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tract 

This paper examines dynamic operation of CO2 capture with absorption/stripping using 7 m MEA, where the absorber is 
operated at full capacity with the stripper at reduced load. Depending on the cost of CO2 emissions, doing so in response to 
variations in electricity demand could improve annual profits by $10-$100 million or more at facilities with CO2 capture. 
Dynamic scenarios were simulated with a controlled, constant ratio of heat rate and solvent rate. With an 80% load reduction, 
scenarios that turn CO2 capture off and on affect stripper performance only slightly and reach the steady state in about 90 and 18 
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minutes respectively. 
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1. Intr

on costs, coupled with the high capital costs of CO2 removal equipment, 
gr

e emitted during part or zero-load operation, sufficient 
sol

oduction 

Most analyses of CO2 capture systems assume continuous operation at a full-load operating condition where the energy 
requirement for CO2 capture and associated electricity production costs remain constant over plant lifetime. For a coal-fired 
power plant using post-combustion amine absorption/stripping for CO2 removal, full-load CO2 capture could reduce net energy 
output by 11-40% from that of an equivalent gross size plant without CO2 capture [1, 2]. The bulk of this energy requirement is a 
consequence of the heat used for solvent regeneration and the work required to compress CO2 to pipeline pressures for transport 
to a storage site. In a typical design, about 50% of the steam is extracted between the intermediate and low-pressure turbines, 
expanded in a let-down turbine that runs the CO2 compression train, and then sent to the stripper column for solvent regeneration 
(see Figure 3) [3]. The resulting increase in producti

eatly hinder the economic viability of CO2 capture. 
 
In contrast to static analyses, this paper examines the process feasibility and electric grid implications of flexible CO2 capture 

operation. A post-combustion system can be operated flexibly by redirecting some or all of the steam being used for CO2 capture 
back to the low-pressure turbine in order to increase power output when desired. Doing so allows stripping and compression 
systems to operate at reduced load, and while additional CO2 may b

vent storage could allow continued CO2 capture in the absorber [4].  
 
Previous work has shown that by operating CO2 capture at low or zero-load during annual peak electric grid demand, the need 

to spend billions of dollars of capital costs to replace the capacity lost to CO2 capture energy requirements can be avoided. A 
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O2 capture can be utilized to operate more economically than if 
capture systems are restricted to continuous, full-load operation. 

2. Modeling flexible CO  capture in the ERCOT electric grid 

ill affect performance, economics, and CO2 emissions at power plants 
running CO  capture and in the electric grid as a whole.  

sed
plants to operate at base load with natural gas-fired plants meeting most of the remainder of electricity demand [6]. 

w several possible operating points, but this study 
ch ses 100% and 20% load to investigate operation between two extremes.  

ey were not included in marginal 
electricity production costs. Calculated plant generation is used to determine CO  emissions. 

nd the electricity market still provides an effective framework to analyze the effects of flexible CO2
capture on an electric grid. 

base case CO  capture scenario, CO  capture systems are operated at 100% load continuously 

sive to operate at 20% load, and increasing the CO  price will eventually allow lower production costs at 100% 

capacity of plants with CO2 capture is lower at 100% load, Option A is 
likely to have a higher electricity price. 

study of the Electric Reliability Council of Texas (ERCOT) electric grid finds that the infrequency of annual peak electricity 
demand allows these capital savings to be achieved with less than 100 hours of zero-load operation throughout an entire year, so
that CO2 reductions are near those achieved with continuous operation even if CO2 is vented when it is not removed [5]. Flexible 
CO2 capture could increase plant output range and improve the ability of a plant to perform profitable grid reliability services [4]. 
By giving a plant operator the option to choose a desired CO2 capture operating condition based on current market conditions 
such as fuel prices, CO2 prices, and electricity demand, flexible C

2

A model of the ERCOT electric grid was created using MATLAB software and used to investigate how flexible CO2 capture 
in response to hourly variations in electricity demand w

