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Niva, Laura, Self-optimizing control of oxy-combustion in circulating fluidized bed
boilers. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 690, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract
Energy production in combustion power plants is a significant source of anthropogenic carbon
dioxide emissions. The targets of international climate agreements call for utilizing all available
technologies to achieve rapid and cost-effective emission reductions. Carbon capture and storage
is one of the possible technical solutions applied in combustion power plants.

Circulating fluidized bed boilers have gained increasing popularity due to advantages in
availability, emission control, fuel flexibility and option for using challenging fuels, and the
possibility of using high-efficiency steam cycles. In the novel process of oxy-combustion,
combustion air is replaced by a mixture of oxygen and recycled flue gas to facilitate the capture
of carbon dioxide from the flue gas flow. Additional degrees of freedom become available for
combustion control as the gas flow and composition can be controlled separately for fluidization
and combustion purposes.

In the research for this thesis, self-optimizing control was applied for the control structure
design of a circulating fluidized bed boiler. Self-optimizing control offers a systematic tool for the
early phases of control design, in which decisions have traditionally been made based on intuition,
heuristics and previous experience. The self-optimizing control approach searches for controlled
variables without a need for constant setpoint optimization when the process is affected by
disturbances and implementation errors.

Results presented in the thesis show that self-optimizing control can be applied in the control
structure design of circulating fluidized bed combustion. A range of control structure alternatives
were evaluated using steady-state approximations of a validated process model. For the novel oxy-
combustion process, promising control structures were identified and could be dynamically
demonstrated.

Keywords: carbon capture and storage, circulating fluidized bed boilers, control
structure design, fluidized bed combustion, oxy-combustion, process control





Niva, Laura, Happipolton itseoptimoiva säätö kiertoleijukattiloissa. 
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Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Energiantuotanto polttovoimalaitoksissa on merkittävä hiilidioksidipäästöjen lähde.
Kansainväliset ilmastotavoitteet edellyttävät kaikkien käytettävissä olevien teknologioiden hyö-
dyntämistä päästövähennysten aikaansaamiseksi nopeasti ja kustannustehokkaasti. Hiilidioksidin
talteenotto on yksi mahdollisista teknisistä ratkaisuista polttovoimalaitoksissa.

Kiertoleijukattilat ovat saavuttaneet kasvavaa suosiota etuinaan hyvä käytettävyys, tehokas
päästöjen hallinta, soveltuvuus erilaisten haastavienkin polttoaineiden hyödyntämiseen ja mah-
dollisuus tehokkaiden höyrykiertojen käyttöön. Uudessa happipolttoprosessissa palamisilma
korvataan hapen ja kierrätetyn savukaasun seoksella, mikä mahdollistaa hiilidioksidin talteen-
oton savukaasuista. Kiertoleijupolton säädön kannalta vapausasteet lisääntyvät, sillä leijutuk-
seen ja polttamiseen käytettävän kaasun määrää ja koostumusta voidaan säätää erikseen.

Väitöstutkimuksessa käytettiin itseoptimoivaa säätöä kiertoleijukattilan säätörakenteiden
suunnitteluun. Itseoptimoiva säätö tarjoaa systemaattisen menetelmän säätösuunnittelun alkuvai-
heeseen, jossa päätöksenteko on perinteisesti tehty esimerkiksi intuition, heuristiikan ja aiempi-
en ratkaisujen perusteella. Menetelmän tavoitteena on löytää säädettävät muuttujat, joiden ase-
tusarvot eivät vaadi jatkuvaa optimointia, vaikka prosessiin vaikuttavat erilaiset häiriöt ja mit-
tausvirheet.

Väitöstutkimuksen tulokset osoittavat, että itseoptimoiva säätö soveltuu kiertoleijupolton sää-
törakenteiden suunnitteluun. Erilaisten säätörakenteiden toimivuutta arvioitiin käyttäen validoi-
dun prosessimallin tasapainotilan approksimaatioita. Uudelle happipolttoprosessille löydettiin
lupaavia säätörakenteita, joiden toimintaa voitiin demonstroida myös dynaamisesti.

Asiasanat: happipoltto, hiilidioksidin talteenotto, kiertoleijukattilat, leijukerrospoltto,
prosessien säätö, säätörakenteiden suunnittelu
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Abbreviations and nomenclature 
ASU air separation unit 

BECCS bioenergy and CCS 

BFB bubbling fluidized bed 

CFB circulating fluidized bed 

CLC chemical looping combustion 

CCGT combined cycle gas turbine 

CCS carbon capture and storage 

CCUS carbon capture, utilization and storage 

CPU CO2 processing unit 

CV controlled variable 

DOF degree of freedom 

DV disturbance variable 

EOR enhanced oil recovery 

FB fluidized bed 

FD forced draft 

FGD flue gas desulfurization 

FTIR Fourier transform infrared spectroscopy 

GHG greenhouse gas 

GWP global warming potential 

ICI integral controllable with integrity 

ID induced draft 

IEA International Energy Agency 

IGCC integrated gasification combined cycle 

IPCC Intergovernmental Panel on Climate Change 

MCR maximum continuous rating 

MPC model predictive control 

Mtoe million tonnes of oil equivalent, 1 Mtoe = 41.868 PJ (IEA) 

MV manipulated variable 

MWe megawatt, electric; electric output power 

MWth megawatt, thermal; thermal power 

NI Niederlinski index 

ODE ordinary differential equation 

PID proportional integral derivative (control) 

PC pulverized coal 

PF pulverized fuel 
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PFBC pressurized fluidized bed combustion 

PRG partial relative gain 

RFG recycled flue gas 

RTO real-time optimization 

SC supercritical (steam cycle) 

SCR selective catalytic reduction 

SNCR selective non-catalytic reduction 

SISO single input, single output 

SOC self-optimizing control 

SOM self-organizing map 

SNN sigmoid neural network 

TPES total primary energy 

TPM throughput manipulator 

USC ultra-supercritical (steam cycle) 

 

u inputs, manipulated variables 

y output 

cn control configuration, CV set, n=1,2,…,C 

dn disturbance, n=1,2,…,D, d1 = nominal case 

in implementation error, n=1,2,…,I, i1 = nominal case 

J(c,d,i) cost for given CV set, disturbance and implementation error 

L(c,d) loss for given CV set and disturbance, L(c,d) = J(c,d) - Jopt(d) 

g constraints 

uopt(d) optimal u for disturbance d 

yopt(d) optimal y for disturbance d 

Jopt(d) optimal cost for disturbance d 

 

 mass flow rate 
e evaporator power, heat flow rate from evaporator to steam cycle 
fg heat flow rate from flue gas recovery section 

 volume flow rate 

vf fluidization velocity above grid 

w mass fraction (0-1) 
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Notation examples: 

wO2
fg concentration of component (subscript) in flow (superscript) 

 density in bed at level 1 (levels 1-20) 

 temperature in bed at level 1 (levels 1-20) PO/  ratio of primary oxidant and fuel mass flows 

Super/subscripts: 

fuel fuel 

fg flue gas 

PO primary oxidant 

SO secondary oxidant (multiple injection points) 

RFG recycled flue gas   
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1 Introduction 

1.1 Background 

Modern society and industry are built on a basis of reliable power generation and 

distribution, and further electrification is one of the global megatrends. The 

coupling of energy production and CO2 emissions has held for more than a century. 

Global energy demand, measured by total primary energy supply (TPES), increased 

by 150% during 1971–2015 (IEA, 2017) and continues to rise: during 2017, global 

energy demand increased by 2.1% to 14050 Mtoe (588245.4 PJ), while electricity 

demand increased by 3.1% to 25570 TWh (92052 PJ) (IEA, 2018). Scenarios 

suggest that the global energy demand will further increase by 30% by 2040 (IEA 

WEO, 2017). However, trends in energy consumption and production are 

remarkably regional and polarized (Figure 1). A major share of the current growth 

in energy demand occurs in emerging economies in Asia, especially China, India, 

and Southeast Asia, while advanced economies are expecting downward curves. 

For example, in Finland in 2017, TPES decreased by 1% to 1360 PJ, and electricity 

consumption was 85.5 TWh (307.8 PJ, almost equal to the previous year). 

(Statistics Finland, 2018a) 

Fig. 1. IEA scenario for changes in primary energy demand 2016–2040. (Data: IEA WEO, 
2017) 



20 

Since the beginning of the industrial era, societies have been highly reliant on fossil 

fuels, and thus enormous amounts of anthropogenic carbon dioxide (CO2) 

emissions – originating from oxidation of fuel carbon – have been released to the 

atmosphere, contributing to global warming through increased retention and 

reflection of heat in the lower atmosphere together with other greenhouse gases 

(GHG) (e.g. methane CH4 and nitrous oxide N2O). Carbon dioxide is indeed not 

the strongest greenhouse gas emitted, but it is the most prevalent, especially in the 

energy sector (energy-related CO2 accounts for 75% of GHG emissions in 

advanced economies). In 2017, estimated global CO2 emissions from energy-

related sources reached a record high of 32.5 Gt/a (Figure 2), and global 

atmospheric CO2 concentration continued to rise above 400 ppm. (IEA, 2017; IEA, 

2018)  

Fig. 2. Global CO2 emissions from fuel combustion 1971–2015. (Data: IEA 2017) 

The role of fossil fuels in satisfying global energy demand has been relatively stable 

for decades (81% in 2017) and no rapid changes are expected. Power plants are 

typically long-term investments, with lifespans measured in decades. The share of 

renewables in global electricity generation (Figure 3) is increasing, but the share of 

fossil fuels was still 65% in 2017 (IEA, 2018). The emission intensities of energy 

systems are strongly affected by e.g. available resources (such as abundant 

indigenous coal reserves) and security in supply, differences in existing generation 

portfolios, and political decisions. Grid balancing is an important issue. Increasing 
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intermittent renewable energy production (especially wind and solar power) in the 

current absence of large-scale storage and demand flexibility sets a demand on 

controllable power generation, which includes combustion power plants. 

Combustion power plants are thus unlikely to be abandoned in the near future, 

despite the decommissioning of aging plants.  

Fig. 3. Global electricity generation 2017, altogether 25570 TWh. (Data: IEA 2018) 

International endeavors for decelerating and restricting the effects of climate 

change through reducing GHG emissions were initiated when the United Nations 

Framework Convention on Climate Change (UNFCCC) was achieved in Rio de 

Janeiro in 1992 (UNFCCC, 2018). The Kyoto Protocol entered into force in 2005 

with binding GHG emission reduction commitments under international law for 

Annex I parties (advanced economies), and international emissions trading was 

introduced as a market-based mechanism for CO2 mitigation. The European Union 

emissions trading system (EU ETS) is the largest of national or regional level 

trading schemes, with cap-and-trade principle, and covers around 45% of EU GHG 

emissions. The Paris Agreement was adopted in late 2015 to involve all nations of 

the world. Through nationally determined contributions in emission reductions 

from the year 2020 onwards, all parties must strive towards keeping the global 

temperature rise below 2 °C in this century compared to pre-industrial levels, and 

to pursue efforts to further limit the increase to 1.5 °C. 

The 2 °C target equals ambitious CO2 emission trajectories for the next decades. 

Major investments in renewable energy, non-carbon-intensive energy, and energy 

efficiency are required, while global energy demand is expected to grow by 30% in 

the next 20 years. The scale of measures that should be taken to curb emissions is 
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astounding, and thus it is widely agreed that the whole range of options for CO2 

mitigation must be utilized with a rapid deployment rate in order to reduce the 

overall cost of the system transformation. 

Carbon capture and storage (CCS) comprises a variety of technologies capable 

of capturing CO2 emissions from industrial processes and power plants. Combined 

with combustion technologies capable of using biomass and less carbon-intensive 

fuels (such as circulating fluidized bed control), it has the capability of net removal 

of CO2 from the atmosphere. CCS is included in all major scenarios for CO2 

mitigation, although its large-scale application has been delayed in the face of 

several challenges, including the lack of economic incentive for CCS. Major 

technological issues include reducing the energy consumption of the CCS chain, 

most of which is directly related to the capture technology at the plant. The role of 

careful process design and control can hardly be overestimated. 

Developing well-performing control is in general imperative for addressing the 

current and future challenges of large-scale processes, often related to more 

efficient use of resources with reduced stress on the environment. A focus on 

sustainability results in process integration, intensification, need for efficient 

emission control, and shifting to renewable fuels with certain challenges. Daoutidis, 

Zachar and Jogwar (2016) discussed the role of process control in sustainability; 

control is a key enabling technology for implementing sustainable technologies, 

and sustainability practices create operational challenges which in turn motivate 

developments in control. 

A wealth of methods, algorithms and systematic tools are available for control 

design, but the purpose of process control is not the perfect tracking of setpoints; it 

is the achievement of objectives (often economic in nature) set for the process 

(Engell, 2007). Constraints for the system performance are set by the control 

structure; what variables are controlled and/or measured, what variables are 

manipulated, and how these variables are connected. In the plant-wide scale, 

control structure design is often based on previous experience, heuristics, or simply 

a good guess by an experienced engineer. Self-optimizing control (Jäschke, Cao & 

Kariwala 2017; Larsson & Skogestad, 2000; Skogestad, 2000, 2004a, 2004b, 2012, 

2015) is a systematic tool for control structure selection, based on economic criteria 

assessed over a range of operating conditions in steady-state. Despite advances in 

process control, feedback control is not out of fashion; the use of good self-

optimizing controlled variables in the regulatory control layer may eliminate the 

need for an additional optimization layer in the control hierarchy, thus relieving 

control system complexity and associated issues. 
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The application of oxy-combustion in a circulating fluidized bed offers new 

degrees of freedom for control, as well as challenges for operation. The oxy-CFB 

power plant is an illustrative example of an existing process in which recent 

developments have increased the complexity of the plant via integration, recycle 

loops, and new objectives for operation. Existing controls may thus not be optimal, 

and a careful examination of alternative solutions is necessary. 

1.2 Objectives and scope 

The main objective of the research included in this thesis is to show the 

applicability of the systematic procedure of self-optimizing control for control 

structure design in circulating fluidized bed combustion. Oxy-combustion in CFB 

is a novel process with the purpose of CO2 capture; an existing fleet of control 

solutions is available for the conventional air-fired CFB, but oxy-combustion has 

profound effects on the process and on the degrees of freedom. 

To present the background of the research problem and the raison d'être of oxy-

combustion, the issue of CO2 mitigation from power plants is discussed in the 

Introduction and in Section 2, with a focus on CCS technology and its current status. 

The rationale of oxy-combustion in CFB is only briefly mentioned in the original 

publications, and hence the topic is covered in this introduction. 

Section 3 describes circulating fluidized bed combustion and the novel process 

of oxy-combustion in CFB. The advantages of CFB combustion are retained in 

oxy-CFB but understanding the profound effects of the switch from air to a 

synthetic oxidant is essential for decisions related to the design, operation, and 

control of the boiler. 

Section 4 presents the concept of self-optimizing control, which is a systematic 

procedure for control structure design, with emphasis on obtaining a simple 

structure with only slightly suboptimal performance compared to optimal control. 

“Control structure design” here refers to the task of selecting a good set of 

controlled variables. “Self-optimization” is a property of these controlled variables, 

not of the controller(s). The procedure is different from adaptive control or online 

optimization methods, as it is carried out once offline.  

Section 5 presents control structure design in air- and oxy-fired CFB based on 

results presented in Publications II–V. Section 6 is for discussion and presentation 

of further research topics, and finally Section 7 concludes the thesis. 

Publication I describes the preliminary data analysis of an operating CFB boiler 

using Self-Organizing Maps (SOM) and correlation analysis. The application of 
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self-optimizing control analysis in a conventional air-fired CFB combustor is 

described in Publications II and III. The application of self-optimizing control 

analysis in an oxy-fired CFB combustor is first described in Publication III. In 

Publications IV and V, Partial Relative Gain (PRG) is used in parallel with SOC for 

control structure design. For Publications II–V, a validated dynamic model for a 

pilot-size CFB is used for control structure design purposes. In Publication V, 

which is an extension of Publication IV, dynamic simulation with multi-SISO PID 

control is included for illustrative purposes.  

1.3 Contribution of this thesis 

The contribution of this thesis, based on the results presented in the original 

publications and this introduction, can be summarized as follows: 

– The self-optimizing control (SOC) approach is applicable to control structure 

design in CFB boilers. The problem setup comprises a model of the process, 

the formulation of the operation objectives as a cost function, and the 

identification of important disturbances to be included in the analysis. 

Affordable computation times can be achieved using steady-state 

approximation of the CFB model. Once the problem has been formulated, the 

addition of control structures in the analysis is straightforward, which 

facilitates the screening of large candidate sets for controlled variables. 

– For the novel process of oxy-combustion in CFB, the self-optimizing control 

approach provides a systematic tool for identifying and evaluating novel 

control structures. Control structures have traditionally been chosen based 

mainly on intuition, proven solutions and heuristics. In many cases, the 

successful and widely adopted structures are self-optimizing, which was also 

noted for the air-CFB in the analysis. For oxy-combustion in CFB, promising 

control structures were found and justified based on SOC results. Multi-SISO 

control was generated based on concurrent loop pairing with the partial relative 

gain method, and dynamic demonstration showed the applicability of a 

proposed structure. 
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2 CO2 mitigation in power plants 

2.1 Technological options for reducing net CO2 emissions 

Technological options for reducing net anthropogenic CO2 emissions (and/or 

atmospheric concentrations) include (IPCC, 2005): 

– reducing energy consumption (increasing efficiency throughout the system 

from conversion to consumption, enhancing less energy-intensive economic 

activity) 

– increasing the use of renewable and nuclear energy, reducing carbon intensity 

by fuel switching (e.g. coal to gas) 

– sequestration of CO2 by enhancing natural absorption (in forests and soil) 

– CO2 capture and storage (CCS), capturing CO2 chemically or physically and 

isolating it from the atmosphere. 

There are several factors contributing to the extent of use for each technique, 

including cost, capacity, environmental impact, possible rate of deployment, and 

social factors such as public acceptance. Because of the scale of emission 

reductions required to match the atmospheric stabilization targets, it is widely 

agreed that the whole portfolio of technological options must be utilized for cost-

effective and rapid CO2 mitigation.  

On the energy market and power grid level, there are various areas of 

developments with an effect on CO2 emissions. Technological improvements have 

directly reduced energy consumption (vehicles, lighting, appliances) by a factor of 

2–4 since 1970 (IPCC, 2005), which translates to important ‘negawatts’. Reducing 

losses is also an important issue: in Finland, for example, grid losses account for 

approximately 3% of total electrical power consumption (Energiateollisuus, 2018). 

Considering the power system and the need for grid balancing, the increasing share 

of intermittent renewable energy (solar, wind) sets focus on increasing flexibility 

in generation and consumption, as well as on developing large-scale storage (in 

addition to dammed and pumped-storage hydroelectric generation). Wide 

integration of electrical grids and power markets should also help with the 

challenges of intermittent production. On the energy market level, the fundamental 

structure of the energy market could be challenged; a transition from throughput-

based profit to profit from energy services delivered at the lowest cost could result 

in consumption and emission reductions (Steinberger, van Niel & Bourg, 2009). 
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For combustion power plants, the main options promoting CO2 mitigation are 

related to switching to less carbon-intensive fuels, improving efficiency, and using 

CCS technology for carbon capture. Use of less carbon-intensive fuels is a cost-

effective method for reducing net emissions. For example, switching from coal to 

gas results in 40% reduction in CO2 emissions (Statistics Finland, 2018b). 

Combustion of biomass provides net CO2 emission reductions, but it can also be 

challenging for the combustion process. Combustion of certain problematic fuels 

such as waste (to avoid landfills and methane emissions) and sewage sludge (to 

reduce the amount of harmful substances in the recycle) can also be used for 

producing energy. 

Improving efficiency in power generation is an important task. This comprises 

the use of high-efficiency components (improved turbines, frequency converters, 

etc.) and high-efficiency cycles. The effect of well-performing control should not 

be underestimated.  

Cogeneration of heat and power (Combined heat and power, CHP) – or 

trigeneration with cooling as a product – is a means of reducing energy loss and 

primary energy consumption significantly compared to separate production. The 

thermal efficiency of a CHP plant can reach 90%, compared to 40% in condensing 

power plants (however, electrical efficiency is somewhat reduced and the plant 

must be located close to consumers of thermal energy). For example, in Finland, 

condensing power generation (with the exception of nuclear power plants) is minor 

(3.5%) compared to cogeneration in municipal and industrial CHP (14.0% and 

10.7%), as there are 2.8 million inhabitants in households connected to district 

heating, with 33.2 TWh heat consumption in 2016 (Energiateollisuus, 2017). 

Combined cycles, most often combined cycle gas turbine (CCGT) plants, 

combine the high-temperature Brayton cycle and low-temperature Rankine cycles 

for enhanced electrical efficiency (up to 50–60%) and improved overall plant 

efficiency, by utilizing the heat in gas turbine exhaust gas (even 600 °C) for heat 

recovery steam generation. As for combined cycles capable of coal firing, 

pressurized fluidized bed combined cycles (flue gas expansion through a gas 

turbine), as well as integrated and partial gasification combined cycles have been 

proposed (Basu, 2006). 

The use of high-efficiency steam cycles (supercritical (SC) and ultra-

supercritical (USC) plants) is anything but trivial, as approximately 40% of global 

power generation is based on coal-fired steam cycle plants operating with the 

Rankine cycle (Breeze, 2012). The efficiency of steam cycles (net work per heat 

input) is practically limited to approximately 50%, and for the existing fleet, the 
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global average of electrical efficiency (LHV basis) is 35%, ranging between 26 and 

41%. An example of a modern high-efficiency plant is the bituminous coal fired 

USC 400 MWe Nordjylland Unit 3 in Denmark, with net electrical efficiency 47% 

(steam conditions 582 °C/580 °C/580 °C/29 MPa) (Santoianni, 2015). 

Table 1. Steam parameters and efficiencies for PC plant steam cycles (modified from 
Nicol, 2013). 

Cycle Steam properties Efficiency (LHV)  

for hard coal 

Coal consumption  

(g/kWh) 

Subcritical ≤540 °C, <22.1 MPa <35% ≥380 

Supercritical (SC) 540–580 °C, 22.1–25 MPa 35–40% 380–340 

Ultra-SC (USC) 580–620 °C, 22.1–25 MPa 40–45% 340–320 

Advanced USC (AUSC) 700–725 °C, 25–35 MPa 45–52% 320–290 

Nicol (2013) summarized the theoretical and practical aspects of further improving 

steam cycle efficiency. The limitations for steam cycle efficiency stem firstly from 

the limited efficiency of any cycle, even the ideal Carnot cycle (efficiency 

approaches 100% only when the difference between the hot and cold reservoir 

temperatures approaches infinity). Based on thermodynamics, increasing steam 

parameters (p, T) improves efficiency (see Table 1). The primary means for 

improvement is increasing steam temperature, because increasing pressure has a 

smaller effect (+0.8% for 25 to 35 MPa) and requires thicker components, limiting 

heat transfer dynamics relevant for load changing. Increasing the maximum steam 

temperature by 20 °C increases the efficiency by approximately 1%-point, +2.2% 

for the shift from 600 to 700 °C. There is a balance between profit from efficiency 

improvement and increased cost due to the use of advanced steel grades. With 

current materials, steam temperature at the turbine inlet is limited to approximately 

620 °C. Advanced chromium steels and nickel alloys could allow steam 

temperatures between 700 and 725 °C.  

