Solution of exercise 2

Self-optimizing control of a CO2 capturing plant
Prepared by Mehdi Panahi

Sep. 2010

Task 1: Define an objective function and constraints?

In CO2 plant, 2 types of energy are required: Steam (heat) for the reboiler of desorber and electricity (power) for driving the pumps. We assume temperature of steam in reboiler is 10°C higher than reboiler temperature and it‘s assumed, steam condenses at 40°C in turbine. The reboiler energy is converted to power via a factor which assumes that the energy used in the reboiler could have been used to produce power in the power plant. Efficiency of the Carnot cycle is assumed to be 75%.
The total equivalent work for the plant is given as:
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Thus the objective function is to minimize 
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Constraints are as following:

1. First constraint is an environmental aspect that we assume to capture 90% of CO2.

2. Second constraint is temperature of lean amine solution to the absorber that is optimized recommendation form experimental data and is 51°C.

3. Desorber pressure on the top is kept in 180 kPa.

4. Condenser temperature is 30°C.
5. Outlet pressure of Pump 2 is kept in 418 kPa.
Task 2: How many degrees of freedom (DOFs) are there for optimization?

We have 10 DOFs (8 valves + power of 2 pumps) that are presented in Fig.1. 
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Fig.1. 10 DOFs (8 valves + power of 2 pumps) that have to be set in the process

Task 3: What do you think about the main disturbances?

The main disturbances are change in flowrate and composition of the flue gas. All active constraints (see Task 4) may also be considered as disturbances. The main disturbance in equality constraints is changing of the desorber top pressure. In this exercise we consider only 2 disturbances.
Table 1: Main disturbances

	Disturbance
	Nominal
	Change

	d1
	Gas flowrate
	219.3 kmol/hr
	±5%

	d2
	Gas composition
	CO2: 0.1176, N2: 0.7237

O2: 0.0502, H2O: 0.1085
	±5%


Task 4: what is the optimal point of objective function and constraints?

Objective function: min. 
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Subject to the following constraints:

1. CO2% removal=90%

2. Desorber top pressure=180kPa

3. 0.01≤CO2 composition in the bottom of desorber≤0.05

4. Condenser temperature = 30°C

5. Temperature of lean solution= 51°C
6. Outlet pressure of Pump 2 is kept in 418 kPa

Five of the constraints are equality constraints. 

To control the 5 equality constraints we need 4 DOFs. 4 DOFs are also required to control 4 levels (1 in the absorber, 2 in the stripper, 1 in the surge tank) that have not steady state effect. Finally, there is only one degree of freedom left which may be viewed as the CO2 composition in the bottom of the desorber (note that this choice is not unique, we may view it as the reboiler duty). Therefore, Nopt.free = 10 – 5 – 4 = 1
The process was optimized with respect to the remaining degree of freedom and we get: 
Optimal objective function: 
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CO2 composition at the bottom of desorber = 0.0227 (so the inequality constraint is not active)
Task 5: After doing optimization and reoptimizing when disturbances happen, how many active variables or constraints do you have? Which controlled variables do you suggest for unconstrained DOFs?

As was mentioned in task 4, we have 1 unconstrained degree of freedom and this remains unconstrained for all disturbances (so the inequality constraint remains inactive). All tray temperatures in desorber and also CO2 composition at bottom of this column are considered as the candidate controlled variables (CVs).  

Task 6: Which method do you suggest to select the best controlled variables for (that/ those) unconstrained DOFs? Describe the method and try to find the best controlled variables?

We use maximum scaled gain method to find the best candidate CV for reboiler duty.

1. Make a small perturbation in each disturbances di and re-optimize the operation to find the optimal disturbance sensitivity for each candidate CV,
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, where 
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 denote the expected magnitude of each disturbance and compute from this the overall optimal variation (here we choose the 2-norm):
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2. Identify the expected implementation error n for each candidate controlled variable y (measurement).

3. Make a perturbation in the independent variables u (in our case u is reboiler duty) to find the unscaled gain (G),
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4. Scale the gain with the optimal span where n is implementation error to obtain for each candidate output variable y:


[image: image11.wmf]n

y

y

Span

opt

+

D

=


The scaled gain is:
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The worst-case loss L = J(u,d)−Jopt(u,d) (the difference between the cost with a constant setpoint and re-optimized operation) is then for the scalar case:
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Where 
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 is the Hessian of the cost function J. In our case J = 
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Note that Juu is the same for all candidate controlled variables y and each candidate controlled variable that has maximum scaled gain gives the minimum loss.

Table 2. Scaled gain for different candidate CVs

	Candidate CV
	Scaled gain
	Candidate CV
	Scaled gain

	CO2 composition
	0.2463
	Temp. Gain Tray 11
	0.1358

	Temp. Gain Tray 1
	0.0203
	Temp. Gain Tray 12
	0.151

	Temp. Gain Tray 2
	0.056
	Temp. Gain Tray 13
	0.108

	Temp. Gain Tray 3
	0.1276
	Temp. Gain Tray 14
	0.0788

	Temp. Gain Tray 4
	0.2845
	Temp. Gain Tray 15
	0.0614

	Temp. Gain Tray 5
	0.2693
	Temp. Gain Tray 16
	0.0499

	Temp. Gain Tray 6
	0.2279
	Temp. Gain Tray 17
	0.0409

	Temp. Gain Tray 7
	0.1913
	Temp. Gain Tray 18
	0.0334

	Temp. Gain Tray 8
	0.1632
	Temp. Gain Tray 19
	0.0264

	Temp. Gain Tray 9
	0.1446
	Temp. Gain Tray 20
	0.0200

	Temp. Gain Tray 10
	0.1332
	
	


From the table 2, the best candidate CV is found to be temperature on tray no. 4. The CO2 composition has also a good high scaled gain but still is ranked 3rd after temperature of tray no.5. In addition, temperature measurements are generally faster and more reliable then composition measurements.
We will discuss the actual control structure (pairings etc., in the next exercise)
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