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Abstract: Integrated control and process design (ICPD) practices focus on an interaction between 
process and control design. The paper investigates ICPD design in circulating fluidized bed (CFB) power 
plants, which face increasing load change, efficiency and emission requirements. The state of ICPD 
research is examined and a classification of its methodologies is provided. The applicability of ICPD to 
large-scale CFB boilers is discussed for the first time based on this classification. Two ICPD case studies 
with a simple steam path mass storage model are presented for an industrial CFB boiler, with the aim of 
illustrating possibilities and challenges related to boiler ICPD. The steam mass storage amounts of the 
boiler superheating and evaporation sections are modified based on the dynamic relative gain array and 
closed-loop process optimization to generate processes with improved constant pressure mode output 
power setpoint tracking performance.   
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

1. INTRODUCTION 

The paper investigates integrated control and process design 
(ICPD) in the circulating fluidized bed boiler (CFB). In 
ICPD, the process and its control system are designed at the 
same time, so that control requirements affect the process, 
and process dynamics become better incorporated into the 
control (Fig. 1). This gives improved closed-loop responses, 
and design decisions with negative dynamic effects can be 
avoided. The approach differs from conventional sequential 
design, where the process is designed based on steady-state 
goals, and control is designed after this to satisfy stability and 
dynamic performance criteria. This limits achievable control 
performance by the open-loop dynamics from process design. 

 

Fig. 1.  Process and control design interaction in ICPD. 

A deeper interaction between process and control design is 
needed for steam boilers, which currently face many control 
design challenges. While combustion power plants were 
previously mainly operated at constant load, nowadays they 
are facing fast and frequent load transitions with accurate 
MWe setpoint tracking demands, as well as extended partial 

load operation periods. Power generation efficiency needs to 
be maximized, which is reflected as complicated flowsheets 
and extreme operating conditions. In CFB plants, increasing 
boiler sizes and technologies like carbon capture and storage 
(CCS) have introduced new requirements. The ICPD problem 
gains another dimension in utility power plants that supply 
power to a process, but also operate in a power grid (Chen & 
Bollas 2017, Dowling & Zavala 2017). 

This paper examines how ICPD can be applied to CFB boiler 
design. General features of ICPD are outlined and its main 
approaches are classified. ICPD design is also demonstrated 
with an industrial CFB boiler steam path model. Available 
ICPD approaches need to be outlined for boiler design, since 
the topic spans a wide range of design practices. The review 
of Huusom (2015) should be noted, as it similarly focuses on 
the challenges and opportunities of ICPD in industry. 

Few ICPD studies have been carried out for combustion 
power plants. Diangelakis & Pistikopoulos (2016) performed 
ICPD for a small scale cogeneration plant, considering the 
combustor size and PID controller parameters. The work has 
also been extended to scheduling and model-based control 
(Diangelakis et al. 2017). Chen & Bollas (2017) determined 
air preheating and main steam temperature setpoints together 
with supervisory control for a chemical loopingcombined 
cycle plant. ICPD presents major possibilities for large-scale 
boilers, which forms the motivation for the present work. 
Previous ICPD work for heat exchanger networks and power 
grids offers a starting point for the design (e.g. Adeodu & 
Chmielewski 2017, Alhammadi & Romagnoli 2004), but 
these findings can’t be applied directly to boiler control. 
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The paper is structured as follows. Chapter 2 introduces the 
CFB boiler and its control tasks. Chapter 3 presents a basic 
classification of ICPD approaches, which is elaborated on for 
process knowledge and mathematical programming ICPD in 
chapters 4 and 5, together with the design examples for the 
CFB steam path. Chapter 6 presents the conclusions. 

2. CFB PROCESS & CONTROL 

In fluidized bed boilers (Fig. 2), fuel particles are fluidized 
and combusted in a bed of incombustible material by the 
input primary and secondary gas flows (Basu 2006). In the 
circulating fluidized bed setup (CFB), particles leave the 
furnace with the gas flows. The solids are separated and 
returned to the furnace, while the flue gas goes to the flue gas 
duct. The input gas is usually air, but in the oxy combustion 
CCS setup a mix of recirculated flue gas and pure O2 is used. 

 

Fig. 2.  Operational schematic figure of a drum CFB boiler 
(modified from Hultgren et al. 2014). 