For low-grade heat-to-power applications, water might not be the best working 

medium; instead, organic compounds with lower boiling points could be used. The 

working fluid in a Rankine cycle is not water by definition, but it is the most 

common substance in use, because it is abundant, low-cost, harmless, relatively 

inert and has beneficial thermodynamic properties for the purpose, such as high 

specific heat capacity. 
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2.2 Carbon capture and storage – CCS 

Carbon Capture and Storage (CCS) (or sequestration, but this term is often reserved 

for natural sinks) involves three main steps: CO2 capture, transport, and long-term 

storage for isolation from the atmosphere. If some of the captured CO2 is utilized, 

the chain can also be termed CCUS (Carbon Capture, Utilization and Storage). 

When combined with carbon neutral bioenergy (BECCS), CCS is one of the 

Negative Emission Technologies (NET) capable of net removal of CO2 from the 

atmosphere, which makes it unique among the methods for CO2 emission 

reductions in power plants. 

CCS comprises an extensive set of technologies, in various stages of 

technological readiness and commercialization. Some of the technologies have 

been commercially deployed for decades in different industrial applications. State-

of-the-art developments in CCS were extensively reviewed in e.g. Bui et al. (2018), 

and in the preceding publications by Boot-Handford et al. (2014) and Mac Dowell 

et al. (2010).  

The main applications of CCS are foreseen in large stationary sources because 

of the economy of scale and transportation and storage arrangements. Obvious 

application areas of CCS include combustion power plants, preparation of fuels 

(e.g. natural gas processing), and certain CO2 intensive industrial processes, 

including the production of iron and steel, cement, ammonia, and hydrogen. Direct 

application of CCS in small dispersed sources (e.g. vehicles and buildings) is 

impractical, but since they account for approximately 38% of CO2 emissions (IPCC 

2005), they could be supplied with energy carriers (electricity, biofuels, hydrogen) 

produced in large facilities with CO2 capture. As a curiosity, recently, a CCS 

application of direct air capture (DAC) with membrane technology and low-grade 

waste heat utilization has been reported in Zürich and Reykjavik by the company 

Climeworks (2017), combined with a pilot basalt CO2 storage demonstration.  

2.2.1 Capture technologies 

There are three main approaches for CO2 capture from combustion power plants, 

schematically illustrated in Figure 4 (IPCC, 2005): 

– post-combustion capture: separation of CO2 from exhaust / flue gas 

– pre-combustion capture: processing of fuel to separate CO2 
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– oxy-combustion capture: using pure oxygen instead of air, producing flue gas 

that is mainly CO2 and H2O. 

Fig. 4. CO2 capture technologies for power plants. Schematic presentation. 

Post-combustion capture involves the separation of CO2 from regular exhaust gas 

flow, with a typical concentration of 12–14% CO2 (Davidson & Santos, 2010). 

Chemical absorption (often in aqueous amine solutions, such as monoethanol 

amines, MEA) is commonly used. Post-combustion capture is considered to be a 

mature technology (technology currently widely used in e.g. natural gas 

processing), and it can be easily be retrofitted to a power plant as a separate process; 

however, the solvent regeneration process is very energy-intensive. Post-

combustion is commercially applied in two power plants in USA and Canada, with 

the purpose of producing CO2 for enhanced oil recovery (EOR) in nearby oil fields. 

Other capture technologies have not yet reached commercial scale in power plants. 

Pre-combustion capture involves the gasification of fuel to produce synthesis 

gas (syngas) composed of CO and H2. CO reacts with steam in a catalytic reactor 

(shift converter) to produce more H2 and CO2. CO2 is then captured, often with 
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physical or chemical absorption, to produce hydrogen-rich fuel to be utilized in e.g. 

gas turbines, engines, boilers, and fuel cells. Pre-combustion capture in IGCC 

plants with coal gasification has been of interest, but the technology has faced 

problems with high costs and low availability. 

In oxy-combustion, nitrogen is eliminated from the combustion by using a 

mixture of pure oxygen and recycled flue gas (RFG) instead of air (combustion 

with pure oxygen would result in a combustion temperature of about 3500 °C, far 

too high for current materials). Flue gas mainly consists of CO2 (80–98%, dry basis), 

H2O, excess O2, and other components in the input streams. The high concentration 

of CO2 in the stream facilitates the capture and eliminates the need for an additional 

capture process. However, the energy-intensive air separation phase inflicts a high 

efficiency penalty. The CO2 capture rate is close to 100%.  

There are also other promising technologies for CO2 capture, including 

chemical looping combustion (CLC), in which fluidized oxygen carrier particles 

(metal oxides) supply the oxygen required for fuel combustion. 

2.2.2 Transport and storage/utilization 

After separation, the CO2 product steam is purified and dried to meet the 

requirements of transport and storage (avoiding condensation and corrosion in the 

pipeline, as well as environmental problems with disposal) or utilization.  

Efficient transportation of CO2 requires compression (the dense phase volume of 

CO2 is 0.2% of STP conditions). Technologies required for CO2 transport are 

commercial. Several million tonnes of CO2 are transported annually via pipeline, 

by ship or by road tankers. (IPCC, 2005) There are more than 6500 km of existing 

CO2 pipelines worldwide (onshore and offshore), mostly associated with enhanced 

oil recovery (EOR). (Bui et al., 2018)  

The final step of CCS is long-term isolation from the atmosphere, either via 

storage or utilization. For long-term storage of CO2 in gigatonne scale, the only 

potential option is storage in natural reservoirs, such as geological formations or 

deep saline formations. Suitable injection techniques have been implemented by 

the oil and gas industry for the exploration and production of hydrocarbons since 

the 1970s. The first geological storage site, Sleipner in the North Sea offshore from 

Norway (1996-) was motivated by the Norwegian CO2 tax of 1991 (MIT, 2016); 

the facility separates CO2 from natural gas and injects it into a deep saline reservoir 

(approximately 0.85 MtCO2/a). (Global CCS Institute, 2018)  
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Most of the operating commercial-scale CCS facilities sell the captured CO2 

for enhanced oil recovery (EOR) from mature oil fields (EOR has been 

commercially applied for decades), as this income can significantly improve the 

economics of CCS. Similarly, CO2 could be injected to unminable coal seams to 

release methane for fuel use (enhanced gas recovery EGR / enhanced coal bed 

methane recovery ECBM) (Leung, Caramanna & Maroto-Valer, 2014). Other 

storage options have also been proposed, such as fixing CO2 in mineral carbonates 

by using e.g. basalt, storage in “dry ice” form, or even e.g. capturing CO2 with 

micro-algae which can then be turned into biofuels. (IPCC, 2005; Leung et al., 2014) 

For the utilization of CO2, there are few existing industrial processes using CO2 

as raw material, and some applications do not even result in net CO2 removal. 

Applications include the use of CO2 in supercritical state as a solvent in extraction 

processes, in the food industry, in refrigeration, or in agriculture as a photosynthesis 

enhancer. CO2 can also be used in the chemical synthesis of e.g. urea and carbonates. 

Other possible applications for CO2 use include fine chemical production, fuel 

production (via methanol, formic acid and methane), and CO2-derived polymers 

and plastics. The main motivation is replacing petrochemical feedstocks in 

products with established markets, and developing new products and materials for, 

e.g. sustainable packaging and construction materials. In 2010, the scale of 

commercial utilization of CO2 was only 120 Mt/a. (Mac Dowell et al., 2010)  

2.2.3 Status of CCS in power plants 

The role of CCS in climate change mitigation has been recognized since the early 

2000s (by both IEA and IPCC), and several public programs have supported CCS 

development worldwide (including the EEPR and NER300 programs in EU). CCS 

is a low-cost emission reduction option for the electricity sector; without CCS, the 

capital investment needed to meet the same emission constraint is increased by 40% 

(IEA, 2012). There is also criticism towards CCS, mostly related to seeing the 

technology as a silver bullet, reducing the speed of other CO2 mitigation measures 

being taken (EASAC, 2018). In order to make a significant contribution to climate 

change mitigation, CCS should be applied in gigatonne scale (of CO2 captured).  

Full-scale application of CCS has been delayed, mostly due to reasons other 

than technical feasibility (Bui et al., 2018; Lipponen et al., 2017; Nuortimo et al., 

2018). In 2009, the IEA roadmap for CCS suggested 100 large projects by 2020; in 

2013, the IEA (2013) suggested key actions to reach 30 operating CCS projects by 

2020, including the introduction of financial support mechanisms to attract more 
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private financing, development of laws and regulations requiring CCS-readiness in 

new capacity, and reducing operational CCS costs through technology development 

and use of the highest possible efficiency power generation cycles.  

It has been evaluated that an approximate doubling or tripling of the 2009–

2018 EU emission allowance price level (see Figure 5) to approximately 30 €/tCO2 

would be needed for the commercialization of CCS in the case of oxy-combustion 

(Nuortimo et al., 2018). 

Fig. 5. EU emission allowance price (€/tCO2) from April 2008 to August 2018 (ICE EUA 
futures, price data: ICE, 2018). 

A database of current large-scale CCS projects is made available by the Global CCS 

Institute (2018). Another extensive database was managed by MIT until 2016 (MIT 

2016). As of February 2018, the Global CCS institute database contains 22 large-

scale facilities in operation or under construction, capable of capturing 37–38 

MtCO2/a. The current IEA 2DS (2 °C scenario) expects that CCS should capture 

altogether 94 GtCO2 between 2015 and 2020. (IEA, 2016) 

20 out of the listed 22 facilities are industrial separation plants (e.g. natural gas 

processing, fertilizer production, hydrogen and syngas production, plastics and 

chemicals, and iron and steel-making), with the oldest facility operating since 1972.  

There are currently two operational large-scale CCS facilities in power generation: 
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– SaskPower Boundary Dam CCS project, Canada (2015): a 115 MWe (161 MW 

turbine) coal PC retrofit unit with amine post-combustion capture, with a 

capture rate of 90%. Captured CO2 (approximately 1 MtCO2/a) is utilized in 

EOR at the nearby Weyburn oil field, or injected into an onshore saline 

formation. (More details in: IEAGHG, 2015) 

– Petra Nova W.A. Parish CCS project, USA (2017): a 240 MW slipstream of a 

654 MW (610 MWnet) PC coal unit with amine post-combustion capture; 

designed to capture 90% of the CO2 in the slipstream (approximately 33% of 

total CO2 emissions from the unit). The capture system is powered by natural 

gas. Captured CO2 (approximately 1.4 MtCO2/a) is utilized in EOR at nearby 

oil fields. (More details in: EIA, 2017).   

The two operating CCS power plants capture altogether 2.4 MtCO2/a; in the IEA 

2DS, the power sector should account for 52 GtCO2 before 2050. 

The database also contains 8 power generation projects in development phase 

in China, South Korea, UK and Australia, mostly featuring post-combustion 

technologies. The Shanxi International Energy Group CCUS project in China 

involves the construction of a supercritical coal-fired oxy-combustion power plant 

(planned from 2020–, 2 MtCO2/a). The Korea-CCS 2 also lists oxy-fuel as an 

alternative (IGCC is also possible). 

A large number of CCS projects have been abandoned in different project 

stages. As a disappointing example, in 2017, the Kemper County IGCC plant 

suspended efforts to commission its lignite gasification process with 3 MtCO2/a 

capture capacity because of severe technical issues and budget disappointments 

(Wagman, 2017). In Finland, Fortum and TVO planned to retrofit partial post-

combustion capture in the Meri-Pori 565 MWe supercritical condensing coal power 

plant (Iso-Tryykäri, Rauramo & Pekkanen, 2011). More than 1.2 MtCO2/a (1.5% 

of Finland’s annual emissions) would have been captured and transported by ships 

to storage in offshore geological formations in Denmark. Feasibility studies were 

completed in 2009, but the project was announced abandoned in 2010 due to 

technical and financial risks related to the project. 

Apart from increased economic incentive and political support, technological 

developments may relieve the cost and accelerate the deployment of CCS. The 

main challenge and the focus of research and development activities in CCS is in 

reducing the additional capital and operational costs involved. Capture accounts for 

approximately 70–80% of the full CCS system cost (including capture, transport, 

and storage) (Blomen, Hendriks & Neele, 2009; Leung et al., 2014). In the IPCC 



34 

Special Report on CCS (2005), it was estimated that a power plant equipped with 

CCS could reach a CO2 capture rate of 85–95%, with 10–40% more energy input 

to the plant (mostly due to capture and compression), with a net effect of about 80–

90% reduction of CO2 emissions to the atmosphere. The additional energy 

requirement largely depends on the system.  

CCS may be retrofitted to existing plants, but the investment together with the 

efficiency loss can be hard to justify; however, upgrading essential parts of the plant 

(e.g. supercritical boilers, high-efficiency turbines) during a CCS retrofit project 

can result in no net efficiency loss. New plants can be built “capture-ready” with 

improved process design for a simple CCS installation later on. 
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3 Air- and Oxy-combustion in CFB 

3.1 Fluidized bed combustion 

Fluidized bed (FB) technology is used in various energy conversion processes such 

as fuel gasification, combustion (steam generation, incineration), and lately also in 

the development of chemical looping combustion (CLC) processes. Fluidized bed 

boilers and gasifiers are widely covered, in theory and in practice, in landmark 

books by Basu (2006) and Kunii and Levenspiel (1991). Outside energy conversion, 

major application fields of fluidized bed technology include petrochemical 

processes (fluid catalytic cracking in oil refining, Fisher-Tropsch synthesis), 

mineral processing (e.g. cement precalcination, alumina calcination, ore roasting 

and prereduction), chemical and pharmaceutical processes (e.g. oxidation and 

conversion reactors), and physical processing (e.g. drying, particle coating, 

cleaning, heat treatment).  

For solid fuel combustion, bubbling fluidized bed combustion (BFBC) and 

circulating fluidized bed combustion (CFBC) are applied; pressurized fluidized bed 

combustion (PFBC) is also available in the context of combined cycles. Fluidized 

bed technology is based on introducing a fluid flow through a bed of solid granular 

material; in conventional FB boilers, introducing air through a bed of sand, fuel, 

ash, and absorbent particles. The resulting drag of the high-velocity gas overcomes 

gravitation and causes solid particles to move and become suspended in the fluid, 

and finally to become entrained in the gas flow. Fluidized material exhibits fluid-

like behavior; hence the term. Depending on the velocity of the gas (and obviously 

on the properties of the particles), solid particles may mostly remain in a bed with 

a bubbling distinct surface (BFB) or leave the furnace with the gas, resulting in 

circulation of solids between the furnace and the gas-solids separator (CFB). In 

CFB, circulation also occurs within the furnace: particles flow upwards in the core 

and downwards near the walls, occasionally drifting back to the core. Most of the 

characteristic properties of CFB combustion, including efficient mixing, 

combustion, heat transfer, and uniform temperature profiles, are due to the 

hydrodynamical state of fluidization. (Basu, 2006) 

Basu (2006) and Leuschke (2017) elucidated the history of fluidized bed 

combustion. The first commercial CFB combustors for power and steam/heat 

generation were commissioned on the verge of the 1980s (BFB for coal combustion 

was suggested in the early 1960s; pulverized coal (PC) or pulverized fuel (PF) fired 
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boilers had appeared in the 1910s and dominated the utility field). Before this 

milestone, fluidized bed technology had already been developed and successfully 

applied for various industrial processes for half a decade. While the development 

history of fluidized bed technology is spread on many frontiers, it appears to be 

agreed that the fluidization process was first harnessed in 1921 by the engineer Fritz 

Winkler at BASF in Germany, for coal gasification as part of the Haber-Bosch 

process for ammonia production. Circulating fluidized bed technology first 

appeared in the petrochemical industry in 1938 for fluid catalytic cracking (Warren 

Lewis and Edwin Gilliland at MIT). In 1970, the German company Lurgi (with a 

track record in BFB) successfully developed CFB for aluminum calcining. CFB 

boilers for steam generation were invented almost simultaneously around 1975–

1976 at the companies Lurgi in Germany and Ahlström Oy in Finland. Lothar Reh, 

Martin Hirsch and Ludolf Plass at Lurgi filed a patent for the technology in 1976 

(US Patent: Reh, Hirsch, and Plass, 1977). Folke Engström at Ahlström Oy, Finland 

simultaneously developed a Pyroflow CFB boiler by improving BFB sludge 

incinerator performance with a cyclone. The world’s first commercial CFB boiler 

(15 MWth retrofit boiler designed for bark, wood waste and peat) was 

commissioned in 1979 at an Ahlström fiberboard factory in Pihlava, Finland. In the 

following decades, various companies have developed CFB technology. 

CFB boilers have significantly grown in size and electrical output and reached 

utility scale. Myöhänen (2011) presented a list of CFB units illustrating the 

development. One key factor for the scale-up is the use of supercritical high-

efficiency steam cycles in CFB, developed since the 1990s. The target has been to 

offer 600–800 MWe CFB boilers with supercritical steam cycles (600–620 °C, 300 

bar) enabling an efficiency of approximately 45% (LHV) (Jäntti & Räsänen, 2011). 

Examples of up-to-date CFB plants are the world’s first supercritical CFB unit in 

Lagisza, Poland (2009, OTU USC bituminous coal and coal slurry fired unit, net 

output 439 MWe, net efficiency 43.3%, steam conditions 563/582 °C/28.2 MPa) 

and the KOSPO Samcheok plant, Korea (2016, OTU USC, 520 MWe, 42.4%, 

603 °C/603 °C/25.7 MPa), firing Indonesian coal and biomass (Sumitomo SHI FW 

Energia Oy, 2018).  

Because of several advantageous properties, CFB combined with oxy-

combustion (oxy-CFB) has been considered as an attractive option for CCS.  
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3.2 CFB process 

 

Fig. 6. Simplified diagram of a circulating fluidized bed boiler. 

There are various design options for CFB boilers in terms of furnace geometry, 

separator and return leg design, and location of solid and gaseous inlets. A CFB can 

be structurally divided into the hotloop (furnace, separator, recycle, possibly an 

external fluidized bed heat exchanger) and the back-pass (convective heat exchange 

from flue gas via superheater, reheater, economizer, and air preheater surfaces) 

sections. The back-pass section is similar in CFB and PF boilers; the unique 

features of the CFB are connected to the fluidized bed, which allows efficient heat 

and mass transfer, efficient mixing, and thus efficient combustion with relatively 

low combustion temperature. (Basu, 2006) Similarly, steam cycle principles, 

operation and control (Klefenz, 1986) do not depend on the combustion technology, 

although the allocation of heat transfer to different heat exchangers differs between 

boiler types (and operation conditions). 
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In a CFB boiler (Figure 6), fuel is combusted in a fluidized bed of granular 

solid material. Fuel is fed to the lower part of the furnace or into the loop seal 

between the separator and the furnace. Sorbent (limestone or dolomite for sulfur 

capture) can be injected into the furnace via a separate system. A mixture of fuel, 

ash and sorbents circulates in the CFB loop, and the long residence time allows for 

complete combustion and efficient sulfur capture. Ash and spent sorbents are 

drained from the boiler through bed drain, fly ash collection (fabric filter or 

electrostatic precipitator), or back-pass hopper. Bed material is lost with the drain; 

bed inventory is measured via differential pressure drop across the bed, and makeup 

sand is added as needed. 

Primary air (or oxidant) is injected through the bottom grate or air distributor 

of the furnace for fluidization and combustion, secondary air is injected from the 

sides higher above to complete combustion (especially combustible gases such as 

CO). This staging ensures fluidization and complete combustion with reduced 

emissions. A small amount of air is also injected into the loop seal. Air is usually 

preheated. Forced draft (FD) air fans are typically the auxiliary system with greatest 

internal power consumption in CFB (Basu, 2006). Auxiliary power consumption 

in the boiler island is therefore higher for CFB than for PC, but PC boilers suffer 

from consumption in flue gas scrubbers (not required in CFB), leaving the two 

boiler types in a tie when the auxiliary consumption of the entire plant is considered 

(about 10% of net power efficiency). 

The induced draft (ID) fan creates suction that draws flue gas from the boiler 

and through flue gas treatment. Flue gas treatment involves particulate and 

emission control. Because of in situ sulfur capture in the furnace, external flue gas 

desulfurization (FGD) may be unnecessary. NOx can be controlled with 

SCR/SNCR techniques if required. The ID fan is designed for balanced draft in the 

air/flue gas system so that the pressure at the mid/top section of the furnace is at 

atmospheric pressure. This reduces gas leakage to the boilerhouse atmosphere and 

optimizes power consumption of the ID fan. 

The hydrodynamic condition essential for CFB combustion results from the 

combination of gas velocity, solid recirculation rate, solid characteristics, solids 

volume, and geometry of the system. With fluidization velocity in the regime with 

the highest slip velocity (the difference between mean gas and mean solids 

velocity), high internal solids recirculation results in optimal mixing of gas and 

solids, and efficient heat and mass transfer (Basu, 2006). Bed solids are well mixed 

throughout the furnace height, and bed temperature is uniform in the range of 800–



39 

900 °C. The temperature must be high enough for combustion, but low enough for 

prevention of bed agglomeration and for efficient emission control.  

Solid particles exit the furnace, where they are captured by the gas-solid 

separator, typically a cyclone. Relatively coarse sorbent and unburned char 

particles are recycled back to the furnace through the loop seal, while finer particles 

of ash and reacted sorbents escape the separator to be collected in an electrostatic 

precipitator (ESP) or in bag-house filters downstream.  

Heat from combustion is recovered to water and steam in various heat 

exchangers located in the furnace, separator, return leg, and back-pass. Furnace 

walls are generally constructed of water tubes, and the role of convective heat 

transfer from solids is significant. The hot bed also evens out any fluctuations in 

heat release from combustion. The lower part of the furnace, cyclone and loop-seal 

are lined with a refractory material which protects from erosion and corrosion, and 

the bottom of the furnace is often smaller and tapered to maintain good fluidization. 

Heat exchangers in the back-pass (superheaters, reheaters, air preheaters, feed-

water preheaters i.e. economizers) recover heat from the hot flue gas exiting the 

separator. 

 An external heat exchanger with immersed heat exchange surfaces can be used 

to absorb heat from the hot solids recycle after the cyclone. Superheaters can be 

located in the recycle loop (e.g. INTREX™) for effective heat transfer and 

prevention of contact with corrosive furnace gases. Additionally, superheater 

panels, wingwall panels and superheaters in the furnace roof can be used. Heat 

exchanger arrangements help in reducing boiler size (height) (Leckner, 1998).  

3.3 Advantages of CFB combustion 

CFB combustion provides certain advantages over other combustion technologies. 

Major advantages are linked to fuel flexibility and combustion efficiency; a wide 

variety of fuels can be used without heavy pretreatment, including peat, coals 

(anthracite, bituminous, sub-bituminous, lignite), petroleum coke (petcoke), wood, 

other biomasses, and sludges. Combustion efficiency in a CFB is typically very 

high, 97.5–99.5% (Basu, 2006). Fuel particles constitute only approximately 1–3% 

of the bed mass, and the fluidization and circulation of solids ensures excellent gas-

solid and solid-solid mixing. Fuel particles are rapidly ignited in the hot bed. 

