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1
ENERGY-EFFICIENT EXTRACTION OF
ACID GAS FROM FLUE GASES

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/008,587 filed Jun. 6, 2014 and herein
incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

Not applicable.

INCORPORATION BY REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT
DISC

Not applicable.

BACKGROUND OF THE INVENTION

The present invention is in the technical field of process
engineering. More particularly, the invention concerns cap-
turing acid gases such as from a flue gas stream. There are
well-known environmental or regulatory reasons for indus-
trial operations to reduce their emissions of acid gases such
as CO, or H,S.

A method for removing acid gas has been known since at
least 1926, though this apparently original process did not
regenerate the sorbent. A method for removing acid that
incorporates sorbent regeneration has also been known since
at least 1930 and is shown in U.S. Pat. No. 1,783,901.

While functional, early methods for acid gas capture
suffered from excessive energy consumption. Much subse-
quent literature and many efforts have focused on reducing
this energy consumption. The first approach to reducing
energy consumption would be heat integration through the
addition of heat exchangers. The central cross heat
exchanger, which exchanges heat between the unloaded and
loaded sorbent streams is a common staple present in most
processes.

The general process of heat integration can be extended
through the incorporation of heat pumps. An absorption-
driven aqueous lithium bromide heat pump was integrated
with an acid gas capture system in 1982. Other efforts have
considered different types of heat pumps and methods for
implementing them.

Process simulation software such as AspenTech’s Aspen
Plus V8.5 (Aspen Technology, Inc., Bedford, Mass.) can be
used to design and assess the merits of various designs.
Process simulators typically rely on iterative numerical
methods. Simulations may require excessively long time
spans, diverge, or otherwise fail to converge, making the
process of finding a solution nontrivial. It is often necessary
to build simulations up from simpler cases to avoid diver-
gence or an undesired solution to systems with multiple
solutions.

The primary goal of a capture system can be quantified by
the capture rate,

R CO; captured
~ CO; in flue gas
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Target capture rates for the present invention range from
80% to 95%, and preferably range from 75%-99%. Energy
optimization is often quantified in terms of one or more of
the following: regeneration energies; energy penalty; and
equivalent work. Regeneration energy can be described in
terms of thermal and electrical consumption per tonne of
CO, captured,

IR DI
Vmiliry heat . Velecrriciry .
presen o Toonsumers | pregen _ Yeorsumerst
Feaprured cop ¢ Foaprured €0,
where E,“#*" is the thermal regeneration energy; E_ %" is

the electrical regeneration energy; D, is the heat duty of unit
i; B, is the electrical consumption of unit i; and F
is the material flow rate of CO, in the flue gas.
Generally, the primary contribution to E,***” comes from
the regeneration tower’s one or more reboilers while the
primary contribution to E_#*” comes from the one or more
compression units which may be compression trains.
There are two commonly used definitions for energy
penalty. First is the production-loss energy penalty
EP 2z 0p.10ss» defined as the portion of a power plant’s energy
production lost when a CCS system is installed. The second
is the size-up energy penalty EP,,,, , ,, defined as the factor
by which a power plant must be sized up to still produce the
same amount of electricity after a CCS unit is installed.
Energy penalties can be calculated as

capture CO,

plant

Mhwith ccs
EP prod-loss = 1= Plant
Mo CCS
- RSL,CCS E;Lfgen + Z m_xream Errjgen
Vsteam sinks i
and
lant
EP _ U@/chcs 1= EP, prod-loss
e UZ{'(:ZICCS L=EPproi toss
where 17" (i=reference plant with or without CCS) is

the ratio of net electrical energy output of plant i to the
thermal energy it obtains by burning fuel; m,***™ the ratio of
electrical energy obtainable to the thermal energy used for
steam i; and £,“? is the thermal emission rate: the mass flow
rate of CO, emitted per unit of thermal energy produced by
burning fuel in the base case plant.

The plant-specific factors 7, and £,““2 can vary widely
between different power plants.

BRIEF SUMMARY OF THE INVENTION

In one embodiment, the present invention provides a
system and methodology for creating optimized energy-
saving and/or energy-efficient designs of acid gas capture
systems as well as acid gas capture designs created by these
systems and methodologies.

Additional objects and advantages of the invention will be
set forth in part in the description which follows, and in part
will be obvious from the description, or may be learned by
practice of the invention. The objects and advantages of the
invention will be realized and attained by means of the
elements and combinations particularly pointed out in the
appended claims.
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It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the
invention, as claimed.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe substantially similar compo-
nents throughout the several views. Like numerals having
different letter suffixes may represent different instances of
substantially similar components. The drawings illustrate
generally, by way of example, but not by way of limitation,
a detailed description of certain embodiments discussed in
the present document.

FIG. 1 depicts an embodiment of the present invention.

FIG. 2 is a flow chart of a simulation method for a
baseline acid gas capture system.

FIG. 3 is a flow chart of an optimization method for
hypothetical heat exchanging surfaces in an acid gas capture
system.

FIG. 4 is a flow chart of an optimization method for an
acid gas capture system generalized to include hypothetical
material streams.

FIG. 5A is a flow sheet of an absorption-driven heat pump
(single effect).

FIG. 5B is a flow sheet of an example simulation of an
absorption-driven heat pump in Aspen Plus.

FIGS. 5C and 5D show a simulation method for an
absorption-driven heat pump.

FIG. 6 shows a computational scheme for optimization. A
dispatcher manages many requests for function evaluations,
sending them to engines as they become available. Results
from engines are returned to the dispatcher, which then
returns the result to the optimization algorithm.

FIG. 7 shows the temperature and vapor profiles within
the regeneration column.

FIG. 8 shows a scatter plot of regeneration energies for a
distributed cross heat exchanger configuration.

FIG. 9 shows a flow sheet for an acid gas capture system
using a distributed cross heat exchanger configuration with
vapor rerouted to the bottom of the regeneration column.
Five heat exchangers are numbered and are referred to in
Example 4.

FIG. 10 is a scatter plot showing the reduction in regen-
eration energy between the base case configuration and a
distributed cross heat exchanger configuration.

FIG. 11 is a bar graph of regeneration energies for various
configurations.

DETAILED DESCRIPTION OF THE
INVENTION

Detailed embodiments of the present invention are dis-
closed herein; however, it is to be understood that the
disclosed embodiments are merely exemplary of the inven-
tion, which may be embodied in various forms. Therefore,
specific structural and functional details disclosed herein are
not to be interpreted as limiting, but merely as a represen-
tative basis for teaching one skilled in the art to variously
employ the present invention in virtually any appropriately
detailed method, structure or system. Further, the terms and
phrases used herein are not intended to be limiting, but
rather to provide an understandable description of the inven-
tion.
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4

FIG. 1 illustrates a preferred embodiment of the present
invention. System 100 includes a combination of compo-
nents that are well known in the art and a number of systems
that are part of the present invention that improve the
efficiency of the basic design.

The basic apparatus for separating an acidic gas from a
gaseous mixture containing the same includes an absorber
102 adapted to receive an acidic gas mixture 104. The
absorber is adapted to contact the acidic gas mixture with a
lean solution of sorbent to remove the acidic gases from the
mixture to create an acidic gas rich solution sorbent that is
sent to cross heat exchanger 106 by pump 108. Cross heat
exchanger 106 is in communication with absorber 102 and
a stripper or regenerator 110. The system is adapted to heat
the acidic gas rich solution of sorbent and to cool a lean
solution of sorbent. Regenerator 110 is in communication
with absorber 102. Regenerator 110 is adapted to desorb the
acidic gas from the acidic gas rich solution of sorbent for
capture by system 120 and to regenerate a lean solution of
sorbent that is directed to absorber 102 for reuse. Utility heat
or steam 122 supplies heat to regenerator 110 to perform
desorption.

In one embodiment of the present invention, system 150
(D) may be added to the basic design to increase perfor-
mance. System 150 (D) provides vapor condensate rerout-
ing. Vapor condensate rerouting is an energy-saving scheme
that saves about 0.5% on utility steam and in certain
preferred embodiments, saves about 2.0% on utility steam.
Vapor condensate rerouting may be accomplished by split-
ting vapor condensate obtained from condenser 152 with a
splitter 154. A portion of the vapor condensate is sent to
regenerator 110 and another portion is sent to combiner 155
that is in communication with cross heat exchanger 106. The
combined stream of lean sorbent from the heat exchanger
and regenerator condensate is sent to one or more heat
exchangers 162 before the lean solution is transferred to
absorber 102. In addition, the splitter may be adjustable so
as to allow more flow to regenerator 110 during start up and
less as the system comes on line.

