2-4).
Extensive insulation was installed to thermally isolate the permeator (Fig. 2-5).

The experimental setup for measurement of gas permeance was described previously
(Cowan et al., 2003). The heat transfer profile was determined by installing 12
thermocouples (TCs) onto the permeator, a thermocouple manifold and attendant
amplifiers (National Instruments NI-9211). One TC was installed at each of two sites
(inlet, and outlet) for each of the four flows of the permeator (feed, permeate, CLM and
heat transfer). In addition, there was a TC installed near the feed end, one layer away

DOE Award #: DE FG26-06NT42824 Biomimetic Membrane for CO, Capture from Flue Gas
Closeout Report 16



from the 1/8” HTF SS tube in the center axis of the permeator. A second was installed
near the retentate end, one layer in from the outer edge of permeator (just inside the inner
diameter of the PVC tubing). Both of these TCs are in contact with the CLM fluid.
Pressure gauges and differential manometers were installed on the requisite flow lines to
monitor pressure deviations. Figure 2-2 illustrates the test setup. The sites designated as
T# indicate thermocouple locations. Flow pumps and pressure gauges are shown as
indicated. The physical device is shown in Figure 2-4 with thermocouples installed but
without insulation, etc.

NI software was installed to support computerized real time monitoring of all
thermocouples simultaneously. Calibration corrections were implemented for all of the
thermocouples. This approach allows automatic, continuous and simultaneous recording
from all thermocouples as illustrated in Figure 2-3. The particular selection of
temperature profiles for the permeator shows a sampling rate every 20 seconds with the
system operating dry (no CLM, but the HTF adjusted to have as little thermal differential
as possible from the room, i.e., at approximately room temperature). Room temperature
was measured by thermocouple T4 (orange) and is seen to cycle to higher and lower
temperatures than the rest. All of these temperatures were easily converted to usable data
by exporting them into an Excel spreadsheet for analysis.

Calibration corrected measurements of the 12 thermocouples achieved a deviation of
<0.1°C over a temperature range of 0-100°C. Initial thermocouple data indicated a large
temperature differential between the inlet and outlet streams. This was traced to heat loss
across various portions of the feed tubing to the surrounding air, before it reached the
permeator. Ultimately we recognized that the heat capacity of the gases, given the low
flow rates and the high heat transfer over only a few millimeters of exposed tubing, could
compromise many of the readings. The very slow flow rate for the gases and liquids is
necessary due to the small volume of the permeator. Addition of nichrome wire heating
elements managed this issue. None-the-less, we detected additional heat loss from the
permeator. Careful analysis revealed that the permeator tubing was radiating a large
amount of heat from the surface to the room. Additional insulation largely managed this
problem.
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Figure 2-2. Schematic representation of the test apparatus.

In summary the TC designations are as follows:

T# DESCRIPTION

1. Core temperature away from

HTF tubing

CLM outlet
Retentate

Room Temperature
HTF outlet

Nownhkwbd
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HTF final return temperature
HTF supply temperature

8.

11.
12.

Core Temperature near HFT
tubing

CLM inlet

Permeate — note this is under
a significant vacuum

HTF inlet

Feed inlet

The main permeator section consists of a 13.5 mm OD (1/4””) PVC pipe. The effort to
reduce its heat loss necessitated locating the permeator in the middle of a 15.24 cm (6”)
metal duct and filling the space with urethane foam. While there was still some detectable
heat loss but it was manageable provided the model-based controls were applied. The
usual calculation method is based on the equation Q=U*A*AT where U is the overall
heat transfer coefficient, A is the area and AT the temperature difference. Specific area
was not a major contributor to this measurement. This allowed simplification of the
calculations, by using UA as the basis. UA averaged out to 74 Cal/h*°C, provided that
the temperature difference between room temperature (T-4) and the average HTF
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temperature of T-5 and T11 is AT. This translates to 730 Cal/hr for the 9.9°C difference
observed when the HTF averaged to 36.7°C. When the permeator was filled with CLM
and evaporation was taking place, the overall heat loss under this condition was 1237
Cal/h. This compared to a loss of over 4000 Cal/h before insulation. The improved,
insulated, design is shown in Figure 2-5. In this small diameter permeator the HT in the
center was sufficient to manage the heating requirements.

A X Delete [ view in Excel Qstow Help
b 4 M 4 ) ) # )’J )';7 3/5/2007 10:22:05 AM - 3/5/2007 12:52:25 PM (Eastem Daylight Time)
25
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] I |
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=] Summary |___ Historical Data
Figure 2-3. Example of temperature outputs from the twelve thermocouples
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Figure 2-4. The naked spiral wound dual HF permeator.

This permeator was run under non-ideal conditions to more closely simulate real world
conditions. Specifically, the temperature of the room varied (Fig. 2-6) over a range of
4°C. In contrast, due to good insulation and thermal management the difference between
the feed gas and the permeate was less than 1°C (Fig. 2-6).
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An HTF is used to maintain a constant temperature not only within the permeator but at
the entry and exit sites as well. The HTF heats the core of the permeator via a centrally
located 3.175 mm (1/8”) stainless steel tube. To reduce the potential for condensation in
the retentate line the exiting HTF line is also wrapped in the 3.175 mm (1/8”) ID Tygon
tubing as it is returned to the water bath. This temperature is recorded at T6. T1 is a
thermocouple buried at the retentate side. Its location is as far away from the heating
element as possible, just under the last wrap of the hollow fiber layer. T8 is at the
feed/permeate end, buried as close to the stainless steel HTF tubing as practical, but not
touching the tube. The effect of this difference can be noted by looking closely at Figure
2-6. T3 reflects the temperature of the retentate while T10 measures the temperature of
the Permeate.

igure 2-5. The permeator shown in Figure 2-4, insulated and in operation.
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Figure 2-6. Temperature comparison between the room (T-4) and the permeator (T-
1).

Task 2 Results and Discussion -

The evaporative loss to the retentate will depend on the humidity in the feed. Figure 2-7
demonstrates how the system responds to the heat losses. The data plot in Figure 2-7
illustrates the inlet and outlet temperature of the permeator starting without CLM in the
permeator and then shows the greater temperature differences after the CLM is added
with the resulting larger temperature difference to compensate for the additional heat loss
due to evaporation.

Figure 2-7 used data obtained from thermocouples T11 (inlet) and TS5 (outlet). The
illustration shows the temperature loss as the HTF flows through the permeator, here a
length of 52 cm (20.5 in). The difference is about 0.9°C (1.62°F). While operating this
resulted in a heat loss of 9.23 kJ/h (2,206 cal/h) for the center section of the permeator,
with the water bath set at 52°C.
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Figure 2-7. Thermocouple record of the HTF inlet and outlet.

To better prepare for such situations in the future we constructed an analytical model to
calculate heat loss. This model is applicable to any flow and for the total system. The
model is based on the assumption that the heat loss to the room at different HTF flows is
approximately the same and the temperature offset between two thermocouples will have
a constant calibration difference. We constructed a spreadsheet and populated it with
calibration data derived under different flow conditions. This allowed calculation of the
heat loss at the different flow rates with reference to the same calibration cell. A standard
deviation between the different heat losses was calculated. The calibration offset was
adjusted until the standard deviation was at a minimum. The temperature offset for each
TC is:

Bias in yellow

0] 01034] 00271] 00529 00635 0.0217] 02106] 0.1337] -0.001] -0.013 000152
T-4 T-3 T-1 T-5 T-2 T-12 T-11 T-10 T-9 T-8 T-6 TEZ

The actual deviation between the corrected temperature and the recorded output is very
small as seen in the table.

The resultant water transfer is shown in Figure 2-8. The bar indicates the standard
deviation.
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Figure 2-8. Water heat transfer as a function of operating temperature.

The heat transfer within the permeator is the difference between TS5 and T1 for one end
and T11 and T8 for the other end. The two attached graphs (Figure 2-9) show the changes
at both ends as the temperatures are changed.

The temperature difference from one end to the other is only very slight. The average
difference for T5-T1 starts out at near 0 at 25°C, rising to 0.26 at 30°C, and to 0.55 at
37°C. For the T11-T8 it is 0.28 and 0.34, respectively. T1 is about 2.9 mm from the
stainless steel tube and the T8 is about 0.2 mm.

The data presented in Figure 2-8 show that the amount of water that will evaporate is
dependent on the temperature of operation of the system.
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Figure 2-9. Heat transfer within the permeator.

Task 2 Conclusion —

The data show that the temperature of the permeator can be rigorously controlled
independent of room temperature. Additionally, the temperature difference between the
inlet and outlet ends is modest and that the amount of water evaporating and the attendant
evaporative cooling is readily controlled; posing no undue burden on the design or
operation thereof. Sufficient information has been collected to allow design of heat
transfer elements into permeators during scale-up.

Further, heat loss from the permeator will be less of a problem as diameter increases due
to the lower surface area to volume (S/V) ratio and because more effective insulation will
be used. The distance between the HT fiber and the permeate fibers will be kept small to
avoid formation of temperature gradients that might result in condensation in the fiber
pores. The heat transfer surface area is specific to each permeator, given the feed
conditions and is not related to the size of the power plant.
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Condensation water from the interstage compressor condenser/coolers provides the
needed heat thereby avoiding any additional parasitic cost to the power plant. The water
that is used for the heat transfer within the compressor train is circulated through the HT
fibers within the permeators and the rate of circulation is controlled by thermocouples in
the permeator via a feedback loop.

Task 3, 4.1 and 4.2. Investigate CO, Removal Efficiency at Low
Temperature by Different Enzymes (Isozymes).

Task 3. 4.1 and 4.2 Description —
Determine the operating temperature range for different isozymes and examine how
differences in operating temperature may affect CO, permeance.