Unburned particles are recycled back to the furnace, and the long residence time 

ensures effective combustion. 
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Another important advantage of CFB combustion is the relatively easy 

emission control; NOx emissions are inherently low because of low furnace 

temperatures (thermal NOx increases at temperatures over 1000 °C), and SOx 

emissions can be captured in situ by adding a calcium-based sorbent (limestone or 

dolomite) to the bed. On the other hand, N2O is a more significant emission 

component in CFB boilers, with a high GWP. Carbon monoxide (CO) and 

hydrocarbon (HC) emissions represent loss in combustion efficiency. The reactions 

related to formation of emissions are complex and are affected by several factors 

and operational parameters such as fuel properties, temperature, excess air, air 

staging, and the gaseous atmosphere in the furnace, see e.g. Basu, 2006 and Leckner, 

1998. 

Fig. 7. SOM mapping of utility CFB boiler data (modified from Publication I © 2011 
IASTED). Component planes illustrate the interdependence of certain variables (e.g. flue 
gas O2 and CO). The effect of steam flow (boiler load) on parameters (e.g. pressure 
differences in flue gas duct, NOx emissions) is also visible. 
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CFB combustion is notoriously difficult to model due to strong interactions and 

nonlinearities. The interdependence of variables (e.g. residual O2-CO balance, 

load-NOx interaction) can be illustrated using the self-organizing map, SOM 

(Kohonen 2001) for operational data from a utility boiler, as presented in 

Publication I (Figure 7). 

 

Fig. 8. Heat flux profiles in PC and CFB boilers; in CFB boilers, heat flux is low and even 
(modified from Basu, 2006). 

CFB is well suited for supercritical (SC) once-through (OTU) steam generation. 

SC OTU boilers offer significant efficiency improvements in the steam cycle, but 

pose challenges on the control and operation of the cycle as there is little storage 

(compared to drum boiler) and feedwater control is of ultimate importance. A major 

concern in SC operation is maintaining uniform heat flux to wall tubes to prevent 

flow disturbances and dry-out. In CFB furnaces the heat flux is relatively low and 

uniform both around the furnace perimeter and along the furnace height (Figure 8). 

Heat absorption can also be controlled by adjusting operating parameters. The 

operation range of CFB boilers is between 30–100% MCR (maximum continuous 

rating) (Basu, 2006).  

 Major challenges in CFB combustion are linked to fouling and corrosion of 

heat transfer surfaces, bed agglomeration, feeding problems, and problems with 

large incombustible coarse material in bed (Myöhänen, 2011). 
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3.4 CFB operation and control 

In combustion power plants, the chemical energy of fuels is converted to thermal 

energy, which is then received by the steam cycle and converted to mechanical and 

electrical energy at the turbine-generator unit. The main control objective at a 

power plant is at all times to fulfil the load request, while the produced energy must 

comply to quality requirements (electrical power with certain voltage and 

frequency, steam with certain pressure and temperature). (Klefenz, 1986) 

Compliance with environmental regulations regarding e.g. gaseous emissions has 

become of vital importance during the past decades. Within this framework, CFB 

control does not differ from the control of any other boiler type. However, 

combustion control in CFB is different from PC/PF boilers (e.g. no flame 

monitoring, large hot bed inventory evens out disturbances in fuel feed), and the 

control of bed conditions (temperature, pressure, fluidization, bed inventory) is 

unique to fluidized bed boilers. For example, the CFB boiler load is controlled by 

adjusting heat transfer (Basu, 2006); by reducing bed density in the upper furnace, 

convective heat transfer from solids to the steam cycle is reduced. External heat 

exchangers can also be used to absorb heat from circulating solids returning from 

the cyclone (the amount of bypass bed material affects the heat absorption). 

Control of steam power plants has been covered by several authors including 

e.g. Klefenz (1986), Dukelow (1991), Flynn (ed.) (2003), and Joronen, Kovács & 

Majanne (eds.) (2007). Wu, Shen, Li, and Lee (2015) provide an overview of 

advanced control strategies and applications developed for fossil-fuel power plants, 

including advanced PID control, robust control, model predictive control, and 

computational intelligence in modeling, optimization and control (including, e.g. 

neural networks, fuzzy logic, evolutionary programming, etc.) 

In the hierarchical control system of a power plant, unit master control 

coordinates the operation of the boiler and the turbine (develops control signals for 

boiler firing rate and turbine valve positioning). There are three basic options for 

unit master control (Joronen et al., 2007; Klefenz, 1986): turbine following 

(generated power is controlled by adjusting the firing rate and turbine valve 

controls the steam pressure), boiler following (steam pressure is controlled by the 

firing rate, power is controlled by the turbine valve) and coordinated control 

(simultaneous adjustment of fuel feed and turbine valve; e.g. feedforward from load 

or steam flow to firing rate control). The main control loops in a CFB boiler are 

related to control of the steam cycle (steam pressure and temperature control, 

feedwater control) and combustion (furnace pressure control, flue gas O2 content 
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control, combustion air staging control, bed pressure control, emission control) (e.g. 

Joronen et al., 2007; Karppanen, 2000). 

The CFB combustion process with its numerous interactions and nonlinearities 

is a challenging process to model and to control. Advanced solutions for CFB 

control have been presented in open literature. They are often related to 

multivariable control (because of strong interactions in the process) and dealing 

with nonlinearity. Karppanen (2000) described the application of fuzzy logic in 

improving industrial multi-fuel CFB control, in the presence of various 

disturbances. Joronen and Kerschbaum (2008) described the use of fuzzy logic in 

the supervisory control layer of a CFB. Huang, Ji, Zhu, and Lin (2010) used steam 

flow as a scheduling variable in a linear parameter varying model for MPC in CFB.  

Fuel accumulation in the bed has for long been of interest in control (Ikonen & 

Kortela, 1994), because of the phenomena related to non-minimum phase responses 

in fluidized bed; an increase in air feed improves the availability of oxygen on fuel 

particle surfaces and momentarily increases combustion rate, causing a non-

minimum phase response in both flue gas O2 concentration and bed temperature 

before they settle to their new higher and lower steady state values, respectively. 

Findejs, Havlena, and Pachner (2008) and Findejs, Havlena, Jech, and Pachner 

(2009) presented a multivariable predictive control concept for CFB with nonlinear 

estimations (inferential sensors) of fuel heating value and fuel accumulation as gain 

scheduling variables. The concept has been applied in industrial boilers. Primary 

air feed is used to control the boiler power via affecting the burning rate, avoiding 

the delay in response to fuel supply rate change. Fuel feed is used to stabilize fuel 

accumulation in the bed. Bed temperature is not controlled to a setpoint but is kept 

within a given range as it affects fuel accumulation, which can be allowed to 

increase and decrease temporarily during load changes to improve the dynamics of 

the boiler. Bed temperature control can only be achieved via simultaneous 

coordination of manipulated variables. Flue gas oxygen is primarily controlled by 

the secondary air feed. 

3.5 Oxy-combustion in CFB 

3.5.1 Oxy-combustion as CCS technology 

Oxy-combustion (also oxy combustion, oxy-fuel combustion) is a CO2 capture and 

storage (CCS) technology that aims at very high CO2 concentration in flue gas, thus 
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facilitating CO2 capture. This is achieved by removing nitrogen from the cycle; 

atmospheric air consists mostly of nitrogen (79%) and oxygen (21%), while only 

oxygen is required for combustion. Because combustion with pure O2 results in 

temperatures far above the tolerance of regular materials, it is practical to use a 

thermal diluent such as recycled flue gas (RFG) to control combustor temperature. 

This synthetic mixture of O2 and RFG is referred to as the oxidant.  

Combustion with oxidant instead of air results in flue gas that consists mainly 

of CO2 (80–98% in dry gas, depending on fuel and process), H2O and excess O2 

(Table 2). Water can be removed by condensing, and the concentrated CO2 stream 

can be further purified, compressed and transported to storage. In addition to CO2, 

H2O and O2, flue gas also contains other components from fuel (e.g. SOx, NOx, HCl, 

Hg, As, Se), oxygen stream, and air leakage into the boiler (N2, Ar, O2). These are 

removed from the cycle in the flue gas cleaning system or CO2 processing unit, to 

match the CO2 quality requirements downstream. 

Table 2. Gas compositions in air- and oxy-combustion. (Data: Davidson & Santos, 2010) 

Component Air combustion Oxy-combustion 

Windbox Flue gas Windbox Flue gas 

O2 21 3–4 21–30 3–4 

N2 79 70–75 0–10 0–10 

CO2 0 12–14 40–50 60–70 

H2O minor 10–15 10–20 20–25 

other - NOx, SO2 NOx, SO2 NOx, SO2 

Structurally, oxy-combustion mainly requires the addition of an air separation unit 

(ASU) and a CO2 processing unit (CPU) (for producing high-purity O2 and 

processing CO2 to match the requirements for transport and storage or utilization) 

and the addition of flue gas recycle and oxidant mixing systems (Figure 9). The 

effects on boiler design depend on the desired O2 concentration in the oxidant. Both 

ASU and CPU units are based on existing gas processing technology. Available air 

separation methods include cryogenic distillation (most economical for all large 

applications), adsorption with multi-bed pressure swing units (small units), and 

polymeric membranes. (Darde, Prabhakar, Tranier & Perrin, 2009; Smith & Klosek, 

2011) 

Oxy-combustion attracts attention within CCS in power plants because it is 

based on mature technology (ASU, boiler, CPU), allows for flexible operation in 

air- or oxy-firing mode, and does not require the adoption of new processes for core 
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business (as in IGCC) or a major chemical process addition (as in post-combustion) 

(Zheng, 2011).  

Oxy-combustion has been practiced in the aluminum, iron and steel, cement, 

and glass melting industries, with the aim of reduced costs and NOX emissions. 

Combustion in O2-CO2 mixture with the purpose of CO2 capture from an electric 

power plant was proposed in the early 1980s in the Argonne National Laboratory, 

United States (Abraham, Asbury, Lynch & Teotia, 1982) and tested at 3 MWth pilot 

(Wang, Berry, Chang & Wolsky, 1988). The value of the CO2 stream was related to 

its use in enhanced oil recovery (EOR), although the abstract also states that the 

process is “environmentally attractive” because CO2 is not released to the 

atmosphere and the thermal efficiency of the plant is higher relative to conventional 

flue gas recovery. In the late 1990s, attention was again directed to oxy-fuel 

technology, this time as a solution for controlling greenhouse gas emissions 

(Guedea, Bolea, Lupiáñez, Romeo & Díez, 2014).  

 

Fig. 9. Main scheme of an oxy-combustion power plant (redrawn from Eriksson et al., 
2007). 

For oxy-fuel combustion, the two main combustion technologies include 

pulverized coal (PC) (or pulverized fuel, PF) and circulating fluidized bed (CFB) 

combustion. PC combustion of coal dominates current utility scale power 

generation, and oxy-PC is therefore also widely covered in the oxy-combustion 

literature, including the renowned IPCC Special Report on CCS (2005). However, 

oxy-combustion in CFB has attracted interest due to the individual and combined 

advantages of CFB and oxy-combustion technologies, and oxy-PC and oxy-CFB 
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progressed at a similar pace to demonstration phase, with approximately 30 MW 

units commissioned in 2008 in Schwarze Pumpe, Germany, and in 2011 in 

Ponferrada, Spain (CIUDEN 30 MW unit) (Lupion et al., 2013). It should be 

carefully noted that the processes of (oxy-)combustion in PC and CFB boilers are 

very different, and thus the issues described in the literature are often related to 

either PC or CFB boilers. For example, burner development and flame stability are 

not relevant for CFB boilers but are a key issue in oxy-PC, and heat transfer can be 

more effectively adjusted in CFB boilers.  

Extensive reviews on oxy-fuel combustion of solid fuels have been published 

by Buhre, Elliott, Sheng, Gupta, and Wall (2005), Wall et al. (2009), Toftegaard, 

Brix, Jensen, Glarborg & Jensen (2010), Scheffknecht, Al-Makhadmeh, Schnell 

and Maier (2011) and Zheng (2011), mostly with a focus on oxy-PC. Wall, Stanger 

and Santos (2011) presented a status report on oxy-combustion demonstration. 

Anthony and Hack (2013) described the development and research areas of oxy-

CFB technology. Guedea et al. (2014) covered oxy-combustion in fluidized bed 

boilers. Stanger et al. (2015) presented a wide review on RD&D (research, 

development and demonstration) achievements in oxy-fuel combustion during the 

10-year period after the IPCC report (2005). The authors stated that there is no 

maturity gap between oxyfuel combustion and other leading CCS technologies.  

The concept of using an oxygen-rich combustion gas in CFB was already 

described in the original Lurgi CFB patent from 1976 (Reh et al., 1977). In the early 

2000s, several companies and research units started publishing reports related to 

oxy-CFB. Test results from oxy-CFB piloting were first published in 2003 with 

bottled gases at Zhejiang university, and then in 2007 with flue gas recycle 

(CanmetEnergy: Jia, Tan, Wang & Anthony, 2007; VTT and Foster Wheeler: 

Eriksson et al., 2007). Companies with an interest in oxy-CFB included ALSTOM 

Power Inc. (Nsakala et al., 2004; Suraniti, Nsakala & Darling, 2009), Foster 

Wheeler, CanmetEnergy and Endesa/CIUDEN (Eriksson et al., 2007; Eriksson et 

al., 2009; Hack et al., 2008; Hotta et al., 2012; Kuivalainen et al., 2010; Lupion, 

Navarrete, Otero & Cortés, 2011; Lupion et al. 2013; Myöhänen, Hyppänen, 

Pikkarainen, Eriksson & Hotta, 2009), and Metso (Varonen, 2011; Varonen , 

Hyytiäinen, Palonen & Ylä-Outinen, 2012).  

The advantages of CFB combustion are preserved in oxy-combustion; for 

example, extensive fuel flexibility, efficient combustion, and easy emission control. 

For oxy-combustion, CFB offers additional advantageous properties. CFB boilers 

can be designed for dual-firing (air- and oxy-firing in the same boiler) for flexibility, 

or for higher O2 levels for improved efficiency and power-to-size ratio. The large 
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circulating mass of solids ensures balanced temperatures and allows for heat 

transfer options not available in PC boilers (e.g. additional heat recovery from 

circulating solids). With oxidant O2 control, combustion can be optimized for 

different loads and fuels, and the dynamic performance can possibly also be 

improved.  

The challenges of oxy-combustion in CFB and in general are related to the cost 

of capture due to the operation of ASU and CPU. Cryogenic distillation of air 

(currently the preferred technology for large-scale O2 production) is very energy 

intensive, and accounts for 60% of the additional power consumption in oxy-CFB 

(Espatolero & Romeo, 2017), consuming appr. 200–220 kWh/tO2 (Zheng, 2011). 

CPU accounts for 1–3 %-points efficiency loss; a multi-stage purification, 

compression and cooling system is required for flue gas processing.  

All gas components entering the system eventually end up in the CPU and must 

be removed, which means that impurities from ASU increase the CPU cost and 

affect the capture rate. CO2 concentration in flue gas is 70–95% after water 

condensing, and 90–95% of CO2 is captured while the rest is vented to the 

atmosphere with non-condensable impurities. Air ingress to the furnace and flue 

gas system is in practice unavoidable (3–10%), which in any case creates a need 

for N2 removal in the CPU. Thus, it is also more economical to design the ASU for 

95% O2 purity rather than for 97–99% (Toftegaard et al., 2010). CO2 purity 

requirements are set by pipeline operators and end-consumers. In EOR applications 

the typical purity specification is >95% (Zheng, 2011), and ultra-pure CO2 can be 

produced with additional distillation steps. 

A loss of approximately 12 %-points in boiler efficiency translates to 40–50% 

higher cost of electricity, and 30–40% increase in fuel consumption (Espatolero & 

Romeo, 2017). ALSTOM Power proposed similar results in their early studies; the 

91% reduction in specific CO2 emission (from 0.88 to 0.08 kg/kWh) came with a 

31% reduction in plant net output (90 to 62 MWe) and 12 %-point loss in efficiency 

(36.6 to 24.6%, HHV basis) (Nsakala, Liljedahl & Turek, 2007). The use of high-

efficiency steam cycles improves the economic viability of CCS; for a given power, 

there is less flue gas and CO2 produced, and the smaller auxiliary load due to CCS 

has a less adverse effect on plant economics (Nicol, 2013). Any progress in oxygen 

production technologies also benefits oxy-combustion development. Especially 

membrane-based air separation would significantly reduce the efficiency penalty 

in oxy-fuel combustion, down to 3.3 %-points with careful integration (Kotowicz 

& Balicki, 2014; Stadler et al., 2011). 
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Despite the reduced CO2 and other flue gas emissions released to air, the 

efficiency penalty (and the resulting additional consumption of fuel) of CCS is a 

very negative factor in the Life Cycle Assessment (LCA) of an oxy-fuel coal-fired 

plant (Koiwanit, Manuilowa, Chan, Wilson & Tontiwachwuthikul, 2014). Figure 

10 illustrates the definitions of CO2 avoided and CO2 captured. 

 

Fig. 10. Definitions of CO2 captured and CO2 avoided (modified from IPCC, 2005 and 
Kanniche et al., 2010). Assuming 30% additional fuel consumption and 90% capture 
rate, a total of 87% CO2 is avoided. 

3.5.2 1G and 2G oxy-CFB 

There are two design options for oxy-combustion boilers, characterized by different 

O2 concentrations and combustion conditions; either the boiler can be designed to 

match the conditions of air-firing (first generation), or optimized for greenfield 

application with higher oxygen concentrations (second generation).  

First-generation boilers are in general ready-to-convert, retrofit, dual-firing 

boilers, in which the aim is to approximate air-firing conditions (O2 concentration 

20–30 vol%, the slightly increased O2 concentration helps avoid bed cooling). 

Dual-firing enables the boiler to be flexibly operated in both air- and oxy-firing 

modes, with startups and shutdowns in air mode, and with the possibility to 

disconnect ASU/CPU during e.g. process malfunctions or peak demand to ensure 

plant availability or maximize net output. Temporal load shifting for ASU/CPU 

operation requires buffer tanks or back-off in the capture rate (Perrin et al., 2015). 

Flexible CCS can also provide room for economic optimization. The economics of 
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peak and off-peak operation of ASU were examined by Hu, Li, Li, and Tan (2013). 

Kujanpää and Pursiheimo (2017) presented a techno-economical study of different 

CCS concepts in municipal CHP generation, in which operation of the generation 

portfolio is optimized to fulfil hourly district heating demand: results suggest that 

flexible CCS increases profitability of the system by +25%, mostly due to lower 

demand of oil-fired heat boiler operation during peak demand. (The study used a 

very high CO2 price of 100 €/tCO2.) 

Second-generation greenfield boilers are designed to operate under higher 

oxidant O2 percentages (typically 30–50%, up to 60%), resulting in a smaller flue 

gas recirculation ratio (Weng, Günther & Kather 2013), higher temperatures, 

improved efficiency, and a significantly increased boiler output/volume ratio (CFB 

example in Leckner and Gómez-Barea, 2014). This reduces the operational and 

capital costs involved with the addition of CCS (Abdulally, 2012). However, this 

design requires the redesign of boiler materials and heat transfer arrangements, and 

the dual-firing possibility is lost. Demonstration, technology development and 

market analysis in second-generation oxy-CFB boilers was carried out in the 

project O2GEN during 2013–2016, with oxygen levels of 30–50 vol% (Espatolero 

& Romeo, 2017; Espatolero, Romeo, Escudero & Kuivalainen, 2017; Nuortimo et 

al., 2018). With advances in process units and integration, overall efficiency loss 

due to CCS could be reduced from 10.5 to 7.3 %-points (efficiency 32.9% to 36.4%, 

LHV basis).  

3.5.3 Effects of oxy-combustion in CFB 

The profound changes in air- and oxy-firing processes are the altered gaseous 

atmosphere in the furnace, and the recycling of flue gas. These have several 

implications on e.g. combustion, emission control, heat transfer, and boiler 

dynamics. The exiting flue gas flow from an oxy-fired plant is significantly reduced.  

These issues are covered in all the mentioned landmarks in oxy-combustion 

research, and in several references mentioned in Publications II–V. A brief 

summary is given in this section. 

Flue gas is most often recycled wet (before water condensing), which allows 

downsizing of the flue gas condenser and reduces the need for RFG preheating. As 

a result, the gaseous atmosphere in the furnace is enriched in CO2 and H2O (as is 

the flue gas and thus also the input RFG and oxidant) which can affect phenomena 

related to the combustion and emissions in CFB, including drying, devolatilization, 
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combustion and gasification of char, gas phase reactions, and fragmentation of fuel 

and char particles (see Stanger et al., 2015).  

For emission control, the advantages of CFB combustion are retained in oxy-

CFB. NOx emissions are inherently low and SOx emissions can be controlled in situ 

with limestone feed. The need for additional flue gas processing is dependent on 

the CPU requirements and the fuel repertoire. Mechanisms of sulfur capture are 

altered in a high CO2-H2O environment (direct vs. indirect sulfation, see e.g. 

Rahiala, Myöhänen & Hyppänen, 2014; for the effect of H2O, see Stewart, 

Symonds, Manovic, Macchi & Anthony, 2012). Also, the higher concentration of 

SO2 in the furnace atmosphere can be beneficial for capture conditions. Duan et al. 

(2011, 2014) described the effects of O2/CO2 atmosphere and flue gas recycle in 

CFB on coal combustion characteristics and emissions. Jia, Tan and Anthony (2010) 

reported emission test results with different coal types in the CanmetEnergy mini-

CFBC. Myöhänen, Diego, Kuivalainen, and Hyppänen (2017) summarized test 

results from the CIUDEN 30 MWth facility: Sulfur retention is improved in oxy-

mode, unless the bed temperature is too low for indirect sulfation (the temperature 

should preferably remain above 900 °C, compared to 850 °C in air mode). NOx and 

N2O emissions are affected by operation parameters similarly as in air mode. 

Krzywanski et al. (2015) and Krzywanski and Nowak (2017) used an artificial 

neural network approach for SO2 and NOx modeling in oxy-CFB. 

The change in the gas composition results in increased density and reduced 

viscosity, which could affect the fluid dynamics in the furnace, but the differences 

have been found to be negligible (according to density and pressure profiles).  

Table 3. Heat duties in air- and oxy-CFB (first- and second-generation cases) (modified 
from Abdulally, 2012). 

