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Figure 5. Hierarchy of process control

f) Process control challenges today: ECF Bleach plant has
multiple stages and each stage has to deal with multiple manipulated
and control variables. Manipulation of multiple process variables
required to achieve effective bleach plant control is an extremely
challenging task to optimize each of the controlled variables to
maintain the process close to target. Efficiency of each bleaching
stage relies heavily on accurate measurement and control of basic
process parameters like consistency, temperature, pH, pressure,
flow, etc. In the absence of accurate measurement and control of
these basic functions, the overall process control, pulp quality and
economics of operation suffer.

While it is of utmost importance to have sensors functioning
accurately and regulatory control loops in place, it is practically
impossible for operators to manually optimize bleaching chemicals
to achieve final brightness at minimal cost.

In order to effectively control quality and optimize bleaching
chemicals using regulatory control only, an operator would have
to (i) continuously adjust chemicals at each stage to account for
the incoming pulp quality from the previous stage, (i) account
for the long time delays and non-linear relationships to adjust for
unexpected changes in the pulp quality leaving the stage, and (iii)
trade off bleaching chemicals such as ClO, and H,0, to minimize the
cost of brightness at a given stage (iv) all the while working towards
an optimum chemical split between the stages. In addition to this
the operator would need to adjust the chemicals used to control the
pH at each stage by compensating for upstream chemical and pH
indicators that effect downstream pH. Needless to say, this is not a
realistic expectation, so instead of this, operators tend to overdose
chemicals at the front of the bleach plant to account for incoming
quality changes.

If all above challenges are not handled appropriately, the bleach
plant suffers from:

e Poorly optimized yield and production rate

e Off specification pulp production (brightness, viscosity, dirt, etc.)
e High chemical cost due to over-bleaching

e Unstable process
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RESULTS AND DISCUSSION
Latest Trends in Bleach Plant Control

a) Total Lignin Management (Measurement Strategy):
Overcoming the gaps in measurement technology, it is now possible to
measure lignin in various forms (i.e. associated with fiber called fiber
kappa; in dissolved form called dissolved lignin; total lignin called total
kappa) as shown in Figure 6 and reported previously [1, 4, 6, 7, 13].
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Figure 6. Tools available for Total Lignin Management in a fiberline

The Bleach Load Transmitter measures total kappa, the primary
control variable for bleach plant. The sum measurement of fiber
kappa and filtrate kappa (carry-over), referred as TOTAL kappa, is
used as a feed forward control to determine ClO, charge in DO and
D1 stages to optimize the bleaching chemical consumption.

The bleach load based chemical charge control offers potential for
optimization of ClO, due to (i) total kappa instead of fiber kappa alone,
(ii) continuous versus cyclic measurement, (iii) the opportunity to reduce
variability and off grades, and (iv) reducing bleaching chemicals costs.

b) Bleach plant process control strategy: As shown in Figure
7, the sharpest kappa number decline happens up to and including
the first bleaching stage (D0) whereas the brightness development
gradient is highest after extraction stage. From this perspective, the
industry accepted process control strategy for a chemical fiberline
is to measure and control the process using kappa number from
cooking through to first bleaching stage (D0) and using brightness to
control the process from extraction stage onwards.
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Figure 7. Kappa & brightness development across fiberline
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Figure 8. Typical bleach plant measurement & control strategy

Figure 8 is a typical 3-stage ECF bleach plant measurement
and control strategy utilizing inline total kappa and brightness
measurement for optimum bleach plant control.

Experience has shown that together with well-performing process
regulatory controls, substantial economic gains can be achieved from
these newly developed lignin sensors.

Due to challenges associated with bleaching as discussed
in section 2, industry is in the process of transitioning from
conventional kappa / brightness-based bleach plant control to
a total kappa and brightness-based control utilizing the novel
capability of these new sensors.

c) Model Predictive Control: Model Predictive Control (MPC)
has been gaining acceptance in industry as the control technology of
choice for Kraft bleach plant control. MPC is a multivariable control
algorithm that uses an internal dynamic model of the process, a
history of past control moves and an optimization cost function over
the prediction horizon to calculate the optimum control moves [12].
As discussed previously [13], MPC is well suited for bleach plant
control since it naturally addresses many of the control challenges
encountered in a bleach plant. Some of the typical features of
commercial MPC packages that apply to bleach plants include:

e Inherently decouples interacting control relationships such as
the effect of ClO, and H,0, on kappa and brightness, or CIO,
and NaOH on pH.

