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CARBON DIOXIDE CAPTURE FROM FLUE
GAS

BACKGROUND OF THE INVENTION

[0001] 1. The Field of the Invention

[0002] The present mnvention relates to capture of carbon
dioxide from a flue gas.

[0003] 2. The Relevant Technology

[0004] The separation of carbon dioxide from other light
gases such as nitrogen 1s important for achieving carbon
dioxide sequestration. The tlue gases of a conventional power
station typically contain from about 4% (by volume) to about
14% carbon dioxide (CO, ). It 1s commonly believed that this
CO, represents a significant factor 1n increasing the green-
house effect and global warming. Therefore, there 1s a clear
need for etficient methods of capturing CO, from tlue gases
so as to produce a concentrated stream of CO, that canreadily
be transported to a saie storage site or to a further application.
CO, has been captured from gas streams by five main tech-
nologies: oxyfiring, where oxygen 1s separated from air prior
to combustion, producing a substantially pure CO,, eftluent;
absorption, where CO, 1s selectively absorbed into liquid
solvents; membranes, where CQO, 1s separated by semiperme-
able plastics or ceramic membranes; adsorption, where CO,
1s separated by adsorption on the surfaces of specially
designed solid particles; and, low temperature/high pressure
processes, where the separation 1s achieved by condensing
the CO.,,.

[0005] Inthe past, the most economical proven technique to
capture CO, from a tlue gas has been to scrub the flue gas with
an amine solution to absorb CO, to the solution. This tech-
nology has reached the commercial state of operation for CO,
capture systems from small scale flue gases and from spe-
cialty processes. However, its application decreases consid-
erably the total efficiency of the power plant.

[0006] Another type of process that has received significant
attention 1s the oxy-combustion systems, which uses oxygen,
usually produced 1n an air separation unit (ASU), instead of
air, for the combustion of the primary fuel. The oxygen is
often mixed with an inert gas, such as recirculated flue gas, to
keep the combustion temperature at a suitable level. Oxy-
combustion processes produce flue gas having CO,, water
and O, as 1ts main constituents; the CO, concentration being
typically greater than about 70% by volume. Treatment of the
flue gas 1s often needed to remove air pollutants and non-
condensed gases (such as nitrogen) from the flue gas before
the CO, 1s sent to storage.

BRIEF SUMMARY

[0007] The methods and systems of the invention can pro-
duce a desirably pure, pressurized CO, stream and a nearly
CO,-free nitrogen stream from stationary power flue gases. In
comparison to oxygen-fired combustion and other known
techniques, the present invention provides improved efficien-
cies and reduced capital costs. In contrast to oxy-fired sys-
tems, the present invention 1s carried out on flue gasses that
include substantial amounts of nitrogen or other light gases.
The methods and systems use cryogenics to compress and
cool the carbon dioxide to yield condensed carbon dioxide
from the flue gas stream. The condensed carbon dioxide 1s
separated from the gaseous nitrogen or other light gases at
least in part based on the phase difference. The methods and
systems are made economical in part by using the cooled
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separated light gases (e.g., nitrogen) to cool the flue gases. In
this manner a portion of the energy needed to cool the flue gas
1s recovered. The energy elfficiency and cost effectiveness
advantages further stem from the formation of an essentially
pure, solid-phase CO,, phase that does not need to be distilled
or purified using other costly purification steps, thus dramati-
cally reducing operating and capital costs. Finally, CO, com-
pression can be performed on the condensed-phase CO,
stream, which 1s more energy efficient compared to the oper-
ating and capital cost of compressing gaseous CO,, to condi-
tions required for eventual storage or subsequent use. As
described more fully below, the present invention includes
several other techniques for recovering the energy spent to
cool and compress the flue gas.

[0008] In one embodiment, a method for efficiently sepa-
rating carbon dioxide from a flue gas of a hydrocarbon pro-
cessing plant 1s described. The method includes, (1) removing
moisture and optionally pollutants from a flue gas of a hydro-
carbon processing plant to vield an at least partially dried flue
gas; (1) compressing the at least partially dried flue gas to

yield a compressed gas stream, wherein the compressed gas
stream includes carbon dioxide; (111) reducing the tempera-
ture of the compressed gas stream to a temperature T, using a
first heat exchanger; (1iv) reducing the temperature of the
compressed gas stream to a second temperature T, using a
second heat exchanger or using a second heat exchanger 1n
combination with expansion of the compressed gas stream,
wherein T,<T, and wherein at least a portion of the carbon
dioxide from the compressed gas stream condenses, thereby
yielding a solid or liquid condensed-phase carbon dioxide
component and a light-gas component; (v) separating the
condensed-phase component from the light-gas component
to produce a condensed-phase stream and a light-gas stream;
and (v1) using at least a portion of the light-gas stream and
optionally a portion 1 the condensed-phase stream in the
second heat exchanger.

[0009] The present mvention also includes a system for
cificiently separating carbon dioxide from a flue gas of a
hydrocarbon processing plant. The system includes a com-
pressor 1n flud communication with the flue gas conduit. The
compressor 1s configured to recerve flue gas and compress the
flue gas to yield a compressed flue gas. A first heat exchanger
1s configured to dissipate heat from the compressed gas using
a first coolant to yield a partially cooled gas stream. A second
heat exchanger has a coolant chamber and a flue gas chamber.
The flue gas chamber has an inlet configured to receive the
partially cooled gas stream downstream from the first heat
exchanger and 1s configured to dissipate heat to the coolant
chamber to yield a cold compressed gas stream 1n the second
flue gas chamber. The coolant chamber i1s configured to
receive the cold compressed gas stream downstream from the
second tlue gas chamber. And, a third heat exchanger or a first
expansion chamber 1s placed in fluid communication with the
second heat exchanger, the third heat exchanger or first
expansion chamber 1s configured to cool the cold compressed
gas stream to yield a condensed carbon dioxide.

[0010] In a preferred embodiment, the methods include
removing impurities from the flue gas prior to condensing the
carbon dioxide. The impurities are economically removed
from the flue gas by cooling and compressing the tlue gas to
a temperature and pressure selected to condense the impuri-
ties without condensing the carbon dioxide. The condensed
impurities can then be removed from the system. Thereafter,
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the carbon dioxide 1s condensed and separated as a substan-
tially pure carbon dioxide stream.

[0011] Inoneembodiment, the impurities that are extracted
via condensation prior to condensation of the carbon dioxide
include, but are not limited to SO,, NO,, HCI, or Hg. Because
the flue gas 1s being compressed and cooled to condense
carbon dioxide, the condensation and removal of these and
other impurities 1s highly economical. Depending on flue gas
moisture content, these impurities will form acids, liquids, or
solids and can be separated from the remaiming flue gas based
on these differences 1n phase.

[0012] In addition or alternatively, one or more impurities
can be removed using a catalyst or solvent absorber. The flue
gas can be catalytically treated with the flue gas under pres-
sure to increase the efficiency of the catalytic reaction or
absorption. For example, NO_ components can be removed
using selective catalytic reduction technology (SCR). High
eiliciencies can be achieved by carrying out the reaction at
high pressures. Examples of suitable pressures include
greater than 5 psi1, more preferably greater than 60 psi, and
most preferably greater than 100 psi.

[0013] In another embodiment of the invention, the meth-
ods and systems include storing a light-gas stream (e.g., nitro-
gen or untreated flue gas) under high pressure. The stored
high-pressure gas provides a source of energy that can be used
to generate power. During peak power demand, the stored
high-pressure gas can be expanded to do work. Thus, a por-
tion of the energy required to compress the gas can be recov-
ered by expanding the gas 1n a turbine to generate power
during a period when power demand 1s high.

[0014] In one embodiment, the power required for com-
pression comes from either a power plant or a grid-connected
intermittent source or a cyclical source (such as, but not
limited to windmills or excess power plant capacity at ofl-
peak times) or a combination. The energy storage increases
profitability and the efficiency of the system, thereby making,
the system more economical and competitive with current
systems.