Task 3 and Task 4 (parts 4.1 and 4.2) required examination of a number of isozymes to
determine the overall range of operating temperature. Task 3 and part of Task 4 have
some issues in common. As such it is more logical to present them together and apart
from those portions of Task 4 that are unrelated.

SOPO details are as follows:

* Task 3.1: Test performance of 3 different enzymes at low temperatures

* Task 3.2: Compare CO, removal efficiency for 3 different enzymes at low
temperatures

e Task 4.1: Develop an operating temperature profile for a CAM-based permeator

* Task 4.2: Test temperature performance of CAM-based permeator

Task 3, 4.1 and 4.2 Results and Discussion —

We tested several different enzymes for overall activity (0°C) and in the permeator where
they were run at operating temperatures ranging from 20°C to 85°C. By so doing,
presuming the isozymes operated in a satisfactory manner, we could then focus on
optimal operating conditions for the permeator and for the knockback condenser to
minimize system energy cost without being bound by the thermal requirements of the
isozyme.

To this end we examined three isozymes. The first, provided by Novozymes, was derived
from a bacillus — a-NS81091. This isozyme has an upper temperature bound of 25°C
before it is denatured. This isozyme is produced via recombinant DNA expression. The
second, obtained from Sigma-Aldrich, was a-BCA 11, i.e., the bovine isozyme from red
blood cells and thus virtually equivalent to the similarly derived human isozyme a-HCA
IT that we had tested some years before. It has an upper temperature bound of <45°C. The
BCA 1II and one version of the HCA II were purified from natural sources while a second
(tested previously) was derived by microbial expression from a modified plasmid. The
third isozyme, obtained from Prof. J. G. Ferry at The Pennsylvania State University, was
CAM, a member of the y-CA family derived from a methanogen but now obtained by
expression in E. coli. While the a-CAs are monomers the y-CA is a trimer. Dr. Ferry had
demonstrated in the laboratory that it would operate at temperatures in excess of 60°C.
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Activity tests were performed at 0°C by means of the Maren assay, an end-point measure
of enzyme activity (Maren, 1960). Each of these isozymes was tested in the same
permeator. The permeator temperature was controlled by placing it in a temperature
controllable water bath. The permeator was maintained at a fixed temperature for a
minimum of 30 minutes and as long as 8h before the temperature was elevated by 5°C.
This progression continued until the performance of the permeator dropped to that
observed in the absence of enzyme, i.e., when the enzyme was denatured. CAM was
tested over the range of 20°-85°C over a period of 4 days. This duration is more than
sufficient to observe any denaturation related event as the temperature dependent failure
mode of enzymes is well recognized to be dramatic, i.e. within 5-10°C of the point of
maximal stable activity and declines within 5-15 min. and continues to fall, relatively
linearly as temperature increases. For this reason we selected isozymes whose upper
temperature bound was at least 10° above our operating temperature. More importantly,
the thermal mass of the permeator is so large that no sudden change in feed gas entrance
temperature could have a detrimental effect on the enzymes. Should it become necessary
to protect against irregularities in the feed stream temperature inlet, a cooling loop could
be incorporated that would activate when a thermal overload was detected.

Figure 3-1 illustrates the permeator performance, as CO, concentration in an argon sweep
gas stream for each of the three isozymes described above. Previous data had shown that
the a-CA II isozyme would fail at temperatures in excess of 45°C (Trachtenberg et al.
2005). The triangles towards the bottom of the illustration correspond to the permeance
obtained using a bicarbonate solution alone in the absence of any or viable enzyme. As
can be seen NS81091 failed in excess of 25°C, BCA 1II in excess of 45°C but the CAM
isozyme continued, thought with somewhat reduced performance to 85°C when the
experiment was terminated. As usual all of the gas flows — feed, retentate, sweep and
permeate were measured by RGA. The data were extracted and plotted using Excel.

These studies explored enzyme performance over a range of temperatures including those
that will be encountered when processing actual flue gas.
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Figure 3-1. Effect of temperature of permeate stream CQO; concentration for three
different CA isozymes. (Data collected using a cross flow permeator with argon
sweep.)

Task 3. 4.1 and 4.2 Conclusion

The data collected indicate that regardless of the operating temperature selected (in the
range from 20 to 85°C), it will be possible to provide an isozyme that will work under
those conditions. Therefore, other engineering optimization considerations can be used to
determine the optimum operating temperature.

Task 4.3 and 4.4: Investigate CO, removal at high temperature by
CAM / Examine Effects of Acid Gases on Permeator Operation
Task 4.3 and 4.4 Description —

Determine the sensitivity of CAM to SOx and NOx. Information on the inhibitory nature
of HCI, HF and mercury was also collected.

SOPO details are as follows:
e Task 4.3: Design test protocol for measuring SOx and NOx effects on CAM
* Task 4.4: Test effects of SOx and NOx on CAM activity
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Task 4.3 and 4.4 Results and Discussion —

The flue gas contaminants, SOx, NOx, HCI and HF can all affect permeator performance
and influence CAM activity through two mechanisms, both of which involve their
accumulation in the CLM. The two mechanisms operate via: (1) changes in CLM pH
through accumulation of acids in the CLM; (2) inhibition of CA by accumulation of
inhibitory ions (generally anions) in the CLM. Mercury can also impact permeator
performance by serving as a cationic inhibitor of CA activity. To do this it must
accumulate in the CLM as Hgﬂ, i.e., oxidized mercury ions.

The influence of pH on performance has less to do with the optimum pH of the enzyme,
carbonic anhydrase, and more to do with having acceptable conditions for high
concentrations of bicarbonate and carbonate ions. This is a result CO, transport through
the CLM is dependent on the diffusion of bicarbonate from the source (feed side) to the
sink (permeate side) and back diffusion of carbonate ions from the permeate side back to
the feed side. The optimum pH range for permeator operation is therefore a complex
function of the feed (flue) gas concentration of CO,, the % CO; capture and the overall
CLM chemistry (i.e., metal ion concentration). The optimum pH is typically in the range
of 8.5 t0 9.0.

The acceptable limit of pH change was taken as that which decreased pH below 7.5. This
is a somewhat arbitrary but conservative selection. It is arbitrary because there is no clear
pH value beyond which permeator performance will be acceptable and below which the
permeator performance will be unacceptable. It is conservative because we expect
acceptable permeator performance to be possible even as low as pH 7. However,
performance will drop as pH drops below the optimum value and the rate of pH drop with
acid addition will accelerate as pH decreases outside the buffer range of the bicarbonate—
carbonate acid—base pair. At pH values below pH 7.5 the rate of pH drop becomes very
fast. This is shown clearly in later figures.

To determine the CA inhibition based acceptance limits we captured key ion sensitivity
data for each of the isozymes of carbonic anhydrase that have been studied. The Ki values
(the concentration at which the activity of CA would be reduced to 'z of its maximum)
were taken as the maximum acceptable concentration of each contaminant in the CLM.
Considerable information is available in the literature regarding the inhibitory effects of
monovalent anions, here with reference to NO;™ CI', and F". Monovalent anions can bind
to the same catalytic sites, as does HCOj3", though with somewhat lower affinities because
of differences in molecular size. Certain divalent anions (such as SO4), with appropriate
charge distribution, can also bind to this bicarbonate site, though usually with lower
affinity. By assembling these data we were able to get values for Ki, NO;", SO, , CI', and
F for y-CAM (Innocenti et al. 2004) and several other CA isozymes (Innocenti et al.
2004; Baird et al 1997). Ki information was also collected for mercury (Tu et al. 1981).

The Ki values for the y-CAM isozyme are 36.5 mM for NO;", >200 mM for SOy , and >
200 mM for both CI"and F~ (Innocenti et al. 2004). The lowest of these K; values, that for
NOs’, is lower than we expected based on other information we gathered that suggests at
least some CA isozymes are much less sensitive to nitrate ions than the value implies. In
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experiments we had performed by Dr. CK Tu (unpublished data) we found no detectable
inhibition of a-CA at 100 mM NaNOs. Also, Bond et al (2001) reported little inhibition
of CA at NOs  concentrations below 100 to 200 mM. Mercury, or more accurately
oxidized mercury ions, is one of the most potent inhibitors of CA with a Ki = 1.7 uM
Hg+2 for BCAII (Tu et al, 1981). A more conservative value of 1.0 uM was used in our
analysis.

Once the pH and inhibitor concentration limits in the CLM were set we then determined
the concentration of contaminants (SOx, NOx, HCIL, HF, and Hg) in the flue gas that
would lead to these CLM concentrations. Because the flue gas flows through the
permeator, the permeator contains a fixed volume of CLM, and the acids and ionic
contaminants will accumulate in the CLM (as opposed to being in equilibrium with the
gas phase concentration) the question is really one of loading (gas phase concentration *
flue gas flow rate * time / volume of CLM). In addition, we had to consider the oxidation
state of the gas phase contaminants and whether or not the contaminants would oxidize in
the permeator. In a worst case analysis we assumed all of the SOx, NOx and Hg would
oxidize and thus accumulate in the CLM as SO;, NO; and Hgﬂ. In reality the
accumulation of SOx into the CLM as SO, is expected as the conditions favor oxidation
of SO, and its accumulation as sulfate. The accumulation of NOx into the CLM as NO3’
is expected to be minimal. Most NOx in flue gas is present as NO, which is unlikely to
oxidize in the permeator and only a fraction of the small portion of the NOx. present as
NO,, is likely to accumulate in the CLM. All of the HCl and HF are expected to
accumulate in the CLM but the flue gas concentration of these is typically extremely low.
All of the mercury present as Hg+2 can be expected to accumulate in the CLM but
oxidation of that present as Hg0 is not expected to occur in the permeator. The data we
have on Hg in the flue gas did not include speciation and remains an unknown. Hg
speciation in flue gas varies widely based on the combustion conditions, the coal burned
and the flue gas treatment processes in use.