Includes feedforward relationships, such as the impact of bleach
load on downstream kappa and brightness, or inter-stage
brightness on final brightness.

Ability to manage process constraints that do not have a fixed
set-point, such as DEK, inter-stage brightness, pH, or CIO, residual.

e Utilizes dynamic models account for long dead-times and slow

dynamics through bleach and extraction towers.

Option to program the dynamic models to adjust for non-linear
bleach curves and variable process dynamics through bleach
towers due to changing production.

Typically includes economic optimization capabilities to
minimize the cost of achieving target brightness, by optimizing
the Cl0, distribution between stages, and by trading off ClO,
versus H,0, depending on their price and effectiveness.

Commercial MPC packages are convenient and practical to use.
For example, Multivariable Advanced Control System (MACS™) is a
suite of software tools for the design and implementation of MPC
applications. The MACS platform provides software modules for all
phases of MPC implementation, including data acquisition, model
identification, controller design and simulation, and real-time control.

It is easy to modify the control structure and objectives compared
to advanced regulatory control solutions that normally have a fixed
structure. MACSproject is a graphical tool for the design and tuning
of multivariable controllers. An intuitive interface and common
data structure with MACSmodel allows point-and-click building of
a controller. Graphical feedback of simulation results simplifies and
speeds controller tuning and design analysis. Figures 9 and 10 show
the MACSproject configuration interface and example simulation
results respectively.

MPC requires good dynamic models between each of the
manipulated / feedforward variables and the controlled variables.
MACSmodel is a graphical tool for process data analysis and model
identification. The software interface guides the user through model
development and validation. Database archiving of raw data and
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Flgure 9. MACSproject Configuration Interface

models facilitates project management and long-term support.
Figures 11 and 12 show a dynamic model generated between DO
(10, and DO outlet brightness using MACSmodel.

MPC is well suited for feedforward control. The key to effective
feedforward control is good process identification. After the models are
built, it is simply a matter of adding the models into the control matrix. For
example, inline total kappa before the DO stage is an MPC feedforward
variable used to predict future changes in DEK and EOP brightness.

Process constraints are variables that are not held to a set-point
but held between an upper and lower limit. The ability to add process
constraints is very useful when trying to avoid undesirable operating
conditions, as well as for high-level optimization. In bleach plant
control it might be desirable to control pH in a range rather than a
fixed set-point or similarly hold CIO, residual between a high and low

Figure 10. MACSproject Simulation Results

limit. For total ClO, cost reduction, controlling inter-stage brightness
between high and low limits or DEK between high and low limits,
allows for ClO, optimization between the stages.

It is common to encounter process models that change as a
function of operating conditions. Some examples include (i) the
process gain between ClO, and brightness decreases as the dosage
is increased, and (ii) when pulp inventory or production changes, the
process delay changes. For these situations, many MPC packages
include the ability to program real-time changes to the dynamic
models. By making these real-time adjustments, MPC can be tuned
to be more aggressive without risking control oscillation. Figures 13
and 14 show non-linear bleach models fit using methods described
by McDonough et al. [14]. MPC should be configured to account for
the decreasing process gain as ClO, dose increases.