Combustion heat is used to generate steam in the steam path. 
Feedwater is evaporated in the furnace evaporator. The steam 
is superheated to form main steam in a block of superheaters 
(SH), with cooling desuperheater (DSH) spray flows between 
the stages. The steam expands in the turbine to generate 
power. In drum boilers, water is separated from steam after 
the evaporator. Once-through (OTU) boilers generate steam 
in a “once-through” pass with no separation stage. The setup  

enables supercritical and sliding-pressure operation, but it 
also leads to control challenges, as there is a connection 
between the feedwater and the main steam, and as the steam 
storage capacity is small. (Joronen et al. 2007, Klefenz 1986) 

The control objectives of a power plant are to maintain the 
generated power at its setpoint and to maximize boiler 
efficiency. The main individual control tasks are feedwater 
flow control, main steam temperature and pressure control, 
combustion control, turbine-generator unit control (output 
MWe, frequency and voltage) and furnace pressure control 
(Joronen et al. 2007, Klefenz 1986). The unit master control 
strategy determines how the main steam pressure and MWe 
output controls are coordinated. In turbine-following control, 
the MWe is adjusted with the boiler firing power, and the 
steam pressure is controlled with the turbine valve. In boiler-
following control, the opposite control pairings are used. 

3. INTEGRATED CONTROL & PROCESS DESIGN  

3.1 ICPD features 

On a broad scale, ICPD involves all processing sequence, 
flowsheet, equipment sizing, control topology and controller 
design decisions of the process. An ICPD methodology can 
be characterized based on how these decisions are formulated 
and how they interact with each other. Important questions 
are what the goals for the increased design stage interaction 
are, how extensive it should be and how it is implemented. 

A classification of the features of ICPD is given in Table 1, 
which is a novel contribution of this work. In sections 3.2–

3.4, some aspects of Table 1 are discussed for CFB design. 
The main grouping is made between process knowledge and 
mathematical programming (chapters 4–5). Alternative ICPD 
reviews have been presented e.g. by Perkins & Walsh (1996), 
Ricardez-Sandoval et al. (2009), Sakizlis et al. (2004), 
Sharifzadeh (2013), Vega et al. (2014a) and Yuan et al. 
(2012). An emerging ICPD-related field is integrated 
scheduling and control (Baldea & Harjunkoski 2014, 
Dowling & Zavala 2017). Although the topic has even been 
studied for thermal power plants (Bindlish 2017, Diangelakis 
et al. 2017), scheduling is out of scope for this paper. ICPD is 
similarly often connected to process integration in literature. 

 

Table 1. General features and characteristics of integrated control and process design (ICPD) methodologies. 

Integrated control and process design 

Problem definition Design structure Methodology basis 

Performance evaluation 

o Economic & environmental 
o Thermodynamic analysis 
o Disturbance rejection & setpoint tracking 

o Relevant process properties for control 

Degree of interaction 

o “Anticipating” sequential (Meeuse & 
Grievink 2004) 

o Partially integrated 
o Fully integrated 

Process knowledge ICPD 

o Heuristics 
o Phenomenon based 
o System analysis based 

Purpose 
o Find best achievable performance 
o Improve dynamics through design 
o Generate best process+control system 

Decomposition 
o Hierarchy of connected design steps 
o Decomposition method 
o “Closed” inputoutput design framework  

Mathematical programming ICPD 
o Controllability based optimization 
o Full dynamic optimization, MIDO 
o Embedded control optimization 
o Robust optimization 
o Back-off optimization 
o Multi-objective optimization 
o Stochastic/probabilistic optimization 

Scope 
o Continuous or discrete decisions  
o Dynamic or steady-state operation 
o Process or control design basis 

Control design 
o Adapt control template to process 
o Plantwide control design 
o Model-based control ICPD 
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Problem definition Design structure Methodology basis 

Performance evaluation 

o Economic & environmental 
o Thermodynamic analysis 
o Disturbance rejection & setpoint tracking 

o Relevant process properties for control 

Degree of interaction 

o “Anticipating” sequential (Meeuse & 
Grievink 2004) 

o Partially integrated 
o Fully integrated 

Process knowledge ICPD 

o Heuristics 
o Phenomenon based 
o System analysis based 

Purpose 
o Find best achievable performance 
o Improve dynamics through design 
o Generate best process+control system 

Decomposition 
o Hierarchy of connected design steps 
o Decomposition method 
o “Closed” inputoutput design framework  

Mathematical programming ICPD 
o Controllability based optimization 
o Full dynamic optimization, MIDO 
o Embedded control optimization 
o Robust optimization 
o Back-off optimization 
o Multi-objective optimization 
o Stochastic/probabilistic optimization 

Scope 
o Continuous or discrete decisions  
o Dynamic or steady-state operation 
o Process or control design basis 

Control design 
o Adapt control template to process 
o Plantwide control design 
o Model-based control ICPD 
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3.2 Scope and structure 

The scope of CFB boiler ICPD should be on the entire plant, 
as the process is a cyclic network of connected units with 
overlapping control tasks and process interactions. This is 
emphasized in the OTU steam path with its steam pressure, 
steam temperature and feedwater control interactions. Thus, 
design results for control tasks like superheater temperature 
control are ultimately relevant only on a plantwide scale. 