We sought was to determine the acceptable flue gas concentration of acid gases and
mercury that can be loaded to the permeator over an operational duration of 2500 hours
and not force the pH of the CLM below 7.5 and/or the CLM concentration of SO4 , NOj’,
CI', F" and/or Hg+2 above their respective Ki values. The CLM phase acceptance values
are given in Table 4-1.

Table 4-1. CLM (Liquid Phase) Acceptance Concentrations.

CONTAMINANT ACCEPTANCE
CONCENTRATION
IN CLM
Ki (mM)
CI 200
F 200
SO4~ 200
NOs° 36.5
Hg" 1.0x 10°
pH 7.5%
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Model Data —

To determine the gas phase acceptance values we first examined changes in pH and CLM
concentrations that would be observed for a representative pulverized coal flue gas. We
used the measured — post pollution control treatment — composition of a flue gas provided
by a cooperating electric power company that burns pulverized coal (PC). The values for
this flue gas are given in Table 4-2.

Table 4-2: Base Flue Gas Composition

Component Composition
%
Water' H,0 7.709
Nitrogen N, 74
Carbon dioxide CO, 14.3
Oxygen O, 3
Argon Ar 0.9288
Nitrous oxide NO 0.035
Sulfur dioxide SO, 0.0264
Hydrogen chloride | HCI 3.00E-04
Hydrogen fluoride | HF 1.00E-05
Mercury Hg 2.00E-07
TOTAL 100

Two separate simulations were performed in which the pH and CLM composition were
calculated. The conditions used for both simulations were the flue gas of the composition
shown in Table 4.2 contacted with CLM at the ratio consistent with our expected flue gas
treatment rate per volume of CLM. This allows the calculated CLM composition to be
plotted against time. The differences between the two simulations were that for one we
allowed for oxidation of SOx, NOx and Hg (Figure 4-2), while for the other we did not
allow for oxidation of SOx, NOx or Hg (Figure 2). The thermodynamic modeling used
for the simulations was performed using the OLI Stream Analyzer software (OLI, Morris
Plains, NJ). The balance of the data analysis was performed using models we generated
in Excel spreadsheets.

Figure 4-3 shows that if all of the SOx, NOx, and Hg present in the representative flue
gas were to be oxidized the permeator would fail within 8 hours. This is due to
accumulation of NOj3", 50 hours due to the accumulation of Hgﬂ, 77 hours due to the
accumulation of SOy, and 90 hours due to the drop in pH to below 7.5. The CI” and F
concentrations remain acceptable for >2500 hours. Clearly this means that additional
pretreatment of the flue gas would be necessary before the Carbozyme permeator. Recall
however that the conversion of all NOx and Hg to oxidized forms is not expected so a no
oxidation case calculation was also performed.
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Changes in CLM Chemistry with Typical Flue Gas

assumes SO ,, NOxand Hg are oxidized
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Figure 4-2. Worst case analysis of the effects of a typical PC flue gas on CLM
chemistry — SOx, NOx, Hg oxidation condition.

Figure 4-3 contains the no oxidation case results for the PC flue gas. Here the CLM
concentrations of all Hg species, all NOx species, Cl’, and F" remain acceptable for >2500
hours but the pH and SOx species (mostly SOz ") exceed the acceptable values at 158 and
65 hours respectively. (Note: SO; does not necessarily have the same Ki as SO4 but has
been assumed in this analysis). Given that SOx is expected to oxidize and NOx and Hg

are not, and even if SOx does not oxidize it will accumulate in the CLM and decrease

CLM pH we therefore conclude that SOx acceptance values will drive pretreatment
requirements for the permeator. This has been reported for other CO, capture
technologies as well (and the chemistry of CO; capture essentially demands this will be

true for all CO; capture technologies).
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Changes in CLM Chemistry with Typical Flue Gas

assumes SO ,, NOxand Hg are not oxidized
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Figure 4-3. Analysis of the effects of a typical PC flue gas on
CLM chemistry for the no oxidation condition.

Once the typical PC flue gas analysis was completed it was necessary to determine the
flue gas concentrations that would allow acceptable operation for >2500 hours. Figure 4-
4 represents CLM contaminant concentrations and pH for the worst-case analysis
(oxidation of SOx, NOx and Hg) for a flue gas meeting our most stringent acceptance
criteria (Table 4-3). The flue gas concentrations that met the acceptance criteria were then
used to simulate the change in CLM chemistry expected over 3000 hours of operation
(goal of 2500 hours of operation). These results are given in Figure 5. The red circles
show that the pH does not decline below 7.5 until 2,600h of continuous use. The pink
squares show that CLM accumulation of sulfates, chlorides and fluorides do not exceed
the CA Ki value of 200mM for 2550h. Similarly, the CLM nitrate concentration does not
exceed the CA Ki of 35mM for a similar 2550h. Finally, the acceptable mercury limit of
1uM is not exceeded for 3,000h.
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Contaminant Concentrations in CLM vs Time
for Flue Gas at Contaminant Acceptance Limits
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Figure 4-4. CLM composition at flue gas acceptance conditions.

Table 4-3. Flue Gas Acceptance Limits —
Based on Most Stringent Requirement Assumptions.

Contaminant Flue Gas pH Based Enzyme Based Removal
Concentration Acceptance Acceptance Required
Value Value (2500h
Lifetime)
ppmv ppmv ppmv %
HCI 3 17.7 7.08 0
HF 0.1 17.7 7.08 0
SO, (as SO5™ or 264 8.85 7.08 97.3%
SO4)
NO / NO,* 350 17.7 1.239 99.6%
Hg' 2.00E-03 3.54E-06 99.8%

* The acceptance level for NO / NO2 depends on the amount of NOx that is oxidized to HNOs
*The acceptance level for Hg depends on the amount of Hg which is present as Hg ™

Only the oxidized NOx and Hg will present a problem for operation of the permeator.

Experimental Confirmation of SOx and NOx Capture in the CLM.
A hollow fiber contactor was constructed using the feed fibers for a Carbozyme
permeator for the purpose of studying the capture of SOx and NOx into a solution having
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the same chemistry as the permeator CLM (1 M NaHCOs). A bottle of analyzed gas
containing 0.0358% SO,, 0.0469% NO, 20.0% CO, and balance N, (79.9173%) was
mixed with CO, free air to make a nominally 15% CO, feed gas which was passed
through the contactor. The inlet and outlet gas concentrations of SO,, NO, NO,, CO,, Na,
O, and Ar were monitored using a Questor IV Mass Spectrometer (Extrel) and the pH of
the re-circulated CLM solution was monitored using an computer interfaced pH meter.
The experiment was conducted at 25°C. Figures 4-5 and 4-6 present the experimental
data collected as well as CLM pH values simulated using the same models as those used
to determine the acceptance values. The model calculations performed included those
with and without SOx oxidation; NOx oxidation was not allowed.

The results shown in Figure 4-5 indicate excellent agreement between the data collected
and the model predictions. The decrease in pH with flue gas loading was gradual until the
pH dropped below the acceptance limit of 7.5. Beyond this point the rate of pH drop with
loading increased rapidly until the pH of the CLM fell below 3.15. Up until this point the
pH and outlet SOx concentration observed and those predicted by the SOx oxidation
based model were in good agreement. At loadings exceeding this point the outlet SOx
concentration increased until eventually no removal was observed and the reduction in
solution pH slowed and then stopped — which is consistent with no additional SOx
capture. The difference between the data and the model can be directly attributed to a
limitation in the model. At low pH the rate of SOx oxidation becomes very slow — this
was not accounted for in the thermodynamic model used for the simulation.

Figure 4-6 includes the inlet and outlet NO and NO, concentrations from the same
experiment. Data confirm that at most a very small amount of NOx will be captured by
the Carbozyme permeator. These data along with the good agreement between the pH
and SOx capture data indicate the NOx acceptance value presented earlier is overly
conservative and in fact the Carbozyme permeator acceptance value for NOx is likely
much greater than the NOx concentration that would be present in any flue gas.

Additional Information on Hg:

In the above analysis on the effect of mercury on permeator performance due to its
inhibition of CA activity we found that if the mercury is present as Hg+2 it might cause a
significant problem. This occurs because ionized mercury is one of the most potent
inhibitors of carbonic anhydrase. The Ki value is about 1uM. If all of the mercury in the
flue gas used in this analysis is present as Hg™ the lifetime of the CLM is calculated to be
50 hours. Elimination of this problem could be accomplished by one of two strategies: a)
reduction of the Hg™ to Hg’, b) removal of 99.82% of the Hg"™, provided that the total
amount was present as Hg+2 .
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Figure 4-5. Results of flue gas contaminant loading test and model simulation
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Figure 4-6. Results of flue gas contaminant loading test confirming minimal capture
of NOx by the CLM. 3.7% of the NO and at most 34.7% of the NO; were captured.
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Final Flue Gas Acceptance Values:

SOx = 7.08 ppm
HC1=7.08 ppm
HF =7.08 ppm

NOx = no limit
Hg=3.54x 10 ppm as Hg+2

Task 4.3 and 4.4 Conclusions:

The model simulation results and the data collected detail the effect of flue gas
contaminants on the chemistry of the CLM. Our conclusions are that the flue gas
contaminant of dominant concern for removal during pre-treatment is SOx. The
acceptance concentration for SOx is calculated to be 7.08 ppm. Higher concentrations can
be accepted at the cost of requiring additional efforts are made to maintain acceptable
CLM chemistry. The Carbozyme permeator acceptance limit for SOx is in line with that
for other CO, capture technologies.