[0015] In a grid system involving potentially highly vari-
able wind power generation (e.g., 1n most grid systems with
wind-based or solar generation), the energy storage mecha-
nism of the mmvention provides a mechanism to effectively
manage the grid and thereby enable increased renewable
capacity.

[0016] Essentially all grid systems mvolve daily power
demand cycles with large differences from peak to low points.
Perhaps more significantly, the energy storage features
described herein help solve the system-wide problem of
meeting peak demand even as carbon capture technology
decreases net effective capacity by shifting the load to lower
demand times and using storage to compensate during high
demand. This feature postpones or eliminates the need to
construct new generation capacity for CO, mitigation. To the
extent that compression represents a sunk cost and parasitic
loss for CO, sequestration, the effective efficiency and cost of
the energy storage are turbine efficiencies (typically 85-95%)
and the cost of the pressure vessel.

[0017] By integrating one or more processes such as
removal of impurities and/or storage of energy, the cost effec-
tiveness of the process described herein compete well with

alternative systems that provide only energy storage or only
CQO, capture.

[0018] These and other objects and features of the present
invention will become more fully apparent from the following
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description and appended claims, or may be learned by the
practice of the invention as set forth hereinaftter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] To further claniy the above and other advantages
and features of the present invention, a more particular
description of the mvention will be rendered by reference to
specific embodiments thereof which are illustrated 1n the
appended drawings. It 1s appreciated that these drawings
depict only 1llustrated embodiments of the invention and are
therefore not to be considered limiting of 1ts scope. The mnven-
tion will be described and explained with additional specific-
ity and detail through the use of the accompanying drawings
in which:

[0020] FIG. 1 illustrates a block diagram of a method
according to one embodiment described herein;

[0021] FIG. 2 illustrates a simplified flow diagram of a
portion ol a CO, capture system:;

[0022] FIG. 3 illustrates two stages of the compression and
expansion system of FIG. 2;

[0023] FIG. 41llustrates example recuperative refrigeration
and separation portions of the tlow diagram of FIG. 2;
[0024] FIG. 5 illustrates the process compression with
interstage, recuperative cooling 1llustrated 1in FIG. 3 without
expansion turbines;

[0025] FIG. 6 illustrates a comparison of the ratio of work
produced 1n a turbine to the heat transierred to the working
fluid for each of three working fluids 1n a simple expansion;

[0026] FIG. 7 illustrates a carbon dioxide phase diagram:;
[0027] FIG. 8 illustrates binary CO,—N, thermodynamic
data and non-ideal predictions, illustrating the non-ideal
nature of the mixture and the ability of advanced thermody-
namic models to capture this nonideality and also illustrating,
the impossibility of forming a liquid phase from flue gases
containing less than approximately 15% CO.,;

[0028] FIG. 9 illustrates a three-phase CO,—N,—O,, dia-
gram at —55° C. and an average 129 atm 1llustrating the etfects
of oxygen on the phase envelope;

[0029] FIG. 10 1llustrates the frost/freezing points for a
typical dry tlue gas containing 14% carbon dioxide, 3% oxy-
gen, and impurities as a function of temperature and pressure,
indicating the process conditions required to remove the 1ndi-
cated amounts of CO,, from the gas phase.

[0030] FIG. 11 illustrates three solutions of differing com-
plexity for the concentration profile of carbon dioxide 1n a 300
K tank where the numerical solution 1llustrated 1s according
to calculations according to the present invention; and
[0031] FIG. 12 1llustrates estimated cost per avoided ton of
carbon dioxide for a variety of processes 1n comparison to the
process of the invention.

DETAILED DESCRIPTION

[0032] . Introduction

[0033] The methods and systems of the invention produce a
nearly pure, pressurized CO, stream and a nearly CO,-Iree
light-gas stream from stationary power flue gases. In com-
parison to oxygen-fired combustion and other well-docu-
mented alternatives, the present mvention provides improved
cificiencies and reduced capital and operating costs.
Improved energy efficiencies using the present invention can
be achieved through elimination of costly and energy-inten-
stve distillation or comparable purification steps, replacement
of costly and energy-intensive CO,, compression steps with
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comparatively inexpensive and energy ellicient pressuriza-
tion of condensed-phase CO.,, storage of energy 1n the form of
high-pressure light gasses, and/or reduction of water usage at
processing plants. Reduced capital and operating costs can be
achieved through these same means and by removal of 1mpu-
rities (e.g., acids), operation at less severe temperature
extremes, enabling cheaper and a wider range of materials of
construction, and lower costs associated with smaller volu-
metric flow rates and less extreme temperature ranges.

[0034] FIG. 1 provides an overview of an example method
according to one embodiment of the mnvention. The method
100 includes recerving a flue gas from a hydrocarbon process-
ing, combustion, gasification, or similar plant and removing
the moisture to form a partially dried gas stream (step 110).
The partially dried gas stream 1s compressed to a desired
pressure and cooled to a first temperature T, using a first heat
exchanger (step 120). For example, the dried flue gas can be
compressed 1n a series of compressors and cooled using inter-
stage heat exchangers that dissipate heat using air or water.

[0035] In step 130, impurities are removed from the com-
pressed flue gas. Impurities can be removed by condensing,
the impurities and removing the condensed impurities from
the gas stream prior to condensing the carbon dioxide. The
impurities are typically condensed at a temperature lower
than ambient, but greater than the temperature at which the
CO, 1s condensed. The one or more impurities can be
removed using a heat exchanger with an integrated condenser
separator that can remove the condensed impurities as a side

stream. Examples of impurities that can be removed include,
but are not limited to, SO,, NO,, HCI, or Hg.

[0036] In a preferred embodiment, the impurities that are
removed are salable products such as acids or condensed-
phase sulfur compounds. In step 140, the compressed tlue gas
1s then cooled using a second heat exchanger or preferably
expanded to reach a temperature of T, where the carbon
dioxide 1n the compressed tlue gas condenses to form a con-
densed CO, component and a light gas component. It 1s
highly advantageous to expand the compressed gas to achieve
the final temperature in which the CO, condenses. Expanding
allows a majority of the CO, to condense in the flue gas
instead of on a surface, which facilitates removal of the con-
densed CO, component.

[0037] Instep 150, the condensed CO, component 1s sepa-
rated from the light gas component to yield a condensed-
phase CO, stream and a light-gas stream. Typically, the con-
densed CO, component 1s a solid. In one embodiment, the
condensed CO, component can be removed from the heat
exchanger as a solid. Removing the condensed CO, compo-
nent from the heat exchanger as a solid can avoid the lost
energy associated with heating the heat exchanger.

[0038] As mentioned above, 1n a preferred embodiment the
CO, 1s condensed by expanding the condensed-gas stream to
lower 1ts temperature. In this embodiment, the compressed
gas stream 1s cooled to near the frost point of the carbon
dioxide and such that the expansion only requires a few
degrees of temperature drop. This step can be highly advan-
tageous for facilitating separation of the condensed CO, com-
ponent from the light-gas component and recovering the con-
densed CO, component since the majority of the carbon
dioxide will be condensed 1n a suspended form. However, a
portion of the carbon dioxide will accumulate on the surfaces
of the vessel or chamber where the condensation 1s carried
out. In one embodiment of the invention, the chamber 1s
configured to allow the solid to be removed from the surfaces
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of the chamber using mechanical means. For example, the
mechanical mechanism for removing solid CO, can be a
mechanical scraper that scrapes the walls of a drum or or other
interior surface. The mechanical mechanism can be a screw
mechanism that scrapes the walls of a tube and/or moves the
solid material 1n a desired direction. In one embodiment, the
mechanical mechanism can be a bag filter or a wire mesh that
collects solid CO, and 1s then intermittently shaken by a drive
motor. In an alternative embodiment, the solid CO, can be
filtered using a cyclone separator that separates the solid CO,,
from the light-gas component according to weight. Bag {il-
ters, the mechanisms for shaking bag filters, and cyclone
separators are known 1n the art.

[0039] In one embodiment, the solid CO, component 1s
condensed on blocks of solid carbon dioxide. The blocks of
CQO, are chunks of solid CO, that provide a surface for the
condensed CO, component to collect on. In one embodiment
the blocks can form a filter through which the light-gas stream
passes.