2

Historic load and electric grid conditions were used from 2006 to perform calculations for a one-year period. In 2006, 
installed capacity in ERCOT included about 20% coal, 72% natural gas, and 6% nuclear-based generation, with additional 
capacity from wind, hydroelectric, and other sources. Lower marginal electricity production costs allow coal and nuclear-ba

For this study, post-combustion CO2 capture was assumed to be installed on enough of ERCOT’s coal plants for the average 
coal fleet emissions rate to decrease by roughly 50% if CO2 capture is operated continuously at 100% load.   This goal requires 
CO2 capture on 8 of the 15 ERCOT coal-fired facilities and would allow the coal fleet emissions rate to approach that of typical 
natural gas-fired facilities.  Plants were chosen based on the lowest sum of electricity production costs with CO2 capture at 100% 
load plus the capital charges of any required CO2 and sulfur dioxide (SO2) removal equipment. In scenarios that allow flexibility, 
CO2 capture may operate at 100% and 20% load, and performance at these operating points is defined using results from the 
dynamic process model described in Sections 4 and 5 of this paper. CO2 that is not captured was assumed to be vented to the 
atmosphere. System response time was not included explicitly, but it was assumed that the results from one hour calculation 
intervals will approximate those found when considering the system response time calculated using the dynamic process model 
described later in this report.  A more flexible CO2 capture system may allo

oo

The model used a specified CO2 price along with fuel costs and other operation and maintenance (O&M) costs to determine 
marginal costs of electricity production for each plant in dollars per Megawatt-hour. These costs were then used to create a 
dispatch order from which the model chooses to use plants from the least to most expensive until demand in a particular hour is
met. To represent ERCOT’s competitive market for electricity, the marginal cost of the final (and most expensive) plant 
dispatched in a given hour was assumed to set the electricity price in that hour, from which operating profits of all plants can then 
be calculated. Because capital charges do not factor directly into dispatch decisions, th

2

Though the model does not consider transmission constraints or any other technical limitations of plant dispatch, the basic 
representation of dispatch a

The following scenarios are considered. 
(1) BAU: The business as usual scenario considers the actual ERCOT grid in 2006 without any CO2 capture. 
(2) CCS Base: For the 2 2

throughout the year. 
(3) FLEX Op Costs: In this flexible scenario, plants with CO2 capture choose the operating condition (20% or 100% load) 

that has the lowest marginal costs of electricity production. When there is no cost of emitting CO2, it will always be least 
expen 2
load. 

(4) FLEX Profit: This flexible scenario operates under the assumption of perfect knowledge of electricity demand and 
dispatch ordering prior to deciding whether to operate CO2 capture at 20% or 100% load. In every hour, each plant with 
CO2 capture calculates its hourly profits for two scenarios: if all plants with CO2 capture operate at (A) 100% load or (B) 
20% load. If profits are greater for a particular plant for Option A, that plant will operate capture at 100% load; otherwise, 
it will operate at 20% load. Because the output 
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tute a relatively small proportion of 
the ERCOT fleet, so CO2 price must be relatively high before the added emissions costs at coal-based plants move them late 
en

2, these data indicate that once a CO2 capture system is 
bu , the CO2 price to justify 100% load operation may be closer to $20-$25/tCO2 [7]. FLEX Profit requires CO2 prices of about 
$4

fitability over FLEX Op Costs by allowing generators to consider 
the balance between marginal costs, power output, and electricity price at a given electricity demand and choose to operate in the

uch behavior improves annual operating profits by $130 million over those earned with 
continuous 100% load operation. Flexibility has no impact on operating profits above $35/tCO2 in this static CO2 price analysis; 
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3. Results and discussion of the implications of flexible CO2 capture in ERCOT 