In ICPD, operational decisions concern continuous variables 
(e.g. unit sizing, controller tuning), while structural decisions 
are discrete (flowsheet, control loops). The controller type 
and process structure are often predefined (Sharifzadeh 
2013), and ICPD focuses on continuous process parameters 
and control connections between manipulated (MV) and 
controlled (CV) variables. This applies to boilers: flowsheets 
are mostly based on convention and PID control is prevalent.  

The starting point for ICPD is often an existing process 
and/or control structure that is modified by the design. CFB 
examples include the application of drum-CFB control to the 
OTU-CFB, and oxy-CFB control design based on air-fired 
control (Hultgren et al. 2014). Standard CFB setups can be 
obtained from literature (Basu 2006, Joronen et al. 2007, 
Klefenz 1986). The main source of design variability is the 
amount and placement of SH units and DSH sprays, as the 
evaporator and many preheaters have “fixed” positions in the 
boiler. The three-superheater system is a common example. 

ICPD principally aims at optimal steady-state or dynamic 
operation. If optimal dynamic performance with feasible 
economics is desired (e.g. load-following boilers), accurate 
dynamic modelling is needed during early design stages. 
Similarly, ICPD is usually based on tools and practices from 
either control or process design. Due to its transient-oriented 
design requirements, CFB ICPD should focus on control. 

3.3 Design goals and performance evaluation 

The most crucial property of an ICPD methodology is how 
desirable closed-loop performance is defined. 

 Economics: Balance between capital (process) and 
operating costs (process and control), revenue vs. costs.  

 Thermodynamics: Energy and exergy efficiency, “first-
principles” chemical/physical approach. 

 Control: Dynamic simulation with chosen disturbances, 
stability and minimal reference trajectory error. 

 System analysis: Process properties relevant for control, 
indicates good performance or need for advanced control. 

CFB boiler economics should consist of annualized fuel and 
investment costs, scaled with the generated MWe. Quality 
related ICPD (e.g. Elliott & Luyben 1995) can’t necessarily 

be used directly for the output power/frequency, but a penalty 
for setpoint deviations should be included. Environmental 
performance mainly depends on steady-states. Efficiency, 
exergy and heat rate analysis can also be used in boiler ICPD 
design (Bindlish 2017, Chen & Bollas 2017, Ray et al. 2010).  

Load setpoint tracking is emphasized in boiler design, except 
when the plant is predominantly used for base load operation. 

Setpoint tracking is studied in ICPD with dynamic error 
based measures like the integral square (ISE) or absolute 
(IAE) error (e.g. Ekawati 2003). Nonlinearity also needs to 
be analyzed due to the complex boiler dynamics, using e.g. 
linear error norms, bifurcation analysis or optimal control law 
(Kiss et al. 2007, Schweickhardt & Allgöwer 2004). 

Control design properties that are utilized in ICPD include 
controllability and its various definitions, switchability, 
flexibility, operability, resiliency, and robustness (Bahri et al. 
1997, Bogle et al. 2004, Ekawati 2003, Engell et al. 2004, 
Sharifzadeh 2013, Weitz & Lewin 1996). Switchability, i.e. 
the ability to move feasibly between operating points, should 
especially be considered in load-following boilers. Common 
analysis methods are the eigenvalue and singular value 
decomposition, the condition number, and different relative 
gain array (RGA) modifications like the dynamic RGA 
(DRGA), the partial relative gain (PRG, Häggblom 1997), the 
performance-RGA (Skogestad & Postlethwaite 2005) and the 
block relative gain (BRG, Manousiouthakis et al. 1986). 
These metrics can be used for studying interactions, stability, 
disturbance sensitivity and robustness in the CFB boiler. 

3.4 Control design framework 

Because of its procedural nature, control-oriented design and 
plantwide focus, ICPD is related to plantwide control, which 
aims at defining an overall control strategy for an entire plant 
of connected units (Skogestad 2004). The focus is on the 
selection of MVs, CVs and measurements, as well as on their 
control connections. In the CFB, plantwide control should be 
utilized for upper level solutions like unit master control, or 
for complex tasks like combustion control (Niva et al. 2015). 

Model-based control has recently gained significant interest 
in ICPD research (Huusom 2015). As the control algorithm is 
based on the open-loop system, the controller can be linked to 
process changes in a closed framework, and discrete MV–CV 
connection variables are not needed. MPC ICPD has been 
studied e.g. by Bahakim & Ricardez-Sandoval (2014), 
Brengel & Seider (1992), Chawankul et al. (2007), Francisco 
et al. (2011) and Gutierrez et al. (2014). Especially economic 
model-based control could enable a joint process-controller 
optimization with one economic objective, like in the EMPC/ 
ELOC based approach of Adeodu & Chmielewski (2017) for 
power grid energy storage. The applicability of MPC in CFB 
boiler ICPD is affected by how well suitable controller 
models can be constructed for the plantwide boiler flowsheet. 