Task 5 - Carry Out Process Modeling

Task 5 Description —
Carry out process engineering towards developing a scale-up device and towards
estimating final specifications and costs.

SOPO details are as follows:
¢ Task 5.1: Develop preliminary process flow sheet
* Task 5.2: Develop heat and material balance
e Task 5.3: Preliminary equipment size and component cost estimation
e Task 5.4: Determine operating cost of design
e Task 5.5: Preliminary system cost estimation

Task 5 Experimental Methods

The Process Flow Diagram is based on the EPRI Evaluation of Innovative Fossil Fuel
Power Plants with CO, Removal 1000316, Interim Report, December 2000, Case 7C
(EPRI 2000). In this model 151,295 kg/h of coal is burned, producing 1,841,410 kg/h of
combustion gases, measured after the bag house and before entering the FGD. The CZ
analysis data includes the mass of gas exiting the bag house, and the costs associated with
the observed blower and FGD, all shown on the EPRI Case 7C flowsheets. The flue gas
composition was estimated based on typical coal flue gas, as shown in Table 2-1.

CO, 13.06%

(0)3 3.0%

H,O vapor only 7.7%

N, 75.24%

CO 0.008500%

HCl 0.000300%

SO, 0.026400%
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SO3 0.001000%
NOx 0.035000%
Hg 0.000000198%
Argon 0.92880%
Total 100.000%

Table 5-1. Flue gas composition.

The pressure and temperature of the gas leaving the bag house is as noted in the Case 7C,
94,458 Pa (13.7 psia) and 137°C (279°F). The PFD is designed to send the gas flow
through a CZ permeator system, to remove the CO,, and then exit in a normal stack at a
pressure of 99,284 Pa (14.4psia). (Note that the CZ system may need a different pressure
at the stack than that specified in Case 7C to account for differences in gas buoyancy.
This will be determined during final engineering design.)

The PFD is large. To facilitate viewing it, the PFD is shown divided into a series of five
smaller sheets as follows:
(1) Figure 5.1 shows the final stage of flue gas cleanup and the Carbozyme permeator
(2) Figure 5.2 shows the first three stages of permeate (purified CO, product)
compression
(3) Figure 5.3 shows the fourth and fifth stages of CO, compression
(4) Figure 5.4 shows CO, drying, a final CO, compression stage, and a CO; cleanup
stage for removal of residual N, and O,
(5) Figure 5.5 shows processes for CLM production and maintenance.
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Figure 5-1 Process Flow Diagram — ID Blower, FGD and CZ Permeator
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Figure 5-5 Process Flow Diagram — CLM Supply and Treatment System

The object of the PFD design was to minimize energy usage. To this end the design
needed to incorporate a very low partial pressure CO, difference between the permeator
feed gas and the permeate gas. To aid the calculations, Streams 9, 10 & 11 are provided
(Figure 5.1) as a convenience to guarantee some flow through the permeate side. The
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treated flue gas, indicated as Stream 7 and 7A (Figure 5.1), will be at the temperature of
the Permeator and about 100% RH.

Much of the rest of the Flow Diagram is used for compressing and drying the purified
CO;. The use of interstage coolers and knockback condensers rests on the assumption
that the most efficient energy utilization occurs when water removal takes place at the
highest pressure possible. Drying is assumed to be by molecular sieves functioning
slightly below the critical pressure for CO,.

The closer compression is to the isothermal condition, vs. adiabatic condition, the lower
the energy utilization. Six stages of compression were used to minimize the energy usage.
The very large compressors considered here typically have an efficiency rating of 79%.
The ID blower energy use, before the FGD, was assumed to be less efficient at ~60%. All
the energy of the blower was included in the overall CZ energy consumption despite the
fact that part of the blower energy was used to drive the flue gas through the FGD.

In the molecular sieve, electric heating was used to desorb the water. This water, along
with any attendant CO,, was sent back to the first stage compressor outlet so that all the
water and CO, was available for recovery. Although the CLM cleanup and makeup
system was shown on the PFD, no work was done to evaluate this part of the system.
Principally, because makeup is not a continuous operation, it was only preformed when
the CLM was formulated for startup or when a section of the permeators had maintenance
preformed. Otherwise, the water that was evaporated was made up from the condensate
out of the compression train. Cleanup of the CLM was not preformed on a continuous
basis; rather we anticipate replacement every 90 days. This expenditure was built into the
operating cost and the limitations shown for the flue gas pretreatment in Task 4.

Completion of the PFD analysis allowed attention to the heat and material balance. This
resulted in an extensive estimation on how the system would react to each of the process
equipment items, e.g., the energy requirement. The heat and material balance was
generated via an Excel spreadsheet. A commercial simulator was unnecessary, as we did
not modify the basic EPRI Case 7C work. Here the energy delivered to the grid is
462,058 kW. Any calculation of parasitic energy as a fraction of the power plant output
uses this as the basis, i.e., for no parasitic load. In addition, the majority of the modeling
activity focuses on the performance of the CZ permeator system, which is not modeled
on commercial simulators. The compressor energy, with that of the attendant intercoolers,
was modeled using Equations 10-80a, 10-81 & Fig 10-66 from Perry’s Handbook [Perry
and Green, 1999].

The water calculations used an Excel add-in called water97 v13.xla, authored by
Bernhard Spang, Hamburg, Germany, URL: http://www.cheresources.com/staff.shtml.

[Spang 2006]. Several approaches were explored before achieving this standardized
approach, including the formulas in Poling et al [1987] and finally the water TABLE 2-
352 from Perry and Green [1999] interpolating between the values provided in the tables.

The system permeability is based on CZ permeability measurements under optimum
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conditions. The pressure drop through the permeator was determined using Darcy
equations and friction factors as developed in Cameron (1979). Pressure losses in other
pieces of equipment were estimated by process engineering experience.

Each stream number is characterized with sections to define the characteristics of the
fluids in that stream: moles, volume %, partial pressure, enthalpy, mass & the physical
section for temperature, total pressure, volume, % RH, energy usage, density, and
viscosity. Other calculations are preformed outside the main grid. Table 5-1 shows the
material balance that includes the sizing or each element.

Task 5 Conclusion —

The preliminary process flow sheets and the heat and material balance is a work in
progress. Independent evaluation of these flow sheets support our estimate of a cost of
energy for CO, capture of about 13.5% for a PC power plant. Using the present
permeation rates, the final CO, concentration is 92%, at a pressure of 8.45 MPa. The
parasitic load is 62 MW divided as follows: 7.9 MW for the blower, 2.8 MW for the
HTF, 50.2 MW for compression and 1.3 MW for operation of the molecular sieve. All of
this data was extracted from the tables above.

Equipment Sizing and Equipment Cost Estimate

Equipment Sizing Cost Basis
Compressors 50.2MW $15M $300/kw
ID Fan 7.9 MW $3.4M $300/kw
Permeator 13,440 m’ or 35.9 Mm®  $35.9M $1/m’
Enzyme 14,111 kg $0.7M $50/kg
Mole Sieve 136 mt $0.46M $3.38/kg
Mole Sieve Vessels 2 at 3.0 m dia and 15 m in height

$0.46M same cost as Mole

Sieve

HTF circ pumps 232,000 m’/h x 32 kPa AP or 2.8MW

$0.83M $300/kw
Total for identified equipment $55.8M (Y 2000 $ / costs)

The above table notes the basis for each estimate to facilitate evaluation of system costs.

We multiply by 3 to get an installed cost. The result is $167M (Y 2000 $ / costs) for a
plant that processes 8,588 t/d of CO, and captures 90% or 7,736 t/d of CO,.