[0040] The foregoing means are examples of means for
separating a condensed CO, component from the light-gas
component.

[0041] The separation techmiques of the invention can
achieve high removal rates for the carbon dioxide from the
flue gas. In one embodiment, the present invention removes at
least about 95% by weight of carbon dioxide, more preferably
at least about 98%, and most preferably at least about 99%
[0042] The present invention also includes one or more
energy recovery steps 160 that recover a portion of the energy
used to compress and cool the flue gas. In one embodiment,
the light-gas stream 1s used in the second heat exchanger to
cool the compressed gas stream (step 165). In addition, the
cold condensed carbon dioxide stream can be used as the
second coolant to cool the compressed tlue gas (step 170). In
yet another embodiment, a portion of the light gas component
1s maintained at a high pressure for energy storage purposes
(step 175). In a final step 180, the carbon dioxide stream can
be sequestered. Sequestering the carbon dioxide stream typi-
cally includes compressing the carbon dioxide stream 1n the
condensed phase. Compressing the carbon dioxide stream 1n
the condensed phase requires substantially less energy than
compressing carbon dioxide 1n the gaseous phase.

[0043] The present invention may be applicable to any
hydrocarbon processing plant, including those using coal,
black liquor, natural gas, o1l, biomass, waste, pet coke, oil
shale, tar sands, and blends or combinations of these.

[0044] II. Systems for Separating CO, from Flue Gas

[0045] FIG. 2 1llustrates a partial schematic system that can
be used to carry out an embodiment of the mvention. In this
embodiment, the energy storage capability 1s 1llustrated.
However, those of skill in the art will appreciate that many
embodiments of the invention can be carried out without the
need for a high-pressure storage tank.

[0046] Insystem 200 shown inFIG. 2, CO,-containing flue
gas 210 from a processing plant passes through a condensing
heat exchanger 215, simultaneously cooling and partially
drying the gas 210. The moisture stream 220 1s discharged
from the system and the dried flue gas 225 1s introduced into
a staged compression system 230 that includes interstage
cooling. The compressed gas stream 230 can be compressed
to almost any pressure so long as the vessel and compressor
are suitable for handling such pressure. For example, the
pressure can be in a range from about 1 atm to about 600 atm.
Examples of pressures for relatively low pressure systems
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include pressures 1n a range from about 1 ps1 to about 10 psi,
more preferably about 2 psi to about 6 psi. For high pressure
storage applications, the pressures can be much higher. For
example, the pressure can be from about 10 atm to about 600
atm, more preferably about 20 atm to about 400 atm.

[0047] The high-pressure tlue gas cools to below the dew/
trost point of CO, at the composition of the tlue gas stream
cither in-line or 1n a hugh-pressure storage tank 245. The gas
composition after removal of the design-specified amount of
CO, determines the final temperature. That 1s, a system
designed for 90% CO, removal operates at the dew/Irost point
ol flue gas containing 10% of the initial CO,. The storage tank
245 also provides a quiescent environment in which CO,
settles to the bottom of the tank, increasing the local partial
pressure, which increase the dew/frost point and enhances
separation eificiency. After condensing or freezing and puri-
fication, liquid CO, stream 263 tlows from the process while
the N,-enriched stream 250 flows from the top of the tank. In
order to recover a portion of the energy expended 1n com-
pressing the flue stream, high pressure gas stream 250 1s
expanded 1n turbine 255 to substantially cool the light-gas
stream 250. The cold light-gas stream 260 1s then used 1n a
second heat exchanger to cool the flue gas. (e.g., for the
energy storage application illustrated, the cold light-gas
stream can be used to cool the bottom of the high-pressure
storage 245, which helps collect the CO.,,.

[0048] In one embodiment, the expanding gases can accu-
mulate waste, process, or high-quality heat from other plant
processes and convert 1t to work through the expansion of the
light-gas stream. Depending on temperatures and other con-
ditions of both the compression and expansion, the turbine
255 can generate most or all of the energy used in the com-
pression.

[0049] In one embodiment of the invention, the compres-
sion and expansion of gases (e.g., identified as compressor
230 and turbine 255 in FIG. 2) occurs 1n a series of tightly
coupled compression and expansion stages as shown in FIG.
3. In a preferred embodiment, the compressors and turbines
share the same shaft (not shown) to avoid electrical and
mechanical 1nefficiencies. For this reason, FIG. 3 1llustrates
compressors 232 and 234 and turbines 256 and 258 along a
common axis. While FIG. 3 shows two stages for each of
compression and expansion, the number of stages can be
different and more than two stages can be used. Systems
operating at low pressures or with supplemental refrigeration
require as few as 2-4 stages. However, 1n some embodiments,
the power and capital requirements for the supplemental
refrigeration both exceed the incremental costs of the addi-
tional stages for the directly cooled options.

[0050] As shown in FIG. 3, dried flue gas 225 enters com-
pressor 232. The dried flue gas 225 warms as 1t compresses,
and this warm gas significantly decreases compression effi-
ciency, since work scales with volumetric flow rate and there-
fore with temperature. After some compression, the flue gas
enters a heat exchanger 236 where 1t cools, nominally to 1ts
pre-compressed temperature. At one or two stages, the com-
bination of the pressure and the temperature suifices to con-
dense essentially all or a portion of the acid components,
specifically the SO,, HCI, and NO,. Depending on the mois-
ture content 1n the flue gas, the acids may form condensed-
phase acids or sultur components. NO typically does not
condense under the conditions that condense the foregoing
acids. A small side tlow 238 of these condensed impurities 1s

shown 1n FIG. 3.
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[0051] The mitrogen-enriched stream from the process
flows 1n the opposite direction through expansion turbines
256 and 258 1n embodiments where the solid CO, separation
occurs at pressures above ambient. These turbines can pro-
vide some of the power needed to drive the compressors and
help to cool the flue gas, with the compressor-generated waste
heat used to increase the nitrogen stream temperature
between stages. This embodiment 1s most beneficial when the
nitrogen gases are stored at pressure during off-peak demand
periods and released during peak demand periods or when the
nitrogen stream 1s heated well above ambient prior to the final
expansion stage. A single, staged device could perform all of
the processes needed 1n this expansion/compression cycle,
two stages of which appear 1n FIG. 3. While the nitrogen has
been shown as cooling the compressed gas at both heat
exchangers 236 and 242, the present invention also icludes

embodiments where an interstage heat exachanger 1s not
cooled with mitrogen. Typically, at least one stage prior to the
use of mitrogen 1s cooled by air or water.

[0052] Although not shown in FIG. 3, the condensed car-
bon dioxide stream can also pass through heat exchangers 236
and 242 to facilitate cooling of the flue gas. The returning
CO,-enriched stream passes through separate passages in the
same series ol heat exchangers and flows 1n the same direc-
tion as the light-gas stream 260. However, the CO,, does not
flow through the light-gas turbine stages, as 1t 1s exists 1n a
condensed phase at this process stage and its ultimate condi-
tion 1s generally at relatively high (=70 atm) pressure. The
flow of carbon dioxide 1s 1llustrated in FIG. 5.

[0053] Nominally 20-70° C. temperature differences per-
sist 1n the counterflow heat exchangers between the flue gas
and nitrogen-enriched streams. The difference commonly
increases with increasing CO, collection efliciencies. The
final pressure and temperature depends on the desired collec-
tion efficiency and the presence of external refrigeration. The
purpose of the compressor/expander train 1s to bring the flue
gas to the frost point condition shown 1n FIG. 7 at the lowest
energy and capital costs. Mutliphase fluids damage some
turbines, requiring careful turbine design or alternative pro-
cesses 1n going from the frost line to the final conditions for
CO, removal.

[0054] As shown in FIG. 4, in the case of external cooling,
the flue gas 425 enters an external refrigeration chamber 412,
shown with dashed lines since it would not be in the direct
cooling configuration. External cooling can bring the gases
directly to the frost point with no additional process steps, or
they can be combined with gas expansion and perform some
portion of the cooling, with gas expansion performing the
rest.

