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A low-pressure Carbon Filter Process (patent pending) is proposed to capture carbon dioxjdeoi@@ue

gas. This filter is filled with a low-cost carbonaceous sorbent, such as activated carbon or charcoal, which
has a high affinity (and, hence, high capacity) to 10t not to nitrogen (. This, in turn, leads to a high

CGOu/N; selectivity, especially at low pressures. The Carbon Filter Process proposed in this work can recover
at least 90% of flue-gas G@f 90%t+ purity at a fraction of the cost normally associated with the conventional
amine absorption process. The Carbon Filter Process requires neither expensive materials nor flue-gas
compression or refrigeration, and it is easy to heat integrate with an existing or grassroots power plant without
affecting the cost of the produced electricity too much. An abundant supply of low-cedr@®electricity
producers is good news for enhanced oil recovery (EOR) and enhanced coal-bed methane recovery (ECBMR)
operators, because it will lead to higher oil and gas recovery rates in an environmentally sensitive manner.
A CO.rich mixture that contains some nitrogen is much less expensive to separate from flue-gas than pure
CO;; therefore, mixed C@N,-EOR and C@N,-ECBMR methods are proposed to maximize the overall
carbon capture and utilization efficiency.

Introduction at elevated pressures (at least 2 bar). Zeolite 13X has higher
) ) ) ) ) capacity, but activated carbon is less expensive than zeolite and

This work is motivated by the need for inexpensive carbon- jnsensitive to moistur®-26 Its surface properties can vary
capture technology for combustion-based power plants. Suchconsiderably, but its approximate pure-£&brption capacity
power plants produce electricity by converting coal or natural can pe as high as 10 wt % and its carbon dioxide/nitrogen(CO
gas to carbon dioxide (G2 which is normally vented as an N,) selectivity is on the order of 10, at 1 bar and X512-15
11%-12% component of flue gas that contains a balance of other types of carbonaceous sorbents, such as charcoal and coal,
nitrogen and other minor components. Separating f@Mn such have been studied in a different @Epntexti6-19 however, they
a flue-gas mixture poses no special technical problems for the haye not been explored or proposed for carbon capture from
known absorption, pressure-swing adsorption (PSA), and mem-fiye gas yet. For example, in the context of displacing coal-bed
brane technologies. However, these technologies have a teniethane with CQ it has been shown that virgin coal has a
denqy to be expensive for two principal reasons: the hot flue higher capacity for C@than it does for metharié,again, only
gas is produced at low pressure and the separated componeny; elevated pressures. However, there are no references to low-
(CO) is highly dilute with an inert component (nitrogen). pressure flue-gas GGorption coupled with thermal regenera-

This suggests a need for compression, which is very tjon.
expensive, because one must compress the entire flue gas Although a typical destination of the captured £@
mixture with plenty of inert nitrogen in it, for example, to commonly envisioned to be some form of passive geologic
increase the Cgxsolubility in an amine or other solvent solution,  giqrage or other storage type, this work is also motivated by a
to increase its sorption in pressure-swing adsorption (PSA), or yision of utilizing the captured CEo displace valuable oil and
to create a driving force for its transport across the membrane. ¢45|.hed methane stranded in mature reservoirs, as illustrated
All these absorption, adsorption, and membrane approaches havg, Figure 1, before storing it permanently in spent reservoirs.
been well-documented (see, for example, the reported work of g, 5 c@-driven displacement is referred to as enhanced oil
Herzog and Draké,Ml_mura et al? White et al? and Aaron recovery (EOR) and enhanced coal-bed methane recovery
and Tsouri4). The main directions of research aimed at future (ECBMR). The advantage of GEEOR over a conventional
innovations are focused on developing novel:Gd8paration  ater displacement is that, generally, S®miscible with oil,
materials, such as ionic I|qm(§gpn|c .polymeréfg and nano-  \yhich leads to a much higher oil recovery. The conventional
silica and nanotube composites] just to ‘mention recent  coa1-ped methane recovery calls for the release of massive
examples from our laboratory; however, this is an active field g antities of environmentally objectionable water, to reduce the
of research in many other laboratories. reservoir pressure that traps methane in coal seams. A CO

One of the more popular research directions has been PSAECBMR alternative is attractive because it can produce more
using zeolite X13 and activated carbon, but only for sorption methane in an environmentally sensitive manner, without much
of the groundwater byproduct. Both GEBOR and CG

* To whom correspodence should be addressed. Tel.: 307-766-4926.ECBMR are examples of producing oil and methane energy
Fax: 307-766-6777. E-mail: radosz@uwyo.edu. that is not only “green” but also more plentiful and cost-

T Preliminary accounts of this work have been presented at the Sixth effective. However, both require a plentiful supply of “green”

Annual Conference on Carbon Capture and Sequestration (May 2007,(;02 from power plants, which hinges on new cost-effective
Pittsburgh, PA), the Annual Meeting of the American Institute of capture technologies

Chemical Engineers (November 2007), and other meetings. Updates p g o
on this ongoing project, including material enhancements, pilot data, ~ The goal of this work is to explore a low-pressure Carbon
and field tests, can be obtain from the corresponding author. Filter Process technology (patent pending), that is, an inline flue-
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Figure 1. Vision of carbon capture (in a separator) from a coal- or gas-fired power plant for utilization in enhanced oil recovery (EOR) or enhanced
coal-bed methane recovery (ECBMR) and storage in spent oil and gas reservoirs and saline aquifers.