4. PROCESS KNOWLEDGE BASED ICPD  

4.1 General principles 

Process knowledge oriented ICPD uses modelling and 
operational knowledge from the process to guide the design 
decision-making. The simplest way to do this is to use a 
process model during the design to verify that decisions do 
not lead to reduced control performance (for steam boilers 
e.g. Majanne & Maasalo 2009). However, this approach 
requires many simulations, and results are easily obscured by 
overlapping effects and modelling assumptions. Systematic 
process knowledge oriented ICPD is thus often preferable. 
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Process knowledge ICPD has three modes: identification of 
design choices that cause control bottlenecks, design of open-
loop systems that are inherently “easy” to control, and system 
classification based on selected criteria. Process knowledge 
ICPD is able to address design issues that would be difficult 
to define in formal algorithms, and there is an active 
interaction with the designer. The approach is particularly 
useful for screening candidate solutions for further analysis.  

The downsides of process knowledge ICPD are that the 
design is often unable to manage multiple tasks effectively, 
optimality is hard to ensure, and solution templates easily 
lead to conservative designs. Connecting design parameters 
to process performance might also be limited for black-box 
systems, and first-principles models often have high 
computational costs for large flowsheets like steam boilers. 

4.2 Methods 

Process knowledge ICPD can be separated into heuristic 
design rules and systematic process characterization. While 
heuristics are easy to implement, they are strictly rule-based 
and inflexible. Moreover, while process and control design 
heuristics for individual boiler units like heat exchangers are 
readily available, plantwide design aspects are often ignored. 

A process can be characterized through its chemical/physical 
phenomena or through control oriented analysis (Vega et al. 
2014a). In phenomenon based analysis, thermodynamic 
properties are linked to control performance, considering 
energy, mass and momentum balances, generation terms, and 
driving forces (e.g. Alhammadi & Romagnoli 2004, Bogle et 
al. 2004, Hamid 2011, Meeuse & Grievink 2004). This 
approach has significant potential for power plant ICPD. The 
physical reasons for the non-minimum phase “shrink” and 
“swell” behaviour in drum boilers (Åström & Bell 2000) is a 
good example of phenomenon oriented control design. 
Similarly, Hultgren et al. (2015, 2014) defined how air-fired 
CFB control should be modified for oxy-firing based on the 
flowsheet and the properties of the combustion atmosphere.  

In system analysis based characterization, system behaviour 
is evaluated through lower-complexity (linear) models, using 
common or custom performance indices for the properties in 
section 3.3 (e.g. Alhammadi & Romagnoli 2004, Bogle et al. 
2004, Ekawati 2003, Engell et al. 2004, Weitz & Lewin 
1996). For example, Skogestad & Postlethwaite (2005) 
outlined an approach for input-output controllability, using 
sensitivity, pole-zero, minimum singular value, RGA and 
condition number analysis. Indeed, ICPD design approaches 
are often combinations of different methods, such as the 
process characterization cube of Hernjak et al. (2004). 

Controllability and interactions are central topics in the CFB, 
especially for the OTU boiler. Steam temperature control 
with multiple DSH sprays can result in ill-conditioning, and 
similar issues can be encountered for the primary and 
secondary oxidant flows (Hultgren et al. 2015). Relative gain 
analysis is well-suited for this design purpose. The analysis 
should be performed in the dynamic domain (DRGA), and 
the large dimensionality of the CFB flowsheet might require 
RGA modifications like the PRG or BRG. The BRG was 
used for boiler temperature control by Manousiouthakis et al. 

(1986). Hultgren et al. (2015) employed the PRG for oxy-
CFB plantwide control structure design and process 
interaction analysis. Maffezzoni et al. (1985) used control 
tools like Nyquist plots for solar power plant ICPD. 

4.3 Case study: steam path DRGA design 

System analysis in CFB boiler ICPD can be demonstrated 
with the DRGA and a simple steam path model that describes 
the relation between steam pressure, steam flow and the 
turbine MWe output. It consists of first-order blocks for the 
evaporation, superheating and turbine sections derived from 
(1)(2), where section sizes are represented by time constants 
(“mass storage coefficients”) (Doležal & Varcop 1970). The 
resulting 22 transfer function model has the boiler load and 
turbine valve as MVs, and the main steam pressure and 
output MWe as CVs. The evaporation and superheating mass 
storages TE and TS are modified, and the resulting DRGAs 
are calculated as a function of frequency (Fig. 3). 