[0055] After the turbine expansion to the frost point,
directly cooled gases pass through an expansion valve 414 (or
appropriately designed turbine) through which the tempera-
ture and pressure drop from the frost line to the operating line
for the design removal amount. In this process, the single-
phase flow converts to a solid-gas form, with the solid being
essentially pure CO, and the gas mostly nitrogen, commonly
with some residual oxygen and other light gases and varying
amounts of gaseous CO,, according to the data shown in FIG.
10, described below. FIG. 10 indicates the combination of
pressure and temperature that result in the indicated fractions
of CO, removal from a typical tlue gas emitted by a coal-
based power plant. Those skilled in the art will recognize that
similar but quantitatively different operating targets pertain to
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other processes and can be calculated using known thermo-
dynamic principles 1n combination with the teachings of this
disclosure.

[0056] Although the CO, forms a solid at the temperature
and composition of 1ts separation, the net effect of the sepa-
ration 1s to form a liquid. The solid CO,, melts 1n a somewhat
warmer (—55° C.) vessel at which point 1t forms a more easily
handled liquid. The cold CO, and N, return through the
expansion and heat exchange systems to decrease the energy
required for cooling the flue gas, with the N, eventually
vented to the atmosphere and the CO,, delivered for ultimate
storage or use.

[0057] Several modifications to this process can be carried
out to decrease costs and energy consumption. Most dramati-
cally, 1t the separation occurs at atmospheric pressure, or 1n
the case of boiler integration coupled with water savings
plans discussed below, the expansion turbines illustrated in
FIG. 3 are unnecessary. However, the heat exchangers
remain. This simplifies the process and decreases the capital
expenses. This simplified flow diagram 1s illustrated 1n FIG.
5, m which the CO, and N, cooling tlows 310 and 3512,
respectively, are shown. As 1n FIG. 3, a single, staged device
can perform all of the processes needed 1n this compression
and heat exchange process, two stages of which appear 1n

FIG. 5.

[0058] One advantage of the system of the present mven-
tion 1s that it can be installed either as a bolt-on retrofit
technology or as an integrated technology. The bolt-on option
makes this technology highly attractive for existing power
generating facilities. In this configuration, minimal changes
to the existing facility are required. The flue gas 1s intercepted
prior to the stack and flows through this process without
modification of upstream systems. The only major require-
ment 1s that enough footprint 1s available for the new equip-
ment (compressors and turbines).

[0059] III. Removing Impurities

[0060] As 1illustrated in FIG. 3, impurities such as metals
and acids can be removed by condensing the impurities at a
desired temperature and pressure prior to condensing the
carbon dioxide and removing it from the tlue gas. The com-
bination of high pressures and low temperatures 1n this pro-
cess provide alternative means for pollutant treatment not
available 1n traditional, atmospheric-pressure flue gases. In
many cases, pollutants can be removed with far greater etfi-
ciency than currently designed systems. Specifically, SO_,
HCI, NO,, and Hg removal efficiencies approach 100% with
the proposed process without any additional capital and only
minor operating expenditures. For example, the heat
exchanger used to cool the condensed gas stream can include
a condenser separator for removing the impurities from the
system. Removing the condensed impurities from the system
prevents the impurities from being transported downstream
and mixed with the condensed carbon dioxide, which would
then require separating the impurities from the carbon diox-
ide 1n a separate process (e.g., distillation), which signifi-
cantly adds to the cost of the system.

[0061] All of the foregoing impurities mentioned condense
at the pressures and temperatures above those of the CO,
removal. Condensing the impurities and removing them from
the system at a temperature the CO,, frost point—the point at
which CO, begins to condense—the concentrations of the
impurities remaining in the gas phase can be reduced to a few
parts per million (depending on pressure and moisture con-
tent). In one embodiment, the concentration of the impurities
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in the purified condensed gas stream (which includes the
carbon dioxide) 1s less than 100 ppm, more preferably less
than 10 ppm, and most preferably less than 1 ppm. Conse-
quently, the purity of the carbon dioxide stream can have a
purity within the foregoing ranges, without the need to per-
form distillation.

[0062] The impurities can be removed from the process as
liquids or solids, most of which have commercial value.
[0063] The fate of NO 1s difficult to assess as 1t also exhibits
substantial non-ideal behavior but i1s less condensable than
the other impurities. Nevertheless, at high pressure, NO
absorption and/or catalytic conversion 1s more eificient and 1s
more cost elfective than current atmospheric-pressure sys-
tems. I the substantial capital costs dedicated to pollution
treatment are applied instead to the proposed process, which
in any case removes the same and additional impurities with
high efficiency, the efiective cost of carbon capture and stor-
age may drop correspondingly (e.g., by 30-40%).

[0064] The methods and systems described herein can par-
tially or entirely replace other gas treatment processes,
including mercury removal, desulfurization, acid gas treat-
ments, NO, removal, or a combination of these. Furthermore,
the flue gas cleaning described herein can require only trivial
marginal capital and operating expenses. The simplest but
perhaps not optimal approach involves capturing the impuri-
ties with the CO, stream. However, this produces an acidic
and potentially corrosive CO, stream—a potential problem
inside very high-pressure vessels and for later storage or use.
[0065] Altemmatively, high-pressure liquid water or other
sorbents elffectively remove most impurities at intermediate
pressures. Reductions 1n most species concentrations of well
over 90% are possible by this mechamism, eliminating or
reducing the need for existing or new desulfurization plants,
mercury removal, SCR and SNCR NO_ reduction technolo-
gies, and similar technologies. These systems represent major
(typically over 30% 1n total) capital investments 1n power
plants and represent smaller but significant parasitic losses in
elficiency. Their replacement could make the capital and
energy costs of the proposed system much more attractive.

[0066] IV. Energy Storage

[0067] The pressurized gas represents a potential means of
energy storage. Typically, only a fraction of the flue gas
stream provides energy storage, with most of the gas stream
continuously flowing through the process.

[0068] The size of the storage tank depends on the amount
of required energy storage and on engineering limitations for
high-pressure facilities. Either a multi-vessel storage system
or, more cost elfectively, a system requiring a single vessel
but still providing for storage (discussed below) provide the
energy storage capabilities. Storage can occur at any system
pressure from the peak pressure in the system to minimize
storage volume to low-pressure storage 11 natural and com-
monly non-impervious caverns (caves, salt domes, aban-
doned mines, etc.) are available. High-pressure storage mini-
mizes tank volume and enhances CO, separation through the
several processes discussed earlier, but the high-pressure stor-
age tank increases the total capital cost.

[0069] The powerrequired for compression can come from
either the power plant or grid-connected intermittent sources
such as windmills, or both. The process provides but does not
require intermediate storage of compressed gas as stored
energy. Turbines regenerate stored power during high-de-
mand or high-revenue cycles. This energy storage scheme
increases profitability. In grid systems mvolving potentially
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highly variable wind, solar, or other power generation that
represents a barrier to additional renewable capacity, as 1s the
case 1n Denmark and other regions with large intermittent
wind sources, this energy storage capability also provides the
mechanism to more effectively manage the grid and thereby
enable increased renewable wind capacity.

[0070] Essentially all grid systems involve daily power
demand cycles with large differences from peak to low points.
Perhaps more significantly, the energy storage feature helps
solve the system-wide problem of meeting peak demand even
as carbon capture technology decreases net effective capacity
by shifting the load to lower demand times and using storage
to compensate during high demand. This possibly postpones
or eliminates the need to construct new generation capacity
for CO, mitigation. To the extent that compression represents
a sunk cost and parasitic loss for CO, sequestration, the etfec-
tive elficiency and cost of the energy storage are turbine
elliciencies (typically 85-90%) and the cost of the pressure
vessel.

[0071] A primary feature of one embodiment of the mven-
tion 1s that both energy storage and CO, capture occur simul-
taneously. In most cases, the energy storage etliciency and
cost effectiveness of this process compete well with alterna-
tive systems that provide only energy storage or only CO,
capture. Since this process can be embodied to provide both
storage and capture simultaneously with energy and capaital
costs potentially comparable to only one of these processes
by alternative means, this combined process could have sub-
stantial energy, capital, and operating cost savings relative to
competing processes.