Table 1. Wyoming Coal-Fired Power Plant§ Exhaust
. - gas Stripper CO,
Capacity ~ CO; Production PP
Plant Town (MW) in 2002 (tons) f:g?,?er L ;1523 atCm
Jim Bridger Rock Springs 2120 18 576 558 ‘ Cooler
Laramie River Wheatland 1650 14 442 863
Dave Johnson Glenrock 762 7 362 207
Naughton Kemmerer 700 6 012 586
Wyodak Gillette 335 3519 336
Neil Simpson Il Gillette 114 1264726 Flue
Wygen 1 Gillette 90 ~900 000 ;F@_’
Total 5771 52078 276 Cooler 1~ T Reboiler
aData taken from ref 27.
Rich Lean
solvent solvent

gas f_”_ter that captures Gbn a C{irbonaceous Sork?e_nt, and, Figure 2. Monoethanolamine (MEA) absorption benchmark process.
specifically, to evaluate the capacity and £ selectivity of ' N
model activated carbon, model charcoal, and model virgin coal, Table 2. Wyodak Flue-Gas Volumetric Compositioft

to scale them up to a Carbon Filter Process that can be integrated Parameter Value
with an existing or grassroots coal power plant, and to estimate Flow Rate 488 s (STP)
the cost of recovered CPOrelative to the conventional mono- Temperature at Stack 88
ethanolamine (MEA) technology. While such a Carbon Filter Composition
Process is likely to be multifunctional in that it can capture the N2 67%
non-carbon pollutants as well, the model flue gas used in this 802 EI;ZA’
work consists of C@and nitrogen only. Hio 8%

CcO 300 ppm

SO 180 ppm
A Base-Case Flue Gas NOy 150 ppm

. . . . . . 2 Data taken from ref 27.
Wyoming is blessed with rich deposits of coal that is
commonly used to produce inexpensive electricity. Therefore, corresponds to slightly more than 100 ton2@5 000 Ibs) per

a small-to-average-sized Wyoming power plant is targeted for .ohita The Wyodak flue gas is characterized in Table 2.
this work as an example to illustrate the carbon capture

opportunities; however, the analysis and conclusions presented . . .
here are universally applicabletand, in fact, explored fer émme AbsAorptlon_. A Reference for Technical and
any combustion-based power plant. A target plant should be E¢ONomMIc Approximations

located close to large oil-producing fields that can use @O The amine absorption process shown in Figure 2 is known
displace more oil from their mature reservoirs. Also, for an easy g pe effective for separating G&om mixtures of natural gas
reference and comparison, such a plant should produce abougng flue gag;2” and, hence, it is used in this work as a point of
as much C@ as the very I_arge natural-gas plant owned and reference for alternative GOseparation processes. In this
operated by ExxonMobil in LaBarge, WY, which currently penchmark process, the feed is the Wyodak flue-gas mixture
supplies the local EOR operators with €@ata for a Gillette  characterized in Table 1 and the solvent is a weakly basic
power plant called Wyodak that meets these criteria are shownaqueous monoethanolamine (MEA) solution. While the;CO
in Table 1, along with data for other Wyoming power plants containing flue gas counter-currently contacts the MEA solution
and their CQ production. The total C&production from these  in an absorber vessel at40—60 °C, CQO, weakly bonds to the
power plants alone is‘52 million tons of CQ per year, which MEA amine, while the other gas components flow through the
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Figure 3. Schematic depiction of the brominated poly(phenylene oxide) (BPBili¢a nanocomposite membrane.

solution without retention, which is the basis for the £O %COZ
selectivity. The C@rich bottoms stream is heated to 10040
°C to break the C@-amine bond and, hence, release,@®a % 4%

stripper column. The C&lean bottoms stream from the stripper
column is cooled before it is recycled to the absorber. The goal
of this separation is a minimum of 90% of the €@ the
overhead stream from the stripper column and a minimum of
90% recovery (no more than 10% of g0riginally present in

the flue gas is vented with the absorber overhead stream). % (%

Sorption Desorption

First-pass technical and economic approximations for this and
all other process examples cited in this work are consistent with
those reported in one of the subsequent sections. No attempt is 100 psi Flue
made to optimize the process with the most-accurate data, gas
because the purpose is to develop approximate but self- Compressor ¢y jer
consistent cases that can be compared to the benchmark amingigure 4. Schematic of zeolite 13X pressure swing adsorption (PSA); the
process. For such preliminary approximations, the cost of sorption and desorption temperatures assumed to be near ambient and
recovered C@using the MEA process shown in Figure 2 is constant (although, in reality, the temperature is likely to increase during
approximately $47/ton, before compression, which is slightly SC'Ption. because of the high heat of Srption on zeolite}>=*
higher than, but in realistic agreement with, the commonly . . ]
quoted data ($46$50/ton of compressed G¥or an optimized which are the .need for multiple stages, the cost of compressing
MEA process. As usual, the cost of steam to heat the solvent is@ 1arge quantity of C@lean feed and permeate streams, and
the most significant operating cost. Despite the amine volatility the cost of the membrane material. Because no firm basis for
losses and its corrosiveness, this is a convenient benchmark foiestimating the cost of the BPPO nanocomposite is available at
comparing alternative processes, because it is well-establishedhis time, the cost of recovered G@ not reported here, except

and it continues to be a subject of extensive rese¥reh. to say that, even for optimistic material cost assumptions, this
cost is much higher than that of G&om the amine process.

lonic Liquid Absorption is Slow . ) . .
Zeolite Sorbents: Heat of Sorption, Moisture Sensitivity,