In other embodiments of the present invention, systems
200, 300 and 400 may be added to the basic design to
increase performance. System 200 (F) provides a distributed
cross heat exchanger, without vapor rerouting. As shown,
cross heat exchanger 106 is in communication with splitter
203, which, in turn, is in communication with heat
exchanger 204. Splitter 203 may be adjustable so as to direct
energy where needed by the system.

System 300 (G) provides a flash drum 302 that splits the
fluid into vapor (upper) and liquid (lower). In a preferred
embodiment, flash drum 302 sends about 70% of the vapor
to the top portion of regenerator 110 and 30% to the bottom
portion of regenerator 110. System 300 provides mid-stream
vapor rerouting for the distributed cross heat exchanger 204.
Systems 200 and 300 may be implemented when the mid-
feed stream has significant vaporization.

In other embodiments, the primary material splitting for
the system may be done at the splitter 203. Splitter 203
routes 30% of the material (mostly liquid, but potentially
some vapor) to the route that will ultimately take it to the top
of the regenerator. The splitter reroutes the remaining 70%
of the material to the route that will ultimately take it to the
mid point on the regenerator. The 70% of material split to the
mid pointed is heated further (in HEX “204”) before being
put into the mid point on the regenerator. This heating may
cause the mostly-liquid solution to boil more, generating
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vapor. In some embodiments, 30% of material is sent to the
top of the regenerator and 70% is sent to the middle portion
of the regenerator.

However, if systems 300 and 400 are added, the ratios of
the splits are further sub-divided into vapor and liquid. All
liquid goes on as normal, but any vapor in a stream with a
flash (top stream if system 400 and mid stream if system
300) is instead put into the bottom of the regenerator. In
embodiments in which system 300 is implemented, almost
all of the vapor goes to the bottom of the regenerator.

System 400 (H) provides a flash drum 402 that provides
top-stream vapor rerouting for distributed cross heat
exchanger 106. In a preferred embodiment, flash drum 402
sends about 70% of the vapor to the top portion of regen-
erator 110 and 30% to the bottom portion. Systems 200 and
400 may be implemented when the top-feed stream has
significant vaporization.

Systems 200, 300 and 400 may also be combined when
both mid-feed and top-feed streams have significant vapor-
ization. This embodiment is useful in applications that
aggressively seek energy efficiency.

In other embodiments, system 500 (A) provides absorber
102 intercooling. As shown, one or more side heat exchang-
ers 501-503 are in communication with absorber 102. The
one or more side heat exchangers are adapted to receive a
desired sorbent such as an acidic gas solution of sorbent
from absorber 102 and to cool the acidic gas rich solution of
sorbent prior to returning the cooled acidic gas rich solution
of sorbent to absorber 102.

In other embodiments, regenerator interheating is pro-
vided by system 600 (B). System 600 includes one or more
side heat exchangers 602 that are in communication with
stripper or regenerator 110. The one or more side heat
exchangers are adapted to receive a lean solution of sorbent
from the regenerator and to cool the lean solution of sorbent
prior to returning the lean solution of sorbent to the regen-
erator.

In other embodiments, regenerator interheating is used
since the absorber needs to be cold to work and the regen-
erator needs to be hot to work. Hot liquid from the regen-
erator may flow into the absorber. In one aspect, the present
invention concerns an improvement over prior designs by
using a heat exchanger to obtain heat from the liquid and
transfers the heat to the regenerator.

In other embodiments, one or more side exchangers may
be used to warm the sorbent inside of the regenerator. This
has the side-effect of cooling the sorbent which just came out
of the bottom of the regenerator.

In other embodiments, system 700 provides a multi-
pressure regenerator (C). The multi-pressure regenerator has
one or more side compressors 701-703, yet a full design may
consider one at regular intervals on regenerator 110. Each
compressor may be accompanied by internal pressure seg-
regation inside of regenerator 110. The one or more com-
pressors 701-703 are adapted to move gas located in regen-
erator 110 from a lower pressure section to a higher pressure
section.

In other embodiments, system 800 provides vapor recom-
pression (E). System 800 includes at least one compressor
802, which, when combined with a multi-pressure regen-
erator, allows the regenerator’s bottoms to be flashed down
to pressures matching each of the upper sections, in series.

For embodiments of the present invention using one or
more compressors, the system is designed for the regenera-
tor to let out a liquid stream from its bottom. The bottom
stream is flashed to a lower pressure, which causes some of
the liquid to become vapor. The liquid and vapor may then
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be split. The liquid portion is sent along its normal path,
which ultimately leads to the absorber. The vapor is sent to
the regenerator. However, because the regenerator is at a
higher pressure, the vapor needs to be compressed.

For embodiments using multi-pressure stripping or regen-
eration, the regenerator has two or more regions of differing
pressure. Since the bottom of the regenerator is always the
highest, the liquid at the bottoms starts at that high pressure.
It’s iteratively flashed down to each of the lower pressures,
with that steam from each flash being fed into the section of
the regenerator at that pressure without compression leaving
a liquid at the lowest pressure. This can be flashed down
further to yet lower pressures (if not already at atmospheric
pressure). Resulting vapor still goes into the regenerator, but
since it’s too low pressure to do so, it is first compressed.

In other embodiments, system 900 combines a traditional
heat pump system 902 with reboiler 901 to heat the sorbent
processed by regenerator 110. System 900 includes waste
heat receivers 904-907 wherein low-quality heat enters the
heat pump 902 through the waste heat receivers. Received
waste heat may come from the gas-capture process and/or
outside sources. Full-waste heat can be consumed without
detriment to the source, and its use is preferred. Semi-waste
heat is available for consumption, though its consumption
comes with some detriment.

Waste heat receivers 904-907 correspond to waste heat
sources. The number of receivers used may vary depending
upon the application.

In yet another preferred embodiment, semi-waste heat
receiver 950 is provided. As shown, semi-waste heat
receiver 950 may receive semi-waste heat from reboiler 901.
In other embodiments, there may be more than one semi-
waste heat receiver to receive semi-waste heat from other
locations inside and/or outside of the process.

In general, heat (thermal energy) is carried from one or
more waste heat sources, through the waste heat emitters,
and into heat pump 902. A potential source for waste heat is
reboiler 901. Reboiler 901 is heated by condensing high-
temperature steam into high-temperature liquid water. Use-
ful waste heat may be extracted from this condensate by
using a heat-exchanging surface 930 to make it a waste heat
emitter.

Another potential source for waste heat is the vapor
leaving the top of regenerator 110, which is generally cooled
in the regenerator’s condenser. Heat pump 902 may be
configured to provide cooling to the vapor by waste heat
emitter 932. Using waste heat emitter 932 provides two
benefits: 1) waste heat for the heat pump and 2) cooling to
the condenser (which reduces the amount of cooling water
needed for it to do its job). In general, waste heat emitter 932
draws heat from the vapor before the remaining vapor
reaches the condenser.

Yet another potential source for waste heat is lean sorbent
cooler 162. Waste heat emitter 960 may be used to capture
this energy. Since an absorber should not be too hot, to keep
its temperature down, sorbent is generally cooled before
entering. The lean sorbent cooler 162 uses cooling water to
cool the sorbent. Waste heat from this source may be
extracted from the lean sorbent before it goes into the lean
sorbent cooler using waste heat emitter 960.

Absorber vapor waste heat is another source of waste heat
that may be captured by waste heat emitter 962. Emitter 962
may take two different forms since the absorber’s vapor can
be cooled in two different ways. First, emitter 962 may be
located on the circulating wash liquid. In some applications,
instead of using a condenser, the vapor stream is washed
before leaving the tower. This is like the absorption hap-
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pening in the bottom of the tower, except the wash is
primarily cold water. The purpose of the cold water is to
cool/dry the outgoing vapor, like a condenser would, just in
a different way. Second, when a condenser is used, the
absorber’s top looks like the regenerator’s top and emitter
962 may be in communication with absorber 102 to capture
available waste heat.

Recovered gas compression waste heat emitter 964 may
also be used. Once a gas is captured, it is compressed, which
generates heat. Cooling water is often used to compensate.
Instead, waste heat emitter 964 may be used to perform this
operation and provide heat to heat pump 902.

As also shown, splitter 922 may be used to provide utility
steam to both heat pump 902 and reboiler 901. The splitter
may be adjustable so as to allow the reboiler to receive more
energy from utility steam during system start up and less as
energy from heat pump 902 becomes available. In some
embodiments to supply energy to regenerator 110, heat
pump 902, through one or more heat exchangers 990-991,
may supply some of the energy to regenerator 110 in
combination with heat exchanger 992, which is communi-
cation with the utility steam. In other embodiments, the
system transitions from utility steam to partially using
energy from heat pump 902. In yet other embodiments, heat
pump 902 provides all or a substantial portion of the
necessary energy to regenerator 110.