[0072] Energy storage 1ssues loom larger in the overall
carbon capture and storage (CCS) discussion than seems to be
generally acknowledged. All well-documented CCS systems
consume large amounts of power, typically 25-30% of a plant
net output. Accordingly, an additional 25-30% capacity 1s
required to implement these processes just to maintain cur-
rent peak capacity. As nearly all power suppliers operate near
capacity limits during peak loads, CCS requires either an
additional 235-30% of new capacity or sullicient energy stor-
age to levelize peak loads. This 1ssue affects nearly every
power system that implements CCS. Independently of CCS,
projected new power demands and more efficient capital uti-
lization both would benefit from cost- and energy-efiective
energy storage. Finally, some regions have large but intermat-
tent energy supplies, such as windmills and solar panels.
Management of these highly and rapidly varying supplies
limits the amount of usable energy they can provide. Energy
storage helps accommodate these large yet highly variable
energy supplies. In summary, the three energy storage 1ssues
addressed here are: (1) increased peak power demands asso-
ciated with CCS generally; (2) load leveling generally to
increase capital effectiveness, system efficiency, and
increased power demand; and (3) integration of windmills
and other non-dispatchable, highly variable power supplies in
a grid.

[0073] The proposed process resolves the 1ssues outlined
above 1n two ways. The simplest resolution somewhat miti-
gates the third 1ssue—the effects of windmills or other large
but intermittent energy supplies on the grid—with virtually
no additional equipment beyond a robust grid and properly
installed compressor motors. Either the local power plant or
the grid can supply the large compression-energy require-
ments. In normal (no wind) operation, the local power plant
provides the compression power, which represents a large
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parasitic loss. When excess wind or other intermittent energy
1s available, 1t drives the compressors, reducing the parasitic
losses to the power plant and therefore reducing coal/natural
gas/o1l/biomass consumption. Current power plants do not
have such large parasitic loads and can do little to absorb the
energy fluctuations from the mills. Many alternative CCS
technologies (essentially all solvent absorption systems) use
energy in the form of heat, which 1s not efficiently replacable
by wind energy. However, this system and systems that use air
separation units can effectively use the excess wind energy to
drive the compressors and provide useful grid management
options to absorb large amounts of excess wind energy and
reduce boiler load by an equivalent amount.

[0074] Wind energy supplies commonly change on much
shorter time scales than boilers can accommodate. The high
energy storage embodiments of the mvention can advanta-
geously provide load leveling for these systems. The com-
pressed gases used 1n the CO, separation process described
above represent potentially significant resources for energy
storage. Since the proposed process compresses the gases for
CQO, separation, there 1s little or no additional etfficiency drops
or increased loads associated with compression, and the
elfective efficiency of the energy storage becomes the turbine
elficiency, not the product of the turbine and compressor
cificiencies and other system losses. In this sense, com-
pressed gas storage integrated with the proposed carbon
sequestration system provides energy storage with greater
elficiency than existing hydro-pumped storages systems.

[0075] There are additional capital costs associated with
providing containment and valving for the compressed gas
storage. The specific design of such containment strongly
depends on site-specific details. Sites that have natural cav-
erns (salt domes, mine shafts, caves, etc.) suitable for com-
pressed gases can provide relatively large and 1mnexpensive
storage, albeit generally at low pressures. Sites with footprint
constaints generally would use tall manufactured high-pres-
sure tanks for storage. Both systems need nitrogen turbine
systems with capacities that exceed the full-load capacity of
the boiler, since at peak times the boiler would generally
operate at full load and the energy storage would also operate
at maximum load.

[0076] In a preferred embodiment, the storage vessel 1s
s1zed and configured to store at least about 0.5 hour, about 1
hour, about 2 hours, or at least about 4 hours of full-load plant
output. In one embodiment, the energy storage can be pro-
vided by a series of comparably tall but smaller diameter (and
wall thickness) storage vessels. The 2-hour 100% capacity
storage amount functionally represents about 8 hours of peak-
ing capacity. That 1s, if the equivalent of V4 of the full plant
output 1s stored for eight hours, the result 1s a 2-hour full-
flow-equivalent storage. This amount of storage suffices to
accommodate most wind surges from mills and daily cycles
in plant operation. The tank size (or number) increases pro-
portionally with storage capacity.

[0077] V. Water Savings

[0078] A fully integrated installation can heat the pressur-
1zed, nitrogen-rich stream with the boiler to increase the
power output. A pressurized nitrogen stream heated to the
same temperature as typical steam turbine 1nlet temperatures
(nominally 600° C.) generates power with approximately
three times the efficiency as steam under heated from room
temperature to similar temperature at similar pressures.
Recompressing the nitrogen would greatly reduce this effi-
ciency to below that of steam, but on a once-through basis, the
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steam 1s far more ellicient than steam/water and avoids the
cooling water load associated with water. This reduces, by at
least 25-30%, the amount of cooling water needed for power
generation for the portion of the power made from the nitro-
gen turbine.

[0079] The embodiment of this process involving CO,
separation at pressure produces pressurized nitrogen as a
primary byproduct. In a bolt-on technology, this nitrogen 1s
used both for heat exchange and for power production
through turbines. In a fully integrated process, energy can be
generated from the mitrogen more efficiently. Specifically, the
pressurized nitrogen can be brought to room temperature via
heat exchange with the incoming flue gas tlow, as indicated in
FIG. 3. Before expansion through a turbine, the nitrogen can
be further heated in the boiler, for example, to temperatures
comparable to peak steam temperatures, (e.g., S00-600° C.).
The nitrogen then passes through a turbine, generating power
and potentially a cool-gas stream (depending on initial pres-
sure) as products.

[0080] FIG. 6 compares the ratio of work produced 1n a
turbine to the heat transferred to the working fluid for each of
three working fluids assuming all start at 300 atm and 25° C.
and that each 1s heated to 600° C. at the same pressure and
then expanded through a simple turbine (efficiency=75%) to
atmospheric pressure. The water/steam cycle has anet ratio of
30% and 1s a reasonable representation of small-scale Rank-
ine cycle systems without superheat or other sophisticated
technologies. Nitrogen, by comparison, has a ratio of
approximately 90%, three times higher than steam. That 1s,
the amount of power generated 1n 90% of the amount of heat
put 1into the already pressurized gas stream. Importantly, This
1s an open loop system, not a cycle comparison. Specifically,
the energy elliciency costs of recompressing the steam/water
cycle are negligible since the cycle forms water, which 1s
casily and efficiently compressed. However, the energy costs
of recompres sing any gas are very large and would result 1n
cycle efficiencies that are lower than that of water. The helium
data indicate that helium would make an even better working
fluid, primarly because it has a low and essentially constant
heat capacity. Since there 1s virtually no helium 1n tlue gas this
1s not a realistic option in practice but 1s a useful comparison
to 1llustrate the advantages of light-gas turbines. As indicated,
more energy 1s derived from the turbine than 1s placed into the
helium 1n the form of heat. This emphasizes the point that the
energy derved from the turbine includes both energy from the
heat and energy from the initial compression. The advantages
of this light-gas turbine increase with increasing inlet tem-
perature.

[0081] The high-temperature heat used 1n the nitrogen tur-
bine decreases the amount of heat transferred to the steam
turbine. This typically only makes sense if the efficieny
advantage 1s large enough to justity the additional cost of a
second turbine and, 1n a more sophisticated design, as second
superheater set.

[0082] Nitrogen turbines require no cooling water since
nitrogen 1s vented to the atmosphere at the end of the process.
Furthermore, nitrogen system do not face a realistic limit 1n
ex1t temperature because of condensation, so the exit gas can
be very cool, depending on the inlet temperature and pressure.
The cool exit gases and the decrease 1n cooling water demand
both significantly decrease the amount of water required for
the steam cycle, potentially by 25-30%.