Case  Heat duty, % 

Air-CFB  

Primary loop  67.7 

Back-pass 32.3 

Oxy-CFB (21% O2)  

Primary loop  58.0 

Back-pass 42.0 

Oxy-CFB (45% O2) with FBHE  

Primary loop (reduced boiler size) 21.0 

Back-pass 21.0 

External fluidized bed heat exchanger 26.9 
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All in all, heat transfer is affected in oxy-mode because of increased flue gas heat 

capacity, thermal conductivity, and concentration of radiative species (CO2 and 

H2O are radiative whereas N2 is not) (Table 3). Convective (and mostly also the 

radiative) heat transfer within the CFB furnace is dominated by the temperature 

and flow of the circulating solid particles, and thus the direct effect of gas 

composition is small (Seddighi Khavidak, Pallarès, Normann, Johnsson & Ylä-

Outinen, 2015). But in the flue gas heat recovery section design, the effect of higher 

heat capacity and radiative species must be taken into account. To adjust the heat 

balance and temperatures, external heat exchangers and additional heat exchange 

surfaces in the furnace can be used. Heat exchanger duties may differ in air- and 

oxy-firing, with a relatively smaller heat output from the evaporator due to heat 

carried to the convective heat recovery section. 

3.6 Operation and control of oxy-CFB 

Modifications in the oxy-CFB process offer new opportunities for the design, 

operation and control of the plant. As the oxidant flow and composition can be 

separately adjusted, the fluidization and oxygen carrying tasks are decoupled, 

introducing new degrees of freedom for control.  

There are also several other issues that must be considered, including altered 

dynamics and mode switching strategies (Hultgren, Ikonen & Kovács, 2014) and 

operation in failure situations (Mikkonen, Lappalainen, Pikkarainen & Kuivalainen 

2017). Regarding the oxy-CFB plant dynamics, ASU might be a bottleneck for 

dynamic performance of the plant, with a load operating range of 60–100% and 

maximum ramp rate of 3%/min, while the boiler could expect 5%/min (Toftegaard 

et al., 2010). Several units in parallel can help in improving the turndown ratio. 

Buffer tanks can also be used. 

One practical example of oxy-CFB boiler control was presented by VTT 

(2013). The boiler master controls the fuel, oxidant and feedwater masters to meet 

the setpoint for steam pressure or flow. Fuel master accounts for the heating value 

compensated fuel flow, according to firing demand from boiler master. Feedwater 

control (OTU boiler) ensures stable steam temperature. In oxidant control, total 

oxygen input is calculated based on the boiler master load demand and adjustable 

ratio control of oxygen and fuel. Distribution of oxygen between oxidant flows is 

defined. Oxidant O2 concentrations are controlled by RFG flows, and the operator 

can adjust the setpoints. Adjustments to oxidant control are made to control flue 

gas O2. 
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3.6.1 Oxidant control 

In oxy-PC, a suitable oxidant O2 percentage (23–42% depending on e.g. fuel) with 

a high flue gas recycle ratio must be maintained to ensure flame stability and a 

similar adiabatic flame temperature to that in air firing (radiative heat transfer 

dominant). In oxy-CFB, the oxidant O2 percentage can be higher, and the flue gas 

recycle ratio can be reduced. Heat transfer is dominated by the temperature and 

flow of the solids in the furnace, and bed temperature can be controlled by heat 

exchanger arrangements in the solids recirculation system. The RFG flow also 

affects the bed temperature. 

There are various schemes for mixing the oxidant. For example, Burchhardt, 

Giering, and Weiss (2013) presented the concepts suggested for the Vattenfall 

Schwarze Pumpe oxy-PC plant: Oxidant O2 can be a global concentration 

(premixed mode), each inlet concentration can be adjusted separately (expert 

mode), or a hybrid mode (premixed oxidant with an opportunity for finetuning) can 

be used (Fig. 11). Based on test runs, the premixed mode was sufficient for oxy-

PC. 

 

Fig. 11. Two oxygen mixing schemes for CFB: global O2 concentration vs. individually 
controlled inlet concentrations. Examples of oxy-PC application are described in 
Burchhardt et al., 2013. 
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The decoupling of fluidization and oxygen carrying tasks is the key change in the 

CFB. Sufficient primary flow must be introduced to ensure correct conditions in 

the dense bed (pressure, temperature, oxygen availability), and secondary flows are 

used for combustion and fluidization higher up in the furnace. Separate adjustments 

of flow and composition allow controlling fluidization and combustion separately, 

and it is possible to have separate composition controls for all inlets. The question 

to be answered by the control engineer is: How should these new degrees of 

freedom be used? 

In oxy-CFB, oxidant O2 content could be varied for different load levels, fuels, 

steady state or transitional operation etc. Combustion staging can involve different 

O2 concentrations at different inlets. It could similarly be used to adjust the bed 

temperature profile (e.g. intensified combustion in the upper furnace), especially 

because the fluidization does not have to be compromised: while O2 concentration 

is altered, the flow can be kept constant by adjusting RFG. Constant fluidization 

could be used to avoid the recarbonation agglomeration detected in small scale 

experiments, should such problems also be observed in large-scale boilers. The use 

of O2 content in controlling furnace temperatures is a new feature in CFB control. 

(Eriksson et al., 2014) 

Oxidant control could also be used to improve the boiler dynamics. The altered 

gas properties together with the flue gas feedback slow down the dynamics of the 

boiler, which is an important issue for load changes and mode switching. Oxygen 

boosting (increased O2 concentration) or cutback could be used during transients to 

improve the response of the boiler.  

Fluctuation of gas properties (composition, temperature, etc.) is an important 

disturbance in oxy mode because of the positive feedback effects that increase the 

process time constant, and allow rapid changes to trigger imbalance in the process. 

Preheating of oxygen-rich gases may be constrained, resulting in more variable gas 

temperatures.  

Guedea et al. (2011) presented a simple practical setup for flue gas recycle in 

an oxy-BFB test rig (RFG or bottled CO2/O2 operation); valves and a forced draft 

fan are used to draw the required amount of flue gas from the flue gas duct. The 

effect of air leakage on flue gas CO2 concentration was also illustrated. Luo, Wang, 

Guo, Liu, and Zheng (2015) described the control structure design for flue gas 

recycle control of a 3 MWth oxy-fuel PC, based on a dynamic model and combined 

with exergy analysis. To control the recirculation ratio and the RFG pressure, a 

recycle fan and either a recycle valve or a stack valve can be used. According to 

RGA and NI analysis and dynamic simulation, both valves could be used. The 
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recycle fan was used for RFG pressure control, and the valve for recycle ratio 

control, both with simple PI-controllers. Results from a dynamic exergy analysis 

with different types of disturbances suggested that the structure shows better 

performance in terms of exergy loss (0.6–2.4% smaller exergy loss, because of 

smaller pressure drop).  

Haryanto and Hong (2011) described the application of MPC in oxy-PC, 

simply considering that oxidant O2 percentage is controlled with the O2 flow. Jin, 

Zhao, and Zheng (2015) and Jin, Luo, Zhao, and Liu (2018) presented a dynamic 

model of a conceptual oxy-PC plant and its controls, mentioning control structure 

design but disregarding any numerical background for decisions. 

3.6.2 Significance of flue gas O2 control 

The significance of a well-performing flue gas O2 trim can be considered to 

increase in oxy-firing. Obviously, the oxygen remaining in the flue gas becomes 

available for combustion with the RFG recycle, but on the other hand, the O2 that 

exits the cycle and enters the CPU is a product of the energy-intensive ASU process, 

and also increases the cost of purification in the CPU. Precise control of excess O2 

thus benefits the whole ASU-boiler-CPU plant efficiency.   

3.6.3 Mode switching 

For mode switching between air- and oxy-firing, there are several options related 

to the necessary adjustments of air, oxidant and fuel feeds. The decisions include, 

e.g. scheduling and length of the ramp changes in fuel and air/oxidant feeds. The 

aim is to ensure stable combustion conditions with satisfactory dynamic responses. 

McDonald and Zadiraka (2007) described some principles of the operation and 

control of oxy-PC systems, including detailed descriptions for transitions from air- 

to oxy-firing and vice versa. The careful management of oxygen input (from RFG 

and fresh input flow) was emphasized. Jin et al. (2014) studied mode switching in 

oxy-PC. Dynamics, control and mode switching aspects of oxy-CFB were 

presented in e.g. Hultgren et al. (2014).  

Because the flue gas has significantly higher density and heat capacity, for a 

certain volumetric flow (key variable for fluidization), the oxidant mass flow is 

much higher than the air mass flow. Because of the high heat capacity of the flue 

gas, more heat is carried to the heat recovery section and the furnace temperature 

could drop when switching from air to oxy-firing. Thus, for a certain volumetric 
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flow and fluidization conditions, it is a practical solution to slightly increase oxidant 

O2 concentration to 22–25% in oxy-firing mode. The slight increase in load 

(defined by fuel and corresponding O2 feeds) helps avoid bed cooling.  

In another option, if the load is kept constant during the switch by keeping a 

constant mass flow of fuel and oxygen into the boiler (with a constant oxidant O2 

concentration), the volume flow and thus the fluidization will be slightly decreased, 

which could in turn affect the heat transfer, mixing, reactions, and combustion 

efficiency in the furnace. 

The feedback effect of flue gas recycle (in composition and possibly in 

temperature, depending on preheating) affects the dynamics of the system during 

mode switching, load transients and disturbances in constant operation.  

All in all, the control of the process during switches is a challenging task. 

Performing switches in an open-loop manner with predefined ramps might not be 

optimal dynamically, although it helps in avoiding complexity. However, for 

example the results presented by Lappalainen, Tourunen, Mikkonen, Hänninen, 

and Kovács (2014) with simple linear ramp switches illustrate the need for well-

performing feedback control for oxidant and flue gas O2 concentrations for 

disturbance rejection, stability, and safety purposes.  
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4 Control structure design 

4.1 Plantwide control 

“The central issue to be resolved by the new theories are the determination of 

the control system structure. Which variables should be measured, which 

inputs should be manipulated and which links should be made between the two 

sets. -- The gap is present indeed, but contrary to the views of many, it is the 

theoretician who must close it.” (Foss, 1973, p. 652) 

“From a process engineering point of view, the purpose of automatic feedback 

control (and that of manual control as well) is not primarily to keep the 

controlled variables at their set-points as well as possible or to nicely track 

dynamic set-point changes, but to operate the plant such that the net return is 

maximized in the presence of disturbances and uncertainties, exploiting the 

available measurements.” (Engell, 2007, p. 204) 

Modern process systems consist of multiple process units, interconnected by 

streams of material or energy. Complex chemical and petrochemical plants are 

often used as an illustrative example, comprising a large number of individual 

reactors and separators, and possibly thousands of measurements and control loops 

in a single plant. Plantwide control involves the systems and strategies that are 

required to control an entire plant with many interconnected unit operations, 

achieving set design objectives. The problem is complex and open-ended; there is 

a combinatorial number of possible control alternatives, and hardly a single correct 

solution (as stated by Luyben, Tyreys, and Luyben, 1997). Plantwide control does 

not focus on the behavior of the individual control loops, but rather on the control 

philosophy, with emphasis on structural decisions: which variables to control, 

which variables to measure, which inputs to manipulate, and which links to make 

between these (Larsson & Skogestad, 2000). 

Control structure design includes the structural decisions of control system 

design; selection of controlled variables, manipulated variables, measurements (for 

control purposes), control configurations (how setpoints/measurements and 

manipulated variables are connected by the controllers), and finally the 

specification of the control laws or controller type. (Skogestad, 2000) These 

decisions precede the more detailed controller design, for which a wealth of 

systematic tools and methods are available. Exemplary reviews and surveys 

regarding the topic of control structure design include Larsson and Skogestad 
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(2000), van de Wal and de Jager (2001) (input-output selection), and Engell (2007). 

Stephanopoulos and Ng (2000) stated that the transformation of the theory and 

practice in process control during recent decades – the appearance of e.g. robust 

control, model predictive control, and real-time optimization – should also be 

recognized in plantwide control. 

For plantwide control structure design, theoretical tools were long lacking; 

Larsson and Skogestad (2000) stated that industrial practice in plantwide control 

has mostly followed the ideas described by Page Buckley in 1964. Heuristic rules 

based on process understanding and experience have been developed by several 

authors, and important contributions were made by Luyben, Tyreys, and Luyben. 

(1997, 1999). Larsson and Skogestad (2000) provided an extensive review of 

plantwide control methodologies. Vasudevan, Konda, and Rangaiah (2009) 

presented a review of plantwide control approaches with a classification into 

mathematical, optimization-based, heuristic, and mixed approaches. Indeed, a 

diversity of approaches exist, from heuristic rules of thumb to optimization-based 

approaches that require a mathematical formulation of the plantwide control 

problem. 

Early on, according to the unit operations approach (Ng & Stephanopoulos, 

1998; Stephanopoulos, 1983), control was established separately for each process 

unit at the plant, and the plantwide system was then formed in a sequence. Process 

units were isolated by buffer tanks to prevent disturbance propagation and to 

minimize interactions, and generally, well-performing solutions could be generated. 

But with increasing requirements for energy integration, material efficiency, 

minimized capital and operational cost, and safety and environment aspects, flow 

sheets become ever more complex and large inventories are preferably removed. 

From the control point of view, recycles and integration introduce a feedback 

among units, affecting the dynamic behavior of the plant, and create a path for 

disturbance propagation. Thus, the operability of the whole plant must be better 

ensured. While some authors, for example Luyben et al. (1997), have stated that 

the mentioned changes in plant integration and complexity have increased the 

importance of plantwide control, Larsson and Skogestad (2000) emphasized that 

even an unintegrated line with units in series benefits from a plantwide perspective; 

units act as disturbances downstream, and all units must have the same throughput 

in steady state.  

Plantwide control approaches have typically been studied with a set of 

benchmark problems, such as reactor-separator-recycles, and the Tennessee 
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Eastman challenge (Downs & Vogel, 1993; Larsson, Hestetun, Hovland & 

Skogestad 2001). 

4.2 Self-optimizing control (SOC) 

The self-optimizing control (SOC) approach to plantwide control and control 

structure design was proposed by Sigurd Skogestad and colleagues in a series of 

papers from the year 2000 onwards, based on the ideas of various authors earlier. 

Larsson and Skogestad (2000) presented a review on plantwide control and its 

previous developments, and introduce the concept of self-optimizing control. 

Skogestad (2000, 2004a) described the direct loss evaluation method for selecting 

self-optimizing controlled variables. Skogestad (2004b) drew illustrative examples 

from outside process control. Control structure design has also been covered in 

book chapters (Skogestad, 2012, 2015). A recent survey and status description of 

self-optimizing control can be found in Jäschke, Cao, and Kariwala (2017).  

Self-optimizing control is a strategy for control structure design using an 

economic objective function as a criterion; by controlling the so-called self-

optimizing CVs to their constant setpoints, the impact of disturbances on process 

economics is minimized, resulting in a simple but well-performing control structure 

without the need for constant reoptimization of setpoints when disturbances act in 

the process. Jäschke et al. (2017) accentuated that in this context, self-optimization 

is not a property of the controller as in adaptive control; it is based on the correct 

choice of CVs. Halvorsen, Skogestad, Morud, and Alstad (2003) indicated that the 

term self-optimizing was chosen due to its close relation to self-regulating control, 

which is when acceptable dynamic performance can be achieved with constant 

manipulated variables (no control); in self-optimizing control, acceptable economic 

performance can be achieved with constant setpoints (no optimization). The main 

issue is also not to find the optimal setpoints, but the right variables to keep constant; 

this is often a structural issue, and thus a self-optimizing structure should not be 

sensitive to parameter values (Skogestad 2004b). According to Skogestad (2004a), 

the idea of self-optimizing control was first formulated by Morari, Arkun, and 

Stephanopoulos (1980) who wanted to find a function of process variables which 

would be held constant, resulting in optimal adjustment of manipulated variables. 

Self-optimizing control is based on the hierarchical decomposition of the 

control system (Figure 12), in which the control system is divided into several 

layers, and the layers are linked by controlled variables. Setpoints computed by the 

upper layer are implemented in the lower layer, which in turn return measurements 
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to the upper layers. The vertical decomposition of the control system is generally 

based on time scale separation, whereas the horizontal decomposition is based on 

separation in space (e.g. decentralized local control of units) (Skogestad, 2015). 

Decisions affecting process control and optimization are split to different corporate 

levels with different timescales; obviously, the regulatory control operates 

continuously, whereas company-wide optimization might be executed once a day 

by a human employee. The local optimization layer accounts for the economics of 

each unit. In the control layer, objectives include stabilization (regulatory control) 

and tracking (supervisory control), and often these layers are separated based on 

the required time scale. (Larsson & Skogestad, 2000) 

 

Fig. 12. Hierarchical decomposition of process control (redrawn based on Larsson & 
Skogestad, 2000). Layers are vertically separated by time scale and objectives, 
horizontally separated by spatial location (e.g. process units in a plant), and 
interconnected by controlled variables (CVs). 

In an idealized, fully integrated optimization and control solution, perfect 

measurements and models combined with dynamic on-line optimization would 

result in truly optimal operation. However, despite advances in computing power 

and methods, such a solution for a complete plant is unlikely to be applied. Detailed 

full-scale models may not be available or affordable to build and maintain; in 

contrast, local feedback control is very effective without large modeling efforts. In 

addition, a fully centralized solution may not be readily accepted by operation 
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personnel with a need for comprehensive access to individual control loops for 

manual operation. The hierarchical implementation of optimization and control is 

a practical solution for optimizing control. In SOC, an off-line analysis is 

performed to find a simple control structure that will keep the process close to 

optimum despite disturbances. In many cases, the benefits of simplicity outweigh 

the possible benefits obtained through complexity, as pointed out by Jäschke et al. 

(2017). Downs and Skogestad (2011) discussed the industrial perspective on 

plantwide control, and the variety of factors affecting decisions related to control 

system design. In industrial practice, straightforward self-optimizing structures 

built into the process in the design phase are favorable, because they provide 

simplicity, robustness, and reliability, are more easily accepted and exploited by 

operators, and allow successful process optimization projects after plant 

commissioning. 

Although avoiding complexity is often mentioned as one of the main benefits 

of SOC structures, the procedure is indeed not limited to using simple decentralized 

SISO control in the control layer. In fact, the procedure does not consider the 

selection of MV-CV pairings in the analysis part; it only assumes that available 

MVs are used to control CVs to their constant setpoints. The design of the control 

layer structure in the second part of the procedure is based not only on steady-state 

performance, but also on aspects related to controllability, interactions and 

dynamics, and thus the use of advanced solutions including multivariable control 

or model predictive control (MPC) can be justified.  

In current industrial practice, basic decentralized (PID) control may dominate 

the regulatory control layer, while in the supervisory control layer, centralized 

solutions such as model predictive control (MPC) (e.g. Camacho and Bordons, 

2007) may be applied. A full-on MPC for the whole control layer could also be 

applied. MPC has become well established both in academia and in industry during 

recent decades. MPC refers to a class of methods that, in general, use a model to 

obtain control signals such that a cost function is minimized within the receding 

prediction horizon. Certain MPC algorithms such as dynamic matrix control (DMC) 

and generalized predictive control (GPC) have gained widespread success. The 

main drawback of MPC is the need for modeling; otherwise it possesses advantages 

in dealing with multivariable control, dead-time and non-minimum phase processes, 

constraints, and following future references. The basic concept and tuning of MPC 

are straightforward, which improves its acceptance in practice. 

Use of dynamic real time optimization (DRTO) or EMPC (Economic MPC) 

(Ellis, Durand & Christofides, 2014) can be considered to relieve the pressure of 
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choosing good controlled variables, but at the same time these optimizing 

controllers often operate above the regulatory control layer on a slower time scale, 

and thus good controlled variables in the regulatory layer ensure that near-

optimality is achieved on a faster time scale (Skogestad, 2015).  

Skogestad (2015) pondered issues related to simplicity: although centralized 

approaches such as MPC theoretically provide better performance, decentralized 

simple solutions may – when well designed – result in relatively small performance 

loss, with benefits in simple application in existing systems, the possibility of 

gradual application and extension, and reduced need for models. Hoeser et al. (2017) 

based their search for a well-performing single-loop control for a new process 

design on the fact that advanced controls (and controller tuning) are usually only 

developed after plant commissioning and possibly some years of operation. 

4.2.1 Role of SOC in control structure design 

The plantwide control structure design procedure proposed by Skogestad (2004a) 

consists of two main parts, top-down analysis and bottom-up design, including 

several steps.  

In the top-down analysis, primary controlled variables (with economic 

significance) are selected based on steady-state consideration. Primary controlled 

variables are the CVs that link the optimization and control layers. The location of 

the throughput manipulator is also set (production rate manipulation).  

In the bottom-up design, a hierarchical control structure is designed. The 

procedure starts with the design of the regulatory control layer structure (choice of 

secondary CVs that have no economic effect but are used for stabilization, pairing 

of MVs and CVs, inventory control decisions), design of the supervisory control 

layer structure (for example, centralized or decentralized structure, pairing), and 

then design of the optimization layer if it is required (for example, RTO). 

The self-optimizing control design procedure provides a systematic method for 

screening CV candidates based on their steady state economics, which often 

dominate the overall performance of a plant. Therefore, only a good steady state 

model is required for the analysis. Contrary to most methods developed for control 

structure design, in SOC the selection of controlled variables is based solely on the 

economic cost function, and promising candidates must then be further examined 

for issues such as controllability and dynamic behavior. To accentuate this 

difference, the Skogestad method is also referred to as economic plantwide control 

(Skogestad, 2012).  
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SOC provides an efficient tool for screening CV candidates from a potentially 

overwhelming set of possibilities. Self-optimizing controlled variables have long 

been used in control (e.g. ratio control with constant ratio setpoint, controlling 

constrained variables to their constraints), and SOC is intended to serve as a 

systematic method for the discovery of such CVs. 

Applications of SOC have been reported in various processes, see a listing in 

Jäschke et al., 2017. Relevant to the field of this thesis, applications have been 

reported in e.g. district heating network with a waste incinerator (Jäschke, 

Smedsrud, Skogestad & Manum, 2009) and CO2 capturing solvent processes 

(Panahi, Karimi, Skogestad, Hillestad & Svensen, 2010). Jin, Zhao, and Zheng 

(2015) and Jin, Luo, Zhao & Liu (2018) referred to the top-down analysis, bottom-

up design procedure in oxy-PC control design, but no evaluation of self-optimizing 

controlled variables was presented. 

4.2.2 Self-optimizing controlled variables 

In self-optimizing control, the underlying optimization problem can be formulated 

as minimizing the cost function 

minu (u,d) (1) 

subject to inequality constraints 

g(u,d ) ≤ 0 (2) 

where manipulated variables (u) can be affected, and disturbances (d) are acting in 

the process.  

The problem to be solved is to find a good set of constant-setpoint controlled 

variables among a possibly very large set, if e.g. combinations of measurements are 

included as candidates.  

When disturbances act in the process, keeping constant setpoint values instead 

of reoptimizing results in loss. If the cost of applying disturbance-optimal inputs 

uopt is Jopt(d), then the loss for applying u instead of the optimal is , = , − .                         (3) 

In self-optimizing control, the aim is to find a control structure that can achieve an 

acceptable loss with a constant-setpoint control strategy. 