In an alternative embodiment, one or more heat pumps
may provide energy to regenerator 110 through useful heat
emitters acting on streams within or feeding the regenerator.
In addition, the heat pumps may be configured to deliver
energy to mid-feed streams on the regenerator.

In a preferred embodiment, one or more heat pumps
deliver energy to material within one or more of the regen-
erators at relatively cool yet low points, e.g. just above a
warm feed, reboiler, as well as other heat pumps’ useful heat
emitters. Heat delivery can be done within regenerators or
by acting on streams feeding into regenerators, including
draws and return streams. Preferably, but not necessarily, the
vapor generated due to delivered heating is redirected to a
lower point in a regenerator.

In other embodiments, the present invention provides one
or more heat pump reboilers at other locations on the
regenerator. Preferably, (but not necessarily) the vapor from
the reboilers is redirected to the bottom of the regenerator
(or, if deployed in conjunction with the multi-pressure
configuration, to the bottom of the pressure section which
the heat pump operates on). Locations for heat receivers to
be used with the various embodiments described herein may
be located at material feeds into regenerators and/or at the
regenerators either directly or through side draws.

In an alternative embodiment, splitter 922 is replaced by
using two separate streams of utility stream. This would be
preferable for cases in which the design employs differing
temperatures of steam or otherwise calls for steam from
multiple sources.

In other embodiments, the heat emitters act on waste heat
streams located along the side of absorber 102 and emitters
associated with any compressor or pump used with the
system. In other embodiments, the heat emitters act on
streams within or feeding the regenerator. The system may
also be designed to use heat emitters that act on waste heat
streams and on streams within or feeding the regenerator.

In a further preferred embodiment, the present invention
provides a method of design that is conducted in an envi-
ronment capable of simulating unit operations. In another
preferred embodiment, the present invention uses a process
engineering simulator such as AspenPlus, HYSYS, Chem-
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Sep, or DWSIM. Other possible environments include math-
ematical software such as Matlab, Mathematica, Maple, or
Engineering Equation Solver; spreadsheet environments
such as Microsoft Excel, OpenOffice.org Calc, Google
Docs, and LibreOffice Calc; and programming environ-
ments, such as those for Fortran, C, C++, C#, Objective-C,
Java, Pascal, Lisp, PHP, Python, Perl, Ruby, JavaScript,
Basic, Visual Basic, F#, R, COBOL, and Assembly.

In yet another embodiment, the method of design of the
present invention begins with the basic acid gas capture
system described above. An embodiment of this invention
may then be used to improve the basic system.

An acid gas system under design may be generalized with
the inclusion of one or more heat exchangers as shown in
FIG. 1. Each additional energy-saving scheme is tied to
design parameters, such as the heat-exchanging surface area
of'a cross heat exchanger A, or the split fraction of a material
stream splitter X,. These design parameters may then be
optimized.

Certain optimization results will cause the design to
reduce to a less generalized version. For example, a process
generalized to include regenerator interheating reduces to a
process without regenerator interheating when the interheat-
ing heat exchanger is found to have a heat exchanging
surface area of zero, Agyx ;;7=0. For another exchanger, a
process including the distributed cross heat exchanger
reduces to a process without cross heat exchanger distribu-
tion when the material split fraction of the rich sorbent
stream splitter is optimized to zero.

Specific generalizations include: cross heat exchanger;
regenerator condensate rerouting; heat pump integration;
regenerator interheating; simple rich sorbent heat recovery;
distributed rich sorbent heat recovery; and absorber inter-
cooling.

A preferred embodiment of this invention performs one or
more of these generalizations and optimizations to arrive at
a design for an acid gas capture system that improves the
performance of the system, where preference is expressed
through the selection of the evaluation functions used during
optimization.

Methodology Overview

An embodiment of the invention begins with just a single
absorption tower and then builds more complex simulations.
An embodiment of this invention for the initialization of
simulations begins with a simple absorption tower com-
posed of packed and/or trayed sections. The addition of a
tower’s condenser, reboiler, wash tower, or any other asso-
ciated units may be delayed until after satisfactory conver-
gence is obtained for the packed and/or trayed regions
within the column. A preferred embodiment of this invention
first provides an absorption tower, then designs a down-
stream regeneration tower, and finally closes the loop
between the absorption tower and regeneration tower.

An embodiment of this invention begins with an acid gas
capture system, which then adds various splits from feeds
into the columns along with heat exchangers throughout the
process. These material stream splits start with zero flow
rates and the heat exchangers start with zero surface areas.
Both are then optimized, preferably either iteratively or
simultaneously.

An embodiment of this invention begins from a viable
simulation for an acid gas capture system, then considers a
heat pump before each heater present in the system, such as
the regeneration tower’s reboiler. A heat pump is designed
such that it delivers heat of sufficient temperature to that
stream before the in-system heater. The heat pump is con-
sidered to draw waste heat from material streams just before
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entering coolers. The heat pump is considered to draw
sufficient utility heating or utility work as needed.

Algorithm for Solving the Simple Problem

An embodiment of this invention begins with a simple
model of absorption tower 102 as shown in FIG. 1. The
unloaded sorbent flow rate is initially estimated such that the
loading potential of the unloaded sorbent is just sufficient to
absorb the desired capture portion of the acid gas from the
flue gas. It is recommended, but not necessary, for this
problem to be first solved using an equilibrium-based model
for the absorption tower, then the solution of the equilib-
rium-based model is used as an initial estimate for the
rate-based model.

Next the method defines the concept of the effective

capture rate in the absorption tower Rans

facid gas component in treated gas stream

Raps =1 -

facid gas component in flue gas stream

where f; is the mass or mole flow rate of 1, and the effective

capture rate in the regeneration tower Rreg

facid gas component in capture stream

Ryeg =

,
Jacid gas component in flue gas siream

noting that, at steady state,

R= Rabs :Rreg

as can be proven by material balance on the CO, flows
within the process.

Next this model is considered to be a function of the
absorption tower which finds the effective capture rate for

the absorption tower Rabs

Ras(@) = Raps|

x I

Where ¢ is the column vector describing the input
streams; T, is the temperature of material stream i; H, is the
enthalpy of material stream 1i; f; is the mole flow rate of
material stream i; X, is the mole fraction of component j in
material stream i; N; is the number of chemical components
in material stream i; u is the subscript indexing the unloaded
sorbent stream; and f is the subscript indexing the flue gas
stream.

Then a root-finding algorithm can be applied to find the f,
element of ¢ such that Raps —R,,z.~0 where the treat gas is
tentatively considered to be the vapor stream coming from
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the top of the absorption tower. Alternatively, an optimiza-

tion algorithm can be used to minimize ( Rans —Rm,get)z.

Example algorithms used include Newton’s method and
quasi-Newtonian methods such as the secant method and the
Marquardt method. Alternatively a simple convergence
algorithm can be used, such as

1, u/ _ Rrarger

fu o Rans

or

f u/ Rrarger - szx
=1+

f U Rrarger ’

where f, is the mole flow rate of the unloaded sorbent
stream and ', is the mole flow rate of the unloaded sorbent
to use in the next iteration.

Hereafter it should be understood that root-finding algo-
rithms, least-squared, or other alternative approach is used to
achieve target design values.

Next the absorption tower may be coupled with a wash
tower. Optionally, the wash tower may be represented with
a condenser or other flash equilibrium unit. The conditions
within the wash tower or its proxy may be determined by
another iterative method if the conditions are defined by
some other process objective such acceptable loss of sorbent
through the treated gas stream. For example, sorbent is
usually lost through the treated gas stream, but this can be
controlled by adjusting the temperature of a condenser or
wash tower to condense more sorbent from the treated gas
stream, returning it to the process. Otherwise simple condi-
tions such as a temperature and pressure may be defined for
it.

The numerical solver is again applied as before to find f,
such that Raps =R, .» though the treated gas stream is
now considered to be that coming from the top of the wash
tower or its proxy as opposed to that the vapor stream
directly from the absorption tower.

If the proxy was used, then the wash tower may now be
substituted. It is recommended, though not necessary, to first
use an equilibrium-based model for the wash tower. The
wash tower and its associated unit operations are isolated
within their own solution scheme. First a reasonable value is
selected for the stream containing cooled wash to enter the
top of the wash tower with its temperature set such that it is
somewhat lower than the temperature determined to be
appropriate for the proxy wash tower to meet any objectives.
Then a convergence loop is established for the side cooler
such that this temperature is reached with a constant surface
area heat exchanger and a variable coolant flow rate. Then
the wash flow rate within the wash tower is selected with the
bottoms stream splitter returning the appropriate amount of
wash to the top of the wash tower, with the balance of wash
being returned to the absorption tower. The convergence
loop for Raps is again consulted to reach desired acid gas
rate R, ...