[0083] Other processes could employ this technology to
reduce water demands. Specifically, air separation units
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(ASUs) universally produce liquid nitrogen at some stage in
the process. Pressurizing this liquid nitrogen and passing 1t
through similar paths 1n the ASU as 1s currently done results
in an effluent typically near room temperature but at high
pressure. Passing this high-temperature nitrogen through a
boiler reduces cooling water demands and increases effi-
ciency for the same reasons and to similar extents as are
explained above.

[0084] The oxygen content remaining in the nitrogen-rich
stream 1s nearly ideally suited for firing in a gas turbine. The
compressed, preheated nitrogen-rich gas flowing from the
boiler preheat cycle near the end of the process are well suited
to gas turbine firing rather than inert nitrogen turbine use,
with a corresponding large increase in power generation.
However, the CO, 1n the resulting gas, while representing a
relatively small emission, would require additional process
steps 11 1t must be captured.

[0085]

[0086] The cool temperatures and high pressures encoun-
tered 1n much of the process of the invention lead to highly
non-ideal thermochemical behavior, 1n particular as CO, and
several pollutants—especially SO,—are concerned. In the
ideal approximation, CO, mole fractions times total pressure

(partial pressures) behaves similar to CO, vapor pressures.
That 1s, 1n 1deal systems CO, forms two phases through con-

densation or freezing whenever its partial pressure exceeds
the vapor pressure of CO,, at the same pressure.

[0087] FIG. 7 illustrates the CO,, phase diagram for 1deal

behavior over a broad range of temperature (linear scale) and
pressure (logarithmic scale). The lines separate regions of
solid, liquid, and vapor, with the triple point and critical point
indicated.

[0088] However, in a real-world application, flue gas does
not form an 1deal system. In the liquid region, the liquid that
forms 1s a mixture of CO,, and light gases. More significantly,
with 14% CO, m nitrogen, no liquid forms under any condi-
tions ol temperature or pressure. Non-i1deal thermodynamics
of the bmnary CO,—N, system appear with measured data
(Zenner and Dana 1963) mn FIG. 8 at three temperatures
ranging from 0° C. to =55° C., near the CO, triple point. The
data on the vapor and liquid branches of each curve represent
corresponding endpoints of equilibrium tie lines in the two
phases.

[0089] The data and predictions agree reasonably well over
most of the region and represent a substantial improvement
compared with the ideal predictions. As temperature
decreases, the size of the two phase region increases. How-
ever, decreasing the temperature significantly further than the
lowest temperature 1llustrated 1n FIG. 8, -55° C., leads to
solid rather than liquaid CO, formation. At a nominal 14%
CO, 1n nitrogen (typical tlue gas), no liquid forms at any
temperature or pressure, in stark contrast to the 1deal behavior
shown 1n FIG. 7. That 1s, the frost/dew point line for typical
flue gases (14% CO,) never enters the liquid-vapor region,
unlike the Rault’s law estimates in FIG. 7. This behavior
presents some operational difficulties 1n that it requires solids
handling. However, the formation of a solid represents a
substantial thermodynamic and energy advantage since the
solid that forms contains essentially no nitrogen or oxygen
impurities and does not have to go through a subsequent
distillation or similar purification process. Liquid distillation
1n air separation units represents the largest energy demand,

VI. Thermodynamics
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mostly associated with cooling for the condenser. The opera-
tional challenges associated with solids handling are dis-
cussed later.

[0090] The compressed light gases contain small amounts
of oxygen 1n addition to carbon dioxide and nitrogen. The
oxygen contents change (generally decrease) the size of the
two-phase region shown in FIG. 8. Typical three-component
data appear 1n FI1G. 9, for conditions with an average pressure
and temperature of 129 atm and -55° C., respectiully. The left
side of this diagram represents 0% O, and corresponds to the
conditions 1n FIG. 8 at 129 atm, as can be verified by checking
the data. Increasing O, concentrations decrease the composi-
tionrange over which two phases form. However, the changes
are not overly complex. That 1s, the O,, under these condi-
tions, behaves much the same as an equivalent amount of
extra nitrogen would behave. We have additional data at other
pressures and temperatures. Existing, although advanced,
thermodynamic models can accurately predict the two-phase
regions for multi-component (e.g., N,—CO,—0O,) systems,
and the model predictions demonstrated above reasonably
predict the two-phase region for the N,—CO, system. How-
ever, 1deal-gas and most non-1deal-gas thermodynamic mod-
cls provide misleading estimates of this behavior that have
large 1impacts on design and operation.

[0091] Thermodynamic data for typical flue gases includ-
ing nitrogen- and sulfur-containing impurities at conditions
of temperature and pressure of importance to this analysis do
not exist 1 the open lierature. However, similar thermody-
namic models used to predict the data above can be used to
estimate such data. A useful summary of such data relevant to
this process appears in FIG. 10, where the frost points (dry 1ce

formation) for a typical dry tlue gas containing 14% CO,, 3%
O,, and trace amounts (100 ppm) of HCI, NO, and SO.,.

Corresponding conditions for 90%, 95%, and 99% of the CO,,
removed from the gas phase also appear. The labeled points
correspond to the peak temperatures on each curve. To
achieve any of the indicated performance points (1rost forma-
tion, 95% CO, removal from the gas phase, etc.), conditions
in the process at the point of separation must lie somewhere
on the corresponding line.

[0092] As indicated, high pressures, low temperatures, or
both, must be produced to remove the CO, by condensation/
desublimation. The labeled points of the curve represent the
highest pressures 1n this section. That 1s, beyond these point,
higher pressures and lower temperatures are required, both of
which would require more energy. The portion of each curve
up to this point 1s the functionally interesting option for this
process 1n most applications.

[0093] The process of gas compression, cooling, and
expansion generally provides the low temperatures indicated
in FIG. 10. This can mmvolve either a closed-loop, typically
light-gas-based refrigeration system or can involve direct
compression and expansion of the flue gas without a separate
refrigeration cycle. The latter has the advantage that no addi-
tional temperature difference needs to be developed to drive
heat transfer 1n a heat exchanger but has the disadvantage of
a lower quality working fluid. Either process works, but this
discussion assumes direct compression/expansion of the flue
gas. The overall scheme 1s to compress and cool the gas to a
suificient pressure that its subsequent expansion through a
turbine brings the gas near the frost point. The gas then further
expands, typically through an expansion valve or turbine,
until 1t reaches a temperature and pressure shown nominally
in FIG. 10 for a given fractional capture. The figures associ-

Sep. 22, 2011

ated with FIG. 10 can vary depending on the specific flue gas
composition. In an externally cooled implementation, the
second stage a heat exchanger provides all of the cooling
rather than using an expansion turbine or valve. A critical
design parameter 1s the maximum pressure required to reach
a condition along the curve representing the desired removal
elficiency starting from a near room temperature initial con-
dition.

[0094] FIG. 10 provides an indication of the advantages of
this process over air separation and oxyliring. Traditional air
separation units require much more cooling, for example to
temperatures between —206° C. and —183° C. at 1 atm (50 to
60° C. cooler than the proposed process). Additionally, a
series of two or three distillation columns revaporize and
recondense the gases several times each, and the product CO,
must be recompressed as a gas. All three of these consider-

ations greatly increase the energy requirements for the sys-
tem

[0095] The overall energy balance 1s a complex function of
the inlet gas temperatures at each stage of compression and
expansion, the extent of CO, removal, and the specific com-
position of the tlue gas, among other things.

[0096] Most alternative CO, sequestration processes
(amine/chilled ammonia absorption, oxyfuel combustion,
oxygen-blown gasification) have power requirements of
approximately 29% of the total power plant output.