There are several methods for selecting CV candidates; typically, they are 

measured variables or their combinations (Alstad, Skogestad & Hori, 2009), and 
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process insight and experience might help in identifying promising candidates 

(Minasidis, Skogestad & Kaistha, 2015). In the brute force approach, a large 

number of candidate variables are included in a large number of simulations. There 

are also several methods available for the choice of candidates to reduce the 

computational load especially in large-scale problems. These methods are mostly 

local, based on linear approximation of loss around a nominally optimal operating 

point. Methods include the maximum gain or minimum singular value rule, the 

exact local method (Halvorsen, Skogestad, Morud & Alstad, 2003), and the null 

space method (Alstad & Skogestad, 2007; Alstad, Skogestad & Hori, 2009) for 

selecting linear combinations of measurements for controlled variables, as well as 

branch and bound methods for reducing the number of CV combinations for 

examination. Issues and recent research related to constraint handling, larger 

operating windows, data-based approaches, and dynamic problems are discussed 

in Jäschke et al. (2017). 

There are some common properties for good self-optimizing CVs (Skogestad, 

2000). For good self-optimizing CVs, the optimal setpoint value is insensitive to 

disturbances. Similarly, because implementation errors (caused by e.g. 

measurement error) cannot be fully avoided, cost J should not be too sensitive to 

the value of the CV. Values of the CVs should be sensitive to changes in MVs. In 

conclusion, good CVs are in general easy to measure and control. In MIMO cases, 

the CVs should not be closely correlated.  

For each candidate CV set, performance is evaluated for a set of disturbances 

and implementation errors (chosen a priori) and compared to the optimal 

performance. CVs with acceptable loss can be denoted as self-optimizing; their 

performance is not substantially worsened when there is no constant reoptimization 

of setpoints.  

4.2.3 Direct loss evaluation method 

The direct loss evaluation method (Skogestad, 2000) is a general systematic 

procedure for using a static process model in selecting CVs based on direct loss 

evaluation for a finite set of disturbances and implementation errors. The approach 

is applicable for nonlinear systems. 

Basic steps of the direct loss evaluation include (based on Skogestad, 2000, 

2004a with slightly different formulations): 
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1. Definition of operational objectives: Formulation of objectives as a scalar 

cost function (J) to be minimized. Identification of operational constraints (g).  

2. Analysis of degrees of freedom, choice of MVs: Analysis of degrees of 

freedom and choice of manipulated variables (u). 

3. Choice of CVs and candidate sets: Identification of control structure 

candidates (sets of controlled variables, CVs) for the analysis. 

4. Identification of disturbances: Identification of relevant disturbance 

scenarios (process disturbances, modeling error, etc.) dn, n=1,2,…,D where d1 

is the nominal case and D is the number of disturbance scenarios included. 

5. Finding optimal operation: Solving the nominal optimization problem to find 

uopt(d1) as well as solving the problem for each disturbance. 

6. Evaluation of loss for each candidate set: Evaluating loss L(u,d) for each 

candidate CV set cn, n=1,2,…,C (n.b. notation in this work, cn refers to the CV 

set instead of a single CV). When implementation errors (in, n=1,2,…,I, i1 is 

the nominal case with no implementation error) are included in the analysis, u 

is adjusted accordingly. 

7. Selecting promising CV sets for further analysis: Solutions with acceptable 

loss (steady state performance) should be examined using further criteria such 

as performance in different operating regions and closed-loop dynamics.  

The order of the SOC steps is not strictly defined (cf. Skogestad, 2000 and 2004a), 

which may cause slight discrepancies in presenting the steps of the analysis (also 

noted in development of the presentation in Publications III-V). It can be argued 

that often e.g. relevant disturbances can be identified in the very early stages of 

analysis, whereas the choice of CV sets included in the analysis is often iterative; 

additional structures can be added after analyzing an initial set. 

In Section 5, the direct loss evaluation method is chosen for the control 

structure analysis of CFB combustion (air and oxy-firing). The method does not 

imply any restrictions on the models to be used, enabling the direct use of complex 

simulation and design models available in the industry, such as nonlinear models 

(Publication II). Furthermore, it enables the application of the method for other 

industrial processes without major reconstruction. 

4.2.4 Bottom-up design 

The top-down analysis is followed by the bottom-up control structure design part 

of the SOC procedure (for which steps are described in detail in Skogestad, 2004a). 
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For controlled and manipulated variables selected based on steady-state loss 

evaluation, the next steps involve controllability analysis and structural decisions 

which depend greatly on the characteristics of the process or plant to be controlled.  

An important initial decision in the design procedure is to decide where to set 

the production rate, i.e. what can be used as the throughput manipulator (TPM) of 

the process. For power plants in general, the operation objective is not a simple 

case of “maximize plant output”; there are several types of plants and operation 

modes. For example, the two main principles for unit coordination represent two 

different TPM locations for combustion power plants. In the boiler following 

scheme, the turbine valve is used for load control, and fuel feed is then adjusted to 

keep steam pressure at its setpoint. In the turbine following scheme, fuel input is 

adjusted to control heat and steam generation, and the turbine valve is used to 

control steam pressure. In coordinated control, control signals are developed 

simultaneously for the boiler and the turbine to improve the dynamics of the 

response. In a combined heat and power plant, the ratio of products can be adjusted 

by controlling the steam flows in the cycle (IP steam extraction, turbine bypass, 

etc.). Most often the ratio is determined by the steam network demand, or by the 

district heating load (large-scale heat accumulators can be used for time-shifting 

production). Furthermore, considering a Rankine cycle for power generation in 

general, there are two distinctive cases: either the heat input to the cycle is 

controlled (via adjusting combustion), or it is a disturbance variable (e.g. waste heat 

recovery, or a Rankine cycle topping a Brayton cycle in a combined power plant).  

For the CFB furnace, there are also alternatives for the choice of TPM. The 

main throughput of the furnace is the heat transferred to the steam cycle. Using fuel 

feed as a TPM might seem like an obvious choice, as heat is released from 

combustion of fuel. However, considering the dynamics, the solid fuel feeding 

system imposes a time delay, whereas the stored heat and accumulated fuel (char 

inventory) in the bed are instantly available. The storage is unique to fluidized bed 

boilers and is utilized for rapid load increase; in PF boilers, no such inventory exists, 

and the simultaneous control of fuel and air feeds is of the highest importance. The 

amount of fuel accumulation in CFB can be measured in tonnes (Findejs, Havlena, 

Jech & Pachner, 2009). In existing CFB boilers, primary air feed is in practice the 

TPM. Primary air feed affects the fluidization, the solids density, and finally the 

heat transfer in the upper part of furnace. The dense hot lower bed acts as a thermal 

storage in part-load operation. In practice, boiler master control accounts for the 

simultaneous adjustments of fuel, primary air and secondary air as a function of 

boiler load demand. Considering the oxy-CFB, the TPM could be different, such 
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as the primary oxidant flow (O2 concentration controlled by oxygen flow), primary 

RFG flow (strongest effect on fluidization), primary oxidant O2 concentration or 

absolute flow, or total oxygen input (RFG used to control flow). 

Structural decisions in the control structure design phase involve e.g. the choice 

of secondary controlled variables (what to control in the regulatory control layer in 

addition to the primary controlled variables) and pairing of MVs and CVs in the 

regulatory layer, often with simple single-loop PID controllers. For the supervisory 

control layer, a decentralized or centralized (multivariable) structure can be 

selected, based on the degree of interactions, and complexity in constraint handling. 

For the hierarchy above the control layer, an important issue is the decision on 

whether RTO is required in the optimization layer. Finally, nonlinear simulation of 

critical process parts should be used to validate the proposed structure.  

Control structure design tools such as the well-established RGA (relative gain 

array) are suggested for use in the design phase. The top-down SOC analysis does 

not consider loop pairings or control laws at all, it only requires that CV setpoints 

are reached by adjusting MVs in some manner. Thus, a subsequent RGA analysis 

for the SOC control structures can provide information on whether a multi-SISO 

configuration with constant setpoints could be applied, or whether more complex 

control solutions such as multivariable control or MPC should be considered. 

For example, Hoeser et al. (2017) described the use of SOC and RGA in the 

workflow of industrial chemical plant engineering. To create a well-performing 

decentralized single-loop control structure for a large-scale process (exemplified 

by a heat-integrated column sequence), RGA is used in the screening of controlled 

variable sets (together with loss estimation) in order to reduce the number of sets 

for exact loss evaluation. 

Partial relative gain (PRG) analysis (Häggblom, 1997) is a procedure for the 

analysis and selection of control structures, used to find structures that are integral 

controllable with integrity (ICI). It considers RGA for systems under partial control 

(loops opened and closed arbitrarily). In the PRG analysis, control configurations 

are screened with RGA and NI (Niederlinski index). PRG matrices are determined 

for all partially controlled subsystems, and structures with only positive PRG 

elements are included in the ICI structures. ICI solutions for the system can then be 

ranked based on their PRG element distributions. For Publications IV and V, PRG 

was used in conjunction with SOC for the oxy-CFB. 
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5 Control structure design in CFB 

5.1 Application: pilot scale CFB hotloop model 

A dynamic CFB combustor model (see detailed description in Ritvanen et al., 2012) 

for Matlab/Simulink has been developed in cooperation between Sumitomo SHI 

FW Energia Oy (previously AMEC FW / Foster Wheeler Energia Oy), 

Lappeenranta University of Technology (LUT), and University of Oulu (Ikonen, 

Kovács & Ritvanen, 2013). The model comprises the furnace, cyclone, and solids 

return system, i.e. the CFB hotloop, divided into ideally mixed 1-D elements. It is 

based on physical and empirical approaches, with the main objective of providing 

a tool for evaluating dynamic behavior of the CFBC. The ODEs are solved with 

the Matlab/Simulink. The model structure has been validated in air-firing using 

data from various existing boilers from pilot to full scale size; for oxy-combustion, 

the model was validated against data from the pilot-scale oxy-CFB unit at VTT 

Jyväskylä. 

The dynamic model for this 20–100 kWth pilot-scale CFB unit at VTT 

Jyväskylä, described in Tourunen (2010), was used for the control structure design 

tasks in Publications II–V. The pilot is capable of both air- and oxy-firing, and 

comprises a riser (height 8 m, inner diameter 167 mm), a flue gas recirculation 

system, fuel and limestone feeding systems, and systems for bed material (sand) 

and ash handling. The combustor is divided into separately controlled, electrically 

heated and air/water cooled zones to control process conditions and heat transfer, 

mimicking conditions in larger-scale units with steam cycle. The unit is well 

covered with temperature and pressure measurements and sampling ports. Flue gas 

composition is measured with FTIR and regular on-line analyzers. For the oxidant, 

the flue gas recirculation system comprises a fan, primary and secondary gas lines 

with flow control valves, and separate injections for bottled room-temperature O2 

allowing different compositions of primary and secondary oxidants. Air/oxidant is 

introduced through the grid and three secondary inlets. In air firing, gas preheating 

is used. For the oxy-firing test campaign used to validate the model, a mixture of 

anthracite and petcoke was used as fuel. Hultgren et al. (2014) described the test 

campaign and the validation in more detail. 

Although large-scale steady state 3D models (Adamczyk et al., 2014; 

Myöhänen & Hyppänen, 2011; Myöhänen, Diego, Kuivalainen & Hyppänen, 2017) 

are invaluable for process design, and dynamic models such as the one presented 
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here (Ritvanen et al., 2012) for transient and control design, their numerical 

solution is computationally too heavy for online use in real time control, or even 

for offline approaches with heavily iterative calculations. When only steady state 

behavior is of importance, as is the case in self-optimizing control and PRG 

approaches for control structure design, the use of steady state approximations is 

justified to reduce the computational times. 

5.2 Control objectives: cost function 

A typical formulation for the cost function of an industrial process in self-

optimizing control can be given as (Minasidis, Skogestad & Kaistha, 2015) 

 J =pFF + pQQ - pPP                      (4) 

where p denotes price per unit flow, and F, Q, and P are the feed streams, utilities 

(including energy), and products, respectively. J is preferably a scalar economic 

cost function. 

Two main operational modes for the controlled process can be identified: the 

maximum throughput mode (optimal operation corresponds to maximizing product 

rate) and the nominal operation mode, in which the main task is to minimize utility 

costs while the feed (and thus often also the product) term is given. In maximum 

throughput mode, operation is usually constrained by some bottleneck, while in 

nominal operation mode, it is often not obvious how maximum efficiency can be 

obtained. 

Apart from base load plants (e.g. nuclear power plants), power plants seldom 

operate in maximum throughput mode; load reference varies based on demand and 

planned operation, and it is important to achieve high efficiency even in partial load 

operation.  

For CFB combustion, the product term (heat output to steam cycle) is fixed by 

unit control, which determines the required combustion rate and the fuel feed to the 

system. To construct the cost function for the CFB combustor, the economic control 

objective can be stated as: produce a correct amount of heat output to the steam 

cycle, with the least cost of inputs (fuel and air or O2+RFG), and with the least 

emissions (cost due to emission control, CO2 impurity removal for oxy-CFB). This 

results in the cost function J: 

 = + + / + O +                      (5) 
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More exact descriptions of the cost function factors and price parameters can be 

found in Publications III–V. Modifications were applied during the work, e.g. 

emission removal cost was first based on concentration and later on absolute mass 

flow. Prices were estimated for coal, high-purity oxygen (96%) from ASU, 

air/oxidant fan consumption (higher consumption for the primary fan with greater 

pressure difference), and emission control (e.g. limestone absorbent feed). 

In Publications II–V, from the CFB hotloop model, only the evaporator heat 

flow rate could be obtained as an output, based on fixed boundary temperatures and 

the conditions of the furnace. Heat output depends on the bed temperature and 

profile, which in turn depend on the fluidization and progress of combustion. The 

convective heat exchange area is not included in the model; therefore, the heat 

extracted from flue gas was only estimated based on assuming a constant final 

temperature, and only the evaporator heat output was controlled. For the evaporator 

heat output (kW), a setpoint corresponding to the load rate was given, so that 

greatest profit is obtained for heat output up to the setpoint; additional output was 

not as valuable, and deficit in output was penalized (assume e.g. deficit in electric 

output, which means that makeup power must be paid for). 

The emissions term was profoundly different for air- and oxy-combustion 

modes. In air mode, CO2 was penalized because of emission trading costs; in oxy-

mode, CO2 is the desired component in flue gas, and all other species are penalized 

with a small cost (moisture condensation, removal of impurities in CPU to satisfy 

CO2 product quality requirements).  

To include combustion efficiency in the cost function, a symmetrical cost for 

deviation from the desired residual O2 in the flue gas (2%) was included. With too 

little excess oxygen, there is a risk of incomplete combustion i.e. loss of fuel with 

ash removal and escaping combustible gases; too high residual oxygen indicates 

that too much air/oxygen is introduced in the furnace, which means that heat is lost 

with excess flue gas and/or pure oxygen is wasted. Cost of inoptimal flue gas O2 

was included as a separate term in order to ensure that it is considered in the analysis; 

however, in plant operation the inoptimal residual O2 level is also directly reflected 

in fuel and air/oxidant cost and flue gas emissions. 

The described cost function is indeed not the only alternative. The economic 

cost function for the whole oxy-fired plant (ASU + boiler + CPU) could be 

formulated as “cost per CO2 captured [€/t]” or “cost per CO2 avoided [€/t]”. 

Considering power plants in general, the cost function could comprise terms related 

to energetic and exergetic efficiency; energetic efficiency is of course indirectly 

expressed in the economic cost function in which the cost of fuel vs. profit from 
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power (and heat) affects the result. Exergetic efficiency could be included to 

compare the performance of the plant to an ideal, instead of just comparing 

solutions with each other. 

5.3 Constraints 

Defining constraints for operation is another task that stems from the process being 

analyzed. CFB operation is restricted by certain hard constraints that should not be 

violated under any circumstances.  

Hard constraints on bed temperature, flue gas temperature and fluidization 

velocity are applied to prevent inoptimal fluidization, combustion, sulfur binding 

and heat transfer conditions, material damage and bed agglomeration. Flue gas 

residual oxygen generally has a minimum constraint applied for safety and boiler 

protection purposes, and violation will result in boiler tripping.  

In Publications II–V, constraints were set for  

– bed temperature (830 °C ≤  ≤ 980 °C)  

– flue gas temperature (  ≤ 980 °C)  

– fluidization velocity at the grid (  ≥ 2 m/s) 

– flue gas O2 ( O ≥ 1%) 

– and mixing ratio for pure oxygen ( OPO/ RFGPO , OSO/ RFGSO  ≤ 35%). 

In oxy-combustion, the mixing ratio of pure oxygen and recycled flue gas was 

limited, which indirectly limits the oxidant oxygen concentration. 

MV bounds are also to be set realistically (flows must be positive, maximum 

constraint set according to full load).  

5.4 Degrees of freedom and manipulated variables 

The number of degrees of freedom (DOF) for control equals the number of 

independent variables in the process that can be manipulated by external means. 

Degrees of freedom are used to satisfy constraints and optimize the operation. 

Manipulated variables used in Publications II–V are presented in Table 4. In 

air combustion, three MVs were considered: fuel feed rate, primary air flow, and 

secondary air flow (distribution of total flow to inlets was assumed constant). In 

oxy-combustion, the input oxidant flows are a mixture of RFG and pure O2, and 

thus there were five MVs (distribution and oxidant composition for the secondary 

inlets were assumed to be constant). Gaseous flows were given in units of mass 
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flow [kg/s] because of model defaults; in practice, volumetric control is easier to 

implement. It must be noted that the use of mass or volumetric flow truly makes a 

difference; oxidant density is approximately 20% higher than air density 

(depending on the composition), which means that retaining a constant mass flow, 

e.g. when switching from air to oxidant would reduce the volumetric flow, and thus 

affect gas velocity and fluidization.  

Table 4. Manipulated variables in air- and oxy-CFB. 

AIR-CFB OXY-CFB 

u1 fuel feed rate [kg/s] u1 fuel feed rate [kg/s] 

u2 primary air flow [kg/s] u2 primary RFG flow [kg/s] 

u3 secondary air flow [kg/s] u3 primary O2 flow [kg/s] 

 u4 secondary RFG flow [kg/s] 

 u5 secondary O2 flow [kg/s] 

5.5 Controlled variables 

Important controlled variables in the CFB hotloop are linked to (more detailed 

discussions in e.g. Publications III and IV): 

– fluidization 

– bed density (measured using differential pressure) 

– bed temperature 

– heat output 

– oxidant properties 

– flue gas residual O2. 

In Publications II–V, the CVs were picked from a relatively large set, obtained by 

suggesting sensible CVs from the process point of view; the advantages and 

properties of CFB boilers very much rely on correct conditions in the furnace (see 

Section 4). Figure 13 illustrates a set of potential CVs for oxy-CFB. 

Since the focus of the work was in oxy-CFB, Publications II–V did not cover 

the steam cycle, in which the main boiler control loops account for the plant output, 

steam properties (p, T), and balance in the cycle (e.g. feedwater). Unit control 

strategies (boiler-following, turbine-following, coordinated control) may adjust 

combustion to provide fast load changes by utilizing the heat stored in plant 

components and a large mass of water and steam; however, in steady state, heat 

released from combustion is in balance with the demand on the steam side. Stored 
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heat capacity is not considered in this steady state approach, and neither is bed fuel 

inventory (accumulated fuel and char in the bed); both are essential for the dynamic 

behavior of the boiler but have no economic effect in steady state. Controls for 

furnace pressure (by ID fan) and bed inventory (by bottom screw removal and sand 

feeding system) were also excluded from the analysis. 

In Publications II–V, corresponding to the number of MVs, three (air-CFB) and 

five (oxy-CFB) CVs were picked for each candidate control structure cn 

(n=1,2,…,C). Again, process insight could be used to avoid the inclusion of too 

closely related CVs, which also reduces the number of CV candidates. Systematic 

methods for CV selection could also be used, especially for large-scale problems 

(see previous section). 

Controlled variables should be selected so that first of all, active constraints are 

controlled. As an example, the purity constraint of a valuable product should be 

controlled to avoid product giveaway or out-of-specification loss (Minasidis et al., 

2015). In the CFB case, we can consider the heat output as a variable that should 

be kept at its specification. Flue gas O2 could also be considered as an active 

constraint (economically, excess air/oxidant feed should be minimized, but flue gas 

O2 should remain above its hard safety constraint) but on the other hand, 

minimizing excess air/oxygen could have a detrimental effect on emissions, 

resulting in additional cost.  

Fig. 13. Controlled variables grouped according to process importance in oxy-CFB, and 
their inclusion in a set of studied control structures (modified from Publication IV © 
2017 Elsevier). 
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The structures included in the SOC analysis have no preference for the control 

configuration; there is no pairing of certain MVs to certain CVs. Instead, in 

Publications II–V, to control all CVs to their setpoints, corresponding MV values 

were calculated by MIMO optimization with hard constraints; the sums of squared 

deviations between achieved CV values and setpoints were minimized subject to 

constraints. Active constraints were thus not explicitly considered. Should the 

control be arranged with SISO loops, active constraints changing with load level 

would result in e.g. reconfigurable control solutions, but these implementation 

aspects were not within the scope of this work. 

5.6 Disturbances 

The a priori choice of disturbances and implementation errors that are included in 

the analysis has a strong effect on the results. The final results are also very much 

affected by how much weight each disturbance and implementation error scenario 

are given when combining the results (worst case loss, average cost over all 

disturbances, weighted sum of costs, mean cost from Monte Carlo evaluation with 

certain distribution of disturbances etc.). 

For CFB, important disturbances are linked to fluctuations in fuel properties. 

Solid fuel combustion is problematic; as much as 90% of disturbances in solid fuel 

combustion arise from the fuel (Joronen et al., 2007). Other disturbances of interest 

for oxy-CFB are e.g. fluctuations in O2 purity, and air ingress to the furnace. 

However, the effect of these disturbances is probably of highest significance in the 

CPU conditioning cost, and thus fluctuations in fuel quality seem more important 

in the case of CFB hotloop analysis. 

Table 5. Disturbance and implementation error scenarios in Publications II–V. 

Disturbances Implementation errors 

d1  no disturbances (nominal case)  i1  no implementation errors  

d2  fuel heating value -5%  i2  flue gas O2 measurement error -25%  

d3  fuel heating value +5%  i3  flue gas O2 measurement error +25%  

d4  fuel moisture -10%  i4  vf measurement error -25%  

d5  fuel moisture +10%  i5  vf measurement error +25% 

In Publications II–V, five process disturbance scenarios and five implementation 

error scenarios were included in the analyses (Table 5). Disturbances were related 

to fuel heating value and moisture. Implementation errors included uncertainty in 
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the flue gas O2 measurement (uncertainty in the lambda factor) and  measurement 

(  is an estimated variable only, since no such measurement is available in 

practice). 

5.7 Brute force approach 

After the rather tedious definition of the problem, brute force can be applied. A 
highly iterative calculation routine is used to study the performance of each 
structure for each disturbance/error. Good tools for calculation and optimization are 
required, and using steady state model approximations significantly relieves the 
computational load. In this work, the algorithm was implemented in Matlab.  

First, optimal CV and MV values were obtained by constrained MIMO 

optimization (Matlab function fmincon enhanced with 20 randomized initial 

starting points). Nominal optimal CV values minimize the cost under nominal 

conditions (no disturbances or implementation errors, d1 and i1) and were later used 

as the setpoints.  