One of the early leads in this work was g@bsorption in and Material and Pressure Costs
ionic liquids, which are known to be selective for €®lowever, ) ] ]
the CQ sorption and desorption rates were observed to be very ~An example of a zeolite-13X PSA procédss evaluated in
low in the ionic liquids studied in this work Therefore, the  this work for the Wyodak flue gas, again, without any attempt
ionic liquid absorption option has been abandoned. Instead, t0 Optimize it, except to select preliminary conditions that make
po|ymerized jonic ||qu|ds have been determined to be more the recovery and purlty targets teChn|Ca”y feasible. ASImpIIfled

attractive as solid materials for G@embranes and sorbents, diagram of PSA fixed-bed vessels alternating between the
as documented in other papéfs. sorption and desorption modes is shown in Figure 4. In a first-

pass economic evaluation, the sorption and desorption steps are
assumed to be approximately isothermal, even though the CO
heat of sorption on zeolite is substantial enough to cause the
An example of a C@philic membrane-based alternative is  sorption temperature to increase (as much a¥%6r more)3°
shown in Figure 3, where the GQ@lriving force is due to a It has been reported that the heat of Cfdsorption on zeolite
pressure difference between the permeate (ambient) and retentatis ~30 kJ/mol*®¢ which is ~10 times higher than that on
(107 psi). From among the many membrane materials that areactivated carbon~3 kJ/molf® at the same temperature 26
known to be selective for CQrelative to nitrogen, a recently  and pressure 1 bar. Another drawback of the zeolite sorbent is
synthesized membrane that was made of brominated poly-its moisture sensitivity, which requires much higher (say, over
(phenylene oxide) (BPPO) impregnated with 30 wt % of 10- 300 °C) drying temperatures than the minimum temperatures
nm silica, is selected, because its permeability@@0 barrer) needed to remove C@lone, which means extra recovery costs.
and its CQ/N; selectivity (~23) place it above the Robeson However, ignoring these drawbacks in a first-pass economic
line, as demonstrated by Hu et'alThis system can recover at  evaluation leads to a cost of recovered @@t is approximately
least 90% of the Cowith a purity of 90%,; however, it is costly. ~ $70/ton, which is less than the membrane-recovered, 6
There could be more-selective and more-permeable mem-is ~40% more than the amine benchmark cost. The need to
branes, and perhaps more-efficient Zt@rmeation driving dry the zeolite will increase this cost. The main cost components
forces that minimize the need for compressibhlowever, this are the steam cost, the compression cost, and the zeolite cost
simple example highlights and illustrates the basic challenges ($33/Ib)?” A less-expensive sorbent, such as activated carbon
for any CQ-philic membrane system applicable to a flue gas, (for example, $£$2/Ib)>° can reduce the material cost, but

Pressure-Induced Transport is Expensive for Membranes
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Figure 5. Magnetic suspension balance (MSB) used to characterize the
sorption capacity and rate.

compression will still be required, if it is used in a PSA mdée.
Therefore, a PSA route is not evaluated further in this work.

Carbonaceous Sorbents: C@-Selective but Moisture
Insensitive and Easy to Regenerate

Table 3. Properties of Carbonaceous Sorbents

Value
Property AC1 AC2 Charcoal Coal

Surface Area 809 Ag 553 /g 135n¥/g >100 n¥/g (59)
Pore Volume 0.45mL/g 0.59 mL/g
Average Pore Size 4.21 nm 7.60 nm
Surface carboxyl, acid washed

Functional phenolic (chemically

Group hydroxyl activated)

Apparent Density 520 kg/fn 390 kg/n# 450 kg/n? 640 kg/n¥

and plenty of work in progress, a preliminary conclusion is to
explore alternative flue-gas carbon-capture approaches that
require no upstream compression and utilize a low-cosi-CO
selective sorbent that is easy to regenerate. Ideally, such a
sorbent should be relatively insensitive to moisture, but selective
to other flue-gas pollutants, such as NSQ,, mercury, and
arsenic, which would allow for a multifunctional sorbent. Some
but not all carbon-rich (carbonaceous) materials, such as
activated carbon, charcoal, other coal pyrolysis-derived materi-
als, or even virgin coal, can satisfy these requirenféritzand,
hence, become the focus of this work.

Four preliminary model carbon-rich materials have been
selected for this study: Activated Carbon 1 and 2 (denoted as
AC1 and AC2, respectively), Charcoal, and virgin bituminous
coal (denoted as Coal). Their average particle diameter2is
mm, except for AC1 (which is 1.6 mm), which is acceptable
for the laboratory tests, but will have to be adjusted for
commercial applications, to minimize the pressure drop due to
a blower-induced flow of flue gas. Their surface properties and
apparent densities are given in Table 3; materials for specific
scale-up applications will have customized properties.

A Micromeritics Tristar instrument is used to characterize
the BrunauerEmmett-Teller (BET) surface area, and the
Barrett-Joyner-Halenda (BJH) theory is used to characterize
the pore volume and size.

Based on the amine, membrane, and PSA separations The bulk prices of these materials may vary widely, but, for

previously outlined, although there is room for improvement

this study, we conservatively estimate an approximate cost to
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Adsorption isotherms: €) 25 °C, (®) 75 °C, (a) 110°C, and @) 130°C.



be $1500/ton for AC1 and AC2, $200/ton for Charcoal, and 12
$40/ton for Coal.

£10q ACI
Sorption Capacity, Selectivity, Rate, and Thermal E a
Stability s 81
=]
A Rubotherm magnetic-suspension balance (MSB), rated up-& 6 - N
to 500 bar and 156C, is used to measure the génd nitrogen 5 z

3

sorption in these carbonaceous sorbents. The MSB consists 0,a 4
a sorption chamber that is used to expose the sample to a ga'a
at elevated temperatures and pressures, and a microbalances 2
which is isolated from the sample and exists under ambient
conditions. An electromagnet connected to the microbalanceis 0 1
adjusted so that a permanent magnet connected to-ebamket 0 5 10
assembly and located within the sorption chamber is kept Pressure (Bar)

suspended. Thus, the microbalance measures a weight that it |5
proportional to the electromagnetic force, which keeps the-rod
basket assembly in suspension. A detailed description of the & AC2
MSB procedure used in this work was reported elsewfrere.

In brief, the MSB chamber shown in Figure 5 is flooded with
CO, from a gas cylinder, which passes through two columns
filled with phosphorus peroxide §Bs). Its pressure is controlled
with a cylinder regulator at low pressures30 bar) or with a
syringe pump (Isco, model 260D) at high pressure3( bar).
After closing the sorption chamber the sorbent is degassed by
evacuating the sorption chamber at4dorr until the weight
measured by the microbalance remains unchanged over time
A heating circulator (Julabo, model F26ME) is used to control 0
the temperature of the chamber, which is measured with a 0 5
calibrated platinum resistance thermometer to an accuracy of Pressure (Bar)
+0.5°C. The mass of the sorbed €@ determined from the 15
increase of the electromagnetic force needed to maintain the
sample in suspension. Eventually, when the sorbent reaches its
sorption capacity, the weight of the sample stops increasing.
Both the equilibrium sorption capacity and the sorption as a
function of time are recorded.