[0097] VII. Dense-Gas Settling,

[0098] Eftfects of gravity on concentration gradients gener-
ally are not included 1n transport equations. The binary Max-
well-Stefan equations provide one means of including them.
In 1ts general form, this equation describes the total local
molar flux (absent of convection terms) as the sum of terms
involving activity gradients, pressure gradients, differences
in body forces, and temperature gradients as follows

@ =—cl) AB

— ]. p— — — p—
{xﬂ'\?lmﬂ + m[(cﬁﬂ — W)V P — pw,wp(g s — gﬂ)] +kT?lnT}
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[0099] The solutions to these equation as applied 1n our
analysis does not lend 1tself to an analytical solution. Rather,
numerical estimates of steady-state concentration profiles
were performed. However, some approximate analytical
solutions provide more convenient though less accurate esti-
mates of ultimate concentration profiles. The presence of x
in the first term within curly brackets above 1s the major
reason this equation has no analytical solution. Equating this
value to the constant mitial mole fraction, x4 , 1s the same as
assuming that mass fraction 1s proportional to the mole frac-
tion, with the proportionality constant of
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which 1s precisely correct for gases with the imitial mole
fraction of species A and 1s a reasonable estimate so long as
the actual concentration of species A only modestly departs
from this mitial value. With this assumption, the solution to
the equation 1s

Xa_ {gM (Mg — Ma)xa; — 1)+ ART[Mp + x4,;(Mas — Mp)liz
XA0 P RT[Mp(xa; —1)—xa,;Mas]

where x , , 1s the steady-state concentration at the bottom of
the tank and which, neglecting the activity coetlicient term A,
becomes

XA xp{ [gM (M4 — Mp)(xa; — 1)]2,}

XA0 RT[Mp+x4,;(Msg— Mp)]

[0100] This shows that the concentration profile 1s approxi-
mately exponential, decreases with increasing height for the
species with the higher molecular weight, 1s essentially inde-
pendent of pressure, becomes more pronounced with
decreasing temperature, and 1s greatest for a species with a
small initial concentration. Most of these trends seem 1ntu-
itively correct. Some, such as the lack of pressure and source
of the temperature dependencies, may not be obvious. The
only pressure dependence 1n this expression 1s 1n the activity
coellicient term, and even this 1s modest as the pressure
dependence only enters as the gradient in the log of this term.
This term also depends on temperature, but the dominant
temperature dependence 1s 1n the denominator of the expo-
nentiation argument. Increasing temperature should increase
thermal mixing of species and hence decrease the concentra-
tion, consistent with the estimation above. Notably, this tem-
perature term does not arise through the increase 1n diffusivity
with temperature, as the diffusivity dropped out of the equa-
tion with the steady state assumption.

[0101] Alternative derivations from the literature [Bird et
al, 2002, Guggenheim, 19350] result in the analytical expres-
s101
XA \'B(XBo\ A — — [ 82
o B S L (CAZREAD )|
[0102] Stylistic and technical objections to this equation

include raising numbers to powers that have units, having
numbers with units as arguments of exponentiation, apparent
assumptions of proportional relationships between mole and
mass fractions, and neglecting pressure dependence of molar
volumes. Assuming all partial molar volumes are equal and
otherwise following a derivation similar to that in these lit-
erature sources, an alternative analytical expression for the
mole fraction variation with height 1s
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[0103] This expression (Analytical 1), together with the
previously derived analytical approximation (Analytical 2)
and a numerical solution to the differential equation (neglect-
ing gradients 1n activity coellicients) appears 1n FIG. 11 for a
nominal 27 m tall, 300 K storage vessel. All three solutions
show that the CO, concentration in the bottom of the tank
increases, indeed by over two times (by the most sophisti-
cated estimate) relative to 1ts mitial or mean value (0.135 1n
these cases). This decreases the required pressure and tem-
perature of the system since the partial pressure ot CO, at the
point 1t condenses significantly exceeds the average partial
pressure. Specifically, this reduces the estimated power con-
sumptions shown earlier by approximately a factor o1 0.8 and
increases the purities of both the nitrogen and carbon dioxide
streams. The final concentration distribution estimates shown

in FIG. 11 provide reasonably rigorous estimates of the ulti-
mate concentration profile generated in the tanks.

[0104] VIII. Comparison with Other Technology

[0105] The advantages of the proposed process stem from
the following three process features. First, the methods and
systems described herein utilize a slightly lower volumetric
flowrate of gases leaving the combustor on a dry basis com-
pared to the dry volumetric flowrate of air entering the com-
bustor 1n an oxyliring system. Compression and expansion
work scales with volumetric, not mass, flowrates. Second, the
methods and systems described herein compress the gas only
once, whereas the combination of an ASU and post compres-
sion compresses the oxygen-contaiming molecules twice.
Finally, the methods and systems separate CO,, from nitrogen,
a far less capital and energy intensive task than separating
oxygen from nitrogen.

[0106] Aside from these benefits, the proposed process has
substantial economic and energy advantages. FIG. 12 1llus-
trates estimated cost per avoided ton of CO, for a variety of
competing processes to the process described herein. The
process described 1n the present invention 1s referred to as
(“Bx1”) in FIG. 12. The alternatives that can be compared
include the fuel, fixed operating and maintenance (FOM),
variable operating and maintenance (VOM), capital (Cap),
and transportation, storage and monitoring (IS&M) costs
associated with CO, management. Systems include super-
critical pc combustion (SC), ultra-supercritical pc combus-
tion (USC), mtegrated gasification combined cycle (1IGCC),
and CO, capture technologies based on amine scrubbing
(Amuine), air separation units (ASU), and 1on-transport mem-
branes. Aside from Bx1, the costs are derived from NETL-
based analyses (Citerno 2007; Klara 2007; Klara 2007), with
methods and assumptions as similar as possible between the
NETL-based systems and the Bx1 system. However, the
extensive documentation of the NETL-based systems does
not mclude many critical parameters, imncluding such basic

things as turbine and compressor efficiencies and costs asso-
ciated with SO_and NO_ control.

[0107] The technology proposed here, called Bx1 1n the

following figures, competes well with the other 11 feasible
and evaluated technologies based on cost per ton of avoided

CO, as shown 1n FIG. 12.
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[0108] The energy storage capacity of this technology
avolds or minimizes the need to construct additional power
plants to meet the demand of the substantial 20-30% addi-
tional power needed to drive the sequestration process. By
shifting loads through energy storage, the same plant can
partially or fully supply this additional power for low-load
periods.

[0109] The combination of desulfurization and de-NO,
processes account for 25-30% of the capital 1n a modern
power plant. Both can potentially be replaced by this process,
significantly reducing the greenfield capital cost for the Bxl
process and, to the extent the sunk capital 1s partially recov-
erable, decreasing the retrofit costs as well.

[0110] These processes also account for much of the non-
tuel based operating costs and much of the on-site hazard and
safety 1ssues 1n modern power plants. These costs and con-
cerns can be eliminated from both existing and greenfield
installations.

[0111] Finally, the Bx1 process in essentially a bolt-on
process, requiring little boiler modification 1n 1ts simplest
forms. This compatibility with existing power systems avoids
the costs associated with builing or permitting significant new
technology and, for the majority of US power stations that are
already paid for, avoids substantial capital costs.

[0112] None of the advantages listed 1n the last three para-
graphs are included 1n the cost analysis presented above with
regard to FI1G. 12. In these regards, the costs provided 1n FIG.
12 for the Bx1 technology are conservatively estimated.
[0113] The present invention may be embodied 1n other
specific forms without departing from 1ts spirit or essential
characteristics. The described embodiments are to be consid-
ered 1n all respects only as illustrative and not restrictive. The
scope of the invention 1s, therefore, indicated by the appended
claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of
the claims are to be embraced within their scope.

What is claimed 1s:
1. A method for efficiently separating carbon dioxide from
a flue gas of a hydrocarbon processing plant, comprising:

(1) removing moisture from a flue gas of a hydrocarbon
processing plant to yield an at least partially dried flue
gas;

(11) compressing the at least partially dried flue gas to yield
a compressed-gas stream, wherein the compressed gas
stream includes carbon dioxide;

(111) reducing the temperature of the compressed-gas
stream to a temperature T, using a first heat exchanger;

(1v) reducing the temperature of the compressed-gas
stream to a second temperature T, using a second heat
exchanger or using a second heat exchanger in combi-
nation with expansion of the compressed-gas stream,
wherein T,<T, and wherein at least a portion of the
carbon dioxide from the compressed gas stream con-
denses, thereby vielding a solid or liquid condensed-
phase carbon dioxide component and a light-gas com-
ponent;

(v) separating the condensed-phase component from the
light gas component to produce a condensed-phase
stream and a light-gas stream; and

(v1) using at least a portion of the light-gas stream 1n the
second heat exchanger.