Then, disturbance-wise optima were calculated for all scenarios dn (n=2,3,…,D)  

(uopt(d) → yopt(d)→ Jopt(d)); when disturbances act in the process, MV values are 

adjusted so that CV setpoints are met (and constraints are not violated). 

Disturbance-wise optima were not applied in control, but were later used to 

evaluate the loss for each CV set cn (cost implied by using a constant setpoint policy 

instead of disturbance-optimal setpoints). 

Infeasible solutions in which one or more of the setpoints cannot be reached 

without violating constraints are examined one by one to see whether they only 

imply economical loss or true operational infeasibility. Operation might be feasible 

even if some of the setpoints are not reached (e.g. if flue gas oxygen remains above 

its setpoint).  

Finally, to calculate the cost for each candidate CV set, the control problem 

was solved to find how MV values must be adjusted for each disturbance dn 

(n=1,2,…,D) to reach the desired CV setpoints. Implementation/measurement 

errors in (n=1,2,…,I) were also considered (by altering setpoints). 

5.8 Displaying results 

Finally, candidate CV sets are ranked based on chosen criteria. There are several 

possibilities: ranking can be based on worst case loss, average loss over all 
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disturbances, weighted sum of losses, mean loss from Monte Carlo evaluation with 

a certain distribution of disturbances, etc.  

Fig. 14. Spider plot visualization of disturbance-wise losses, with and without worst-
case implementation error (plotted results from Publication V). 

In Publications II–V, either worst-case implementation error combination J(c,d) = 

maxi J(c,d,i) or mean error over i J(c,d) = meani J(c,d,i) (included in Publication V) 

was chosen as the disturbance-wise cost. Comparing these costs to optimal cost 

Jopt(d) gives loss L(c,d), and the loss for each structure L(c) was calculated as the 

mean over all five disturbance scenarios.  

Results can be expressed numerically and/or illustrated with e.g. radar/spider 

plots (Figure 14). In Publication II, all studied structures were plotted in one spider 
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plot; in Publication III, spider plots were used to illustrate the effect of worst-case 

implementation error on the disturbance-wise cost, and plots for four structures 

were displayed in parallel. This provides an effective means for illustrating results 

compared to the table form commonly used. 

5.9 Self-optimizing control in an air-CFB combustor 

The application of self-optimizing control analysis in a conventional air-fired CFB 

combustor is described in Publications II and III. The results are briefly outlined in 

this section. 

For the self-optimizing control analysis in air-CFB, the dynamic model for the 

pilot CFB plant (see Section 5.1.) in air mode was used to obtain simulation data 

for each disturbance scenario, and to train a multiple-input multiple-output sigmoid 

neural network (SNN) for steady state approximation allowing feasible 

computation times for the analysis. The model consisted of three inputs (fuel feed 

rate, primary air flow, secondary air flow) and outputs from the model included all 

variables required by the candidate CVs and auxiliary variables required in cost 

function evaluation.  

Eight control structures were included in the analysis, including e.g. a structure 

corresponding to the industrial practice (power, primary air/fuel ratio and flue gas 

O2 controlled with fuel, primary air and secondary air feeds), structures with 

obvious deficits due to lack of feedback (fuel flow as controlled variable with 

constant setpoint), and structures where mid-furnace temperature was controlled 

instead of heat output.  

Two load levels and three cases altogether were included in the analysis (high 

load with and without implementation error, low load). In the low load scenario, 

operation at the constraint (secondary air flow is optimally reduced to zero, but 

primary air flow must maintain fluidization), setpoints could not be reached for 

most disturbances; for example, flue gas O2 remained above its setpoint, which 

results in economical loss but does not make the configuration infeasible in practice. 

The results supported the current common approach in the industry, to control 

power, primary air/fuel feed ratio, and flue gas O2 with the three MVs available. 

Typically, the approach is implemented with SISO controllers so that power is 

controlled by the fuel feed, primary air is a feedforward from fuel feed, and 

secondary air is used for O2 trim. The structures with bed fluidization velocity also 

performed well. However, there is no direct measurement and it is not obvious 

whether the development of e.g. a soft sensor would be worth the effort. 
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5.10 Self-optimizing control in an oxy-CFB combustor 

The application of self-optimizing control analysis in an oxy-fired CFB combustor 

was first described in Publication III. In Publications IV and V, Partial Relative 

Gain (PRG) is used for the task of pairing in control structure design. In Publication 

V, dynamic simulation with multi-SISO PID control is included to illustrate the 

application of a promising structure in practice.  

Table 6. Optimal CV values for each disturbance scenario (data from Publication V, 
reprinted with permission from Elsevier). 

CV unit d1 d2 d3 d4 d5 
wO2fg [%] 1.00 1.00 1.00 1.00 1.00 

 [kW] 39.9 39.9 39.9 39.9 39.9 

T10bed [°C] 907 909 904 906 906 

vf [m/s] 2.00 2.00 2.00 2.00 2.00 

RFGPO /  [-] 4.74 4.34 5.19 4.82 4.66 PO [m3/s] 0.017 0.017 0.017 0.017 0.017 PO/  [m3/kg] 6.20 5.68 6.79 6.29 6.11 

wO2PO [%] 22.83 22.83 22.83 22.83 22.83 

wO2SO [%] 22.82 22.87 22.76 22.81 22.82 

RFGSO / RFGPO  [-] 0.41 0.54 0.28 0.40 0.42 

T2bed [°C] 874 878 870 874 874 

T20bed [°C] 898 889 909 900 898 

2bed [kg/m3] 165 160 170 166 165 

20bed [kg/m3] 4.91 5.30 4.54 4.87 4.96 

When conducting the direct loss evaluation analysis for oxy-CFB, it was observed 

that the ranking of the systems was sensitive to cost function parameters and loss 

weights. Similarly, there is a need for good tools in the optimization. Gradual 

improvements to the parameters and calculation routines were applied throughout 

the research.  

The calculation routine in itself is less tedious than the formulation of the 

problem and building of the Matlab scripts for solving it. Once set up, new CVs 

and CV sets are easily included in the analysis. 

Even before conducting the loss evaluation, the results from the disturbance-

wise optimization (Table 6) are a good indicator of CV quality; for good CVs, the 

optimal values should not vary between disturbance scenarios. Some variables are 
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also clearly controlled to their constraint (flue gas O2 and fluidization velocity vf). 

For furnace heat output, the penalty associated with deviating from the setpoint is 

heavy enough to ensure controlling the heat output to its setpoint. 

Table 7. Controlled variable sets for oxy-CFB in Publication V (Publication V, reprinted 
with permission from Elsevier). 

Controlled variable Control structure 

c1 c7 c13 c5 c19 c17 c4 c22 c23 

Flue gas residual O2 wO2fg x x x x x x x x x 

Evaporator heat output  x  x x x x x x x 

Mid-furnace bed temperature T10bed  x        

Fluidization gas velocity vf x x  x      

Primary oxidant RFG / fuel feed ratio RFGPO /    x       

Primary oxidant volume flow PO     x    x 

Primary oxidant vol. / fuel feed ratio PO/       x  x  

Bed density, bottom 2bed       x   

Primary oxidant O2 % wO2PO x x x x x x  x x 

Secondary oxidant O2 % wO2SO x x x     x x 

Secondary RFG / primary RFG ratio RFGSO / RFGPO       x    

Bed temperature, bottom T2bed       x   

Bed temperature, top T20
bed    x x     

Bed density, top 20
bed       x   

Results from the analyses of oxy-CFB are discussed in detail in Publications III–

IV. Some general remarks can be made here. The ranking of the CV sets (see Tables 

7 and 8) proposed structures that appeared to be straightforward, often with heat 

output, flue gas O2, and direct oxidant O2 concentration controls. For fluidization, 

there were several candidate variables; the unmeasurable fluidization velocity vf 

could be substituted with simpler variables such as the primary volume flow. Ratios 

were also used as controlled variables (e.g. primary oxidant volume to fuel ratio), 

and these variables may provide a better performance over the load range. The 

issues of different operating ranges and dynamic considerations should be included 

in the more detailed bottom-up design procedure following the steady-state analysis.  

Promising CV sets for oxy-CFB were analyzed with PRG to determine whether 

multi-SISO control could be applied for a simple design in the control layer. As 

such results were obtained, a dynamic simulation of one structure was performed 

for illustrative purposes. 
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Table 8. SOC results for oxy-CFB (Publication V, reprinted with permission from 
Elsevier). 

 Loss compared to Jopt(d), % 

 c1 c23 c5 c13 c17 c22 c4 c19 c7 

d1 (nom.) 0 0 0 0 0 0 0 0 0 

d2 (HV -5%) 0.9 2 0.2 6.5 6.4 6.7 57.2 0.5 92.7 

d3 (HV +5%) 0 0.2 1.5 11.6 15.6 18.6 10.3 40 2.6 

d4 (wH2O -10%) 0 0 0.7 2.8 2.5 4.1 0.4 0.1 9 

d5 (wH2O +10%) 0.2 0.2 0.5 0.7 3.3 1.2 4.4 0 0.5 

Mean J, % of Jopt(d1) 99.8% 99.7% 99.3% 95.3% 93.8% 93.0% 89.2% 89.1% 85.9% 

ranking (I=1) 1 2 3 4 5 6 7 8 9 

Worst case i: mean J  89.4% 94.1% 87.5% 90.2% 91.8% 88.6% 85.2% 82.8% 63.5% 

ranking (I=5, worst case) 4 1 6 3 2 5 7 8 9 

Mean over i: mean J 98.0% 98.8% 96.3% 95.7% 94.8% 94.1% 91.2% 89.5% 79.2% 

ranking (I=5, mean) 2 1 3 4 5 6 7 8 9 

5.11 From top-down analysis to bottom-up design 

In Publications IV and V, partial relative gain (PRG) (Häggblom, 1997) was applied 

to oxy-CFB control structure design in parallel with the self-optimizing control 

approach. For PRG application in CFB with steam cycle included, see Hultgren, 

Ikonen, and Kovács (2017). 

For oxy-CFB in Publications IV and V, PRG analysis was applied for each MV-

CV set used in the self-optimizing control analysis, to investigate whether an 

applicable ICI multi-SISO configuration could be found, and to compare the results 

from the two analyses.  

Results from SOC and PRG were found to converge to a smaller group of 

structures with promising and reasonable results from both. Hence, it appears that 

a multi-SISO structure could be applied for oxy-CFB combustor control. Most of 

the studied SOC structures had one preferable ICI solution for pairings. Certain 

MV-CV pairs were universally preferred (e.g. fuel feed and power, secondary O2 

feed and flue gas O2). 
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Fig. 15. Schematic figure of an oxy-CFB hotloop control structure with direct oxidant 
O2% control (c23 in Publication V). The structure includes load control (C1), fluidization 
control (C2), primary oxidant O2% control (C3), secondary oxidant O2% control (C4) and 
flue gas O2% control (C5). In practice, evaporator power setpoint/fuel feed is set in unit 
control. 

In order to illustrate the feasibility of the multi-SISO PI control structure in oxy-

CFB (with acceptable economic performance under fuel-related disturbances based 

on SOC results), control structure c23 (Figure 15) was built in the dynamic CFB 

hotloop simulator. The main focus was not on performance measures or comparison 

of structures, which would require a systematic tuning to give reasonable results. 

In Figure 16 depicting dynamic behavior of the oxy-CFB after a setpoint 

change in flue gas O2, the feedback effect of flue gas recycle is well illustrated.  In 

the applied structure c23 (Figure 15), secondary O2 feed (u5) is adjusted to control 

flue gas O2 to its new setpoint. Due to the feedback effect, the composition of RFG 
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also changes. Secondary RFG (u4) is used for secondary oxidant O2% control, and 

primary O2 (u3) is used for primary oxidant O2% control. Primary RFG (u2) is used 

to keep the primary oxidant volume constant (mass flow changes according to 

composition). As the oxidant mass flows increase and carry more heat from the 

evaporator to the heat recovery section, fuel feed (u1) is adjusted to control the 

evaporator heat output. 

Self-optimizing control and partial relative gain array analyses focus solely on 

the choice of CVs and their pairing with MVs in a decentralized multi-SISO 

structure, postponing the decisions related to controller type and control laws. The 

detailed design of controllers is outside the scope of control structure design and is 

probably more dependent on the requirements of a particular process (dynamic 

requirements, complexity, etc.) than on the control structure, which is expected to 

be a structural matter and thus more generally applicable to a certain type of process 

(Skogestad 2000). In order to provide a valid comparison of alternative control 

structures in terms of dynamic performance, systematic control design and tuning 

would be required.  

In Publication V, multi-SISO PI control was built in the dynamic simulator of 

the oxy-CFB pilot, merely for illustrative purposes. A control structure with 

evaporator heat output, primary oxidant volume, primary and secondary oxidant O2 

concentrations, and flue gas O2 control was applied. Figure 16 shows the dynamic 

behavior of the system when a setpoint change in flue gas O2 is applied. This change 

propagates through the whole system as the composition of RFG changes, with 

system dynamics well under control. 

Constant primary oxidant volume and O2 concentration result in control in 

which primary RFG and O2 feeds mostly react to changes in RFG and O2 flow 

compositions. It is unlikely that the O2 concentration could be kept constant 

throughout the load range (a constant amount of oxygen is provided in the primary 

flow, which means that only the secondary oxidant is used for adjusting oxygen-to-

fuel ratio), unless the amount of oxygen in primary oxidant corresponds to 

minimum load oxygen consumption, but the use of load-scheduled setpoints could 

be a practical solution. In a simple solution, the ratio of primary oxidant volume 

and fuel feed could be kept constant. 

Constant secondary oxidant O2 concentration combined with the use of 

secondary O2 feed for flue gas O2 control means that fluidization is slightly reduced 

in the upper furnace when fuel feed decreases. This effect is similar to the current 

situation in air-firing, in which the bed density profile is a function of boiler load.   
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Finally, in the simulator application, fuel feed is used to keep the evaporator 

heat output constant. Changes in the mass flows and compositions of oxidant inputs 

affect the amount of heat absorbed by flue gas and carried to the convective section; 

thus, fuel input reacts even to a change in the flue gas O2 setpoint. In practice, when 

a whole power plant is considered, fuel feed and the evaporator heat output are 

determined by the unit control, which coordinates the operation of the turbine and 

the boiler. 

Fig. 16. Dynamic simulation of structure c23 implemented with SISO PI controllers. CV-
MV pair on each row. Setpoint change in flue gas O2 at t = 2000 s (references plotted in 
red) (Publication V, reprinted with permission from Elsevier). 
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Fig. 17. Schematic figure of an oxy-CFB hotloop control structure that is based on well-
performing air-CFB control, but does not utilize the available degrees of freedom. The 
structure includes load control (C1), fluidization control with primary oxidant flow (C2), 
secondary oxidant flow control with flue gas O2 trim (C3), and oxidant O2% control (C4). 
As in industrial air-CFB control, unit control gives the setpoints for fuel, primary and 
secondary oxidant flows based on load demand, and secondary oxidant flow is used to 
finetune flue gas O2%.  

For comparison with Figure 15, Figure 17 illustrates an example of oxy-CFB 

control built on air-CFB control philosophy; the oxidant has a global O2 

concentration, and the available degrees of freedom for control are thus not fully 

utilized. The arrangement is simple to apply, but results in limitations identical to 

air-CFB; there is no option for separate adjustment of oxygen concentration and 

bed density profiles. Although SOC results indicate that it is not necessary to 

constantly reoptimize the oxidant O2 concentrations in the proposed control 

structure (Figure 15) as fuel quality fluctuates and measurement errors occur, the 

oxidant O2 setpoints could be separately altered depending on e.g. load. Thus, the 

structure illustrated in Figure 15 also provides additional possibility for 

improvements in boiler operation over the load range, with simple yet well-

performing control in steady-state operation. 
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6 Discussion and further topics 
Oxy-combustion in a circulating fluidized bed has been considered an interesting 

option for CCS (and BECCS). CFB boilers are favorable for the use of carbon-

neutral biomass fuels (due to high combustion efficiency and smoothed effect of 

quality fluctuations), high-efficiency supercritical steam cycles (due to low and 

even heat flux), and CO2 capture and storage (oxy-combustion is an attractive 

alternative to post-combustion capture); together, these measures can significantly 

reduce the net CO2 emissions of power generation. 

In the current work, self-optimizing control analysis was for the first time 

reportedly applied in the combustion power plant scheme. Remotely related 

previous applications of SOC could be found in the literature for the control of a 

post-combustion CO2 capture process, and a district heating network with a waste 

incinerator as heat source, but no applications were available in thermal power 

plants. The SOC results for air-CFB (Publications II–III) supported current 

industrial practice in CFB combustion control, which was also considered to 

validate the use of SOC also for studying the novel process of oxy-combustion in 

CFB (Publications III–V). For oxy-CFB, SOC candidate structures with acceptable 

steady-state loss were identified. A subsequent PRG analysis for the candidate 

structures revealed feasible multi-SISO control structures.  

Calculations related to direct loss evaluation are highly iterative. Therefore, 

computation times were reduced by using a steady-state approximation of a CFB 

furnace model. The model only covers the CFB hotloop. Back-pass and steam cycle 

are not included, but the furnace model can be interfaced with a separate steam 

cycle model via boundary temperatures. Several methods are available in the 

literature for reducing the number of controlled variables to be included in the self-

optimizing control analysis (see Jäschke et al., 2017), mostly based on local and 

linear methods around a nominal operation point. The direct loss evaluation and 

brute force approach allows the direct use of nonlinear models for loss evaluation 

(e.g. neural network model for air-CFB in Publication II). In this work, process 

knowledge was used for selecting the candidate CVs, and brute force was then 

applied to assess their performance with the steady-state approximation model. 

During the course of the work, new well-performing variables and structures were 

added in the analysis, which illustrates the potential benefits of screening as many 

candidate structures as possible in the early stages of control structure design, 

instead of concentrating on structures that are connected to current practice or 

otherwise appear straightforward. This applies especially to novel process concepts. 
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The inclusion of controlled variables consisting of linear combinations of 

measurements with no obvious physical interpretation can provide further 

improvement in steady-state economics under disturbances, but there is reasonable 

doubt that especially full-matrix combinations will not readily be accepted in 

industrial practice. 

The results of SOC are affected not only by the choice of controlled variables 

included in the analysis, but also by the a priori choice of disturbances and 

measurement errors that are expected to affect the steady state performance, and by 

the importance they are given in the final results (weighing). In current work 

concentrating on the CFB furnace, disturbances related to fuel quality were 

included. Undeniably, solid fuel combustion and precise control of the feeding 

system are problematic: neither the flow rate nor the quality of the fuel can be kept 

constant or reliably directly measured, but any fluctuations will be observed in plant 

behavior. Problems in combustion inevitably affect steam generation and may 

result in undesirable oscillations in the plant. For full-scale oxy-CFB plants with 

interconnected ASU and CPU units, disturbances may originate in various 

locations and propagate in a plant-wide manner. To exemplify; a process 

disturbance in ASU, resulting in variation in the pure O2 feed concentration, will 

affect the oxidant composition, the combustion rate (and thus heat exchange to the 

steam cycle), the recycled flue gas composition, the gaseous atmosphere in the 

furnace via the recycle effect, the gas composition entering the CPU unit, and 

possibly the quality of the CO2 product. As careful process integration is essential 

for reducing the efficiency penalty of applying CCS, it is obvious that the effect of 

disturbances may quickly be observed outside the unit of origin unless properly 

handled; not necessarily only via the connection of material streams, but also via 

heat integration. The positive feedback effects of the RFG system include slower 

dynamics of the boiler in oxy-mode, and possible amplification of disturbances. 

SOC relies on the assumption that steady-state economics dictate the overall 

economics of a plant. Operation of combustion power plants is different from that 

of large chemical processing plants in terms of externally determined overall 

production rate changes: the product of the plant, generated power, is consumed 

instantly as there is a lack of large-scale storage options. Consumption in the 

electrical grid is characterized by temporal variations on several time scales, and 

intermittent energy production further adds to the need for controllable generation. 

Current challenges in combustion power plant control are related to improving 

dynamic performance (fast and frequent load changes) and efficiency of operation 

over the whole load range. In oxy-combustion, there are inherent process control 
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options for improving the dynamics and assisting part-load operation via e.g. 

oxygen boosting and profiling, and separate control of fluidization and combustion 

rate. Close cooperation between process and control design should be nurtured for 

developing such designs. It should, however, be noted that boiler load rate changes 

are limited not only by process operation but also by the permitted temperature 

gradients and thermal stress on the equipment. Dynamics of the whole plant are 

currently mostly limited by ASU with long start-up time and slow ramping, unless 

buffer storage of pure oxygen is maintained. For a dual-firing first-generation oxy-

CFB, the opportunity of disconnecting the CCS units within a reasonable switching 

time adds to flexibility through reduced internal consumption at the plant.  

Although SOC aims at a simple yet efficient control structure, the possible need 

for advanced control such as MPC at least in the supervisory control layer is 

recognized; self-optimizing control in the regulatory control layer then ensures 

close to optimal performance on time scales below the supervisory control update 

frequency. For processes with severe interactions (such as a CFB plant), predictive 

control can yield better results in dynamic behavior and disturbance rejection. MPC 

solutions for power plant control are well presented in the literature (an educational 

example of dynamic matrix control (DMC/QDMC) in a boiler benchmark (Morilla, 

2011) can be found in Niva and Yli-Korpela, 2012).  

Self-optimizing control with steady state setpoints involves no loss compared 

to real-time optimization if the variables are controlled to their active constraints 

(that remain constant). In the CFB process, the air/oxidant flow should be 

minimized so that fluidization, combustion and heat transfer are not compromised. 

Residual flue gas O2 is measured continuously for safety and process control 

purposes (correct oxygen-to-fuel ratio). In oxy-CFB, any amount of residual 

oxygen in the flue gas entering the CPU is a loss denoting additional energy-

intensive production at the ASU; however, there is a tradeoff between oxygen loss 

and combustion efficiency in the furnace, and the latter should never be 

compromised. However, improved control of flue gas O2 would allow for lowering 

the setpoint closer to its optimal value, with less back-off due to uncertainty. 

As for the degrees of freedom, certain decisions affect the number of 

independently adjustable actuators. For example, in CFB, the distribution of 

secondary air between available inlets could be adjusted to correct asymmetrical 

conditions in the furnace. In oxy-CFB, separate O2 concentration controls for the 

inlets (with a constant or variable total oxidant flowrate) could offer a means of 

fine-tuning furnace conditions for e.g. temperature and emission control purposes. 

For this purpose, detailed 3D CFD models could be used in design. 
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The results obtained for the pilot-scale CFB should not be directly generalized 

for large-scale CFB units, as pilot units often show some peculiarities. As an 

example, the location of secondary oxidant feed is relatively close to the primary 

feed in the pilot, which affects the MV-CV gains in the lower furnace. Although 

good control structures are not supposed to be sensitive to parameter values, the 

analysis results might be biased by these peculiarities.  