The equilibrium sorption capacity results are tabulated in
Appendix 1 and summarized in Figure 6 at four constant
temperatures25, 75, 110, and 130C—as a function of
pressure, up to 10 bar. As expected, the sorption capacity s 5 - .
increases as the pressure increases and the temperature d< )
creases. The activated carbon capacity is somewhat higher tha|8
that of Charcoal, and much higher than that of coal, which
correlates with the surface area and the degree and type ol .
activation. For example, the acid-treated AC2 has a lowey CO 0 5 10
sorption capacity than AC1 that has not been chemically Pressure (Bar)
modified a.nd’ heljce, its surface should be neu”all' Figure 7. Pressure effect on GIN; sorption selectivity at®) 25°C, (H)

A more interesting trend emerges based on an ideal\GO 75°C, and @) 110°C for AC1, AC2, and Charcoal.
sorption selectivity (defined here as the ratio of the pure-
component sorption capacities), shown at°€5in Figure 7: complete saturation (toward the right-hand side of the sample
increasing pressure substantially decreases the selectivity (itcharts in Figure 8). Generally, these results suggest short
increases the nitrogen capacity to a far greater extent than itsorption cycles at low temperatures. One needs to remember
does the C@capacity), which points to a low-pressure sorption that these data are for pure-component sorption, which will need
advantage. to be verified with multicomponent sorption data. Also, de-

All carbonaceous materials studied in this work exhibit a rapid sorption times were not determined accurately in this work; they
sorption rate. A representative sample for AC2 and Charcoal should be comparable to the sorption times, and they are being
at 25°C is shown in Figure 8. The small negative peak on the evaluated along with multicomponent sorption breakthrough in
right-hand side is an equipment gas-injection artifact. A typical a scale-up stage of this project.

O/
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COo/M: Sorption Selectivit

10

Charcoal

e

10 1

orption Selectivity

- me>

time needed to nearly saturate these materials with) @Qeach The CQ sorption is found to be reproducibly reversible,

a point where the weight curves shown in Figure 8 start which suggests a good stability and easy desorption. As shown
approaching an asymptote, 183 min at 25°C. This time in the upper part of Figure 9, 20 temperature cycles for AC1
increases as the temperature increasesse10 min at 75°C and 5 temperature cycles for Charcoal betweeri@%and 130

and~10—12 min at 110°C, with Charcoal being on the low  °C do not seem to affect the sorption capacity much (typically
side and AC being on the high side. As usual, it takes more within a 0.2 wt % band). The bottom part of Figure 9 shows an
time (at least 10 more minutes at lower temperatures) to reachexample of the complete equilibration time for AC1 and



6.94

6.82
6.81 - AC2,25°C 6.93
6.80 - 692 -
® Charcoal, 25 °C
2 679 - C)
e = 691
< pud
'é'? 6.78 - _—ED
2 6.90
6.77 - =
6.89 -
6.76
6.75 6.88 -
6.74 6.87 :
1320 1330 1340 1350 860 863 866 869 872 875 878
Time (min) Time (min)
Figure 8. CO; sorption equilibration time for AC2 and Charcoal at 1 bar.
— 6.9 -
T
£ 10.3
3)
> 68
< g£e
5 101 1 [} 2T
& 8
2." L] LI | ] ] S =
g g o 67 o & +
Q, 991 m = " " a n n ] =
g g8
o " ] = [ e o
2 S & 66 .
B 971 . oo
=]
Wi
4
o
© g5 . 65 :
0 10 20 1 2 3 4
Cycle number Cycle number
E :
2 16 ER
- e
= = =
=) L] L L]
6 g
=8 g8
B 54 - . L] n L B | = B=] g
£3 3
= ™ " ™ "B " 2 8 10 ® L] = =] [ ]
=} [l =
Q o«
o (O
= g 41 ] = " L
o= = a 9
5] 58
2 2
¥} L
g
i . E 8 . :
0 10 20 0 1 2 3 4 3

Cycle number Cycle number

Figure 9. Effect of cycle number on COsorption capacity (top row) and rate (bottom row) for AC1 (panels in the left column) and Charcoal (panels in
the right column) at 1 bar and Z%.

Charcoal. Although no special attempt was made to measure itexamples. These will be preliminary examples without an
very accurately, it stays within a 2-min band upon cycling. attempt to screen and optimize the sorbent and process condi-
The 12% CG-in-N, mixed-gas capacity was determined to tions.
be approximately one-fifth of the pure-GQrapacity (for . . . o
example,~2.0 wt % for AC1 and~1.3 wt % for Charcoal). A Carbon Filter Design Assumptions and Approximations
more-complete account of the mixed-gas capacity and sorbate |n all process cases in this work, the nominal G€covery
composition characterization is provided in the work by target is 90% and its purity target is 90%, but both can be
Krutkramelis et aP? increased or decreased later, when subjected to process opti-
In summary, the sorption capacity data discussed in this mization. In a first-pass approximation of the flue gas described
section suggest a sorption step near ambient temperature and & Table 2, the Carbon Filter flue-gas feed is assumed to contain
desorption step at (below or above) +ABO°C. The selectivity 12% CQ, with the balance being nitrogen. At this stage, the
data suggest a low-pressure sorption step. The preliminary rateother components are neglected, because they exhibit either low
data suggest short sorption cycles. To evaluate such a low-sorption capacity (for example,,82° and H0%2123 or low
pressure carbonaceous-sorbent carbon-capture filter (Carbor{ppm-level) concentration (for example g®Oy, and mercury),
Filter for short), AC1 and Charcoal sorbents will be used as and, hence, do not impact the €8brption much. The low ©