 

Fig. 3.  DRGA elements of boiler-following control 
connections for evaporator (TE) and superheater (TS) sizes. 
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where C is mass storage (TE/TS), p is pressure, mS is steam 
mass flow, S is steam density and f is a pipe friction factor. 

 
Based on the DRGA, a large superheating mass storage TS 
leads to improved controllability, as stored steam between the 
turbine and the evaporator increases the decoupling between 
MWe and pressure control. Increasing the evaporating section 
size (TE) also improves controllability at low frequencies, but 
above 0.04 rad/s the situation is reversed, which could be 
explained by the evaporator and superheater size differences. 
The findings are visible as MWe control performance during 
output power setpoint changes (Table 2), using tightly tuned 
boiler-following PI control (turbine valveoutput MWe, main 
steam pressureboiler load loops) at constant steam pressure. 
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classification based on selected criteria. Process knowledge 
ICPD is able to address design issues that would be difficult 
to define in formal algorithms, and there is an active 
interaction with the designer. The approach is particularly 
useful for screening candidate solutions for further analysis.  

The downsides of process knowledge ICPD are that the 
design is often unable to manage multiple tasks effectively, 
optimality is hard to ensure, and solution templates easily 
lead to conservative designs. Connecting design parameters 
to process performance might also be limited for black-box 
systems, and first-principles models often have high 
computational costs for large flowsheets like steam boilers. 

4.2 Methods 

Process knowledge ICPD can be separated into heuristic 
design rules and systematic process characterization. While 
heuristics are easy to implement, they are strictly rule-based 
and inflexible. Moreover, while process and control design 
heuristics for individual boiler units like heat exchangers are 
readily available, plantwide design aspects are often ignored. 

A process can be characterized through its chemical/physical 
phenomena or through control oriented analysis (Vega et al. 
2014a). In phenomenon based analysis, thermodynamic 
properties are linked to control performance, considering 
energy, mass and momentum balances, generation terms, and 
driving forces (e.g. Alhammadi & Romagnoli 2004, Bogle et 
al. 2004, Hamid 2011, Meeuse & Grievink 2004). This 
approach has significant potential for power plant ICPD. The 
physical reasons for the non-minimum phase “shrink” and 
“swell” behaviour in drum boilers (Åström & Bell 2000) is a 
good example of phenomenon oriented control design. 
Similarly, Hultgren et al. (2015, 2014) defined how air-fired 
CFB control should be modified for oxy-firing based on the 
flowsheet and the properties of the combustion atmosphere.  

In system analysis based characterization, system behaviour 
is evaluated through lower-complexity (linear) models, using 
common or custom performance indices for the properties in 
section 3.3 (e.g. Alhammadi & Romagnoli 2004, Bogle et al. 
2004, Ekawati 2003, Engell et al. 2004, Weitz & Lewin 
1996). For example, Skogestad & Postlethwaite (2005) 
outlined an approach for input-output controllability, using 
sensitivity, pole-zero, minimum singular value, RGA and 
condition number analysis. Indeed, ICPD design approaches 
are often combinations of different methods, such as the 
process characterization cube of Hernjak et al. (2004). 

Controllability and interactions are central topics in the CFB, 
especially for the OTU boiler. Steam temperature control 
with multiple DSH sprays can result in ill-conditioning, and 
similar issues can be encountered for the primary and 
secondary oxidant flows (Hultgren et al. 2015). Relative gain 
analysis is well-suited for this design purpose. The analysis 
should be performed in the dynamic domain (DRGA), and 
the large dimensionality of the CFB flowsheet might require 
RGA modifications like the PRG or BRG. The BRG was 
used for boiler temperature control by Manousiouthakis et al. 

(1986). Hultgren et al. (2015) employed the PRG for oxy-
CFB plantwide control structure design and process 
interaction analysis. Maffezzoni et al. (1985) used control 
tools like Nyquist plots for solar power plant ICPD. 

4.3 Case study: steam path DRGA design 

System analysis in CFB boiler ICPD can be demonstrated 
with the DRGA and a simple steam path model that describes 
the relation between steam pressure, steam flow and the 
turbine MWe output. It consists of first-order blocks for the 
evaporation, superheating and turbine sections derived from 
(1)(2), where section sizes are represented by time constants 
(“mass storage coefficients”) (Doležal & Varcop 1970). The 
resulting 22 transfer function model has the boiler load and 
turbine valve as MVs, and the main steam pressure and 
output MWe as CVs. The evaporation and superheating mass 
storages TE and TS are modified, and the resulting DRGAs 
are calculated as a function of frequency (Fig. 3). 