Figure 1 displays the reduction in annual coal fleet CO2 emissions for each scenario with CO2 prices ranging from $0-
$60/tCO2 (2006 US$ per metric ton of CO2 emitted), with percent reduction calculated relative to emissions levels in the BAU
case with no CO2 price. Because electricity demand is assumed to be constant across all cases, changes in generation by plant 
type can be inferred from this figure. Emissions in the BAU scenario fall negligibly below $15/tCO2, less than 5% below 
$40/tCO2, and begin to decrease significantly at higher CO2 prices. Coal-fired plants consti

ough in the dispatch order to be replaced by natural gas-fired facilities for base load generation. In all scenarios, any reduction 
in coal-based generation must be met by an equal increase in natural gas-fired generation, partially offsetting coal fleet emissions 
reductions. However, because natural gas emissions rates are roughly half that of coal without CO2 capture, net electric grid 
emissions reductions on a percent basis are at least half of those calculated in the coal fleet.  

CCS Base nearly achieves the desired 50% reduction in coal fleet CO2 emissions at low CO2 prices, and higher CO2 prices 
allow further reductions as fuel switching begins to limit the output of coal-fired plants that do not use CO2 capture. FLEX Op 
Costs begins with emissions reductions of about 10% at low CO2 prices (when all CO2 capture systems operate at 20% load), 
jumps to 20% when the two most efficient plants with CO2 capture are less expensive to operate at 100% load, and then follows 
the CCS Base curve (when all CO2 capture is at 100% load) above $25/tCO2. In contrast to plant economic studies that find the 
CO2 price for economic viability of CO2 capture to be around $40/tCO

ilt
0/tCO2 before CO2 systems remain at 100% load throughout the year, indicating that flexible operation could improve 

operating profits in the $20-$35/tCO2 price range. If CO2 is vented when CO2 capture is at part-load, flexibility may prevent the 
emissions reductions that could be achieved with continuous full-load operation, but reductions are still significant as long as the 
CO2 price is high enough for marginal costs to be lower at 100% load. 

Figure 2 displays cumulative annual operating profits at the eight coal-fired facilities using CO2 capture.  When no CO2
capture is available (BAU), operating profits fall dramatically as CO2 price increases, though it takes a CO2 price of about 
$30/tCO2 before it is more profitable to operate with CO2 capture installed.  Because lower emitting natural gas-fired plants 
continue to set electricity prices, electricity production costs at coal-fired plants without CO2 capture increase faster than 
electricity prices for a given CO2 price increase, resulting in rapid profit decline. Though CCS Base has lower profits than BAU
below $30/tCO2, it exhibits the opposite trend because emissions rates at coal-based plants with CO2 capture are less than those 
of natural gas-fired facilities.  FLEX Op Costs demonstrates that choosing between 100% and 20% CO2 capture load allows 
much greater operating profitability than continuous 100% operation when CO2 prices are too low to justify the operating 
expense.  In the $20-$35/tCO2 range, FLEX Profit improves pro

most profitable manner.  At $25/tCO2, s
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Figure 1: Reductions in annual CO2 emissions in the ERCOT coal 
fleet in each scenario vs. CO  price 

Figure 2: Cumulative annual operating profits in each scenario vs. 
CO  price at the eight coal-fired plants that use CO  capture 2 2 2

(except in the BAU scenario) 
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ho

10-12% CO2 contacts with MEA, and CO2 is absorbed into the 
so

amic operation on the system. No 
previous work was found on dynamic modeling of the entire absorption/stripping system or the stripper alone. Kvamsdal et al.

ic model of CO2 absorption by MEA using gPROMS® and studied the dynamics of the absorber in 
response to the start-up and power plant load change scenarios. In order to predict the dynamic behavior of CO  capture in 
res

Model Development 

O2 from the rich 
ics is simplified 

                                   (1)         
                                              

erview of the l, a

wever, the value of flexibility is expected to be greater in a cap and trade regime where CO2 prices could fluctuate between 
values that justify CO2 capture operation and those that do not. 