Next another convergence loop is nested within about the
wash tower which seeks to solve

Fwash - Frarger =0,

where #; is the fractional approach to flooding within
column i. The column diameter or related tower property is
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modified until the desired fractional approach to flooding for
columns is reached. Typically

#target =0.75,

which is a 75% fractional approach to flooding. A similar
convergence loop is that seeking

:Rabs =R,

nested around

target fOr

Fabs - ﬁtarget =0,

where the column diameter for the absorber or related
tower property is modified until the desired fractional
approach to flooding for columns is reached.

While within normal tower operation parameters, where
neither weeping nor flooding is occurring,

such that a reasonable guess for a next column diameter
D, is usually

which may be used to converge the loop or to initialize for
the secant method or other solution approach.

Once this initialization procedure has been completed, a
single unit operation is constructed from: the absorption
tower; the wash tower; the wash splitter; the wash pump; the
wash heat exchanger; and all associated mathematical meth-
ods.

This single unit operation represents the absorption units
of the acid gas capture system, where the desired acid gas
capture rate, approaches to flooding, and sorbent loss are
enforced by the selection of design parameters.

The regeneration tower section is then added to the model.
An embodiment of this invention constructs this regenera-
tion tower section piecewise as was done for the absorption
tower section. Once the regeneration tower section has an
initial convergence, the flow rate of the coolant for the
regeneration tower’s condenser is adjusted such that the
cooler reaches the desired temperature. Another conver-
gence loop may be used to adjust the desired temperature
such that an output composition requirement is met.

Similarly the stream which heats the reboiler has its flow
rate adjusted such that the target vapor fraction or heating
duty is met by the reboiler. Then this target vapor fraction or
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heat duty is adjusted such that the effective acid gas capture
rate for the regeneration tower Rreg approaches either

R, or, preferably, 1- Raps. That

targer’
Raba = ng
implies
Srreated 835acid gas fe captiredgciy gas
- = k)
Jitue gasacig gas Jhue 2050cid gas

or

Siue 83Sacid gas — Sireated 83S5cid gas + fcapruredac‘-d gas’

proving that the acid gas material balance is satisfied.
Additionally the regeneration tower’s approach to flood-
ing may be brought to Frarget , as funs and Fuash were, by

adjusting the tower’s diameter or related tower property. The
relationship

B
P

D

reg _

Dy

also tends to hold and is the preferred calculation method
for ', , for the second iteration of the convergence loop

seeking fren = Frarger .

Next the unloaded sorbent stream coming from the bot-
tom stream of the regeneration tower’s reboiler is connected
to the hot stream of the central cross heat exchanger, fixing
the break. Hereafter a convergence loop including the regen-
eration tower and its associated units, as well as the central
cross heat exchanger, is included in the overall methodology.

An embodiment of this invention also involves adjusting
the simple regeneration column loop. With the algorithms
for the simple absorption and regeneration systems estab-
lished, the feedback from the regeneration complex to the
absorption complex is now connected. The liquid conden-
sate from the regeneration tower’s condenser and the
unloaded sorbent emerging from the central cross heat
exchanger are combined in a mixer, cooled in a heat
exchanger, and then cycled back for use as the unloaded
sorbent. Additionally the acid gas compressor is added to the
captured acid gas stream and a wash tower is added to the
flue gas stream. An embodiment of this invention which
solves for the simple acid gas capture system and finds the
appropriate process parameters as shown in FIG. 2.

Optimization Approaches

Embodiments of this invention may employ one or more
generalizations discussed in the Methodology Overview
section. A preferred embodiment of this invention general-
izes and expands the basic design to include multiple splits
into the absorption tower and regeneration tower as well as
many new heat exchanging surfaces, then optimizes the split
fractions of the new split flows and the surface areas of the
new heat exchangers. Then a heat pump is added before the
conventional heater for the regeneration tower’s reboiler and
optimized.
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Optimization Approach for Split Flow Fractions and Heat
Exchanger Surface Areas

An embodiment of this invention uses a methodology like
that discussed in the Algorithm for Solving the Simple
Problem section to maintain a desired carbon capture rate,
approach to flooding in the towers, outlet conditions, and
sorbent composition by adjusting factors such as the sorbent
flow rate, utility consumption, and heat exchanger size. This
maintenance allows the process of the method to vary heat
exchanger sizes and split fractions without changing the
outcome of the process. It is a goal of the preferred embodi-
ment of this invention to make these selections as to mini-
mize cost.

Embodiments of this invention may use simple flash
calculations in lieu of calculating heat exchanger parameters
and utility usage while converging the underlying model.
While this is the preferred approach for computational
efficiency, the heat exchanger parameters and utilities may
be needed for optimization in which case they should be
calculated after the underlying model is converged but
before optimization interacts with this underlying model.

The design process of optimization may begin by allotting
a set amount of heat exchanger surface area for energy-
saving heat exchangers, entirely assigning all of this surface
area to the central cross heat exchanger. The process may
then iteratively transfer a portion of that surface area to other
heat exchangers in the process, accepting transfers which
result in energy savings. This process is coupled with similar
selections for split fractions of feeds entering a column. This
process is continued until an optimal design for the selected
heat exchanger surface area is found. This optimization may
continue by allowing the total heat exchanger surface area to
also vary.

A variation of this optimization begins with little or no
surface area allocated to heat exchangers, then iteratively
adds small amounts of surface area to each heat exchanger
until doing so no longer results in increased economic
fitness. This methodology is shown in FIG. 3.

Another optimization scheme allows for a large number
of additional material streams to be connected throughout
the process. These material streams each begin with a flow
rate of zero. Optimization increases these flow rates from
zero, accepting new values if the economic fitness has been
increased. This scheme is shown in FIG. 4.

Algorithm for Modeling a Compression-Driven Heat
Pump

A compression-based heat pump can be modeled as
having two pressures, P,,,, and P,,,, where the evaporator
operates at P,,,, while the condenser operates at Py, ,. A
simulator may model a compression-based heat pump where
P,,,. 1s selected to be the pressure at which the working fluid
within the heat pump vaporizes at the minimum temperature
approach within the evaporator’s heat exchanger. Likewise
P}, may be selected to be the pressure at which the working
fluid within the heat pump condenses at the minimum
temperature approach within the condenser’s heat
exchanger. The flow rate may then be selected to increase the
total effect of the heat pump.

Algorithm for Modeling an Absorption-Driven Heat
Pump

A conceptual diagram of a absorption-driven heat pump is
shown in FIG. 5A, and a sample flow sheet is shown in FIG.
5B. A sample simulation flow sheet for the absorption-
driven heat shown in FIG. 5B, with its convergence logic
shown in FIG. 5C. The convergence logic in FIG. 5C does
not show convergence loops.
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Optimization Approach for a Heat Pump-Driven Reboiler

A preferred embodiment of this invention uses a heat
pump to heat the reboiler. An embodiment of this invention
simulates processes by coupling an acid gas capture system
simulation, like that shown in FIG. 1, with a heat pump
simulation. First the acid gas capture system’s simulation is
run, and then the stream to be heated is inserted into system.
Likewise a source of waste heat, such as the indirect cooling
stream, is supplied to the stream to be cooled. The simula-
tion for the heat pump is then run, where the heat provided
by the heat pump Dy,..; ymp 18

Dycat prmp=Drp-absorvertDHP-condensers

where,

Dyeur pump 18 the heat provided by the heat pump;

Dyp apsorser 18 the heat provided by the heat pump’s
absorber;

Dyp-condenser 18 the heat provided by the heat pump’s
condenser.

The extent of a heat pump augmenting a heater can be
quantified as

f Dhear pump
i

==
Dhearer + Dhear pump

where

g, is the extent of the heat pump for heating location i;

Dyeur pump 18 the heat provided by the heat pump;

D, 15 the heat provided by the heater.

In the case of a design which employs a heat pump for the
entirety of the reboiler’s heating, T =1, so

reboiler

Dheat pump:Dheater'

Then this heat duty can be either entered into the heat
pump simulation and obtained by changing the heat pump’s
working fluid flow rate, or the heat pump simulation can
simply run once and its extensive variables such as heat
duties and flow rates are multiplied by the factor

( Dhearer ]
— e
Dhear pump

A preferred embodiment of this invention may then
perform an economic analysis to optimize all heat pump
extents T, often just C,,; .70

Methodology for Parallel Computation of Optimizations

An embodiment of this invention distributes the compu-
tational workload of optimization such that multiple threads
or processes can simultaneously contribute to the problem
solution. An example embodiment is shown in FIG. 6. Here
an optimization routine can request simulation evaluations
and then queues all requests and issues them to available
simulators as they become available. Simulators may or may
not be local to the system.