Operating Costs

If we use $73.30/MWh of electricity then the capture cost in energy is $11.14/t. The cost
table yielded a value for MEA of 8.56¢/kWh and an avoided cost of $44.05/t. In contrast,
the CZ system cost is 7.33¢/kWh with an avoided cost of $28.30/t, a 36% savings.
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Table 5-1. Material Balance for EPRI Case 7C with Carbozyme Permeator for CO; Recovery
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1.98€-09 0000 0.00007]
0.923807] 9202 X 4033} 1.01037] 10107 0.0000/] 06747/
100.0007 100, 10000007 100.00007] 100.00007] _ 100.00004]
Liquid Water 1007
Partial Prosrure (Pa)
12,336.6057 3228010 13,652.9433 12,945.57 1.451.35 1,451.35 1.451.21 415.63 - 275.62 9,061.80 4156684 135,471.50 393,249.00
2,333,735 | 19,494.0059 3.136.0999 3.086.07 339102 339102 3.390.79 97144 - 643.99 47.74 21879 T13.06 2,069.87
7.273.2541 1,416.8677 $.049.3232 10,444.38 11,690.54 11,690.54 1.689.38 3.347.89 28,830.37 1.732.2% 1,607.88 12,349.97 12,348.77 12,349.77
T1,070.0831 | 72,646.7673 76,653.3863 74,996.47 $3,045.42 $3,045.12 $3,036.87 2378213 - 15.770.55 T13.45 329747 10,745.89 31193.36
3.0289 0.0000 3.3856 2.4 9.2 9.2 9.2 245 - 176 0.07 0.30 098 284
0.283: .00 03136 5 3 % 0.3 .08 - .06 .00 .00 6.00 .00
24936 0.09: 27.5977 26 28.7! 28.7! 28.7! $.23 L2 5.4% 0.00 0.02 0.06 0.4
. 94d .00 1.0454 X 0 0 10 0.31 - 0.21 - - - -
32,060 XE 36,5578 34 EEX] 8.4 384 11,00 - 730 033 145 FET) [ZRT]
.000: 0.001 9.0002 X .0 o - - - 0.00 - - -
$77.324: $69.212: 9709363 925, 1,017.1: 1,017.1. 1,017.03 29128 L 19316 14.32 £5.62 213.87 £20.84
54.457.6457 | 99,264.159 104,537.1194 102,41 1006731 1006731 100663.1) 28:830.37 28830.37 28,630 21,452 57,500 159,500 439,500
57,500 159,500 433,500
Eathalpy (Jmin)
0z 722,789,492 1,164 789,443,074) 0.00} 277,717,753} 24,709,037 24,708,331 25,174,492.91 715.55] 0.00 718.95] 222,3%2,034] 226,780,073.43] 226,780,073.49]  226,780,073.19]
[ 127,116,975} 543,500 138,337,233] 0.00] 52,255,815 45,686,619) 45,685,314] 46,528,540.91) 1328.80) 0.00 1,328.80) 927,093 944,215.31 944,215.31
[Ha0 3,928,263,065) 3,904,879) 3.949,783,049]  43,320,455]  5.121998,877] 5,002,881,838]  5.092,736,397] 5.095923,466.3¢] 9 145,532,654 45306375 76908637  7.289.477.863  1,693,230615.55] 519,535,418.31]
[He 3,134,206,145} 2,207,113] 3,406,580,355| . 1,260, 11,560,092 1,11.529,449]  1,131,816,770.43) 32,325.98] X 32,325.98] 13,880,899 14,135,498.05]  14,135,493.05
Teo 354,652 385,553 14 12, 0] EXT) 126224
HCI 12,624) 717) . 3] 90)
[soz 1,553,135 1,585,115} 0 533,537.5¢ 15.24) 107.12
503 76,242] $3,360) X F 25,756.74] 0.74) 0.00)
ho 1,906 15| 2,080,64%] . 36,845.39) £60,031.44] 1.5] 7,929.60)
[Hy
Tar 27,512,516.29) 16,815.49 25 384,589.47) 0.00| 11,047,365 65} 5,701,309) 5,701,032 5,578,948.64) 28213 196,564.20 00,474.63] 504746 Z00,474.64
Taral 7,943,793,081 6,725,480) $,318,289,844] 43,329,455 | 6,725,251,897] €,245,865,206  6,265,685,695  6,310,172,533. - $03,781]  7,526,574,061 1,935,300,354 | 761,605,154 421,046,01
T 086,383,589
c0; 5,963,769.761 31644 5,963,769.761 5,963,851 596,385.14 596,363.41 596,363.10912 1703101 0.00000 17.03145 5,367,483 5372274 5372279 5372279.2
0z 995,929.364 | 37.677.227 995,929.364 1033607 | 101307300 | 101304906 | 1,013,049.46389 23931001 0.00000 2893129 20,558 20557.92737 | 20,567.92737 20,5578
[Hi0tal 1,439,196.282 1.541.803 1,439,196.282 1969492 | 1,966,326.35 | 1966.270.19 |  1,966,270.19116 S4154Ee01] 17289408 296.7532 2,814,301 653,336 200,464 69,0583
liqHEO oni 583,667
[ 21,674,343.248 | 122,962,553 21,674,343.248 21,997,306 | 21726,609.78 | 2172598932 21,725,989 6.2046E02] X 20.46427 271,316 27131648507 271,316.4 271,316,
co 2,470.443 . 2,470.443 2,470 2,421.1: 242111 2,421.11454 £.9144E-02] X 0.06914 24.66445 24.66445 24. 24
13518 X 13518 114 1i1.2 1i1.2d 11124368 3ATT0E-03] ¥ 0.00318 02275 0.02275 X X
17.543.092 . 17.543.092 17,548 17497, 17.196.70 17.196.70079 4.4111E-01] X 0.45111 51752 351752 3. 3.
$30.689 X $30.689 (2] #14.0 14,04 $14.03665 2.3243E-02] X 0.02325 00000 0.00000 0. 0.
10,297.324 10,897.324 10,898 10,763.55 10,763.24 10,763.23861 3.0733E-01) X 0.3073% 131.73719 131.73719 131.74 131
Atz 415 0.413) 0.41 0.41 0.40331 0.0000E+00)
385,068.125 385,068.125 387066 379,476.45 379,465.62 379,486 1083701 0.00000 1083701 770054094 770054094 770054 7,705
30,630,168 30,690,168 599,667 31,383,284 | 25,113,183.45 | 25,712,449.44 25,712,443 7343120 728941 9749113 | 5,d81519.1950 | 6,325,349.7809 |  S.eT2,d71.62 57410723
4,054 54 C0Zappraach
137.22 145,07 1722 55.00) 4540 45,10 50.00 172z 50.00 6.00) 50.00 45.10) 50.00) 50.00) 50.00]
54,457.85 95,284.16 10453792 102,462.70 10067341 10067341 100,663.11 .00 28830.37 2883031 28,630.37 2145169 57,500 159,500 433,500
206342 179559 .00 10 200.00 7843 500.00) 500.00] 500.00)
7334076
FH 2.187] 72.0d7] 1737 66.37] 3.0/ 5.7 54657 27.17) 110.27] 95.07] 98,37 100,07} 100.07]
[Flou (LFM) 37,464,829 138,697 34,829,648 00 28,549,510 25,007,354 25,006,640 - 2,500.74 EXiz) 36,046,605 7,387,445 2 420112
I 2 1.0E+00] 100
Wircarity (<
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120 1ZE 12F i3 4 15 it 17 19 ) 20 2] ZiE ZiC 210 ZiE
Heatfar
Companont Yapar CLMMakup . ot Trane Water far T Waterfar | Tr Trane W
PR Focdtadthrta | FoodraSthrrq | Foodtakthrrg | CLMProduct i::: CLMSupply PR h h 302 Lime Slurry] Warks S0xNOx iSTota eniste 3rdate bt far Sthate
[ 2035.0005| 2035.0005| 2035.0005] 0.00E+00 0.00 0.00E+00) 0.00E+00 0.0000E+00) 0. X
[ 10.7413] 10.7413] 0.00E+00] 0.00E+00 0.00E+00) 0.00E+00) 0.0000E+00) 0. X
Ha0 63,9081 0.2207) 2.34E+0d] 0.00E+00 2.60E+04] 2.40E+03] 2.74E-03 1.3250E-07) 2.6012E+04 240126403} 1.3723E-15
Nz 161.4207) 161.4207) -1.47E-10 -1.97E-10 0.00E+ 4.4433E- 1,96 T6E-10) L0000E+00)
) 0147 0147 1.56E+01 156Es 1.85E- 0000+ SE15E+01 _0000E+00)
HCI X q .0000] 5.51E-01 0. 5 51E- 6.5dE- 0000+ S113E-01 .0000E
S0z .0004] .0003] 4.86E+01] 0. 4.36E+ 5.76E- L0000+ | S591E+01| O+
S03 00) .0000] 1.84E+00] 0. 1.84E+0) 2.A3E- 000E+: 1.83T1E+00] O+
HO 32 32| 9.89E+01] 0. 3.89E+01] 1.47E-05] L0000+ 3. 5861E+01] OE+
Hy .0000] |
Argqon 3.2127) 3.2127] .2127] 0.00E+00] _0.00E+00] 0.00E+00) 0.00E+00] 0.0000E+00) 0.0000E+00] 0.0000E+00]
Toral 2274.34) 2232.50] 2210.65] _ 23,576.36 | d4.8dE-05] Z6ATSES04) 2.6012E+03) 2.7959E-03 4.8570E-05 2.6173E+04 2.8012E+03] 0.0000E+00
Liguaterar 3572,784.2 1.3250E-07 1.3590E-13 | 1.335¢E-12 5
RH RH
(Yul.z)
c0z $9.4765 91,1535 92.0542/] 0.0000] 0.0000] 0.0000%]
[ 0.47E| 2 0.00002] c.oooo;i 0.0000]
HzOvaparanly 241002 49,3680 100.000022] 100.00002]
Ny 0.0000] Mooq 0.0000%]
) 0.05977, 000007 0.00007,
HCl 0.0021] 00002 0000
S0z 01856 00007, 0000
s03 0.0070%] 00007, 00007,
) 0.0033] 0.3777] 00007 0000
Hy
Argon 0.14537] 0.0 0.0000] 0.0000%] 0.00007] 0.0000]
Total 94,97, 100.07] 100.07] 99,47, 100,07 100.07
Liguid Water
Partial Prosrure (Pa)
[ 393,249.00 1.438,962.48 3.220,516.32 0 - - - -
0z 2,069.57 5,994.95 16,951.26 [ - - - -
Ha0 12,349.77 12,349.37 349.20 0 2764z | 0.519 100,654.58 101,325.00 101,325.00
[ 3,193.36 90,344.9% 255,45¢.35 150,000 101,048.5¢ 0.00)] - -
co 2.84 $.22 23.23 - 60.44 - -
HCL 0.00 0.01 0.02 - FXE - -
S0z 012 0.51 1.d5 - 158,02 - -
s03 - - - - 741 - -
[Ho 1414 4096 1552 - 362,66 - -
Hy = =
Argan 20,84 179842 503436 ) - - - -
Toral 439,500 1,249,500 3,498,500 170,272 | 150,000 165,747.3497 101,325 101,325 101,325 101,325
439,500 1,249,500
Eathal,
©0z 226,7$0,073.49]  226,730,073.19]  226,720,073.19) 0.00 0.00) 0.00] 0.00 0.00] 0358 0.00 0.00 0.00
[ 944,215.31) 444,215.31) 944,215.31) 0.00 0.00 0.00 0.00 000 o922 0.00 0.00 0.00