sorption capacity has been confirmed in this work for AC1 and Coolor Vacuum
has been determined to be as low as that of nitrogen, that is, Flue ~5°c  PUOP 440,
~1 wt % at 25°C and 1 bar, which suggests that the £O W@_’F CO,
oxygen selectivity should be similar to the ¢gfitrogen Blower

selectivity. Unless removed upstream of the Carbon Filter, which
may be the case for existing power plants,S®8Oy, and
mercury were reported to have a high affinity for the activated
carbort®=55 and, hence, are expected to be sorbed with,@®
explained in another section of this work.
The sorption temperature 6f25°C is assumed not to change Condenser
much during the sorption cycle, because the G€at of sorption ~90 % CQ,
is on the low sidé! The sorption time is set at 2 min, the sorbent Cooler e
regeneration is set at 10@, using direct-steaffi desorption F:Sle
for 2 min, based on preliminary breakthrough data taken in our &
laboratory®® These stage times are subject to adjustment to
account for specific material and application requirements and
constraints. The cooling-air stage time is also set at 2 min, which
makes the total cycle time for this preliminary example 6 min. ¥ Blower )
The reason that the heating stage can be so short is that it is COx-lean Steam 4%01‘“&
accomplished directly, with hot steam flowing through and in Figure 11. Thermal regeneration with direct steam near ambient pressure
a direct contact with the sorbent bed. By contrast, the indirect ' '
heating times would be much longer. However, the real air-
cooling time can and likely will be longer, and, therefore, is a
subject of current and future work. Without any attempt to
optimize the vessel size, a cylindrical module is selected based
on ref 40 (as explained in the Appendices, for example, 3.5 m
in diameter and 2.0 m in length). For the sorptiatesorptior-
cooling cycle described above, this results in 189 alternating
vessels, 63 of which are in a sorption mode, 63 are in a
desorption mode, and 63 are in an air-cooling mode. This is
just a preliminary example, with plenty of room for improve-
ment by optimizing the vessel configuration, which is the subject  An isobaric process with direct-steam or hot-G€generation
of another project. is shown in Figure 11. Both sorption and desorption occur at
Because the carbonaceous sorbents selected for this work argmbient pressure. The feeding section and the sorption cycle
known to be stable (that is, their capacity does not change muchare the same as those in the previous case. Instead of vacuum
over timé?), it is assumed that no sorbent replacement is regeneration, however, the saturated sorbent bed switches to a
required within 10 years. However, relaxing this assumption, steam heating cycle and then to an air-cooling cycle to bring
for example, by replacing the sorbent more often, does not the bed temperature to near-ambient temperature. As explained
impact the cost of recovered G@o much. Among other design i the Cost Example below and in the Appendix, the major cost
assumptions, the sorbent void fraction is estimated to be jtems are steam and electricity, and the total cost of the
0.397%3"and the blower efficiency is set to be 75%. recovered C@is approximately $20/ton for AC1, which is much
Among economic approximations, the interest rate is 15%, |ess than that for the amine benchmark.
the electricity cost is $0.07/kWh, the steam cost is $7/ton (or
$3.2/MMBTU)** and the annual maintenance and repair cost Hot-CO, Regeneration Option
is 7% of the fixed capital investment (FCf).The manpower
cost is a relatively minor component of the operating costs, and, A hot-CO, regeneration option has also been studied and
hence, it is assumed to be approximately $1.5 million per year. evaluated in this work, because it can eliminate the need for
This and the other first-pass assumptions and approximationssteam and, hence, for separating J@m condensed water.
should be verified at the next evaluation stage of the most However, this option requires more work and, therefore, is not
promising process routes. described in detail here.
The first-pass Carbon Filter Process evaluation results are
presented below for a vacuum regeneration case and a steanCost Example
regeneration case, both before heat integration with the power . ) )
plant and CQ@ compression. The best case will subsequently Table 4 illustrates the capital and annual operating costs for

be revised to account for power-plant integration savings and the steam example. The cost of recovered: @estimated at
CO, compression costs. ambient pressure, prior to compression.

Although a specific sorbent selection will likely be dependent
on a more-detailed process optimization, including integration
with the power plant, the AC1 sorbent is selected for further

A simplified process diagram for the Carbon Filter Process evaluation in this work, because it results in the lowest cost of
with vacuum regeneration is shown in Figure 10. Flue gas at recovered C@($20/ton,~60% lower than the benchmark cost).
~85 °C is cooled to~25 °C with water before it is fed with a If a specific sorbent prevents a target Qarity from being
blower to the sorption unit. After the sorbent is almost saturated obtained, two sorption stages may be needed. Such two-stage
with CO, for ~2 min, this unit switchesota 2 min regeneration  cases have been analyzed in this work; however, they are not
cycle under vacuum, and then it alternates between the sorptionreported here.

Figure 10. Pressure swing to vacuum.

Blower

and vacuum stages at ambient temperature. The major cost items
are associated with the vacuum pump. The total cost of the
recovered CQis approximately $37/ton, which is comparable

to that of the amine benchmark case. (Our more-recent data
suggest that this preliminary estimate can be off and, hence,
requires future work.)

Thermal Regeneration with Steam or Hot CG is Better
than the Benchmark

Vacuum Regeneration Comparable to the Benchmark
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Figure 12. Schematic flow diagram of a power plant. Legend: SCR, selective catalytic reactor; ESP, electrostatic precipitator; and FGD, flue-gagidesulfuriza
__ 50 | this energy is equal tod\CpAT, from which one can calculate
£ 40 1 MR the amount of sorbentr) that can be heated with this steam,
S 30 1 — 2000 psi for example, for aAT value of 75°C (from 25°C to 100°C)
aili=0 and for a given heat capacip (to a crude approximation, 1
% 10 kJ/(kg °C)).57
3 )
£ Y ] Some of these heat sources may not be available if they are
E L i thn it tied up in exchanging heat with combustion air. If at least some
520 are available to provide the entire heat for the sorbent regenera-
-30 tion, however unlikely, the cost of recovered £gn be reduced

CO; credits ($/ton)
Figure 13. Electricity cost change versus @€redits (tax credits and sales).

substantially.