4. Dynamic modeling of CO2 capture 

The absorption/stripping system typically consists of two columns. In the absorber, which is operated at atmospheric pressure 
and 40-60°C, the flue gas from a coal-fired plant containing 

lution by physical and chemical mechanisms. The rich solution coming out of the absorber, which typically has a loading of 
0.4-0.5 moles of CO2/mole MEA, is directed to the stripper, operating at 1.5-2 atm and 100-120°C. Water vapor accompanying 
CO2 from the top of the stripper is then condensed and returned to the water wash section of the absorber. The hot lean solution 
exiting the stripper is cooled by the cold rich solution in a cross heat exchanger (5-10°C temperature approach) and is furthered
cooled to 40°C before entering the absorber (see Figure 3).  

Several existing steady state models for absorption/stripping process with alkanolamines aim to minimize the energy use for 
CO2 capture. However, these models do not have the capability of predicting the effects of dyn

[8] have prepared a dynam
2

ponse to variations in electricity demand, an accurate dynamic model is required. For this study, a rigorous rate-based 
dynamic model of the stripper, using 30 wt % MEA, was created in Aspen Custom Modeler®. 

4.1

In the stripper, mass transfer and chemical reactions occurring in the liquid phase result in desorption of C
lution. In the present study, the stripper is modeled by the rate-based approach based on film theory, and kinetso

by considering two dominant equilibrium reactions. 
+−−                         22 COMEAMEAMEACOO +↔+

MEA+
223 COMEAOHHCO ++↔+ −                 (2) 

Table 1 provides an ov  important parameters in the mode long with their sources and literature.

Table 1: important parameters used in the stripper model

Property Source Comments
Partial pressure of CO2

stants electrolyte-NRTL model developed model
y Hilliard 

Equilibrium con
Heat of desorption by Hilliard 

Regressed the points from flash 
lculation in the Aspen Plus® ca

b
Density and viscosity of loaded MEA Weiland et al. [9] 
Heat capacity of loaded MEA Hilliard [10] 
Diffusivity of CO  in loaded MEA 2 on the N2O analogy and a 

Stoke-Einstein relation 
Versteeg et al. [11] Based

Liquid hold up Suess and Spiegel [12] 
Pressure drop across the packing generalized pressure drop correlation 

of Kister et al. [13] 
Liquid and vapor mass transfer 
coefficients 

Onda et al. [14] 
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4.2 Ratio-Control Dynamic Strategy 

                   
Figure 3: Steam turbines and CO2 capture with ratio-control strategy 

In this dynamic strategy, the absorber operates continuously, but the reboiler steam rate is reduced at the start of the peak 
period. Consequently, the absorber provides variable CO2 removal. The non-regenerated rich solvent stream is mixed with the 
lean solution coming from the stripper and then returned to the absorber. In this option, no additional inventory is needed for rich 
and lean solvents, and the only input variable that significantly changes in the absorber is the lean loading. (Figure 3) 

    The following conditions are carried out for steady state design and dynamic simulation: 
• CO2 removal at 100% load: 90% 
• Packing height: 2 m; column diameter: 4.6 m 
• Overhead pressure is controlled at constant value (160 KPa). 
• Liquid level in the reboiler is controlled at a constant level. 
• The absorber is controlled such that it gives a constant rich loading in the presence of variable lean loading. 

 

5. Dynamic simulation results and discussion 

In order to demonstrate how the stripper responds to the flexible operation, two ratio-control scenarios are simulated: 
1. Turn-off scenario: ramp the reboiler heat duty and rich solvent from 100% to 20% load in 15 minutes 
2. Turn-on scenario: ramp the reboiler heat duty and rich solvent from 20% to 100% load in 15 minutes 

In both cases, the simulation starts with 12 min at the initial load, and then the reboiler heat duty and rich solvent flow rate are 
ramped linearly to the desired final operating condition in 15 minutes. Figures 4 and 5 show the time response of reboiler 
temperature and lean loading in both dynamic scenarios. 100% load operation gives a larger pressure drop due to greater liquid 
and vapor rate and liquid hold up in the packing; consequently, with fixed pressure at top of the column, the reboiler would 
operate at higher pressure and temperature (see Figure 4). 