Ha0 178,876,276.28]  £1,795,048.14) 5.199E+04) 0.00]  5776,356,928] 115,139,544 $.405E 11 2.324E 11| 617) of 31148 4,472,240,391) 4.4TE+03 0
Nz 14,135,49%.05]  14,135,49¢.05] .05] 12 0.00] 0.00 22 1041 0.00 .00)
) £71,208.59 00) 1,342,831.00) u_sl X .04z 1,039,073.2¢] 00)
HCL 391.32 00) 47,949.97) 0.01) 10 .00)
S0z 2,771,308.34) .00) 5,626,515.74] 0.67] 624 4,376 £27.57) A«ﬂ
S03 0.00  131,849.25] .00) 273,949.92] o.gl 646, .00)
_:_o 3,078.49] 5.227,013.02] 00] _10,711,433.43) 1.27I 242 $,245,919.13 .00)
3
Ar 200,474.68 200,474.62) 200,474.68 0.00) 6.00 X 0.00] 0.00 _0.521 .00 0.00] 0.00
Tatal 421,046,012 303,264,7% 242,687,636 5.203E+04) 2| 5794,419,670 112,139,544 3.405E+11| _ $32,3952d6,300. 614 3] 4,486,143, 9%4] 4.47E+08] 0
7,965 156,972]
(amimin)
[ 5.372.274.2 5372274 5372279 o o.00000 o 0.5 0.0000E+00 0.00000 0.00000 000000 0.00000
02 20,557.9 20,55% 20,55% o 0.00000 o 0.0000E+00 0.00000 0.00000 0.00000 0.00000
Hz0 tatal £9,05%.3 23,844 238 | 25,207,547 [ 0.00000 28,103,385 2,410,839 3860707712 | 3,860,707,711.675 $63,050 3.0000E400) 0.00014 28,108,345 2,810,839 0.00000
ligHz0 anly 23,108,385
Nz 271,316, 271,316 271316 0.08141 ) 0. 0.03141 )
) 24, 25 25 26,2 0 26, 3A116E-03] (X 262
HCI 0. ) 0 1,2 0 1, X [X 1,205,673
S0z 3. 4 4 126,7 0 126,  2144E-02] (X 126,7
503 0. o [] X 00000 EX 046 2E-03] [X X 0 0
HO 134, 132 132 177,354 | 0.00000 177,954 1103E-02] 0.0000 177,354 0 0
Hy
Ar 7.700.5 7,701 7.701 0 0.00000 0 0.0000E+00 0.00000 0.00000 0.00000 0.00000
Tatal 5.741,072.3 5,695,358 5,672,252 | 25695,496 | 0.08141 28,509,335 2,810,839 3860707712 | 3,860,707,711.675 $63,050 3.0475 00316 28,509,335 2,510,839 0.0000
114160
50.00 50.00) 50.00 49,10 25.00 4940 10.00 52 51.50 50 49.09352 35.00 3%.00 35,00 3800 32.00
439,500 1,249,500 3498500 | 17027233 | 120,000 200,000 165,747.35 101,325 101,225 101,325 101,325 101,325 101,325 101,325
500.00) 500.00) 1000.00] 50.00 34,253 100
Encrgy (Wattr) 2,755,754
RH 100,07 100,07 2.8/ 42v] 0515 15172 1527.57] 152757, 0.07
Flou (LPHM) $33,711 287,355 101,202 25683 | 0.0400 28,509 2,81 3,860,708 0.000 263 0.00305 o 40,077,193 3,952,384 0 [
Spalamézs) 1.0E+00 1.0E+00) 1.0E+00} 1.00 1.00 1.00 1
Yircarity (cp) _i
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] 73 3 238 3¢ 230 23E 24 24E 24¢ 240 2dE 25 2 E 260 260 Z6E 27 2t
- b LSS T 1A At
Yacuum Trane Wator| Trans Water| Trane Water| Trans Water| Trans Water
Campanent Vapar el X avinsasansa ainsiasaw lassaas] e Zndrta srdrta dthrta Stheta st A A AN Taa | Gompresred | Wareo Male 3
trac) DricdHot COZ | Sieve Stoam
Water Caalor Caoler Coalor Coalor Coaler
c0z 2032184 2035.000 2035.000 2035.000) 2035.000} 2035.000 1.3} 1.3
0z 10.711) 10.714 10.714 10.711 10.744 10.714
H:0 2614.416) 604.611 155.513 632.908] 22066 2636.2¢) 60461 135.51] 3.9 22,064 .22 21.345]  21.3d4848]
Hy 161,421 161.421 161,421 161.421 161.421) 161,421
co o.oq [XG| o.oq o.oq 0.015] o.m}l
HCI 0.000) 0.000) 0.000) 0.000) 0.000) 0.000)
50z 0.001] 0.001] 0.001] 0.001] 0.001 0.001]
503 o.oo_o{ 0.000) o.ogq o.o@l 9.000] 0.0031
HO 0.073] 0.073 0.073] 0.073] 0.073 0.073]
Hq | I 1 I
firqon 3.213] 3.213] 3.213] 3.213] 3213
Total 4326403 232403 Z.40E+03 2236003 2362602 £04.5611% 125.5134 £3.8081 22.0655 2.21E+03 238615 236615
Liguatoror 10]
[{]
C0; 42.15577, 72.29027 34.93517, $9.47657, 41,1535 0.0000] 0.0000] 0.0000] 0.0000] 0.0000] 92.0542/] 76777 767774
0z 0.22217] 0.33052] 0.4471] 0.47102] 0.4798] o.onoo;{ 0.0000] 0.0000%] o‘oovd a.ooo&i uzas_zi 0.0000%] 0.0000%]
H20 vaparanly 54.20697, 2147747, 7.74282] 2.81002] 0.983d2]  100.0000%] 100.00002]  100.00002]  100.0000] 100.00002] 0.01007] 9232234 92.3223]
Hz 334694 5.73427] &73134 ms?gl 7.23057] 0.00002 mooa% 0.00007 0.00002] mooo_y1 7.3019_71 0.0000:] 0.0000]
co 0.00037] 0.0005%] 0.0006] 0.00067] 0.0007] 0.0000] 0.00002] 0.0000] 0.00007] 0.00002] 0.00072] 0.0000] 0.0000]
Hel 0.0000z] > 0.0000z] 7 00007 00007 0] 7] 00002, 02| 0000z 00007 2
S0z 0.00007] 7 000 7 07} 7] 7, 0] 00007, 7
S03 0.00007] ™ X 000 0] 7] 2, 0] 00007, »
HO 0.0015] 7, 0.00317] 033 7 0] 7] 2, 0] 0033] 7] ™
Hg
Argon 0.0666] 011417 0.13d1] 044137 014357, 4.0000] 0.00002] 0.0000] 0.00007] 0.00002] 01453 ] 0.0000] 0.0000%]
Tatal 49.97) 99.92) 49.97) 499 9| 49,9 100,0000 100.00002 100.0000 100.00002) 100.00002 49.92) 10000002 100.0000
Liquid Water
Prosrurs (Pa)
24,450.21 H5.66d.2d | 373,714.48 1418,455.63 | 349037140 - - - - - 7.740,314.5¢ 4,453.05 4,453.05
12881 602,30 1,967.05 5.847.02 16,792.59 - - - - - 40,954.49 -
31,439.99 34,364.57 34,068.32 3512448 3459308 | 54,000.00 160,000.00 | 440,000.00 | 1,250,000.00 [ 3,500,000.00 343.67 52,546.95 53,546.95
184148 9474.74 29,643.84 $3,712.33 | 25306796 - - - - - 1749141 - -
048 0.83 270 207 23.01 - - - - - 5642 - -
0.00 0.00 0.00 0.01 0.02 - - - - - 0.04 - -
0.01 0.05 047 0.50 1.44 - - - - - 350 - -
0.5% 416 13.44 40.22 114.74 - - - - - 27952 - -
firgon 3864 152,60 530.00 1,765.75 5,036.76 - - - - - 12,283.8% - -
Tatal 54,000 160,000 440,000 1,250,000 3,500,000 | 5%,000.00 160,000.00 | 440,000.00 | 1,250,000.00 | _3,500,000.00 $.452,427 5,000.00 58,000.00
(Jimin)
0.00]  £30,314,557 £50,411,690.75] £46,237,605.01 £61,005,713.11] 653,615,421.24) 0.00) 0.00 0.00) .00 0.00 543,664,555.34)  d15,930.32 .00
0.00 2545741 2.621.310.49] 260546744 2,662,256.53]  2,632,694.50) 0.00) 0.00 0.00) 0.00 0.00 2,362,441.34 0.00) 0.00
3.292,290]  7,696,345,251] 1,743,153,066.75] 546,910,303.7¢ 133,669,471.42] 65,096,473.45] 1.595.431,733] 376721007  114.320,001] 40,442,647 12,813,644 646,574.93]  63.157.629) .00
37342253 38,835,326.43) 39.433.683.# 39,016,728.68 .00) .00) .00) .00) .00) 35,051,023.83 .00) .00)
3,436.39) 3, 3,552.74] -00] .00] .00) 00) 00) 3,191.74) .00) 00)
AE‘ .00) .00) .00] .00) 228 .00) .00)
.00) .00) .00) 00) .00) 279.34 .00) .00]
00 .00) 00} 00) .00) o.o# .00) .00]
.00) .00] Ao_ol .00} .00) 20,672.89) @i .00)
0.00 534,101.24) 54964265 546,325 59) 552,052.20| _ 552,167.50) 0.00 0.00 0.00] .00 0.00 436,347.45 0.00 .00
3,392,290 | 367,497,117 | 2,475,542,407 | 1,234,926 657 £92,356,48d | 760,941,910 | 1,595,431,733| 376,721,087 114,880,091 _ d40,4dz,647 13,813,64d) 22,249,089 | 63,573,609 9
(amimin)
c0; 5.367.483 5.372.279 5372,279 5372,279 5.372,279 0.0 0.00000 0.00000 0.00000 0.00000 5.372,279.15 4,796 4796
02 20,55¢ 20,55¢ 20,55¢ 20,55% 20,55% 0.0 000000 0.00000 0.00000 0.00000 20,557.93 0 0
Hz0tatal 10205.83 2,425,107 £53,336 200,464 4,058 23,844 | 2,848,712.2 | €53,335.73277 [200,462.56917 | 69,055.28145 | 23.243.71784 234.44 23,605 23,605
liqH2 O only 1020583 2,848,T12.2 | £53,335.73217 [200,463.56917 | 6,058.28145 | _23,8d2.711781 23,605 23,605
Hz 271,316 271,316 271,316 271,316 271316 . . 0.0000 271,316.4
co 25 25 25 25 25 0.0000 24,
HEI [ [ [ o [ X X
S0z ] 4 4 4 4 X . 4 Y X 3
s0% o [] ] o o 0 0.00000 00000 0.0000 X 0.00 o
HO 132 132 132 132 132 0 0.00000 00000 0.00000 0 13174 [
Hg
Ar 7701 7701 7,701 7701 7701 0.0 0.00000 0.00000 000000 0.0 7.700.54 0
Tatal 3,492,325 6,325,350 5372,47% 5,741,072 5.695,35¢ | 2,848,112,z | 653,335.732% | 200,463.5692 | €9,054.2815 233457 5672,252 28,401 28,401
Tomp (C) 75,00 133.21) 137.09 136.26 134.13] 137.72| 133.21) 137.09 136.26 [EXE| 13772 34 34) 34 EQ EQ 123.79 100.00} 0.00
Prosrurs (Pa) 170,272 52,000 160,000 440,000 1,250,000 3,500,000 53,000 160,000 440,000 | 1,250,000 3,500,000 ,d52,427 53,000 58,000
Prorrura lnrrer 50.00 500.00}
Encrgy (Watr) 14,331,757 3,674,908 7,316,637 7180775 6,933,054 5,775,256
FH 10, 10.27] 10.5: .95 10.27] 0.47] 0.27]
Flau(LPM) 0.0000 16,246,735 3,598,430 111,464 130,660 2,849 653 200 ) 24 51,759
Spalamics) 1.0E+00] | 1.0E+00) 1.0E+00] |.o:~o_o1 1.0E+00] 1.0E+00] I
Virzarity (zp) | ! ! l I