Table 4. Low-Pressure CQ Cost Examples for AC1 Steam . . . .
Regeneration Compression and Potential Carbon Credits Will Impact

Electricity Costs

parameter value

C""E,ﬁ";'t%‘;iﬁfn;g:sd(’”ars) 403 The low-pressure Cfcost previously estimated must be
Vessels 3789 corrected for compression to make £®ady for transport. The
Blowers 1367 compression cost, from ambient to a pipeline pressure (e.g., 2000
’I‘E’”Sucie:fe“riogjbtotal 560‘;8 psi) is estimatet! to add $6-8/ton CQ ($7/ton in this work).
O?he'? Direct and Indirect Capital 23215 Therefore, the_total cost of compressed, plpellne-regdyfﬁo
Fixed Capital Basis (Equipmert Other Direct and Indirect) 28822 a power-plant integrated AC1 case should be approximately $27/
Working Capital (Sorbent) 2820 ton CQ.

Anlﬁf?'éf)'gfa?ﬁ;vc‘féll?( fgrgfllll;rs/yr) 31642 Adding a carbon capture unit to a power plant will affect the
Electricity 9343 electricity cost and, hence, the profitability. For the AC1 case
Steam 42713 discussed in the previous section, an approximate electricity cost
Maintenance 2017 change is plotted, relative to carbon capture credits, in Figure
#‘g?g 5515592 13. This figure neglects the pipeline and storage fees, if any.

The solid line represents the low-pressure,Cahd the dashed
Recovered C@Cost $20/ton line represents the 2000 psi @O

@ From Appendix B, Table B1? From Appendix B, Table B2. The electricity cost change (expressed as a percentage) is

) calculated as follows:
Power Plant Integration Can Reduce CQ Costs

Figure 12 illustrates a typical schematic flow diagram of a change in electricity cost (%
generic power plaft43with at least three potential sources of  CO, emission rate< recoveryx purity x (capture cost- credits)
thermal energy for the sorbent regeneration: Power plant capacity 8760x electricity selling price

(1) Effluent of the de-NQreactor has a rate 0488 n¥/s 100
(STP¥” and a temperature o330 °C.4

(2) Bottom ash. Coal contains5% of ash, of which 80%
goes upward as fly ash and 20% goes downward as bottom
ash. The bottom ash temperature~i$000°C.** The Wyodak
plant consumes-6000 tons of coal per d&f,which translates

where, for the Wyodak example, the €€mission rate is-3.5
million tons per year, the C£recovery is 90%, the C{purity
is 90%, the plant capacity is 335 MW, the number of operation
to ~60 tons of bottom ash per day. hours per year is 8760, and the electricity selling price is

(3) Low-pressure (LP) turbine steam at200 °C. For assumed to be $0.07/kwh.
example, assuming that a 500 MW power plant produces LP  For a “green” electricity producer who captures £0O
steam of~100 000 kJ/4> a 335 MW power plant such as the examples of credits (the last term in the numerator of the
Wyodak facility will produce~67 000 kJ/s of LP steam. When expression previously described) are savings due to reduced
multiplied by a heat exchange efficiency (for example, 80%), severance taxes (if any), savings due to reduced or eliminated



carbon taxes (if any), and income from selling £fr example, in this work can recover at least 90% of the flue-gas,©@D

to EOR and ECBMR operators. For example, if the power plant 90% purity at a fraction of the cost normally associated with
can reduce its coal severance tax from $6/ton to $4/ton of coal the conventional amine absorption process. The Carbon Filter
for reduced C@emissions, it will save approximately $4/ton  Process can produce low-cost &®ecause it requires neither

of captured and stored GOA future carbon tax may augment  expensive materials nor expensive flue gas compression, and it
these savings, for example, by approximately $30/ton (unknown is easy to heat integrate with an existing power plant or a
at this time). The C@ price that EOR operators pay varies grassroots plant without affecting the cost of the produced
widely (e.g., from $4/ton to $40/torf}.If a “green” power plant electricity too much. An abundant supply of low-cost £i©®

can sell CQto an EOR buyer and gain, for example, $10/ton good news for enhanced oil recovery (EOR) and enhanced coal-
after the corporate profits tax and other adjustments, its bed methane recovery (ECBMR) operators, because it can lead

hypothetical total credits will be as high as $44/ton (comprised to more oil and gas produced in an environmentally sensitive
of a $4 severance tax reduction, a $30 carbon tax reduction,manner.

and a $10 sales credit). This total is unknown, because we do

not know at this time how sales may affect tax reductions, if at ) ) )

all. However it goes, Figure 13 allows one to estimate the APpendix A. Sorption Capacity for CO2 and N;

electricity percent change as a function of credits. For example, . . - .

credits of $30/ton can effectively reduce the electricity cost by 1 N€ Sorption capacity and selectivity for @and N are given

10%, credits of $20/ton can leave the electricity cost unchanged,in Table Al.

and zero credits can increase the electricity costB%; how-

ever, these estimates can vary substantially from case to caseappendix B. Example of the Design Approximations for
Hypothetically, however unlikely, if our Wyodak case a Model Sorbent (AC1)

achieves total credits of $30/ton of @@nd maintains the

current electricity rates unchanged, its incremental after-tax The design approximations used to generate the AC1 steam

profits will increase by approximately $105 000 000/yr. As- example in Table 4 can be illustrated as follows.