An Optimized Acid Gas Capture System

An embodiment of this invention is an optimized acid gas
capture system best understood as the result of a series of
improvements to a known method for acid gas capture
following from the optimization methods discussed above.
A conceptual flow sheet of a baseline acid gas capture
system is shown in FIG. 1. A flue gas flows into the bottom
of an absorption column, runs counter-current to a sorbent,
then leaves the top of the column with less acid gas in it. This
scrubbed flue gas is typically released to atmosphere.
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The loaded sorbent then needs to be regenerated before
being reused. It flows into the top of a regeneration column
where it is heated, releases much of the captured acid gas,
then flows back to the absorption column to begin the
process again.

The acid gas released in the regeneration column typically
exits from the top of the regeneration column. From there,
it is usually compressed, and then pumped underground or
otherwise used or disposed of.

A cross heat exchanger exchanges heat between the
loaded and unloaded sorbent streams, reducing the process’s
required heating and cooling.

Another aspect of the invention concerns taking part of
the loaded sorbent stream from the cross heat exchanger part
way through, putting it into the top of the regeneration
column as usual. The invention then allows the remainder of
the loaded sorbent stream to continue through the distributed
part of the central cross heat exchanger, then it is routed to
a lower part of the regeneration column. A primary motiva-
tion for doing this is to avoid excessive vaporization at the
top of the regeneration column. Vapor leaving the regenera-
tor generally needs to be cooled, resulting in energy con-
sumption as well as the loss of heat that the vapor had. By
preferentially transferring heat to the center of the regen-
eration column, unnecessary energy loss is avoided.

The distributed cross heat exchanger may be further
improved by rerouting vapor produced in the cross heat
exchangers to the bottom of the regeneration column. How-
ever it should be noted that this rerouting may be unneces-
sary for implementations wherein the cross heat exchangers
do not produce an appreciable amount of vapor.

One or more heat pumps may be applied to this process.
Heat pumps tend to be either compression-driven or absorp-
tion-driven. Alternative driving forces include magnetic
phenomena and thermoelectric phenomena. Typically a heat
pump should apply heating to the reboiler, either assisting
the ordinarily present means of heating or replacing it. Any
heat pumps would require a driving force, such as work for
a compression-driven heat pump or high-temperature heat
for an absorption-driven heat pump. High-temperature heat
may be provided by steam. Additionally a heat pump would
require a source of low-temperature heat. It is generally
preferable for the low-temperature heat to be provided by a
source which is cooled, though environmental or waste heat,
or some combination, may be used.

An example of another aspect of the invention is that an
absorption-driven heat pump may be used to replace the
regeneration column’s reboiler. Notably the heat pump’s
evaporator is effected by heat exchangers within the acid gas
capture system, allowing the heat pump to draw low-
temperature heat from the acid gas capture system. Another
example using an absorption-driven heat pump is that of
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using one or more coolant loops to draw low-temperature
heat from the acid gas capture system and delivers it to the
heat pump for indirect cooling.

Other novel aspects of the invention include drawing heat
from the heat exchangers associated with the wash columns
on the flue gas before and after the absorber, the condenser
on the regeneration column, and on the heat exchanger on
the unloaded sorbent.

The following examples employ the methodologies of
this invention to model both basic acid gas capture system
designs and designs embodying this invention. Simulations
discussed in the examples have been conducted in Aspen
Plus V8.0.

The acid gas capture systems capture carbon dioxide,
CO,, by using an aqueous mixture of monoethanolamine
(MEA) and methyldiethanolamine (MDEA). The relevant
chemical species are listed in Table 1.a.

TABLE 1.a

Chemical species present in example acid gas capture processes.

Short name Full name Formula
H,O water H,O
MEA monoethanolamine C,H,NO
CO, carbon dioxide CO,
N, nitrogen N,
0O, oxygen 0O,
OH~ hydroxide OH~
MEAH* protonated monoethanolamine [MEA - H]*
H,0* hydronium H,0*
MEACOO™ monoethanolamine-carbon dioxide C3HgNO;~
complex
HCO;~ bicarbonate HCO;
CO;% carbonate CO,2~
MDEA methyldiethanolamine MDEA
MDEAH* protonated methyldiethanolamine [MDEA - H]*
TABLE 1.b
Chemical species present in example
absorption-driven heat pumps.
Short name Full name Formula
H,O0 water H,O0
LiBr lithium bromide LiBr
Li* lithium cation Li*
H,0* hydronium H,0*
LiOH lithium hydroxide LiOH
HBr hydrobromic acid HBr
Br~ bromide Br~
OH~ hydroxide OH~

Equilibrium reactions are listed in Table 2.a.

TABLE 2.a

Equilibrium reactions in example acid gas capture processes.

O
Hpmdum j(yfcf) "

Kyyp=—orr———— =
U Tyeacanss j 0%
B; P-Py
A+ =+CInT)+DT+E;

T P
i Reaction i A; B, C; D; E;
i 2 H,0 =H,;0* + OH~ 132.89888 -13445.9 -22.4773 0 0
ii 2 H,0 + CO, = H;0" + HCO;~ 231.465439 -12092.1 -36.7816 0 0
iii H,0 + HCO;~ = H;0" + CO32’ 216.050446 -12431.7 -35.4819 0 0
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TABLE 2.a-continued

18

Equilibrium reactions in example acid gas capture processes.

Ke

(yCi

1 Iproducrx J

" Treacants j /€™

B; P-P.
A+ =+C InT)+D;T+E;
T P,
i Reaction i A; B, C; D; E;
iv. H,0 + MEAH"=H,0" + MEA -3.038325  -7008.357 0 -0.00313489 0
v H,0 + MEACOO~=HCO;~ + MEA  -0.52135 -2545.53 0 0
vi MDEAH* + H,O=H;0" + MDEA  -9.4165 -4234.98 0 0 0
TABLE 2.b
Equilibrium reactions in example absorption-driven heat pumps.
o
K, = Hpmdumj i C™ _
T Treacams ; ¥iCH™
B; P-P.
A+ =+CInT)+DT+E;
T P,
i Reaction i A; B; C; D; E;
vii LiBr — Li* + Br~ — — — — —
viii 2 H,0 = H,0" + OH~ 132.89888 134459 -224773 0 0
ix H,O + HBr=H;0" + Br- ? ? ? ? ?
X LiOH =OH" + Li* -4.430563 0 0 0 0
40
TABLE 2.¢ The vapor phase is modeled by the Redlich-Kwong
equation of state,
Kinetic reactions for rate-based reactive distillation columns in
example acid gas capture processes.
45
dC;_th (7%) P RT _ a
T e Vin=b Y (Vi + VT
j
E/— where
i Reaction i k; " kmol
2
xi OH"~ + CO, — HCO,~ 1.33 - 10Y7 5.5468 - 107 S0 a =[Z wWa; ] ;
xii HCO;~ — OH™ + CO, 6.63 - 10%¢ 1.0741 - 10° f
xiii MEA + CO, + H,0 — MEACOO™ + H;0" 3.02 - 10* 4.1262 - 107
xiv MEACOO™ + H;0* — MEA + CO, + H,0 5.52 - 10%* 6.9154 - 107 b= Z xibi;
xv MDEA + CO, + H,0 — MDEAH* + HCO,~ 2.22 - 107 3.7777 - 107 -
xvi MDEAH* + HCO;~ — MDEA + CO, + H,0 1.06 - 10'¢ 1.0637 - 108
55 R'T ;s
a; = 0.42748023 L
<
absorption of CO, into water produces hydronium, thus RT..
: b; = 0.08664035—;
lowing the pH g P,
60
pH=-log(Yz0[H30"])
. . . . R is the ideal gas constant;
showing why CO, is considered acid gas. . & ’
; X . T is temperature;
The absorption-driven heat pumps involved use aqueous Pi
lithium bromide as a working solution. The relevant chemi- s 15 pressure;

cal species are listed in Table 1.b. Equilibrium reactions are
listed in Table 2.b.

T

<,

P, is the critical pressure of component i.

<,

. is the critical temperature of component i;
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The liquid phase Gibbs energy is modeled by the unsym-
metric electrolyte non-random two-liquid (ENRTL) model,

In(G)=In(G=oc!\ 1 In(G=PH),

20

TABLE 3.a-continued

Correlations for the ENRTL parameter ¢ ;.