 

Fig. 3.  DRGA elements of boiler-following control 
connections for evaporator (TE) and superheater (TS) sizes. 
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where C is mass storage (TE/TS), p is pressure, mS is steam 
mass flow, S is steam density and f is a pipe friction factor. 

 
Based on the DRGA, a large superheating mass storage TS 
leads to improved controllability, as stored steam between the 
turbine and the evaporator increases the decoupling between 
MWe and pressure control. Increasing the evaporating section 
size (TE) also improves controllability at low frequencies, but 
above 0.04 rad/s the situation is reversed, which could be 
explained by the evaporator and superheater size differences. 
The findings are visible as MWe control performance during 
output power setpoint changes (Table 2), using tightly tuned 
boiler-following PI control (turbine valveoutput MWe, main 
steam pressureboiler load loops) at constant steam pressure. 
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Table 2. MWe setpoint error during a triangular 5 % 

MWe setpoint disturbance, normalized by largest error. 

Ramp speed (s) 500 200 100 80 60 40 20 15 10 

TS, 

MWe 

error 

TS 1.00 0.98 0.97 0.97 0.98 0.99 0.99 0.99 0.98 
0.2TS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
3TS 0.98 0.92 0.90 0.92 0.94 0.96 0.97 0.97 0.96 

TE, 

MWe 

error 

TE 0.86 0.72 0.78 0.86 0.93 0.99 0.99 0.99 1.00 
0.3TE 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.97 0.98 
2TE 0.83 0.62 0.73 0.83 0.92 0.99 1.00 1.00 1.00 

 

5. MATHEMATICAL PROGRAMMING BASED ICPD 

5.1 General principles 

Mathematical programming ICPD defines the problem in a 
formal mathematical framework and searches for solutions 
systematically within it using an optimization algorithm. All 
approaches can essentially be derived from the basic problem 
statement “F” (3)–(4) (Hamid 2011, Sakizlis et al. 2004). 
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where x are states, y and u are process and design variables, t 
is time, F1 is economic objective, F2 is control objective, f are 
process equality constraints, h are performance equality 
constraints, g are performance inequality constraints, “L”/“U” 

are lower/upper bounds, and “0” denotes initial conditions. 

 
The setup of a mathematical programming ICPD approach 
largely depends on which design decisions are included in the 
problem, most importantly the need for dynamic optimization 
and discrete decisions. Structural decisions are formulated as 
mixed-integer (MILP or MINLP) problems, where the design 
progression is characterized by the chosen mixed-integer 
solver (Grossmann 2002). Likewise, ICPD can be performed 
either in the open-loop or the closed-loop. Methodologies are 
usually restricted to set controller types (Yuan et al. 2012), 
although research has aimed at including different controllers 
into the same formulation through perfect control, inverse 
optimality or controller parameterization (Alvarez et al. 2004, 
Lear et al. 1995, Perkins & Walsh 1996, Sharifzadeh & 
Thornhill 2013, Swartz 2004). Closed-loop design should 
include the controller parameters into the optimization to 
make different process setups comparable. As CFB boiler 
ICPD aims at improving load transitions, dynamic closed-
loop optimization will be necessary at least to some extent. 

The design goal is formed as a single economic objective or a 
set of goals, including dedicated control performance and 
controllability measures. The tradeoff between economic and 
control objectives can be formulated as a weighted sum, but 

as making objectives comparable is challenging, ICPD often 
relies on multi-objective optimization (Alhammadi & 
Romagnoli 2004, Ekawati 2003, Egea et al. 2007, Schweiger 
& Floudas 1998, Sharifzadeh & Thornhill 2013, Vega et al. 
2014b). Stochastic and probabilistic approaches are used for 
global optimization of difficult nonconvex IPCD problems 
(Bahakim & Ricardez-Sandoval 2014, Sendin et al. 2004). 
Defined disturbance scenarios and uncertainties also greatly 
affect the results of ICPD optimization. CFB design should 
center on fuel, air and feedwater disturbances for base load 
operation and load demand ramps for load-following boilers. 

Mathematical programming ICPD is effective at locating 
optimal and unconventional solutions, but it also results in 
difficult calculation problems and poor convergence for large 
flowsheets. This is a limitation for thermal power plants, 
where a plantwide perspective is preferable. “Optimal” 
results might also not be applicable in real life (Alvarez et al. 
2004). In fully simultaneous design, separating the effects of 
control and process design decisions can also be difficult. 