Figure 11. Step Response Model between DO ClO,and DO Outlet Brightness
(Gain 0.5, Delay 20 min, Time Constant 5 min)
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Figure 12. Transfer Function Model Prediction between D0 Cl02 and DO
Outlet Brightness (Gain 0.5, Delay 20 min, Time Constant 5 min)
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Figure 13. Eop Brightness as a function of DO Charge Multiple (multiple
curves depending on Eop H,0, dose)
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D1 Bright Model

D1 Brightness
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Figure 14. D1 Brightness as a function of D1 Cl02 dose (multiple curves
depending on Eop Brightness)
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Figure 15. Viscosity Soft Sensor (PLS Model)

So-called soft sensors are a common component of advanced control
solutions in general including MPC applications. A common example
is to implement pH soft sensors, which are simply the pH sensors
adjusted in real time using a percentage of the error between the pH
soft sensor and the pH lab measurement. Certain quality parameters,
such as viscosity, are only measured in the lab. Soft sensors can also be
used to estimate these quality parameters, using techniques such as
Partial Least Squares Regression (PLS). Figure 15 shows an example of
a viscosity soft sensor based on a PLS model, using chemical dosages,
pulp quality analyzers, production rate, etc. as inputs.

Bleaching Cost Optimization

Many MPC packages have the ability to perform cost optimization.
Linear Programming (LP) optimization applies to control problems
where there are more manipulated variables than controlled variables
or some controlled variables are controlled to ranges rather than set-
points. The optimization takes advantage of these extra degrees of
freedom. As described above for bleach plants the extra degrees of
freedom for CIO, optimization are included by controlling inter-stage

brightness to a range rather than a set-point. Figure 16 shows an

example cost optimization analysis from a recent case study. In this

example, more ClO, should be shifted from DO to D1 to achieve the

same final brightness at lower ClO, usage. A brightness target shift

is also shown, where ClO, is reduced at both the DO and D1 stages.

Combining novel measurement technology of real time bleach load

and brightness at optimum locations combined with implementation

of MPC for bleach plant optimization thus has a potential to optimize

bleach plant operations by

e Maintaining process parameters close to target / range

e System “automatically” takes corrective action when
variability(s) is introduced

e Maintaining target pulp quality all the time — ability to shift
gears dynamically

e Achieve optimum brightness range at lowest possible costs

e Dynamic modelling accounts for all variabilities including
production rate changes

* Downgrades “operator interference” to minimum

e Eliminates any pulp quality issues
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Figure 16. Bleach plant ClO, optimization
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Case History - Total Kappa Case History 1:
Process Description: SW bleach plant 2000 T/day with bleaching
sequence DOE,,D1D2
e Challenges:
e Bleach plant in manual control
e High chemical cost
e Quality variation / off grade

Solution:
Install Bleach Load Transmitter (Total kappa measurement) at DO
with Model Predictive Control

Results:

e Continuous bleach load measurement

e Reduced DO chlorine dioxide by 6.3%

e Reduced sodium hydroxide usage by 7.5%
e Reduced D1 chlorine dioxide by 8%

e Reduced overall bleaching cost by 7%

Case History - Total Kappa Case History 2:
Challenges:

e Bleach Plant in manual mode

e High chemical costs

o Off grade due to brightness

Solution:
Install Bleach Load Transmitter (Total kappa measurement) at DO
with Model Predictive Control

Results:

e Continuous bleach load measurement

e Reduced DO chlorine dioxide by 8.1%

e Reduced Eop sodium hydroxide usage by 8.8% & Eop peroxide
by 20%

e Reduced D1 chlorine dioxide by 6.7%

e Increased D2 brightness from 87.1 to 90.1 on average

e Project payback was less than 1 month

CONCLUSIONS

Traditional bleach plant operation based on multi-point fiber
kappa measurement combined with inline brightness and residual
transmitters suffers from complex control, high operator dependence,
higher chemical costs and brightness variability.

Novel single point inline total kappa (bleach load) measurement
utilization has simplified chemical charge control with proven
reduction in bleaching chemical costs and lowest cost of ownership
(Installation, operation and maintenance costs).

Even with a solid foundation of regulatory measurements,
regulatory control, and pulp quality analysers, it is practically
impossible for even the best operators to manually operate a bleach
plant while optimizing bleaching chemicals for pulp quality and costs.
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Model predictive control (MPC) like MACS is a proven “hands-
down” approach for bleach plant optimization and offers the major
benefits of operating close to targets all the time, minimizing upsets,
and achieving production at lowest possible costs.

Bleach load combined with MPC is a proven, powerful and simple
solution for pulp makers to operate continuously within target

quality and costs all the time. [ |
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