5
where .
. . cation/
G** is the excess Gibbs energy; . . .
ocal - ] ’ . [C R — molecular cation anion anion
G is the local contribution to the excess Gibbs
energy, taken from earlier NRTL theory for non-elec-
trolytes; 10
. . . . anion 0 0
G=»FPH i5 the long-range contribution to the excess Gibbs Z Yecam Z Yo oo
energy, taken from Pitzer-Debye-Huckel theory. ¢ o
The local contribution to Gibbs energy is calculated as cation/ 0.2 0 0 0.2
anion
15
X: X.G:T5
Gex,local ‘Zj: SIS
WRT } T X,Gy TABLE 3.b
; .
4
20 Correlations for the ENRTL parameter T, ..
Trow,colwnn molecular cation anion cation/anion
where
XiEZiXi; molecular Table 3.e InG;; InG; ; 0
x, is the mole fraction of component i; 25 g g
cation InG; 0 InG; 0
{|z;| if iis an ion @i @ij
i = . ;
1 if else .
anion InG; ; InG;; 0 0
30 — —
a/i,j a/i,j
7, is the integer charge of a species;
) ) . cation/anion 0 0 0 0
T;; is given in Table 3.b;
G, is given in Table 3.c.
TABLE 3.c
Correlations for the ENRTL parameter G, ..
[CAp— molecular cation anion cation/anion
molecular g~ AmrTmm e~Cmedtmea
> VG o > YeGea
z c
cation 0 0
> YoGeam D, Yo G
z =
anion 0
> YGeam D Y G
c o
cation/anion g~ FcamTeam 0 &~ Ccacateaca
TABLE 3.a TABLE 3.d.
Correlations for the ENRTL parameter o . 55 Values for a,; where both i and j are molecular (non-ionic) species.
cation/ a, H,0 MEA co, N, O, MDEA
[C R — molecular cation anion anion
H,O 0.3 0.2 0.2 0.3 0.3 0.3
. . 60
molecular  Table 3. > Ya cam > Yeteam 02 MEA 0.2 0.3 0.3 03 03 03
@ ¢ CO, 0.2 0.3 0.3 0.3 0.3 0.3
N, 0.3 0.3 0.3 0.3 0.3 0.3
cation 0 0
> Yot S Yot 0, 03 0.3 0.3 03 03 03
a o 65 MDEA 0.3 0.3 0.3 0.3 0.3 0.3
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TABLE 3.e
Values for T, where both i and | are molecular (non-ionic) species.
Ty H,0 MEA Co, N, O, MDEA
H,0 0 99.02104 3268135 0 0 0
1.438498 + —T 10.064 - ————
MEA 337.5456 0 0 (U] 0
-1.046602 - ———
CO, 3268.135 0 0 0 0 0
10.064 - ———
T
N, 0 0 0 0 0 0
0O, 0 0 0 0 0 0
MDEA 0 0 0 0 0 0
The excess Gibbs free energy from Pitzer-Debye-Huckel TABLE 4

theory is,

Ge-PPH 4A I,

=- In[l+pVI |,
#RT P o[l + oV |
where

3

R A
73 v \eksT |’

N, is Avogadro’s number,

6.02214129027)- 107

5

mol

Q, is the elementary charge of an electron, 1.602176565

(35)-107*° C;

E XiVm;

iesorbents
Vs = ———
Xi
iesorbents

K is the Boltzmann constant,

R 23
kp = — =1.3806488(13)-10~;
Na

Z x;M; &

iesorbents )
‘93 = s
x; M;

iesorbents

M, is the molecular mass of component i;

L=137.x;;

p is the closest approach parameter, estimated as 3<5107'°
m;

g; 1s the relative permittivity of component i, which has
the value given in Table 4.

20

25

30

35

45

50

55

60

65

Relative permittivity €, values.

T G
Ay B; G
MEA 37.72 0 298.15
H,O0 78.51 31989.4 298.15
CO, 1.449 0 296.15
N, 1.357416 8.8599 298.15
O, 1.412544 10.359 298.15

Activity coefficients are calculated from the Gibbs energy
models using the Thermodynamics relationship

1 (BG”

Iny; = — ]
7= R o TPnjy;

yielding
PDH

In(y;) = In(y}€) + In(y}P").

The local term of the activity coefficient v, is then given
by

ijcﬁrﬁ

Z X Gty
J N z T
LX;Gp

4

% X Gy

XiGi [
> X Gy Y
X

Z ol =

J

and the long-range term of the activity coefficient v,/ is

then given by l

23
(Yo cutar) = 2ol
1+pVI

for molecular species i and

U
1 +p\/z

In(yPPH. 272
_ In(yicionic) _ iln(l +p\/:)+
Ay P

for ionic species 1i.
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Excess liquid entropies H,,***#¢ can then be calculated

as

pecliquid

n a

= —RTQZ X; B(h;/i) s

and excess molar liquid entropies as

sevliqud (pecliquid _ cexliquidy

n nT

Columns present in examples are all of a uniform type to
facilitate comparisons. All are packed with Sulzer Mellapak
125Y structured packing. All towers employ rigorous rate-
based models as opposed to equilibrium stages or to calcu-
lations based on HETP (height equivalent to a theoretical
plate).

The absorption column contains a packed height of 30 m
and a packed diameter of 1.85044 m. It is operated at 1.02
bar at the top of the column with a 0.04 bar pressure drop
over the entire column. The regeneration column contained
a packed height of 30 m and a packed diameter of 1.1 m. It
is operated at 1.025 bar throughout the column.

All heat exchangers were modeled with an overall heat
transfer coefficient of

w

U =850—
m?-K

The primary variable associated with heat exchangers is
their heat exchanging surface area. A heat exchanger is a
surface area of zero is exactly equivalent to no heat
exchanger at all, so any heat exchangers receiving no surface
area after optimization are considered to be removed from
the process.

The flue gas is composed of H,O, CO,, N,, and O,, with
the portions given in Tables 6.a and 6.b.

TABLE S.a

Heat capacities for species using the polynomial expression.

#,1G
Cp
7
kmol-K
Cy, +Cy T+ C3 T2+ C4 T? + C5, T* + C, T
Co; +Cy;T
[Ca; +2C3 T +3Cy T? +4Cs,T° + 5Cs T T, +

Cy; +CyCy; + Gy Cgi +Cy; Cgi +C

H,0 Co,
C,, 33738.112 19795.19
Cy, ~7.0175634 73.436472
Cs, 0.027296105 -0.056019384
Cy, ~1.6646536 - 10-° 1.715332 - 10-5
Cs, 4.2976136 - 10-° 0
Cs, -4.169608 - 10-13 0
Cy/K 200 300
Cg/K 3000 1088.6
Cy, 33256 29099
Cio, 1.8978 - 10-2° 0.71876
(o} 9.2846 1.6368
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TABLE 5.a-continued

Heat capacities for species using the polynomial expression.

C;’IG ~
T
kmol- K
Cp, + Cp T+ C3 T2+ Cu TP + C5, T + Cg, TP
Co; +C1o,T
[Cy; +2C5, T +3Cy T +4C5, T + 5C6 T [ +

Cy; +CyCy; + Cy Cgi +Cy; Cgi +C

1,0 Co,

TABLE 5.b

Heat capacities for species using the trigonometric expression.

G i : E 2
=A+B|————| +D)| —————| if C¢, = T=Cy,
! Tsinn( S Teosh (2! ‘ ‘
kmol- X o (T) o8 (T)
MEA N, 0,
Clz_ 72140 29105 29103
C2i 181500 8614.9 10040
C3I_ 2030 1701.6 2526.5
C41_ 131400 103.47 9356
C5I_ 860 909.79 1153.8
CG/K 298.15 50 50
C7/K 1500 1500 1500
TABLE 6.a
Dry flue gas composition.
Composition
mole % mass %
CO, 10.5 154
N, 83.0 777
0, 65 6.9
TABLE 6.b
Wet flue gas composition
Composition
mole % mass %
1,0 6.8 42
CO, 9.8 14.8
N, 774 744
0, 6.0 6.6

These tables show that the dry flue gas is 10.5 mol % CO,
and saturated with water. The unloaded sorbent is primarily
composed of H,O, MEA, MDEA, and CO,. There are also
slight traces of O, and N, due to the very slight amount of
these inert gases which are absorbed in the absorption
column but not fully removed in the regeneration tower.

The unloaded sorbent is considered to be 70 mol % H,O,
27 mol % MEA, and 3 mol % MDEA. Then 0.14 moles of
CO, are added for each mole of MEA. Due to the presence
of' a make-up stream to close the sorbent material balances,
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and the controlled capture rate to close the CO, material
balance, the unloaded sorbent composition is always the
same, only varying by the flow rate. Technically the O, and
N, compositions can change slightly, but since they are
severely dampened by their natural tenancy to leave the
system through the vapor outlets, these compositions are
always negligible.