The time response of the hydraulics of the column is related to the small liquid and vapor hold-up time in the packing. As can 
be seen in Figure 4, in the turn-off scenario, the liquid is initially cooled beyond the equilibrium point for 20% load because of 
the instantaneous flash in the simply modeled reboiler, and then the liquid temperature in the reboiler is further heated toward the 
steady state at the 20% load. This heating process is slow and most likely determined by the liquid hold-up in the reboiler. In the 
turn-on scenario, similar behavior is seen in the opposite direction.  

Figure 5 reflects a very small change in the lean loading due to a change in load. The higher performance at 20% operation 
can be primarily attributed to the larger mass transfer unit, which is a factor of 1.7 greater than 100% load. 
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Figure 4: Dynamic responses of reboiler temperature to turn-on and 
turn-off operations 

Figure 5: Dynamic responses of the lean loading to turn-on and 
turn-off operations 
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Figure 6: Specific reboiler heat duty calculated for the system operated in turn on and turn off operations 

Figure 6 demonstrates how the calculated specific heat duty (KJ/mole CO2) changes between 20% and 100% load operation. 
The specific heat duty, representing the performance of the stripper, does not vary significantly with the load. Although the 
transition curves show some discontinuities and irregular behavior, the temperature and lean loading response reflects smooth 
stripper behavior in response to the on/off operation. The initial and final step changes in the specific reboiler heat duty might be 
associated with the delay time in sensing change in the liquid rate in the reboiler. This kind of behavior might not be very 
realistic and could be eliminated or changed if the dynamics of the regulators of rich solvent and reboiler steam are coupled with
the system. 

The residence time of the liquid in the reboiler is the predominant factor influencing the response time of the stripper. The 
simulation shows that the liquid hold up in the reboiler achieves its final steady state value in just a few seconds after the final 
change is made to the solvent rate. Consequently, the average liquid residence time is very close to that of the final steady state.
For this system, the liquid hold up time in the reboiler for 100% and 20% load operation is 5 and 25 minutes respectively. This
effect is why turn-on operation reaches steady state approximately 5 times faster than turn-off operation. 

In the current study, the overhead stripper pressure is kept constant and simplifying assumptions are made to the rich solvent 
conditions. In the future, the stripper model will be combined with an absorber model to evaluate the operational challenges in an 
integrated absorption/stripping system, and the current stripper model will be coupled with a CO2 compressor model to study and 
compare the variable-pressure stripper in dynamic operation of CO2 capture. 

6. Conclusions 

A basic model of the ERCOT electric grid is used to investigate the implications of flexible CO2 capture in response to hourly 
electricity demand variations for a range of CO2 prices. If CO2 price is below that justified to operate CO2 capture, flexibility 
may improve annual operating profits by hundreds of millions of dollars over those earned with continuous full-load operation, 
though CO2 emissions will be greater if additional CO2 is vented at part-load operation. Significant emissions reductions can be 
achieved with flexible operation when the CO2 price is high enough for marginal costs of electricity production to be lower with 
full-load CO2 capture. Above this CO2 price, there is an additional range of CO2 prices where flexibility can improve operating 
profits by tens or hundreds of millions of dollars above those received with constant 100% load operation by allowing plant 
operators to examine the balance among marginal costs, power output, and expected electricity price at different electricity 
market conditions and choose to operate CO2 at the load that generates greatest operating profits in a particular hour.  
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Given these electric grid implications, the process feasibility of flexible CO2 capture is examined using a rate-based dynamic 
model that is created in ACM® for the stripper using 30 wt % MEA.  The model is capable of representing the dynamic behavior 
of the stripper column during the flexible operations. When ramping between 20% and 100% load over 15 minutes, the energy in 
KJ/mole CO2 removed does not vary more than 2% during the transition. The 18-90 minutes response of flexible operations is 
determined by the solvent residence time in the reboiler at the end of the ramp.  
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