suming the same credits for all Wyoming plants in Table 1, if 1) Select preliminary input data:

they somewhat unrealistically can capture and s&0 x 1C° @) P y inp '

tons of CQ per year, a total incremental gain will be of the

order of $1.5 billion/yr. One must stress that these are Cycle Time 6 min
hypothetical examples that may not apply to real situations. Flue-Gas Flow Rate 21.5 kmol/s
However, they do illustrate the magnitude of economic op- Pressure 1.1 bar (absolute)
portunities if the carbon capture cost alone can be reduced ggzbggpgifr‘]téﬁﬁonin Flue Gas 512% T%:]/O
subs’FantlaIIy, relative to the cqnventlonal amine technology. Sorbent Particlg Diameter O_Oogm

This report documents work in progress. The current projects Flue-Gas Sorption Capacity 1.9 wt % (mostly §O
are aimed at understanding sorption from model flue-gas CO; Recovery per Cycle 90 wt % (811 kmol)
mixtures and at scale-up data for specific retrofit and grassroots ~ Vessel Diameter 3.5m
applications. The technology status (patent penéinghd Vessel Length 2m
licensing information can be obtained from the corresponding
author. (2) Calculate:
Conclusion Total Sorbent Mass 1890 tons

Total Number of Vessels 189

A low-pressure Carbon Filter Process proposed to capture  Approximate Sorbent Mass per Vessel 10 tons

carbon dioxide (C@ from flue gas is filled with a low-cost Flue-Gas Superficial Velocity through Vessel 0.78 m/s

carbonaceous sorbent, such as activated carbon, that has a high
capacity to retain CObut not nitrogen (&), which means a  This superficial velocity will be used to estimate the pressure
high CQOJ/N; selectivity. The Carbon Filter Process proposed drop in step 3. If the pressure drop is too high, one can reduce

Table Al. Sorption Capacity for CO, and N; at Various Temperatures (T) and Pressures P)

Charcoal AC1 AC2 Coal
Sorption Sorption Sorption Sorption
p Capacity (wt %) p Capacity (wt %) p Capacity (wt %) p Capacity (wt %)
(bar) CcQ N2 Selectivity (bar) CQ N2 Selectivity (bar) CcQ N> Selectivity (bar) CcQ N2 Selectivity
AtT=25°C
1.0 6.8 0.7 10.0 1.0 9.9 1.0 9.9 1.0 6.7 0.7 10.3 1.0 1.9
5.0 10.8 1.9 5.8 5.0 18.8 3.4 55 5.0 11.9 2.1 5.7 5.0 4.0 0.3 154
10.0 12.0 35 3.4 10.0 26.0 5.3 4.9 10.0 14.7 3.1 4.8 10.0 55 0.6 9.6
AtT=75°C
1.0 3.4 0.3 11.3 1.0 4.6 0.5 9.6 1.0 3.2 0.3 10.7 1.0 0.8
5.0 7.0 1.1 6.4 5.0 10.7 1.7 6.3 5.0 7.0 1.2 5.8 5.0 2.4
10.0 8.8 1.9 4.6 10.0 14.6 3.1 4.7 10.0 9.5 2.0 4.8 10.0 35 0.3 10.3
AtT=110°C
1.0 2.0 0.2 10.5 1.0 21 0.2 8.8 1.0 1.7 0.2 10.5 1.0 0.3
5.0 4.9 0.7 7.0 5.0 5.8 1.1 5.3 5.0 4.6 0.7 6.3 5.0 1.0
10.0 6.6 1.4 4.7 10.0 7.8 1.8 4.3 10.0 6.8 14 4.9 10.0 2.0
AtT=130°C
1.0 0.7 1.0 0.7 1.0 0.5 1.0 0.1
5.0 2.2 0.3 7.3 5.0 2.8 0.6 4.7 5.0 2.6 0.4 6.5 5.0 0.5
10.0 3.0 0.8 3.8 10.0 4.8 1.1 4.4 10.0 4.2 0.9 4.7 10.0 12
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Table B1. Direct, Indirect, Fixed, and Working Capital Costs
Estimated for a Purchased Equipment Cost of $5 607 0G0

Fraction of Calculated
Purchased Values
parameter Equipment (x 103 dollars)
Direct Costs
Equipment with Delivery 11 6168
Installation 0.47 2635
Controls 0.36 2019
Piping 0.68 3813
Electrical 0.11 617
Buildings 0.18 1009
Yard Improvement 0.1 561
Service Facilities 0.7 3925
Total Direct Cost 20747
Indirect Costs
Engineering 0.33 1850
Construction 0.41 2299
Legal 0.04 224
Contractor Fees 0.22 1234
Contingency 0.44 2467
Total Indirect Cost 8075
Fixed Capital Investment 28822
Working Capital (Sorbent) 2820
Total Capital Cost 31642

aData taken from Table £ These factors are taken from ref 41, p 251

(see data for “Fluid Processing Plant”).

the superficial velocity by increasing the vessel diameBr (

(see ref 40, p B-6):

DM =/3 7%

(3) Calculate the total pressure drops across the bed, usin
the Ergun equation and definitions taken from ref 36 (p 120): gt

APp Dy & 150, ¢
(GVP)ZALl—e Npe

where AP is the pressure drop (in Pascalg)the superficial
velocity (which is set to be 0.78 m/s),the bed void fraction
(which is assumed to be 0.39)the flue gas density (which is
assumed to be 1 kgAn D, the sorbent particle diameter (0.004
m in this case)AL the length (in meters), ardgethe Reynolds

number. Here, the Reynolds number is defined as

_ Dpevp
Re (11— eu

Pressure drop in the vessel (psi)

0 2 4 6 8 10
Particle size (mm)
Figure B1. Pressure drop as a function of sorbent particle diameter.

drop across the sorbent bed is estimated to be of the order of 1
psi, and, hence, the blower capacity is conservatively selected
to be 3 psi. If the actual pressure drop is too high, one can, for
example, increase the sorbent particle diameter. As illustrated
in Figure B1, however, increasing the particle size beyond 4
mm will produce a moderate decrease in the pressure drop.
(4) Determine the type, size, and power of the blowers and
vacuum pumps, using information taken from ref 41 (p 527):
k