Example 1

10

A basic acid gas capture system is shown in FIG. 1. This

basic system uses the models, correlations, parameters, and

default unit attributes discussed in the Examples Overview

section. The central cross heat exchanger has 320 m* of heat

exchanging surface area. The resulting regeneration energy
is

15

GJ

30 ———.
tonne CO, 20

The resulting stream tables can be seen in Stream Table 1.

26

Even small additions in heat exchanger surface area rapidly
improve this figure, reaching

2

GJ m

06t0nneC02 captured by 1500

tonne CO, captured’

Example 3

Another embodiment of the invention concerns a distrib-
uted cross heat exchanger configuration. This configuration
adds two new degrees of freedom: 1) the portion of the
loaded sorbent which exits partway through the cross heat
exchanger and 2) how far through the heat exchanger
partway is.

A preferred embodiment of this invention determines
these parameters through optimization. As a generalization
of the base configuration, the distributed cross heat
exchanger reduces the base case for when both of its degrees
of freedom are set to zero. The base case of this example has
a regeneration energy of

STREAM TABLE 1

Stream table for the base case example with 320 m? of heat exchanger surface area

from Example 1.

Absorption Wash tower

Unloaded Unloaded tower bottoms Loaded Loaded
solvent, solvent, vapor to to solvent, solvent, Stripper
before after wash absorption Treated before after vaporto  Captured
Flue gas CHEX CHEX tower tower flue gas CHEX CHEX  condenser acid gas
Compo- H,O 7.17E+01  1.92E+03 1.91E+03 3.11E+02 2.39+402 7.10E+01 1.86E+03 1.86E+03 6.99E+01 6.51E+00
nent MEA 0.00E+00 9.09E+00 1.49E+01 2.47E-01 1.67E-02  2.98E-05 1.59E+02 1.59E+02 4.15E-02 4.17E-08
molar CO, 1.04E+02 2.61E-02 1.21E+00 2.10E+01 2.11E-03 2.07E+01 5.56E-04 2.45E-05 8.31E+01 8.30E+01
flow N, 8.21E+02 8.52E-02 8.52E-02 8.20E+02  2.14E-03 8.20E+02 1.02E-09 1.02E-09 8.52E-02 8.52E-02
rates 0O, 6.37E+01 1.25E-02 1.25E-02 6.37E+01 3.14E-04  6.37E+01 3.86E-10 3.86E-10 1.25E-02 1.25E-02
kmol MEAH* 0.00E+00 1.13E+02 1.10E+02 0.00E+00  2.10E-01 0.00E+00 3.03E+01 3.10E+01 0.00E+00 0.00E+00
( hr ) H,0* 0.00E+00 2.35E-07 1.88E-06 0.00E+00  3.81E-08  0.00E+00 5.96E-08 5.13E-09 0.00E+00 0.00E+00
MEACOO™ 0.00E+00 9.75E+01 9.44E+01 0.00E+00 1.98E-02  0.00E+00 3.02E+01 3.01E+01 0.00E+00 0.00E+00
HCO;™ 0.00E+00 1.41E+01 1.76E+01 0.00E+00 1.85E-01 0.00E+00 4.01E-01 1.91E-01 0.00E+00 0.00E+00
OH~ 0.00E+00 9.44E-04 1.99E-03 0.00E+00  2.17E-05 0.00E+00 3.90E-02 2.86E-02 0.00E+00 0.00E+00
CO3’2 0.00E+00 2.11E+00 5.28E-01 0.00E+00  2.92E-03 0.00E+00 1.18E-01 3.85E-01 0.00E+00 0.00E+00
MDEA 0.00E+00 9.71E+00 9.75E+00 1.23E-03 5.14E-04  8.35E-08 1.23E+01 1.24E+01 1.96E-04 1.62E-10
MDEAH*  0.00E+00 2.80E+00 2.76E+00 0.00E+00  7.11E-04  0.00E+00 2.40E-01 1.42E-01 0.00E+00 0.00E+00
Example 2
. . . . 57 GJ
Twenty-four simulations like that in Example 1 are done 30 fomme €O,

with central cross heat exchanger surface areas ranging from
0 m? (no cross heat exchanger) to

55
s00—"
tonne CO, captured’
In the case of no surface area, we find that the process
consumes
GJ heating
tonne CO, captured’ 65

After a rough optimization, the regeneration energy drops to

a1 GJ
tonne CO,

without any new equipment or increase in equipment size.

The temperature and vapor profiles within the regenera-
tion column are compared in FIG. 8. The distributed heat
exchanger configuration significantly reduces water vapor
lost to the regeneration tower’s condenser. An optimal
placement can save about 1% on energy consumption com-
pared to nearby alternatives.
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Example 4

Another embodiment of the invention begins from the
system described in Example 1. It is then generalized to its
full form and optimized as the plain distributed cross heat 5
exchanger configuration was in Example 3. After optimiza-
tion, the 320 m? of heat exchanger surface area was distrib-
uted amongst the five numbered heat exchangers in FIG. 9.

US 10,751,664 B2
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The optimized portions were found to be: 1. 10.0%, 2. 0.0%,

3.32.8%, 4. 26.5% and 5. 30.7%.

STREAM TABLE 2

Additionally the material stream split fraction has been
optimized, finding that 0.591 of the material stream should
be sent to the intermediate point on the regeneration tower.
The optimized stream tables results are shown in Stream
Table 2.

Stream table for the optimized example with 320 m2 of heat exchanger surface area from Example 4.

Absorption Wash tower
Unloaded solvent tower bottom to
before within after vapor to absorption Treated
Flue gas DCHEX DCHEX DCHEX wash tower tower flue gas
Compo- H,0 7.17E+01 1.91E+03 1.91E+03 1.91E+03 2.76E-02 2.05E+02 7.10E+01
nent MEA 0.00E+00 1.59E+02 1.50E+02 1.59E+02 2.13E-01 1.45E-02 3.01E-05
Molar CO, 1.04E+02 5.77E-04 1.64E-04 4.54E-05 2.09E+01 1.81E-03 2.07E+01
flow N, 8.23E+02 4.39E-10 4.39E-10 4.39E-10 8.20E+02 1.83E-03 8.20E+02
rate 0O, 5.37E+01 1.18E-10 1.18E-10 1.18E-10 6.37E+01 2.69E-04 6.37E+01
kmol MEAH* 0.00E+00 3.07E+01 3.06E+01 3.10E+01 0.00E+00 1.81E-01 0.00E+00
( hr ] H,0* 0.00E+00 6.14E+08 2.45E+08 9.39E-08 0.00E+00 3.25E-08 0.00E+00
MEACOG~ 0.00E+00 3.03E+01 3.03E+01 3.03E+01 0.00E+00 1.72E-02 0.00E+00
HCO,~ 0.00E+00 4.18E-01 3.12E-01 2.34E-01 0.00E+00 1.59E-01 0.00E+00
OH~ 0.00E+00 3.94E-02 3.70E-02 3.24E-02 0.00E+00 1.87E-05 0.00E+00
CO572 0.00E+00 1.21E-01 2.01E-01 3.14E-01 0.00E+00 2.53E-03 0.00E+00
MDEA 0.00E+00 1.23E+01 1.23E+01 1.24E+01 1.04E-03 4.35E-04 8.75E-08
MDEAH* 0.00E+00 2.43E-01 2.00E-01 1.63E-01 0.00E+00 8.00E-04 0.00E+00
kmol 1058.7 2139.7 2139.7 2139.7 1181.7 205.6 975.9
Total Flow (—]
hr
kmol 30.9 50.6 50.6 50.6 30.9 3.7 27.2
Total Flow ( ]
hr
m3 25055.4 51.7 50.8 50.1 32598.3 3.7 24891.8

Total FL —
otal Flow ( - ]

Temperature (° C.) 40.0 103.3 82.0 62.1 65.6 40.0 40.0
Pressure (bar) 1.100 1.300 1.300 1.300 1.020 1.020 1.020
Vapor Fraction 1.000 0.000 0.000 0.000 1.000 0.000 1.000

Loaded solvent Stripper
before within after vapor to Captured
DCHEX DCHEX DCHEX condenser acid gas
Compo- H,0 1.82E-03 1.92E+03 1.08E+03 2.78E+01 6.52E+00
nent MEA 9.23E-00 1.20E+01 7.76E+00 5.73E-03 8.13E-09
Molar CO, 2.55E-02 1.02E-01 1.53E-01 8.30E+01 8.30E+01
flow N, 8.51E-02 8.51E-02 3.74E-02 8.51E-02 8.51E-02
rate 0O, 1.25E-02 1.25E-02 6.06E-03 1.25E-02 1.25E-02
kmol MEAH* 1.13E+02 1.17E+02 6.30E+01 0.00E+00 0.00E+00
( hr ] H,0" 2.32E-07 8.41E-07 8.96E-07 0.00E+00 0.00E+00
MEACOG~ 9.77E+01 9.62E+01 5.38E+01 0.00E+00 0.00E+00
HCO,~ 1.40E+01 1.65E+01 1.01E+01 0.00E+00 0.00E-00
OH~ 9.58E-04 1.53E-03 1.02E-03 0.00E+00 0.00E+00
CO;72 2.12E+00 9.81E-01 3.53E-01 0.00E+00 0.00E+00
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STREAM TABLE 2-continued

Stream table for the optimized example with 320 m2 of heat exchanger surface area from Example 4.