DOE Award #: DE FG26-06NT42824
Closeout Report

Biomimetic Membrane for CO, Capture from Flue Gas

44



23 20 3 3z 3 34 35 3 37 3% 39 40 a 4z 4 44
HP HF 3 Eloctric B Makoup | Rejoct
Companent Yapar €02 Cand Conled dricd © donred Hon s CoaledSth Stq Purified cLM CLMMakeup | FGO Slurey for,
trac) d ™ Vapar coz Candonrables; | Br¥ CO3Liquid] “TausrWater | To ly i g | Houtfer cLM CLM Y SaxNORt opimicatr: | SalutianWeter] ~ Traatment
™ ™ roqen Solution | Ha
cOz 18] 2035.0005]  2035.0005 2035.0005] 20363171
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Task 6 - Develop a Preliminary Commercialization Plan

Task 6 Description

A first set of objectives included: a) constructing a plan that targets specific task
accomplishments and associated RD&E milestones, and matching these activities with
the development of alliances with industrial partners (IPs) to prepare for progressively
larger pilot and demonstration plant tests, b) developing an RD&E progression plan and
building an understanding of relationship dynamics with candidate customers, IPs, and
suppliers, c¢) evaluating competitors and potential IPs in terms of both CO, and non-CO,
pollution control technologies.

A second objective was to select a pretreatment system available in the industry to
combine with the CO, treatment system. The object is to identify a process able to
remove SOx, NOx, heavy metals, acids, and particulates from flue gas.

A third objective is to propose alternatives to decrease the cost of the energy burden of
the CO, removal system in order to avoid derating of power plants including defining a
process to mitigate the energy burden of the CO, capture system.

SOPO details are as follows:
* Task 6.1: Preliminary development of a commercialization milestone plan
* Task 6.2: Define pretreatment system available for treatment of flue gas
* Task 6.3: Define process to mitigate the energy burden of the CO, capture system

Task 6.1 Results and Discussion

RD&E Progression Plan: Successful commercialization of a permeator for CO, capture
requires strong consideration of the ecosystem dynamics between end customers,
industrial partners, and suppliers. Critical insights included:

1. Candidate suppliers would enter into relationships for large-scale markets at an
early developmental stage provided that: a) nominal amounts of material were
supplied to win the business, b) partial funding was available for manufacturing
ramp-up, and ¢) customer guarantees were provided for full-scale manufacturing.

2. Candidate IPs would enter under the same terms as the suppliers, provided that
technology license relationships were available as scale-up demonstrations proved
successful. The IPs would also monitor the development status of other
appropriate technology suppliers, as well as the licensing activities of competing
IPs, to determine when they are willing to solidify their relationships. Established
companies in this domain tend to be risk adverse, and delay partnering and
licensing decisions as long as possible.

3. Candidate customers, utilities in particular, want high levels of assurance before
investing in new technology. They want to analyze and validate the slip stream
field test data from multiple installations of varying size. Examination of the
activities of Powerspan, Alstom Power, or Mitsubishi Heavy Industries, for
example, support the approach and need for graduated size demonstrations.

Carbozyme has succeeded in developing relationships for Categories 1 and 2. For
example, the Company succeeded in garnering the interest of Novozymes, the largest
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global supplier of enzymes, as a supplier and partner for the selection, development, and
production scale-up of CA. Carbozyme has initiated discussion with a number of
membrane and module suppliers, all capable of manufacturing and delivering integrated
permeator systems on a commercial basis. In Category 3, the Company is being
approached by a range of new Industrial Partners and Producers for licensing and early
RFP quotations, respectively.

Competitor / Partner Evaluation: Combustion of hydrocarbon fuels, with particular
emphasis on coal, results in the emission of a broad range of pollutants including NOX,
SOx, mercury, particulates, and carbon dioxide (CO;). Air Pollution Control (APC)
technologies for NOx, SOx, mercury, and particulates are readily available. Existing
power plants have incorporated APC technologies to varying degrees based on a variety
of demographic, regulatory, economic, and technological factors. New CO, capture
systems need to be developed, engineered, demonstrated, and installed to access the
dilute, low pressure, streams from post-APC clean-up. Existing APC products are
unlikely to satisfy the more stringent requirements for CO, capture systems, independent
of specific technology. For example, EPRI states a preferred SO, concentration of 7 ppm
for amines to reduce the formation of heat stable salts in the MEA solvent [EPRI 2007,
page 54].

There are four distinct technical approaches to controlling NOx, SOx, mercury, and
particulate emissions:

1. End-of-pipe Approach: Status — Widely installed, mature status though continued
development is ongoing. Discrete pieces of equipment are concatenated, with
each pollutant addressed individually. Inasmuch as there has been no interest in
CO; capture heretofore, a CO, scrubber would be appended at the end of the
existing train. Candidate CO, capture technologies are discussed below.

2. Single Integrated Post-Combustion Scrubbing System: Status - Under
development. A single integrated scrubbing system is used that also might remove
some CO,. It is generally insufficient, in its own right, to achieve the required
CO, performance standard, thus necessitating additional CO, scrubbing. One
example is the WOW Energy system.

3. Fully Integrated End-of-Pipe System: Status — Some field tests completed, others
planned. This approach adequately deals with all pollutants including CO,. An
example is that provided by Powerspan. This approach is best used in Greenfield
applications.

4. Integrated System with Boiler Changes: Status — Established technology. One
example is that provided by Evergreen Energy.

A Preliminary Commercialization plan was assembled in two phases. In the first phase,
the Rutgers University School of Business Interfunctional Team (RUSB) was hired to
carry out a business analysis for entry into CO; capture markets. In the second phase, an
in-house competitive assessment was completed, including a SWOT analysis of both
corporate and technological capabilities.
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The RUSB effort used Porter’s Five Forces model to provide an analytical and evaluation
basis for the Carbozyme commercialization plan. The issues addressed included:

Suppliers — enzyme and membranes
Competitors for CO, Capture

Legal Environment in the US and Canada
Pipeline companies

Greenfield Power Plants and Retrofit Power Plants

The major conclusions of the RUSB study were:

Multiple suppliers have to be developed to limit the pricing power of an single
supplier as is the situation at this early stage

Other CO, Capture solution providers present varying degrees of challenges, in
areas such as IP, financial resources, early time-to-market advantage, etc.

The legal environment in Canada is far more conducive to rapid implementation

Pipeline companies will be hard pressed to supply and install the amount needed
in a reasonable time

For Greenfield power plants, Canadian operations present financial and regulatory
benefits

For retrofit operations, several progressive utilities could be approached for
participation with certain industrial partners being preferred

The RUSB study was completed in February 2006. Corporate level elements from
Carbozyme’s in-house competitive analysis were integrated with the RUSB report to
generate a summary view of the corporate capabilities for key CO, Competitors. The
conjoint analysis is presented in Table 6-1.

Carbozyme used a SWOT-based (Strengths, Weaknesses, Opportunities and Threats)
methodology to evaluate competitors, with an emphasis on core technology capabilities.
These analyses provide valuable information across multiple dimensions:

Core Technology: What are the physicochemical processes and mass transfer
device(s) employed? Examples include chemical absorption, e.g., amines,
ammonia, catalyzed and non-catalyzed bicarbonates. Examples of adsorption
include MOFs, and zeolites. Several polymer and supported liquid membranes are
also under development.