P, (k—1)k
e = (5

where#?is power (in kilowatts)P; is the inlet pressure arfeb
is the outlet pressure (both given in units of kPd),is the
flow rate of gas (given in units of #h), kis the ratio of specific

%heat k = Cy/C,, whereC, and C, are the heat capacity at

ant pressure and volume, respectiviely; 1.4 kJ/(kg K)

for air, 1.3 kJ/(kg K) for CQ). The blower or vacuum pump
power efficiency is 75%. Therefore, the power used for
economic analysis is equal to 1.25A high-pressure centrifugal
blower is selected. The temperature change for such blowers is
negligible. For vacuum pumps, it can be larger. The following
equation is used to estimate the temperature increase across the
pump (taken from ref 41, p 527):

T, [P\k1k
TPy

(5) Use ASPEN Plus to determine the type and size of heat
exchangers. The temperature difference between “hot out” and

where u is the flue gas viscosity (which is assumed to be “coldin”is assumed to be 1TC. Multiple-pipe heat exchangers
0.000018 Pa s). For the example in this section, the pressureare selected.

Table B2. Example Break-Even Point Analysis for the Wyodak Power Plarit

Investment Operating Cost Product Sales MACRS Depreciation Cash Flow NPVP

year (dollars, $) (x 10 dollars) (x 10 dollars) (x 10 dollars) (x 103 dollars) (x 10® dollars)

-1 —14 411 —14 411 —-16 573

0 —17 231 —17 231 —-17 231
1 —55575 62 949 2882 6701 5827
2 —55575 62 949 5188 7047 5328
3 —55575 62 949 4150 6891 4531
4 —55575 62 949 3320 6766 3869
5 —55575 62 949 2657 6667 3315
6 —55575 62 949 2124 6587 2848
7 —55575 62 949 1888 6552 2463
8 —55575 62 949 1888 6552 2142
9 —55575 62 949 1891 6552 1862
10 —55575 62 949 1888 6552 1619

aRecovered C@cost= $20/ton.P Fixed Capital Investment from Table B1 is split into two equal fractions ($14411° each during construction),
and the Sorbent Cost ($2820 10°) is added in year 0% Product Sales from recovered €@ 128 791 tons/yr) sold at a market price of $20/ton in order
to break event The 10-year Modified Accelerated Cost Recovery System (MACRS) depreciation method is applied to the Fixed Capithl ‘Bdsts.
present value of the facility for an interest rate of 15%; in y@aNPV = (Cash Flow)x (1 + 0.15).4%



(6) Determine the steam amount and the cost of sorbent

K
(9) Cong, H.; Zhang, J.; Radosz, M.; Shen, Y. Carbon nanotube

regeneration. The energy required for sorbent regeneration jshanocomposite membranes of brominated poly(2,6-diphenyl-1,4-phenylene

defined as
E= meAT

wherem is the mass of sorbent (in kilograms), the specific
heat of sorbent (given in units of kJ/(kg K)), an§IT the

oxide) for gas separatiod. Membr. Sci2007, 294, 178.

(10) Cong, H.; Hu, X.; Radosz, M.; Shen, Y. Brominated poly(2,6-
diphenyl-1,4-phenylene oxide) and its Si@anocomposite membranes for
gas separatiorind. Eng. Chem. Re2007, 46, 2567.

(11) Hu, X.; Cong, H.; Shen, Y.; Radosz, M. Nanocomposite Membranes
for CO, Separations: Silica/Brominated PPO [Poly(phenylene oxidi]].
Eng. Chem. Reg007, 46, 1547.

(12) Jee, J.-S.; Kim, J.-T.; Suh, J.-K.; Lee, J.-M.; Lee, C.-H. Adsorption

temperature difference (in Celsius degrees). The low-level steamequilibria of CQ on zeolite 13X and zeolite X/activated carbon composite.

enthalpy is set to be 2100 kJ/kg (see ref 36, p 858). The steam

price is assumed to be $7/ton or $3.2/MMBTU (using data taken
from ref 41, p 266). Because the sorption bed can be insulated

J. Chem. Eng. Dat2002 47, 1237.
(13) Siriwardane, R. V.; Shen, M.-S.; Fisher, E. P.; Poston, J. A.
Adsorption of CQ on molecular sieves and activated carbenergy Fuels

2001, 15, 279.

90% of the steam energy is assumed to be utilized to heat the (14 zou, v.; Rodrigues, A. E. Adsorbent materials for carbon dioxide.

sorbent.

(7) Determine the capital cost and operating cost. The cost

of compressors and blowers is taken from ref 41, pp-5335,
as is the cost of the heat exchangers (pp-6842). After the

Adsorpt. Sci. TechnoR001, 53, 645.

(15) Vyas, S. N.; Patwardhan, S. R.; Vijayalakshmi, S.; Ganesh, K. S.
Adsorption of gases on carbon molecular siee<olloid Interface Sci.
1994 168, 275.

(16) Mazumder, S.; van Hemert, P.; Busch, A.; Wolf, K.-H. A. A;

equipment cost is calculated, the fixed capital investment and tgjera-Cuesta, P. Flue gas and pure,Gorption properties of coal: A
total capital costs are estimated and reported in Table B1, with comparative studyint. J. Coal Geol.200§ 67, 267.

additional data from ref 41 (p 251). With the total capital and

(17) Mastalerz, M.; Gluskoter, H.; Rupp, J. Carbon dioxide and methane

Operatlng cost belng avallable, a break_even p0|nt |S Calculatedsorpuon in h|gh volatile bituminous coals from |ndiana, USAL J. Coal

to obtain the price of recovered GOrhe cash flow and the

Geol. 2004 60, 43.
(18) Medek, J. Possibility of micropore analysis of coal and Charcoal

net present value (NPV) are calculated as shown in Table B2 ¢, the carbon dioxide isotherrfuel 1977 56, 131.

for an interest rate of 15%. The total NPV is set equal to zero

in the “Goal Seek” function by changing the cell that contains
the CQ price.
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