MDEA 9.75E-00 9.68E+00 5.48E+00 4.71E-05 5.52E-11
MDEAH* 2.78E+00 2.85E+00 1.81E+00 0.00E+00 0.00E+00
kmol 2167.6 2167.7 1227.3 310.9 89.5
Total Flow ( ]
hr
kmol 54.8 54.8 31.0 42 3.8
Total Flow ( ]
hr
m? 50.0 53.5 35.6 3047.8 2765.4
Total Fl —
otal ow ( hr ]
Temperature (° C.) 40.9 70.8 87.6 67.3 40.0
Pressure (bar) 1.300 1.300 1.300 1.025 1.025
Vapor Fraction 0.000 0.000 0.000 1.000 1.000
The optimized parameters are retained, and the total 20
surface area of the process is varied from 0 to 1500 m?, as GJ

67—
in Example 2. The resulting regeneration energies are shown tonne CO,

in FIG. 10. The energy savings range climb to 13% by 400

m? of total heat exchanger surface area. These energy 25 as shown in FIG. 11.
The heat pump is found to have a coefficient of perfor-
mance

savings can be seen in FIG. 11.

Example 5

30 useful heat gained

COP= 1.60,

. . . . . ful heat a
Another embodiment of the invention begins with the peeit et constine

system described in Example 4. The usual means of pro-
viding heat to the reboiler is replaced, and heating is instead
done with an absorption-driven heat pump with aqueous
lithium bromide as a working solution. The total cross heat

effectively reducing the regeneration energy by another

- o 0,
35 1-1/1.6=37.3%

beyond the energy savings already achieved by the opti-

exchanger area is selected to be 500 m?. This was found to
result in a 48.3% reduction in energy consumption for
sorbent regeneration energy to

mized distributed heat exchanger configuration.
The stream table for the heat pump is shown in Stream
Table 3.

STREAM TABLE 3

Stream table for the aqueous lithium bromide absorption-driven heat pump in Example 5.

Absorber

Cross heat exchanger

Condenser Evaporator

to from to cold

from cold to hot

from hot to from to from

Compo-

H,O S5.01E+02 S5.00E+02 5.00E+02 4.99E+02 4.01E+02 4.02E+02 9.80E+01 9.80E+01 9.80E+01 9.80E+01

nent LiBr 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

mole Li*  1.39E+02 1.38E+02

rate LiOH 1.49E+00 1.99E+00

kmol HBr 1.49E+00 1.99E+00
(hr] Br~  1.39E+02 1.38E+02

OH™ 1.04E-09 8.22E-10 8.26E-10 4.18E-09

kmol 781.7 781.2 781.2
Mole Flow ( )
hr
Mass Flow (tonne) 21243.5 21243.5 21243.5
hr
m3 18407.9 14.5 14.5
Volume Flow (h—]
r

1.38E+02 1.37E+02
flow H,0" 9.19E-07 3.21E-06 3.21E-06 3.78E-06

1.99E+00 3.42E+00 3.79E+00 2.48E+00 9.13E+05
1.38E+02 1.37E+02

21243.5

1.37E+02 1.38E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.52E-06 1.35E-06 0.00E+00 9.14E-05 9.14E-05 0.00E+00

1.99E+00 3.42E+00 3.79E+00 2.48E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

1.13E-14 6.25E-15 9.13E-05
1.37E+02 1.38E+02 0.00E+00 9.13E-05 9.13E-05 0.00E+00

1.56E-08 3.27E-09 0.00E+00 2.69E-08 2.89E-09 0.00E+00

681.4 682.7 98.0 98.0 98.0 98.0
19478.8 19478.8 1764.6 1764.6 1764.6 1764.6
14.1 13.2 2606.05 1.9 1122.6 13102.9
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STREAM TABLE 3-continued
Stream table for the aqueous lithium bromide absorption-driven heat pump in Example 5.
Absorber Cross heat exchanger Condenser Evaporator
to from to cold  from cold to hot from hot to from to from
Temperature (° C.) 119.5 103.3 103.4 135.7 176.5 140.7 176.5 109.3 61.0 63.3
Pressure (bar) 0.209 0.209 1.397 1.397 1.397 1.397 1.397 1.397 0.209 0.209
Vapor Fraction 0.151 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.086 1.000

While the foregoing written description enables one of
ordinary skill to make and use what is considered presently
to be the best mode thereof, those of ordinary skill will
understand and appreciate the existence of variations, com-
binations, and equivalents of the specific embodiment,
method, and examples herein. The disclosure should there-
fore not be limited by the above described embodiments,
methods, and examples, but by all embodiments and meth-
ods within the scope and spirit of the disclosure.

What is claimed is:

1. A system for separating one or more acidic gases from
a gaseous mixture containing the same comprising:

an absorber adapted to receive an acidic gas mixture, said
absorber adapted to contact said acidic gas mixture
with a lean solution of sorbent to remove the one or
more acidic gases from the mixture to create an acidic
gas rich solution of sorbent;

a regenerator, having a top portion and a bottom portion,
in communication with said absorber, said regenerator
adapted to desorb the one or more acidic gases from the
acidic gas rich solution of sorbent for capture and to
regenerate a lean solution of sorbent that is directed to
said absorber;

first and second cross heat exchangers;

said first cross heat exchanger in communication with said
absorber to receive acidic gas rich solution of sorbent;

a splitter adapted to receive acidic gas rich solution of
sorbent received from said first cross heat exchanger
and to direct a first portion of said acidic gas rich
solution of sorbent to said second cross heat exchanger
and a second portion of said acidic gas rich solution of
sorbent to said regenerator;

a flash drum, said flash drum adapted to receive said
acidic gas rich solution of sorbent from said first cross
heat exchanger and to direct a third portion of said
acidic gas rich solution of sorbent to a top portion of
said regenerator and another portion of said acidic gas
rich solution of sorbent to a bottom portion of said
regenerator,

said flash drum is adapted to receive said second portion
of said acidic gas rich solution of sorbent from said
second cross heat exchanger and to direct said second
portion of said acidic gas rich solution of sorbent to a
mid portion of said regenerator and to direct another
portion of said second portion of said acidic gas rich
solution of sorbent to a bottom portion of said regen-
erator; and

one or more heat pumps in communication with one or
more reboilers and in communication with one or more
waste heat emitters, said one or more heat pumps
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transfer heat obtained from said one or more waste heat
emitters to said one or more reboilers.

2. The device of claim 1, further including a splitter
adapted to direct utility steam to said heat pump and said
reboiler.

3. The system of claim 1, wherein said splitter is adjust-
able to adjust the amount of utility steam provided to said
heat pump and said reboiler.

4. The system of claim 1 further including at least one
compressor adapted to allow a bottom portion to said
regenerator to be flashed down to a pressure matching said
top portion of said regenerator.

5. The system of claim 1 further including a second flash
drum, said second flash drum adapted to receive said acidic
gas rich solution of sorbent from said first cross heat
exchanger and to direct a portion of said acidic gas rich
solution of sorbent to said top portion of said regenerator and
a portion of said acidic gas rich solution of sorbent to
another bottom portion of said regenerator.

6. The system of claim 5 further including a multi-
pressure regenerator having one or more side compressors,
said one or more compressors are adapted to move gas
located in said regenerator from a lower pressure section to
a higher pressure section.

7. The system of claim 1 further including one or more
side heat exchangers that are in communication with said
absorber, said one or more side heat exchangers are adapted
to receive said acidic gas solution of sorbent from said
absorber and to cool said acidic gas rich solution of sorbent.

8. The system of claim 7 further including at least one
compressor adapted to allow said bottom portion of said
regenerator to be flashed down to a pressure matching said
top portion of said regenerator.

9. The system of claim 8 further including a condenser in
communication with said regenerator and adapted to receive
regenerator condensate;

a splitter adapted to receive regenerator condensate from
said condenser and to direct a first portion of said
regenerator condensate to said regenerator and a second
portion of said regenerator condensate to a combiner;
and

said combiner in communication with said cross heat
exchanger, said combiner combines regenerator con-
densate from said regenerator with a lean solution of
sorbent from said cross heat exchanger for transfer to
said absorber.