5.2 Methods 

The simplest way to implement mathematical programming 
based ICPD is to incorporate control performance measures 
to process optimization as constraints or cost function terms 
(e.g. Francisco et al. 2011, Vega et al. 2014b, Yuan et al. 
2012), forming a tradeoff between economics and control. 
Control indices easily result in local optima, non-convexities 
and multiplicities in the cost function (Egea et al. 2007, 
Schweiger & Floudas 1998). This has to be considered for 
design goal definitions in transient-driven CFB design. 

In dynamic optimization, ICPD is carried out with a dynamic 
model and a single economic objective, considering process 
and control design together from the start. Especially the 
comprehensive mixed-integer dynamic optimization (MIDO) 
approach has attracted interest (Bahri et al. 1997, Bansal et al. 
2000, Flores-Tlacuahuac & Biegler 2008, Miranda et al. 
2008, Mohideen et al. 1997, Sakizlis et al. 2004, Terrazas-
Moreno et al. 2008). A MIDO is solved by converting it into 
a MINLP through simultaneous, sequential or hybrid 
discretization (Sharifzadeh 2013). MIDO design is limited by 
its high computational requirements for large industrial CFB 
flowsheets. MIDO was used for combustion power plants by 
Diangelakis et al. (2017) and Diangelakis & Pistikopoulos 
(2016). Dynamic optimization was also employed in the 
efficiency oriented boiler ICPD of Chen & Bollas (2017). 

Embedded control optimization casts the dynamic ICPD task 
as an iterative bi-level framework (Moon et al. 2011, Yuan et 
al. 2012). The outer level looks for design parameters that 
govern the dynamics with a first-principles model. The inner 
level tests the dynamic performance with state-space models 
based on outer level design decisions. Deshmukh & Allison 
(2013) utilized a similar approach for wind turbine ICPD. 

In robust optimization ICPD, robust control tools are used for 
evaluating stability and flexibility by describing the system 
with low-order models with uncertainty (Chawankul et al. 
2007, Grosch et al. 2008, Mönnigmann & Marquardt 2002, 
Ricardez-Sandoval et al. 2009). Robust ICPD is divided into 
Lyapunov linear matrix inequality and structured singular 
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value methods (Ricardez Sandoval 2008). The focus on 
worst-case disturbances easily leads to conservative designs. 

In back-off optimization, the starting point of the design is a 
steady-state process optimum with control. The system 
dynamics are examined together with disturbances to find the 
process variability region, and the operating point is “backed 

off” from system constraints accordingly. The minimization 
of the back-off penalty leads to the optimal dynamic 
operating point (Kookos & Perkins 2004, Yuan et al. 2012). 
The approach is quite limited for load-following CFB design, 
as load change disturbances would require a large back-off, 
but it could be considered e.g. for steam temperature control.  

5.3 Case study: closed-loop steam path optimization 

ICPD optimization can be demonstrated with the chapter 4.3 
steam path model. Boiler-following PID control is applied for 
the main steam pressure and output power, with tight tuning 
for the MWe controller. The pressure controller parameters 
are then optimized together with the superheater storage TS 
to minimize the pressure control error in constant pressure 
operation. The process is excited with two fast output MWe 
setpoint ramps. The cost function is the steam pressure IAE 
error, and the optimization is performed with the Nelder-
Mead algorithm. The results are compared to optimal PID 
parameters for the original TS mass storage (Fig. 4). 

 

Fig. 4. Boiler-following steam pressure control for MWe 
setpoint ramps. Optimized PID parameter base case (minimal 
pressure tracking error) vs. ICPD case with optimized 
superheating mass storage TS and PID controller parameters. 

The optimization successfully determined the TS storage and 
modified the pressure controller parameters accordingly. At 
constant pressure, a large superheater enables accurate steam 
pressure control and also slightly improved MWe control 
(Table 3), as was also indicated by the DRGA in section 4.3. 
However, when the optimization is run in sliding-pressure 
mode (MWe and pressure setpoints change according to load 
level), a small superheating section gives the most effective 
pressure control. The loop decoupling suggested by the 
DRGA is thus overshadowed by the fast dynamics of a small 
steam storage. Moreover, including the MWe controller and a 
MWe setpoint tracking objective into the optimization 
resulted in local optima, since TS mainly affects the steam 
pressure response. Indeed, fast MWe control with the turbine 
valve can basically be achieved for any superheater size. 

Table 3. Optimal ICPD results for constant and sliding 

pressure MWe ramps, normalized by optimized PID 

controller base case. DN = derivative PID filter. 

 P I D DN TS p IAE MWe IAE 

Constant pressure 1.12 1.12 1.12 0.43 2.00 0.87 0.97 
Sliding pressure 1.20 1.01 2.12 4.53 0.50 0.97 0.99 

 

6. CONCLUSIONS 

Steam boiler control is a specific field with requirements that 
differ from many other chemical processes: strong loop 
interactions, a wide range of operating points, and a focus on 
load transition performance. Based on literature, integrated 
control and process design (ICPD) is useful for improving 
load change speed in circulating fluidized bed (CFB) power 
plants. Almost no ICPD studies exist for large-scale boilers, 
and as ICPD is a wide research field, a review of its 
approaches was provided here, focusing on CFB design. 