2. A method as 1n claim 1, wherein reducing the tempera-

ture of the compressed gas stream i1n step (1v) includes
expanding the compressed gas stream.
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3. A method as 1 claim 2, wherein the expansion of the
compressed gas stream 1s carried out though a valve or a
turbine.

4. A method as 1n claim 1, wherein T, 1s 1n a range from
about 0° C. to about 100° C.

5. A method as 1n claim 1, wherein T, 1s 1n a range from
about —175° C. to about —100° C.?

6. A method as 1n claim 1, wherein the first heat exchanger
1s cooled using water and/or ambient air.

7. A method as in claim 1, wherein the compressed gas
stream 1ncludes an acid component, the method further com-
prising condensing at least a portion of the acid component in
step (1v) to form a condensed-phase acid component or sulfur
compound, wherein the condensed phase acid component or
sulfur compound 1s removed from the compressed gas stream
prior to the carbon dioxide condensing.

8. A method as 1n claim 1, wherein the flue gas includes at
least 10% carbon dioxide and at least 10% light gas.

9. Amethod as 1n claim 1, wherein the flue gas 1s an exhaust
from a coal fired combustion or gasification process.

10. A method as 1n claim 1, wherein the compressed gas
stream 1s at a pressure of at least 5 psi.

11. A method as 1n claim 10, wherein the light-gas stream
1s compressed and stored 1n a vessel at a pressure of at least
about 10 ps1 and subsequently expanded to generate power.

12. A method as 1n claim 1, wherein the compressed gas
stream 1s at a pressure of at least about 2 psi.

13. A method as 1n claim 12, wherein the light-gas stream
1s stored 1n a vessel and subsequently expanded to generate
power, wherein the power 1s generated and placed on a power
or1id having periods of high power demand and periods of low
power demand, wherein the light-gas stream 1s stored during,
a period of low power demand and expanded to produce
power during a period of high power demand.

14. A method as 1n claim 13, wherein the light-gas stream
1s compressed using a compressor driven by an intermittent
pOwWer source.

15. A method as in claim 13, wherein the intermittent
power source 1s a wind source.

16. A method as 1n claim 1, wherein the compressed gas
stream 1s below the triple point of carbon dioxide.

17. A method as in claim 1, wherein the condensed-phase
carbon dioxide component 1s separated from the light gas
component by allowing the carbon dioxide to condense and
precipitate from the compressed gas stream.

18. A method as in claim 1, wherein the condensed-phase
carbon dioxide component 1s separated from the light gas
component by acrodynamic separation, filtration, agglomera-
tion and/or by causing the carbon dioxide to condense on a
cold surface

19. A method as 1n claim 18, wherein the carbon dioxide
component 1s accumulated on blocks of frozen carbon diox-
ide.

20. A method as 1n claim 18, wherein the carbon dioxide
component 1s accumulated on a mesh.

21. A method as 1n claim 1, wherein the condensed-phase
carbon dioxide component 1s separated from the light gas
component by precipitating the carbon dioxide component on
a cooled rotating drum.

22. A method as 1n claim 1, wherein the condensed-phase
carbon dioxide component i1s separated from the light gas
component by precipitating the carbon dioxide on the surface
of the second heat exchanger.
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23. A method as 1n claim 22, wherein the surface of the
second heat exchanger 1s substantially free of aluminum.

24. A method as 1n claim 23, further comprising a third heat
exchanger having a second cooled surface for precipitating
the carbon dioxide component and the cold compressed gas
stream 1s caused to tlow through the first heat exchanger and
then the second heat exchanger in an alternating manner,
wherein the condensed carbon dioxide component 1s
removed from the first heat exchangers during a period when
the cold compressed gas stream 1s flowing through the second
heat exchanger.

25. A system for efficiently separating carbon dioxide from
a flue gas of a hydrocarbon processing plant, comprising

a flue gas conduit configured to recerve a flue gas from a
hydrocarbon processing plant;

a compressor in fluid communication with the flue gas
conduit, the compressor configured to recerve tlue gas
and compress the flue gas to yield a compressed flue gas;

a first heat exchanger configured to dissipate heat from the
compressed gas using a first coolant to yield a partially
cooled gas stream;

a second heat exchanger having a coolant chamber and a
flue gas chamber, the flue gas chamber having an inlet
configured to receive the partially cooled gas stream
downstream from the first heat exchanger and config-
ured to dissipate heat to the coolant chamber to yield a
cold compressed gas stream 1n the second flue gas cham-
ber, wherein the coolant chamber 1s configured to
receive the cold compressed gas stream downstream

from the second flue gas chamber; and

a third heat exchange and/or a first expansion chamber in

fluid communication with the second heat exchanger,
the third heat exchanger and/or first expansion chamber
configured to cool the cold compressed gas stream to
yield a condensed carbon dioxide.

26. A system as 1n claim 25, wherein the system includes
the first expansion chamber and the first expansion chamber
includes an expansion valve.

27. A system as in claim 25, wherein the system includes a
first expansion chamber and the first expansion chamber
includes a turbine.

28. A system as in claim 25, wherein the second heat
exchanger 1s combined with a condenser separator and con-
figured to condense an impurity component and remove the
impurity component from the second heat exchanger as a side
stream, wherein an outlet to the sidestream 1s upstream from
an outlet for a condensed carbon dioxide stream.

29. A system as 1n claim 25, further comprising means for
separating solid carbon dioxide from the cold compressed gas
stream.

30. A system as in claim 29, wherein the means include a
cold surface for accumulating solid carbon dioxide that con-
denses 1n the first expansion chamber during expansion of the
cold compressed gas stream.
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31. A system as in claim 30, wherein the cold surface 1s
provided by frozen CO,; a mesh operably coupled to a shak-
ing mechamsm; and/or a rotating drum.

32. A system as in claim 29, the means for separating
includes a second expansion chamber and a gas-tflow distri-
bution switch upstream from the first and second expansion
chambers, wherein the gas-tlow distribution switch 1s config-
ured to switch flue gas flow between the first expansion cham-
ber and the second expansion chamber.

33. A method for efliciently separating carbon dioxide
from a flue gas of a hydrocarbon processing plant, compris-
ng:

(1) removing moisture from a flue gas of a hydrocarbon
processing plant to yield an at least partially dried flue
gas;

(11) compressing the at least partially dried flue gas to yield
a compressed-gas stream, wherein the compressed gas
stream 1ncludes carbon dioxide;

(111) reducing the temperature of the compressed-gas
stream to a temperature T, using a first heat exchanger:;

(1v) condensing one or more impurities in the compressed-
gas stream using a third heat exchanger and removing
the condensed impurities from the compressed-gas
stream to vyield a purified condensed gas stream that
includes carbon dioxide;

(1v) reducing the temperature of the purified compressed-
gas stream to a second temperature T, using a second
heat exchanger or using a second heat exchanger 1n
combination with expansion ol the compressed-gas
stream, wherein T,<T,; and wherein at least a portion of
the carbon dioxide from the purified compressed gas
stream condenses, thereby yielding a punfied solid or
liquid condensed-phase carbon dioxide component and
a light-gas component;

(v) separating the condensed-phase component from the
light gas component to produce a condensed-phase
stream and a light-gas stream; and

(v1) using at least a portion of the light-gas stream in the
second heat exchanger.

34. A method as in claim 33, wherein the one or more
impurities are selected from the group consisting of, SO,,
NO,, HCI, or Hg.

35. A method as 1in claim 33, wherein the concentration of

cach of the one or more impurities 1s less than 100 ppm 1n the
purified condensed-flue gas.

36. A method as 1n claim 33, wherein the concentration of
cach of the one or more impurities 1s less than 10 ppm 1n the
purified condensed-flue gas.

37. A method as 1n claim 33, wherein the concentration of
cach of the one or more impurities is less than 1 ppm 1n the
purified condensed-flue gas.
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