Air Pollution Control: Does the competing technology address CO, alone or does
it have multi-pollutant capabilities?

State of Technology Development: What is the near-term level of threat posed by
the candidate competitor?

Business Maturity: How established is the parent company, e.g. start-up or
Fortune 50?
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* Complementary Value Proposition: What is the probability that a company could
become an industrial partner or a licensee?

Various technologies and companies can be plotted on two or three-dimensional graphs
to get a clearer idea of extent of competition or opportunity in a given domain. The most
important dimension in the SWOT analysis is Core Technology, as this defines the
boundaries for costs and effectiveness of a given CO, Capture System. A portion of
Carbozyme’s in-house SWOT analysis is shown in Table 6-2.

Task 6.2 Results and Discussion

The plan is to develop a method of flue gas treatment, following the existing pollution
control system (ESP, SCR, AC injection system for Hg control, and wet FGD) before
entering the Carbozyme permeator. This pre-treatment system shall polish the flue gases
from diverse feedstocks to remove acid aerosols and/or particulates that could interfere
with operation of the permeator. Existing commercial systems will be evaluated to
determine their potential to meet the clean-up need. Should an existing system not be
available, a pre-treatment system shall be designed in collaboration with a pre-treatment
vendor that had the closest capability in satisfying the need.

The project plan for this activity will include:
* Development of a specification for a flue gas pre-treatment system

* Procurement of a flue gas pre-treatment system, preferably off-the-shelf, that
meets the specifications

* Installation of the pre-treatment system on a post-combustion test bed
* Validate the ability of the pre-treatment system to meet the desired specifications

We examined the EPA evaluation of post-combustion control technologies under
development [EPA 2005, Table 4-1, pages 137-138], added to this list other solutions that
we had located and then re-organized the list by physicochemical process, types of
pollutants managed, state of development, and ancillary process requirements. More than
35 candidates were identified in addition to existing and established clean-up processes.
We are correlating these with acceptance criteria discussed above. However, for retrofit
applications, we will ultimately accept whatever post-combustion clean-up equipment is
in place at a given plant and make modifications accordingly. Tables 6-3 and 6-4 list
post-combustion control technologies identified by the EPA in the above reference.
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Table 6-1: Corporate Analysis of Key CO, Competitors
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Core Technology

CA (Carbonate-Bicarbonate)

Com panies

Cabozyme

Corporate Focus

CO2 capture - multiple methods

Table 6-2: Carbozyme In-House SWOT Analysis

CO2 Capture Focus

CAbased HFCLM CO2 Capture

CAbased EDI CO2 Capture

Siemens Power

Semens: power generation

Generation systems and instrumentation Working with Carbozyme &with Powerspan
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Tahle 4-1

Table 6-3: EPA Post-Combustion Technologies Part 1
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Table 6-4: EPA Post-Combustion Technologies Part 2
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Task 6.3: Results and Discussion

It is impossible to avoid derating the output of a given power plant. The target is

minimize the parasitic energy burden or to introduce additional energy sources that can
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be managed with little additional capital and operating expense. Our considerations are
focused fully on the HFCLM design we are developing.

The Sequestration program goals are 90% CO, capture and less than 20% parasitic load.
The pipeline pressure referenced in the DOE guidelines, using the EPRI case 7A, only
required compression of the CO, to 1200 psig. The data gathered to date suggest that the
HFCLM permeator will have a parasitic burden of under 13%, and possibly less, to
provide a CO; stream of 95% at 1200 - 1800 psi at the utility plant gate (this is minimal
to average pipeline pressure; higher pressure, e.g., 2400 psi, is used when gas is moved
uphill). Elevating the pipeline pressure from 1200 psig to 2400 psig adds an additional
cost of 1.3MW to our estimates.

The data also show that the operation of the HFCLM permeator design is robust. The
system can be deliberately stressed by altering operating temperature, enabling
spontaneously recovery once the operating temperature reaches the desired range. The
permeator will accept a variety of isozyme catalysts and the isozyme will operate fully,
each within its temperature range, but certainly to temperatures as high as 85°C.

A key cost is that of drying and compression. The vacuum assisted desorption results in a
wet stream. We have generated a series of novel ideas to increase the exit pressure and
reduce the amount of water that exits with the permeate stream. These will contribute
significantly to energy mitigation.

Another key cost is additional pre-treatment of the flue gas. This includes acids, metals,
and gummy particulates. Metals are easily addressed but one gummy particulate, i.e. SO3
condensed on dust/fines, is an issue as it blocks the gas permeation surface (mechanical).
Clean up with strong alkali is costly & faces pressure drops, i.e. liquid in small bore, and
may decrease membrane lifetime. Solutions are available to clean and filter the stream.
Using data from CANMET, two CHX in series are able to remove all SOx and
particulates.”® Note; assertions from EERC and SaskPower argue that all ranks of coal
may not respond equally.

Task 6 Conclusion

Carbozyme has initiated collaborative relationships with several technology suppliers and
potential IPs for scale-up. In addition, the Company is being approached by a number of
[Ps regarding licensing agreements. Carbozyme completed a preliminary
commercialization assessment, including a detailed SWOT analysis of competitors and
their associated technologies.

To sustain reliable operation over long time-periods, the permeator requires additional
post-combustion cleanup, of pre-treatment system(s), if internal to the Carbozyme
permeator, to clean up the flue gas to specific control limits. We reviewed over 35 multi-
pollutant control technologies and determined that adequate processes exist to meet the
permeator feed requirements. Process engineering methods were developed to calculate
and measure physical and chemical properties at more than 45 streams in the flow
diagram model. The streams selected were determined to be those with the greatest
impact on performance, providing the ability to optimize the overall design.
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PROJECT CONCLUSION

These phase III experiments support continued development of the Carbozyme hollow
fiber contained liquid membrane approach for capture of CO, from fossil fuel combustion
flue gas.

Post-Combustion Particulate Cleanup — We accomplished the intent of the task by
determining that improved post-combustion cleanup was the preferred strategy. Use of
real flue gas streams from coal combustion will be necessary to provide a sufficient test
of the impact of residual particulates present in coal combustion derived flue gas on the
permeator. Our conclusion that efforts should be focused of improved pretreatment to
limit particle and particulate loading to the CO; capture process is consistent with those
now emerging in the literature for a variety of CO, capture methods. It is also the
consistent with the experience of Natco (Cynara) using their high pressure, dense
membrane process for CO; separation from EOR CO,/0il mixtures.

Water Condensation — We have accomplished key goals towards monitoring and
controlling temperature distributions within the permeator itself and between the
permeator and its surroundings. This was accomplished by incorporating heat transfer
elements within the permeator, direct thermocouple measurements, development of an
attendant heat transfer model and demonstration of near isothermal performance using a
heat transfer fluid and delivery system. The results of this effort provide the information
necessary for design of heat transfer elements larger permeators. The measurement
systems and the analytical model are central to understanding the conditions that control
possible condensation in the hollow fibers during operation that would decrease
separation performance. Prevention of such an episode is critical to avoid downtime
during field operations.

Temperature Range of Enzymes — The data collected indicate that regardless of the
operating temperature selected (in the range from 20 to 85°C), it will be possible to
provide an isozyme that will work under those conditions. Therefore, other engineering
optimization considerations can be used to determine the optimum operating temperature.

Flue Gas Composition Acceptance Standards — Development of acceptance criteria
requires classification of the mode of action and evaluation of the magnitude of the types
of adverse effects that might follow from the presence of certain acids and mercury in the
feed gas. In this report we examined the potential adverse effects of many different acids
and other constituents of the feed flue gas towards developing the acceptance standards.
The model simulation results and the data collected detail the effect of flue gas
contaminants on the chemistry of the CLM. Our conclusions are that the flue gas
contaminant of dominant concern for removal during pre-treatment is SOx. The
acceptance concentration for SOx is calculated to be 7.08 ppm. Higher concentrations can
be accepted at the cost of requiring additional efforts are made to maintain acceptable
CLM chemistry. The Carbozyme permeator acceptance limit for SOx is in line with that
for other CO; capture technologies. We now know both the potential magnitude of the
problems and have developed operational (physical and chemical) strategies to avoid
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(preferred) or ameliorate these effects. The preferred strategy is more careful and
complete cleanup.

Process Engineering Model —Preliminary process flow sheets and heat and material
balances were developed to provide estimates of the parasitic energy, capital and
operating costs for CO; capture and compression. These are preliminary estimates which
will be updated as more detailed design is carried out. Independent evaluation of these
flow sheets support our estimate of a parasitic energy cost of approximately 13.5% for a
PC power plant. This value and the construction and operating costs were developed
based on the EPRI 7¢, 462 MW, PC power plant. Using the present permeation rates, the
final CO, concentration is 92%, at a pressure of 8.45 MPa. The parasitic load is 62 MW
divided as follows: 7.9 MW for the blower, 2.8 MW for the HTF, 50.2 MW for
compression and 1.3 MW for operation of the molecular sieve. The total capital cost
(installed) was calculated as $167M (Y 2000 $, equipment and labor costs) for the plant
that processes 8,588 t/d of CO, and captures 90% or 7,736 t/d of CO,. The operating
costs for the Carbozyme process were calculated to be 7.33¢/kWh with an avoided cost
of $28.30/t, a 36% savings from the MEA base case of 8.56¢/kWh and an avoided cost of
$44.05/t when using $73.30/MWh of electricity then the capture cost in energy is
$11.14/.

Preliminary Commercialization Plan — We have carried out two analyses of the market
and the competition. The obvious conclusion is that there is a large and rapidly growing
market and that even with existing and yet to be developed competition the opportunity is
sufficiently large to support good business growth.
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