The results of steady-state analysis are to be followed by e.g. considerations on 

dynamics, and issues related to application over the whole load range. Further and 

ongoing work is related to the application of SOC in the Rankine cycle. Combining 

the models for steam generation and combustion would allow for plantwide 

consideration in the boiler island. In the case of oxy-combustion, combining 

models for the boiler, ASU and CPU results in a full-on analysis. 
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7 Summary and conclusions 
Reducing energy-related net carbon dioxide (CO2) emissions is a global issue with 

many dimensions outside technology and technical feasibility; examples of the 

contradictory objectives include expanding global access to electricity while 

minimizing the environmental effect, retaining energy security while aiming for 

efficient integration of markets, and ensuring grid stability while increasing the 

share of intermittent renewable energy (and base-load nuclear power) in the 

generation portfolio. Combustion power plants are expected to retain an important 

role in heat and power generation, especially in areas with large indigenous coal 

reserves, and particularly in Asia. The commercial use of Carbon Capture and 

Storage (CCS) technology is included in all major scenarios for CO2 mitigation to 

provide net CO2 emission trajectories matching the Paris Agreement targets and the 

2 °C scenario. CCS is unique in the sense that it can result in negative net emissions, 

if CO2 released from e.g. biomass combustion is permanently isolated from the 

atmosphere. The technology required for CO2 capture from large industrial sources 

is to a great extent already available and demonstrated. Reducing the efficiency 

penalty of capture processes is in the focus of research and development activities. 

Oxy-combustion in a CFB boiler is a promising CCS application, demonstrated 

in 30 MWth scale. Since their introduction to the power market approximately 40 

years ago, circulating fluidized bed (CFB) boilers have risen to the utility class, 

with largest unit size now around 600 MWe coupled with high-efficiency 

supercritical steam cycles. CFB boilers offer several advantages, perhaps most 

importantly an impressive fuel flexibility and boiler availability; a range of coal 

types, biomasses, solid waste flows and sludges can be effectively combusted, and 

the circulating mass of hot solids reduces the effect of fuel-related disturbances.  

Although the concept of using an “oxygen-rich gas” was already described in 

the original CFB patent from 1976, atmospheric air has hitherto been the gas to 

ensure fluidization and provide oxygen in the furnace. The key difference in oxy-

combustion is the substitution of air with a synthetic mix of high-purity oxygen 

(95–99%) and recycled flue gas. Nitrogen is removed from the cycle, resulting in 

a CO2-H2O rich environment. The altered gas composition in the CFB hotloop and 

flue gas duct results in profound changes, affecting the chemical reactions related 

to combustion and emission control; the diffusivity of oxygen in the furnace; the 

density, heat capacity, and radiativity of the flue gas; and thus, in practice the heat 

transfer in the boiler. The positive feedback effects of recycling flue gas result in 

altered dynamics and possible amplification of disturbances in the system. 
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In plant-wide scale, oxy-combustion requires the addition of an air separation 

unit (ASU) and a CO2 processing unit (CPU). Considering the control and 

coordination of the plant, the units could be treated as separate units based on the 

fact that the technology providers for gas processing and boiler units are separate, 

and it is easy to distinguish between the objectives of each unit. However, the units 

are connected by material streams; disturbances in ASU will propagate through the 

combustion process and may result in increased purification cost in the CPU. 

Furthermore, crucial improvements in efficiency are available from effective heat 

integration of the units. To reduce the efficiency penalty of oxy-combustion, a 

plantwide perspective is mandatory in addition to improvements to each unit (e.g. 

specific energy consumption in ASU, boiler efficiency, combustion performance, 

CO2 compressor efficiencies). 

For the CFB hotloop, oxy-combustion provides additional degrees of freedom 

for operation and control. Firstly, the oxygen concentration in the oxidant and in 

the furnace could be significantly higher (up to 60%), which would increase the 

furnace temperature and allow improved boiler size-to-output ratios, and boiler 

efficiency as dictated by the thermodynamics of heat-to-power cycles. The 

development of such second-generation boilers would require modifications in the 

heat transfer arrangements, use of advanced materials, and relinquished flexibility 

in air- and oxy-mode operation. In first-generation dual-firing boilers, the O2 

concentration is only slightly higher than in air-firing (21%), allowing boiler design 

similar to air firing, and the possibility of switching between air- and oxy-firing for 

additional flexibility and availability. First-generation oxy-CFB is the currently 

available option and has been demonstrated in 30 MWth scale. 

Secondly, the oxygen concentration in the furnace need not be global or 

constant. Air/oxidant is injected to the furnace as primary and secondary flows. The 

composition at each feeding location could be finetuned individually, the 

concentration in primary and secondary flows could be different, or the oxidant 

composition could be the same for all gaseous inputs. The availability of oxygen 

determines the combustion rate and thus the temperature profile of the bed. In order 

to improve the dynamics of the boiler during load changes and other transitions, 

temporary oxygen boosting could be used. 

Thirdly, the oxidant composition and flow are decoupled. The ratio of pure 

oxygen and recycled flue gas flows (and obviously their compositions) determines 

the composition of the oxidant; the absolute flows determine the flow of the oxidant. 

Decoupling of the tasks of fluidization and oxygen supply is significant. Most of 

the advantageous properties of fluidized bed boilers depend on the hydrodynamic 
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conditions in the furnace. Solids flow/density and temperature are the main factors 

affecting heat transfer (to the steam cycle) in the CFB, while the generation of heat 

in the furnace ultimately depends on the fuel and corresponding oxygen inputs. 

Variable O2 concentration control could be used to improve boiler turndown ratio, 

by enhancing fluidization at lower loads and increasing bed temperature at high 

loads. In air combustion, increased fluidization is linked to increased load and heat 

release from combustion in the bed (assuming that the fuel-to-air ratio is 

maintained). In oxy-combustion, fluidization can be controlled by adjusting the 

RFG flow, while fuel feed and the fuel-to-oxygen ratio remain constant. Due to the 

high density and specific heat capacity of RFG, it absorbs heat from the bed and 

carries it to the boiler back-pass, which means that RFG could be used for 

controlling bed temperature and the allocation of heat transfer. 

For the control and operation of the CFB, the question is: how should the new 

degrees of freedom be utilized most effectively? CFB boilers are characterized by 

complex phenomena, strong interactions, and nonlinearity that complicate 

modeling and control. The circulation of hot solids allows for using challenging 

fuels with variable heating value, moisture, and particle size, as the effect of 

disturbances is evened out in the bed. There are several unmeasurable variables that 

affect the dynamic and steady-state behavior of the boiler (e.g. bed char inventory 

(fuel accumulation), fluidization velocity, heat transfer coefficients). Furthermore, 

phenomena such as erosion and deposit formation on heat transfer surfaces affect 

the boiler in the long run. In the literature, advanced solutions for CFB control 

utilize e.g. fuzzy logic and model predictive control with inferential sensors. 3D 

CFD modeling can be used for boiler design purposes, whereas emissions can be 

predicted based on e.g. empirical correlations or neural network modeling. Control-

oriented models with reasonable simplicity and accuracy for use in real time 

optimization applications are hardly available or easy to maintain.  

In process control, the main purpose is to achieve a control system that results 

in optimal operation of the plant, regardless of disturbances and uncertainties. The 

key issue is controlling the correct variables. Control structure design deals with 

the questions of what to control, what to measure, what to manipulate, and how to 

connect these variables. Plantwide control extends the problem for a complete plant, 

consisting of several units.  

A variety of methods and algorithms exist for tasks such as controller design 

and optimization, but the task of choosing controlled variables is typically based 

on process insight, experience, or proven solutions instead of a systematic analysis. 

Self-optimizing control is a procedure consisting of a top-down analysis and a 
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bottom-up design phase. It is also referred to as economic plantwide control, as it 

aims toward choosing primary controlled variables that result in economically 

desirable operation in steady-state (which often dominates the overall economics).  

Self-optimizing control builds on the hierarchical structure of the control 

system, in which decisions related to control and operation are made on several 

levels, also separated by time scale. The regulatory control layer accounts for 

stabilizing the plant every second, whereas the supervisory control layer uses the 

regulatory control layer for controlling variables that are important for the 

economics of the plant. Setpoints for these variables are provided by the 

optimization layer (an optimizer, or possibly an engineer). For truly optimal 

operation, the optimization layer should operate continuously and adjust setpoints 

in real-time as disturbances and other uncertainties affect the process, and the 

control layers should achieve perfect control. This is obviously very difficult to 

achieve. In practice, the optimization layer could provide new setpoints at hourly 

intervals, or when a new steady-state is reached after a disturbance. By selecting 

controlled variables which can be held constant despite disturbances acting in the 

process, the process can operate close to optimality without real-time optimization. 

These variables are denoted self-optimizing variables. The solution combines 

simplicity with the essential benefits of feedback control. 

The contribution of this thesis is the control structure design of the novel oxy-

combustion process in a circulating fluidized bed boiler. Extensive experience from 

air-fired boilers has resulted in a set of typical designs and control structures which 

are not necessarily optimal for oxy-combustion. Most importantly, the decoupling 

of fluidization and oxygen supply tasks could be utilized.  

The direct loss evaluation method with the brute force approach translates into 

a general procedure which was programmed in Matlab. The procedure consists of 

several steps, including the definition of the problem (cost function, constraints, 

important disturbances), definition of degrees of freedom and manipulated 

variables, selection of candidate controlled variables (certain criteria exist and 

screening methods can be used), formation of candidate control structures, 

definition of the optimal operation under all disturbance scenarios, evaluation of 

the performance of each constant-setpoint structure against the optima, and finally 

the ranking of structures and presentation of results. 

To complete the self-optimizing control analysis, a good steady-state model is 

required. A validated dynamic model of a pilot-scale dual-firing CFB in 

Matlab/Simulink environment was used for the publications included in this thesis, 

with steady-state model approximations relieving the computational load of the 
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heavily iterative calculations. The cost function was based on profit from generated 

power (heat output), and costs of fuel and oxygen, fan use, and emission control. 

The cost function was slightly different for air- and oxy-firing; in oxy-firing, CO2 

in flue gas is a desired component, in air-firing it involves the cost of emission 

permits. 

Disturbances included changes in fuel heating value and moisture. These are 

among the major disturbances in solid fuel combustion. Controlled variables were 

chosen from the fleet of measurements available from the furnace, using process 

insight. Variables with clear physical interpretation were included (in theory e.g. 

linear combinations could be included), as well as some ratios, with the aim of 

choosing variables that would allow a simple decentralized control structure. 

Control structures include as many CVs as there are available MVs, but the pairings 

are not chosen in the analysis stage. Finally, the performance of each candidate 

structure was evaluated for each disturbance scenario, in which the controlled 

variables were kept to their nominally optimal values by adjusting MVs accordingly. 

The overall result was based on mean loss, or worst-case measurement error and 

mean loss, in the studies in which measurement errors were included. 

For air combustion, there are significantly less degrees of freedom than in oxy-

combustion. Results for the air-CFB supported the use of the method (provided 

reasonable results) and the currently practiced control; fuel, primary air and 

secondary air were used to control furnace heat output, primary air / fuel ratio and 

flue gas oxygen. In well-performing structures for oxy-CFB, the additional degrees 

of freedom were usually used to control oxidant O2 concentrations. Instead of 

primary air / fuel ratio, primary oxidant volume could be used. Primary flow 

volume was often surpassed by fluidization velocity in the initial rankings, but the 

lack of a measurement (and thus the included measurement/estimation uncertainty) 

decreased the ranking when implementation errors were included in the analysis. 

If the obvious furnace heat output was not available as a controlled variable, bed 

temperature in the middle of the furnace could provide acceptable loss. More exotic 

structures in the studies included bed density and temperature profile controls.  

In the thesis, it was shown that the self-optimizing control procedure can be 

applied to the control structure design of the CFB combustion process. The tedious 

formulation and programming of the problem are followed by rather 

straightforward calculation routines. The results are somewhat dependent on the 

chosen parameter values (e.g. cost function), and it is important to realize that the 

ranking of solutions is a matter of how much weight each disturbance scenario is 

given. Furthermore, although good self-optimizing structures are often a structural 
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issue, pilot-scale processes have their peculiarities and the results should not be 

regarded as universally applicable solutions for full-scale CFB units. All in all, the 

results of the steady-state analysis serve as a screening for solutions that should be 

further analyzed. For the control design procedure following the analysis, dynamics 

and controllability are of high importance. This phase also includes the decisions 

relating to the choice of a centralized (e.g. MPC) or a decentralized structure, the 

pairing of controlled and manipulated variables with methods such as relative gain 

array or partial relative gain analysis, and the detailed design of the control system. 

Combustion power plants are expected to continue to play a role in power 

generation for the following decades, and all major technological options for 

reducing carbon dioxide emissions – improved efficiency, carbon-neutral fuels, 

carbon capture – pose challenges for the operation and control of the plants. 

Addition and integration of process units further adds to the complexity of the plant. 

Self-optimizing control can be regarded as a performant tool in conducting 

systematic analysis of control structure alternatives for maximized economic 

performance. Constrained by the requirements for stable and reliable operation, 

dynamic performance, and operability over a wide load range, this is the primary 

operation objective of a power plant. 

 



97 

References  
Abraham, B.M., Asbury, J.G., Lynch, E.P. & Teotia, A.P.S. (1982). Coal-oxygen process 

provides CO2 for enhanced recovery. Oil and Gas Journal, 80(11). Abstract retrieved 
from: https://www.osti.gov/biblio/5173184 

Abdulally, I.F. (2012). Oxygen-fired CFB development. Oxy-CFB 350 MW Reference 
Concept. Presentation in Oxy-FBC Workshop, June 28–29, 2012, Stuttgart, Germany. 
Retrieved from: http://oxyfbc.eu-projects.de/Portals/29/OxyFBC/Oxy-
CFB%20Presentation%20Final.pdf 

Adamczyk, W., Kozolub, P., Wecel, G., Klimanek, A., Bialecki, R. & Czakiert, T. (2014). 
Modeling oxy-fuel combustion in a 3D circulating fluidized bed using the hybrid Euler-
Lagrange approach. Applied Thermal Engineering, 71, 266–275. 

Alstad, V. & Skogestad, S. (2007). Null Space Method for Selecting Optimal Measurement 
Combinations as Controlled Variables. Industrial & Engineering Chemistry Research, 
46 (3), 846–853. 

Alstad, V., Skogestad, S. & Hori, E.S. (2009). Optimal measurement combinations as 
controlled variables. Journal of Process Control, 19, 138–148. 

Anthony, E.J. & Hack, H. (2013). Oxy-fired fluidized bed combustion: technology, 
prospects and new developments. In Scala, F. (Ed.) Fluidized Bed Technologies for 
Near-Zero Emission Combustion and Gasification (867–894). Woodhead Publishing 
Series in Energy. 

Basu, P. (2006). Combustion and Gasification in Fluidized Beds. Boca Raton: CRC Press. 
496p. 

Blomen, E., Hendriks, C. & Neele, F. (2009). Capture technologies: Improvements and 
Promising Developments. Energy Procedia, 1, 1505–1512. 

Boot-Handford, M.E., Abanades, J.C., Anthony, E.J., Blunt, M.J., Brandani, S., Mac Dowell, 
N., … Fennell, P.S. (2014). Carbon capture and storage update. Energy & 
Environmental Science, 7, 130–189. 

Breeze, P. (2012, April 1). Pushing the steam cycle boundaries. Power Engineering 
International. Retrieved from: http://www.powerengineeringint.com/articles/print/ 
volume-20/issue-4/features/pushing-the-steam-cycle-boundaries.html 

Buhre, B.J.P., Elliott, L.K., Sheng, C.D., Gupta, R.P. & Wall, T.F. (2005). Oxy-fuel 
combustion technology for coal-fired power generation. Progress in Energy and 
Combustion Science, 31, 283–307. 

Bui, M., Adjiman, C.S., Bardow, A., Anthony, E.J., Boston, A., Brown, S., … Mac Dowell, 
N. (2018). Carbon Capture and Storage: the way forward. Energy and Environmental 
Science, 11, 1062–1176. 

Burchhardt, U., Giering, R. & Weiss, G. (2013). Overview of Burner tests in Vattenfall’s 
Oxyfuel Pilot Plant. Presentation in 3rd Oxyfuel Combustion Conference, September 9–
13, 2013, Ponferrada, Spain. 

Camacho, E.F. & Bordons, C. (2007). Model predictive control. 2nd ed. London: Springer-
Verlag. 405p. 



98 

Climeworks (2017, November 3). Company news. Retrieved from: 
http://www.climeworks.com 

Darde, A., Prabhakar, R., Tranier, J.P., Perrin, N. (2009). Air separation and flue gas 
compression and purification units for oxy-coal combustion systems. Energy Procedia, 
1, 527–534. 

Davidson, R.M. & Santos, S.O. (2010). Oxyfuel combustion of pulverized coal. Report. IEA 
Clean Coal Centre, OECD/International Energy Agency. 63p. 

Daoutidis, P., Zachar, M. & Jogwar, S. (2016). Sustainability and process control: A survey 
and perspective. Journal of Process Control 44, 184–206. 

Downs, J.J. & Vogel, E.F. (1993). A plant-wide industrial process control problem. 
Computers and Chemical Engineering, 17(3), 245–255. 

Downs, J.J. & Skogestad, S. (2011). An industrial and academic perspective on plantwide 
control. Annual Reviews in Control, 35(1), 99-110. 
https://doi.org/10.1016/j.arcontrol.2011.03.006 

Duan, L., Zhao, C., Zhou, W., Chengrui, Q. & Chen, X. (2011). O2/CO2 coal combustion 
characteristics in a 50 kWth circulating fluidized bed. International Journal of 
Greenhouse Gas Control, 5(4), 770–776. 

Duan, L., Sun, H., Zhao, C., Zhou, W. & Chen, X. (2014). Coal combustion characteristics 
of an oxy-fuel circulating fluidized bed combustor with warm flue gas recycle. Fuel, 
127, 4–51. 

Dukelow, S.G. (1991). The Control of Boilers. 2nd edition. USA: Instrument Society of 
America. 412p. 

EASAC (2018). Negative Emission Technologies: What role in meeting Paris Agreement 
targets? Policy report 35 by European Academies Science Advisory Council. German 
National Academy of Sciences. Retrieved from: http://easac.eu/  

EIA (2017). Petra Nova is one of the two carbon capture and sequestration power plants in 
the world. Today in Energy, October 31, 2017. Retrieved from: 
https://www.eia.gov/todayinenergy/detail.php?id=33552 

Ellis, M., Durand, H. & Christofides, P.D. (2014). A tutorial review of economic model 
predictive control methods. Journal of Process Control, 24, 1156–1178. 

Energiateollisuus (2017). Energiavuosi 2016. Statistics. Accessed December 2017. 
Retrieved from: http://www.energia.fi 

Energiateollisuus (2018). Energiavuosi 2017 sähkö. Statistics. Accessed February 2018. 
Retrieved from: http://www.energia.fi 

Engell, S. (2007). Feedback control for optimal process operation. Journal of Process 
Control, 17, 203–219. 

Eriksson, T., Sippu, O., Hotta, A., Fan, Z., Myöhänen, K., Hyppänen, T. & Pikkarainen, T. 
(2007) Oxyfuel CFB boiler as a route to near zero CO2 emission coal firing. In 
Proceedings of POWER-GEN Europe, Madrid, Spain, 26–28 June, 2007. 

Eriksson T., Sippu O., Hotta A., Fan Z., Alvarez Ruiz J., Sánchez-Biezma Sacristán A., … 
Giudici, R. (2009) Development of Flexi-BurnTM CFB Technology Aiming at Fully 
Integrated CCS Demonstration. In Proceedings of POWER-GEN Europe, Cologne, 
Germany, May 26–28, 2009. 



99 

Eriksson, T., Alvarez, I., Kuivalainen, R., Sippu, O., Munoz, F., Bravo, J., … Cerezales, P. 
(2014) Large pilot scale testing of oxy-CFB technology at CIUDEN es.CO2 centre and 
its application to the OXY-CFB-300 Compostilla design. In Proceedings of POWER-
GEN Europe, Cologne, Germany, June 3–5, 2014. 

Espatolero, S. & Romeo, L.M. (2017). Optimization of oxygen-based CFBC technology 
with CO2 capture. Energy Procedia, 114, 581–588. 

Espatolero, S., Romeo, L.M., Escudero, A. & Kuivalainen, R. (2017). An operational 
approach for designing of an energy integrated oxy-fuel CFB plant. International 
Journal of Greenhouse Gas Control, 64, 204–201. 

Findejs, J., Havlena, V. & Pachner, D. (2008). Multivariable predictive circulating fluidized 
bed control. AT&P Journal. Retrieved from: 
https://www.atpjournal.sk/buxus/docs//casopisy/atp_plus/plus_2008_2/plus12_15.pdf 

Findejs, J., Havlena, V., Jech, J. & Pachner, D. (2009). Model Based Control of the 
Circulating Fluidized Bed Boiler. In Proceedings of the 6th IFAC Symposium on Power 
Plants and Power Systems Control. IFAC Proceedings 42(9), 44–49. 

Flynn, D. (ed.) (2003). Thermal Power Plant Simulation and Control. Institution of 
Electrical Engineers. 425p. 

Foss, A. S. (1973). Critique of chemical process control theory. IEEE Transactions on 
Automatic Control, 18(6), 642–652. 

Global CCS Institute (2018). Online CCS Facilities database. Retrieved from: 
http://www.globalccsinstitute.com 

Guedea, I., Bolea, I., Lupiáñez, C., Cortés, N., Teruel, E., Pallarés, J., … Romeo, L.M. 
(2011). Control system for an oxy-fuel combustion fluidized bed with flue gas 
recirculation. Energy Procedia, 4, 972–979. 

Guedea, I., Bolea, I., Lupiáñez, C., Romeo, L.M. & Díez, L.I. (2014). Oxy-Fuel Combustion 
in Fluidized Beds. In Chavez, R-H. & Guadarrama, J. (Eds.). Recent Technologies in 
Capture of CO2 (3–39). Bentham Science. 

Hack, H., Fan, Z., Seltzer, A., Eriksson, T., Sippu, O. & Hotta A. (2008) Development of 
integrated flexi-burn dual oxidant CFB power plant. Proceedings of 33rd International 
Technical Conference on Coal Utilization and Fuel Systems, Clearwater, Florida, June 
1–5, 2008. 

Häggblom, K. (1997). Partial Relative Gain: A New Tool for Control Structure Selection. In 
Proceedings of AIChE Annual Meeting, Los Angeles, CA, November 16–21, 1997. 

Halvorsen, I.J., Skogestad, S., Morud, J.C. & Alstad, V. (2003). Optimal selection of 
controlled variables. Industrial & Engineering Chemistry Research, 42, 3273–3284. 

Haryanto, A. & Hong, K-S. (2011). Multi-linear MPC for nonlinear oxy-fuel combustion 
boiler system. In Proceedings of IASTED International Conference on Modelling, 
Identification, and Control (MIC), Innsbruck, Austria, February 14–16, 2011. 

Hoeser, S., Arora, S., Koitka, M., Kleinert, T., Kahrs, O., Sebastia-Saez, D., Arellano-Garcia, 
H. (2017). Adaptation of Control Structure Design Methods to an Industrial Plant 
Engineering Workflow. Industrial & Engineering Chemistry Research, 56, 14270–
14281. 