Both process knowledge and mathematical programming 
ICPD is basically applicable to the CFB. Phenomenon based 
process characterization is a good starting point, as it can use 
existing design knowledge, and as dynamic optimization, in 
particular, is computationally heavy for the CFB flowsheet. 
Phenomenon based boiler analysis constitutes the steam 
thermodynamics, combustion reactions and heat transfer. 

ICPD design was demonstrated on an industrial CFB steam 
path model. Evaporation and superheating mass storages 
were modified through DRGA analysis and closed-loop 
optimization to generate improved load changes. However, 
the cases also highlighted challenges related to the chosen 
optimization objective formulation and analysis methods.   
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value methods (Ricardez Sandoval 2008). The focus on 
worst-case disturbances easily leads to conservative designs. 

In back-off optimization, the starting point of the design is a 
steady-state process optimum with control. The system 
dynamics are examined together with disturbances to find the 
process variability region, and the operating point is “backed 

off” from system constraints accordingly. The minimization 
of the back-off penalty leads to the optimal dynamic 
operating point (Kookos & Perkins 2004, Yuan et al. 2012). 
The approach is quite limited for load-following CFB design, 
as load change disturbances would require a large back-off, 
but it could be considered e.g. for steam temperature control.  

5.3 Case study: closed-loop steam path optimization 

ICPD optimization can be demonstrated with the chapter 4.3 
steam path model. Boiler-following PID control is applied for 
the main steam pressure and output power, with tight tuning 
for the MWe controller. The pressure controller parameters 
are then optimized together with the superheater storage TS 
to minimize the pressure control error in constant pressure 
operation. The process is excited with two fast output MWe 
setpoint ramps. The cost function is the steam pressure IAE 
error, and the optimization is performed with the Nelder-
Mead algorithm. The results are compared to optimal PID 
parameters for the original TS mass storage (Fig. 4). 

 

Fig. 4. Boiler-following steam pressure control for MWe 
setpoint ramps. Optimized PID parameter base case (minimal 
pressure tracking error) vs. ICPD case with optimized 
superheating mass storage TS and PID controller parameters. 

The optimization successfully determined the TS storage and 
modified the pressure controller parameters accordingly. At 
constant pressure, a large superheater enables accurate steam 
pressure control and also slightly improved MWe control 
(Table 3), as was also indicated by the DRGA in section 4.3. 
However, when the optimization is run in sliding-pressure 
mode (MWe and pressure setpoints change according to load 
level), a small superheating section gives the most effective 
pressure control. The loop decoupling suggested by the 
DRGA is thus overshadowed by the fast dynamics of a small 
steam storage. Moreover, including the MWe controller and a 
MWe setpoint tracking objective into the optimization 
resulted in local optima, since TS mainly affects the steam 
pressure response. Indeed, fast MWe control with the turbine 
valve can basically be achieved for any superheater size. 

Table 3. Optimal ICPD results for constant and sliding 

pressure MWe ramps, normalized by optimized PID 

controller base case. DN = derivative PID filter. 

 P I D DN TS p IAE MWe IAE 

Constant pressure 1.12 1.12 1.12 0.43 2.00 0.87 0.97 
Sliding pressure 1.20 1.01 2.12 4.53 0.50 0.97 0.99 

 

6. CONCLUSIONS 

Steam boiler control is a specific field with requirements that 
differ from many other chemical processes: strong loop 
interactions, a wide range of operating points, and a focus on 
load transition performance. Based on literature, integrated 
control and process design (ICPD) is useful for improving 
load change speed in circulating fluidized bed (CFB) power 
plants. Almost no ICPD studies exist for large-scale boilers, 
and as ICPD is a wide research field, a review of its 
approaches was provided here, focusing on CFB design. 

Both process knowledge and mathematical programming 
ICPD is basically applicable to the CFB. Phenomenon based 
process characterization is a good starting point, as it can use 
existing design knowledge, and as dynamic optimization, in 
particular, is computationally heavy for the CFB flowsheet. 
Phenomenon based boiler analysis constitutes the steam 
thermodynamics, combustion reactions and heat transfer. 

ICPD design was demonstrated on an industrial CFB steam 
path model. Evaporation and superheating mass storages 
were modified through DRGA analysis and closed-loop 
optimization to generate improved load changes. However, 
the cases also highlighted challenges related to the chosen 
optimization objective formulation and analysis methods.   
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