100 

Hotta A., Kuivalainen R., Eriksson T., Lupion M., Cortes V., Sacristán, A.S.-B., … 
Ballesteros, J.C. (2012) Development and demonstration of oxy-fuel CFB technology. 
Journal of Southern African Institute of Mining and Metallurgy, 112, 431–436. 

Hu, Y., Li, X., Li, H. & Tan, J. (2013). Peak and off-peak operations of the air separation 
unit in oxy-coal combustion power generation systems. Applied Energy, 112, 747–754. 

Huang, J., Ji, G., Zhu, Y. & Lin, W. (2010). Identification and MPC Control of a Circulation 
Fluidized Bed Boiler Using an LPV Model. In: Proceedings of 9th International 
Symposium on Dynamics and Control of Process Systems (DYCOPS 2010), Leuven, 
Belgium, July 5–7, 2010. 

Hultgren, M., Ikonen, E. & Kovács, J. (2014). Oxidant Control and Air-Oxy Switching 
Concepts for CFB Furnace Operation. Computers & Chemical Engineering, 16, 203–
219. 

Hultgren, M., Ikonen, E. & Kovács, J. (2017). Once-through Circulating Fluidized Bed 
Boiler Control Design with the Dynamic Relative Gain Array and Partial Relative Gain. 
Industrial & Engineering Chemistry Research, 56, 14290−14303. 

ICE (2018). Price data for ECX EUA Futures, continuous contract. Raw data from ICE. 
Retrieved from: https://www.quandl.com/data/CHRIS/ICE_C1 

IEA (2012). Energy Technology Perspectives 2012. Summary. OECD/International Energy 
Agency, June 2012. Retrieved from: http://www.iea.org 

IEA (2013). Technology roadmap – Carbon capture and storage. OECD/International 
Energy Agency, July 2013. Retrieved from: http://www.iea.org 

IEA (2016). 20 Years of Carbon Capture and Storage. Accelerating Future Deployment. 
OECD/International Energy Agency, November 2016. Retrieved from: 
http://www.iea.org 

IEA (2017). CO2 Emissions From Fuel Combustion 2017 (with 2016 data). Overview. 
OECD/International Energy Agency, October 2017. Retrieved from: 
http://www.iea.org 

IEA (2018). Global Energy and CO2 Status Report 2017. OECD/International Energy 
Agency, March 2018. Retrieved from: http://www.iea.org 

IEA WEO (2017). World Energy Outlook 2017. Executive Summary. OECD/International 
Energy Agency, November 2017. Retrieved from: http://www.iea.org 

IEAGHG (2015). Integrated Carbon Capture and Storage Project at SaskPower’s Boundary 
Dam Power Station. OECD/IEA Greenhouse Gas R&D Programme, August 2015. 
Retrieved from: http://ieaghg.org/docs/General_Docs/Reports/2015-06.pdf  

Ikonen, E., & Kortela, U. (1994) Dynamic Model for a bubbling fluidized bed coal 
combustor. Control Engineering Practice, 2(6), 1001–1006. 

Ikonen, E., Kovács, J. & Ritvanen, J. (2013). Circulating fluidized bed hot-loop analysis, 
tuning, and state estimation using particle filtering. International Journal of Innovative 
Computing, Information and Control, 9(8), 3357–3376. 

IPCC (2005). Metz, B., Davidson, O., de Coninck, H., Loos, M. & Meyer, L. (Eds.) IPCC 
Special Report on Carbon Dioxide Capture and Storage. Cambridge University Press. 
Retrieved from: http://www.ipcc.ch 



101 

Iso-Tryykäri, M., Rauramo, J. & Pekkanen, E. (2011). FINNCAP – Meri-Pori CCS 
demonstration project. Energy Procedia 4, 5599–5606. 

Jäntti, T. & Räsänen, K. (2011). Circulating Fluidized Bed Technology Towards 800 MWe 
Scale – Lagisza 460 MWe Supercritical CFB Operation Experience. In Proceedings of 
POWER-GEN Europe, Milan, Italy, June 7–9, 2011. 

Jäschke, J., Smedsrud, H., Skogestad, S. & Manum, H. (2009). Optimal Operation of a Waste 
Incineration Plant for District Heating. In: Proceedings of American Control 
Conference, St Louis, MO, USA, June 10–12, 2009.  

Jäschke, J., Cao, Y. & Kariwala, V. (2017). Self-optimizing control – A survey. Annual 
Reviews in Control, 43, 199–223. 

Jia, L., Tan, Y., Wang, C. & Anthony, E.J. (2007). Experimental study of oxy-fuel 
combustion and sulphur capture in mini-CFBC. Energy and Fuels, 21, 3160–3164. 

Jia, L., Tan, Y. & Anthony, E.J. (2010). Emissions of SO2 and NOx during oxy-fuel CFB 
combustion tests in a mini-circulating fluidized bed combustion reactor. Energy Fuels, 
24, 910–915. 

Jin, B., Zhao, H. & Zheng, C. (2014). Dynamic simulation for mode switching strategy in a 
conceptual 600 MWe oxy-combustion pulverized-coal-fired boiler. Fuel, 137, 135–144. 

Jin, B., Zhao, H. & Zheng, C. (2015). Plantwide control and operating strategy for air 
separation unit in oxy-combustion power plants. Energy Conversion and Management, 
106, 782–792. 

Jin, B., Luo, W., Zhao, H. & Liu, Z. (2018). Control Concepts, Dynamic Behavior and Mode 
Transition Strategy for Oxy-fuel Combustion Systems. In Zhen, C. & Liu, Z. (Eds.).  
Oxy-fuel Combustion. Academic Press. 384p. 

Joronen, T., Kerschbaum, R. (2008). Advanced controls – fuzzy logic for fluidized bed boiler. 
AT&P Journal, 2008. 

Joronen, T., Kovács, J. & Majanne, Y. (Eds.) (2007). Voimalaitosautomaatio. Suomen 
Automaatioseura ry. SAS julkaisusarja nro 33. 276p. 

Kanniche, M., Gros-Bonnivard, R., Jaud, P., Valle-Macros, J., Amann, J.-M. & Bouallou, C. 
(2010). Pre-combustion, post-combustion and oxy-combustion in thermal power plant 
for CO2 capture. Applied Thermal Engineering, 30, 53-62. 

Karppanen, E. (2000). Advanced control of an industrial circulating fluidized bed boiler 
using fuzzy logic. Doctoral dissertation, University of Oulu, Finland. Acta Universitatis 
Ouluensis C. 

Klefenz, G. (1986). Automatic Control of Steam Power Plants. 3.ed. Zürich: 
Bibliographisches Institut. 248p. 

Kohonen, T. (2001). Self-Organizing Maps. 3.ed. Berlin, Germany: Springer Verlag. 
Koiwanit, J., Manuilova, A., Chan, C., Wilson, M. & Tontiwachwuthikul, P. (2014). A life 

cycle assessment study of a hypothetical Canadian oxy-fuel combustion carbon dioxide 
capture process. International Journal of Greenhouse Gas Control, 28, 257–274. 

Kotowicz, J. & Balicki, A. (2014). Enhancing the overall efficiency of a lignite-fired oxyfuel 
power plant with CFB boiler and membrane-based air separation unit. Energy 
Conversion and Management, 80, 20–31. 



102 

Krzywanski, J., Czakiert, T., Blaszczuk, A., Rajczyk, R., Muskala, W. & Nowak W. (2015). 
A generalized model of SO2 emissions from large- and small-scale CFB boilers by 
artificial neural network approach: Part 1. The mathematical model of SO2 emissions 
in air-firing, oxygen-enriched and oxycombustion CFB conditions. Fuel Processing 
Technology, 137, 66–74. 

Krzywanski, J. & Nowak, W. (2017). Neurocomputing approach for the prediction of NOx 
emissions from CFBC in air-fired and oxygen-enriched atmospheres. Journal of Power 
Technologies, 97(2), 75–84. 

Kuivalainen, R., Eriksson, T., Hotta, A., Sánchez-Biezma Sacristán A., Martínez Jubitero J., 
Carlos Ballesteros J., … Symonds R. (2010). Development and Demonstration of Oxy-
fuel CFB Technology. In Proceedings of the 35th International Technical Conference 
on Clean Coal & Fuel Systems, Clearwater, Florida, USA, June 6–11, 2010. 

Kujanpää, L. & Pursiheimo, E. (2017). Techno-economic Evaluation of Flexible CCS 
Concepts in a CHP System. Energy Procedia, 114, 6638–6649. 

Kunii, D. & Levenspiel, O. (1991). Fluidization Engineering. 2.ed. Boston, Massachusetts: 
Butterworth-Heinemann cop. 491p. 

Larsson, T. & Skogestad, S. (2000). Plantwide control – a review and a new design 
procedure. Modelling, Identification and Control, 21(4), 209–240. 

Larsson, T., Hestetun, K., Hovland, E. & Skogestad, S. (2001). Self-optimizing control of a 
large-scale plant: The Tennessee Eastman Process. Industrial & Engineering Chemistry 
Research, 40, 4889–4901. 

Lappalainen, J., Tourunen, A., Mikkonen, H., Hänninen, M. & Kovács, J. (2014). Modelling 
and dynamic simulation of a supercritical oxy combustion circulating fluidized bed 
power plant concept – Firing mode switch case. International Journal of Greenhouse 
Gas Control, 28, 11–24. 

Leckner, B. (1998). Fluidized Bed Combustion: Mixing and Pollutant Limitation. Progress 
in Energy and Combustion Science, 24, 31–61. 

Leckner, B. & Gómez-Barea, A. (2014). Oxy-fuel combustion in circulating fluidized bed 
boilers. Applied Energy, 125, 308–318. 

Leung, D.Y.C., Caramanna, G. & Maroto-Valer, M.M. (2014). An overview of current status 
of carbon dioxide capture and storage technologies. Renewable and Sustainable Energy 
Reviews, 39, 426–443. 

Leuschke, F., Heiermann, G. & Becker, T. (2017). 40 years of circulating fluidized bed (CFB) 
power plant technology – A review of the history, present status and future potential of 
the application of an innovative and successful combustion technology. In Proceedings 
of POWER-GEN India 2017. 

Lipponen, J., McCulloch, S., Keeling, S., Stanley, T., Berghout, N. & Berly, T. (2017). The 
politics of large-scale CCS deployment. Energy Procedia, 114, 7581–7595. 

Luo, W., Wang, Q., Guo, J., Liu, Z. & Zheng, C. (2015). Exergy-based control strategy 
selection for flue gas recycle in oxy-fuel combustion plant. Fuel 161, 87–96. 

Lupion, M., Navarrete, B., Otero, P. & Cortés, V.J. (2011). Experimental Programme in 
CIUDEN’s CO2 capture technology development plant for power generation. Chemical 
Engineering Research and Design, 89, 1494–1500. 



103 

Lupion, M., Alvarez, I., Otero, P., Kuivalainen, R., Lantto, J., Hotta, A. & Hack, H. (2013) 
30 MWth CIUDEN oxy-CFB boiler - first experiences. Energy Procedia 37, 6179–6188. 

Luyben, M., Tyreys, B. & Luyben, W. (1997). Plantwide control design procedure. AIChE 
Journal 43(12), 3161–3174. 

Luyben, W., Tyreys, B. & Luyben, M. (1999). Plantwide Process Control. New York: 
McGraw-Hill. 

Mac Dowell, N., Florin, N., Buchard, A., Hallett, J., Galindo, A., Jackson, G., … Fennell, P. 
(2010). An overview of CO2 capture technologies. Energy & Environmental Science, 3, 
1645–1669. 

McDonald, D. & Zadiraka, A. (2007). Control of pulverized coal oxy-combustion systems. 
In Proceedings of Power - 17th annual ISA power industry division and EPRI controls 
and instrumentation conference, Pittsburgh, USA, June 10–15, 2007. 

Mikkonen, H., Lappalainen, J., Pikkarainen, T. & Kuivalainen, R. (2017). Energy Procedia, 
114, 561–572. 

Minasidis, V., Skogestad, S. & Kaistha, N. (2015). Simple Rules for Economic Plantwide 
Control. Computer Aided Chemical Engineering, 37, 101–108. 

MIT (2016). Carbon Capture and Sequestration Project Database. Frozen September 2016. 
Retrieved from: https://sequestration.mit.edu/tools/projects/index.html 

Morari, M., Arkun, Y. & Stephanopoulos, G. (1980) Studies in the synthesis of control of 
control structures for chemical processes. AIChE Journal, 26 (2), 220−260. 

Morilla, F. (2011). Benchmark for PID control based on the Boiler Control Problem. 
Documentation and Matlab files. Available online: 
http://www.dia.uned.es/~fmorilla/benchmarkPID2012/ 

Myöhänen, K. (2011). Modelling of combustion and sorbent reactions in three-dimensional 
flow environment of a circulating fluidized bed furnace. Doctoral dissertation, 
University of Lappeenranta, Finland. Acta Universitatis Lappeenrantaensis 449. 

Myöhänen K., Hyppänen T., Pikkarainen T., Eriksson T. & Hotta A. (2009) Near zero CO2 
emissions in coal firing with oxy-fuel circulating fluidized bed boiler. Chemical 
Engineering Technology, 32, 355–363. 

Myöhänen, K. & Hyppänen T. (2011). A Three-Dimensional Model Frame for Modelling 
Combustion and Gasification in Circulating Fluidized Bed Furnaces. International 
Journal of Chemical Reactor Engineering, 9(1). 

Myöhänen, K., Diego, R., Kuivalainen, R. & Hyppänen, T. (2017). Modelling supported 
development of oxy-CFB combustion. Energy Procedia 114, 589–599. 

Ng, C. & Stephanopoulos, G. (1998). Plant-wide Control Structures and Strategies. In IFAC 
Proceedings Volumes, 31(11), 1–16. 

Nicol, K. (2013). Status of advanced ultra-supercritical pulverised coal technology. IEA 
Clean Coal Centre, December 2013. Retrieved from: 
https://www.usea.org/sites/default/files/122013_Status%20of%20advanced%20ultra-
supercritical%20pulverised%20coal%20technology_ccc229.pdf 

Niva, L. & Yli-Korpela, A. (2012). Control of a Benchmark Boiler Process with DMC and 
QDMC. In Proceedings of IFAC 8th Power Plant and Power System Control 
Symposium, Toulouse, France, September 2–5, 2012.      



104 

Nsakala, ya N., Liljedahl G.N., Maion J., Levasseur A.A., Turek D., Chamberland R., … 
Cohen, K. (2004). Oxygen-fired circulating fluidized bed boilers for greenhouse gas 
emissions control and other applications. In Proceedings of 3rd Annual Conference on 
Carbon Capture and Sequestration, Alexandria, USA, May 3–6, 2004. 

Nsakala, ya N., Liljedahl, G.N. & Turek, D.G. (2007). Pilot Scale Testing and Design Study 
of an Existing CFB Retrofit to Oxygen Firing and CO2 Capture. Final report for US 
DOE. Retrieved from: https://digital.library.unt.edu/ark:/67531/metadc900723/m2/1/ 
high_res_d/923035.pdf 

Nuortimo, K., Eriksson, T., Kuivalainen, R., Härkönen, J., Haapasalo, H. & Hyppänen, T. 
(2018). Tackling boundaries of CCS in market deployment of second-generation oxy-
fuel technology. Clean Energy, 1–10. DOI: 10.1093/ce/zky002 

Panahi, M., Karimi, M., Skogestad, S., Hillestad, M. & Svensen, H. F. (2010). Self-
optimizing and control structure design for a CO2 capturing plant. In Proceedings of 2nd 
Annual Gas Processing Symposium. 

Perrin, N., Dubettier, R., Lockwood, F., Tranier, J.-P., Bourhy-Weber, C. & Terrien, P. 
(2015). Oxycombustion for coal power plants: Advantages, solutions and projects. 
Applied Thermal Engineering (74), 75–82. 

Rahiala, S., Myöhänen, K., Hyppänen, T. (2014). Modeling the behavior of limestone 
particles in oxy-fuel CFB processes. Fuel, 127, 141–150. 

Reh, L., Hirsch, M. & Plass, L. (1977). US patent 4,111,158: Method of an apparatus for 
carrying out an exothermic process. Filed May 1977. 

Ritvanen, J., Kovács, J., Salo, M., Hultgren, M., Tourunen, A. & Hyppänen, T. (2012). 1-D 
dynamic simulation study of oxygen fired coal combustion in pilot and large scale CFB 
boilers. In Proceedings of the 21st International Conference on Fluidized Bed 
Combustion 2012 (1), 72–79. 

Santoianni, D. (2015). Setting the Benchmark: The World's Most Efficient Coal-Fired Power 
Plants. Cornerstone magazine, 3(1) 2015. Retrieved from: 
http://cornerstonemag.net/setting-the-benchmark-the-worlds-most-efficient-coal-fired-
power-plants/ 

Scheffknecht, G., Al-Makhadmeh, L., Schnell, U. & Maier, J. (2011). Oxy-fuel coal 
combustion - a review of the current state-of-the-art. International Journal on 
Greenhouse Gas Control, 7 (5 S1), S16–S35. 

Seddighi Khavidak, S., Pallarès, D., Normann, F., Johnsson, F. & Ylä-Outinen, V. (2015) 
Heat transfer in a 4-MWth circulating fluidized bed furnace operated under oxy-fired 
and air-fired conditions: Modeling and measurements. International Journal of 
Greenhouse Gas Control, 37, 263–273. 

Skogestad, S. (2000). Plantwide control: the search for the self-optimizing control structure. 
Journal of Process Control, 10, 487–507. 

Skogestad, S. (2004a). Control structure design for complete chemical plants. Computers 
and Chemical Engineering, 28, 219–234. 

Skogestad, S. (2004b). Near-optimal operation by self-optimizing control: from process 
control to marathon running and business systems. Computers and Chemical 
Engineering, 29, 127–137. 



105 

Skogestad, S. (2012). Economic plantwide control. In Rangaiah, G.P. & Kariwala, V. (Eds.). 
Plantwide Control. Recent developments and applications. John Wiley & Sons Ltd. 

Skogestad, S. (2015). Control structure selection. In Baillieul, J. & Samad, T. (Eds.). 
Encyclopedia of Systems and Control. Springer-Verlag. 1554p. 

Smith, A.R. & Klosek, J. (2001). A review of air separation technologies and their 
integration with energy conversion processes. Fuel Processing Technology, 70, 115–
134. 

Stadler, H., Beggel, F., Habermehl, M., Persighel, B., Kneer, R., Modigell, M. & Jeschke, P. 
(2011). Oxyfuel coal combustion by efficient integration of oxygen transport 
membranes. International Journal of Greenhouse Gas Control, 5(1), 7–15. 

Stanger, R., Wall, T., Spörl, R., Paneru, M., Grathwohl, S., Weidmann, M., … Santos, S. 
(2015). Oxyfuel combustion for CO2 capture in power plants. International Journal of 
Greenhouse Gas Control, 40, 55–125. 

Statistics Finland (2018a). Statistics: Energy. Retrieved from: 
http://tilastokeskus.fi/til/ene.html 

Statistics Finland (2018b). Fuel classification 2018. Retrieved from:  
https://www.stat.fi/tup/khkinv/khkaasut_polttoaineluokitus.html 

Steinberger, J., van Niel, J. & Bourg, D. (2009). Profiting from negawatts: Reducing 
absolute consumption and emissions through a performance-based energy economy. 
Energy Policy, 37, 361–370. 

Stephanopoulos, G. (1983). Synthesis of control systems for chemical plants—a challenge 
for creativity. Computers & Chemical Engineering, 7(4), 331–365. 

Stephanopoulos, G. & Ng, C. (2000) Perspectives on the synthesis of plant-wide control 
structures. Journal of Process Control, 10, 97–111. 

Stewart, M., Symonds, R., Manovic, V., Macchi, A. & Anthony, E.J. (2012). Effects of 
steam on the sulfation of limestone and NOx formation in an air- and oxy-fired pilot-
scale circulating fluidized bed combustor. Fuel, 92, 107–115. 

Sumitomo SHI FW Energia Oy (2018). Company webpage. Accessed February 2018. 
Retrieved from: http://shi-fw.com/wp-content/uploads/2017/06/Factsheet_Lagisza.pdf 
and http://archive.amecfw.com/file.axd?pointerID=55a7ba4f8b0c1e0e04f12050 

Suraniti, S.L., Nsakala, ya N. & Darling, S.L. (2009). Alstom oxyfuel CFB boilers: a 
promising option for CO2 capture. Energy Procedia, 1, 543–548. 

Toftegaard, M.B., Brix, J., Jensen, P.A., Glarborg, P. & Jensen, A.D. (2010). Oxy-fuel 
combustion of solid fuels. Progress in Energy and Combustion Science, 36, 581-625. 

Tourunen A. (2010) A Study of Combustion Phenomena in Circulating Fluidized Beds by 
Developing and Applying Experimental and Modelling Methods for Laboratory-Scale 
Reactors. Doctoral dissertation, Lappeenranta Technical University, Finland. Acta 
Universitatis Lappeenrantaensis 419. 

UNFCCC (2018). United Nations Framework Convention for Climate Change. Retrieved 
from: http://unfccc.int/ 

Varonen M. (2011). 4 MWth Oxy-CFB Test Runs. In Proceedings of 63rd IEA FBC meeting, 
Ponferrada, Spain, November 29–30, 2011. 



106 

Varonen M., Hyytiäinen I., Palonen M. & Ylä-Outinen V. (2012). Results of Oxyfuel 
Combustion Tests in a 4 MWth CFB Pilot Boiler. In Proceedings of the 21st 
International Conference on Fluidized Beds (325–331), Naples, Italy, June 3–6, 2012. 

Vasudevan, S., Konda, N.V.S.N.M. & Rangaiah, P. (2009). Plant-Wide Control: 
Methodologies and Applications. Reviews in Chemical Engineering, 25 (5–6), 297–337.  

VTT (2013). EU FP7 FlexiBurnCFB. Development of High Efficiency CFB Technology to 
Provide Flexible Air/Oxy Operation for Power Plant with CCS. WP4: Boiler design and 
performance. Presentation in 2nd Project Workshop, Ponferrada, Spain, February 6, 
2013. Retrieved from: 

 https://www.vtt.fi/files/sites/flexiburncfb/workshop2013/WP4_WS_II.pdf 
Wagman, D. (2017). The Three Factors That Doomed Kemper County IGCC. IEEE 

Spectrum, June 30, 2017. Retrieved from: 
https://spectrum.ieee.org/energywise/energy/fossil-fuels/the-three-factors-that-
doomed-kemper-county-igcc 

van de Wal, M. & de Jager, B. (2001). A review of methods for input/output selection. 
Automatica, 37(4), 487–510. 

Wall, T., Liu, Y., Spero, C., Elliott, L., Khare, S., Rathnam, R., … Yu, J. (2009) An overview 
on oxyfuel coal combustion - State of the art research and technology development. 
Chemical Engineering Research and Design 87 (8), 1003–1016. 

Wall, T., Stanger, R. & Santos, S. (2011). Demonstrations of coal-fired oxy-fuel technology 
for carbon capture and storage and issues with commercial deployment. International 
Journal of Greenhouse Gas Control 5S, S5–S15. 

Wang, C., Berry, G., Chang, K. & Wolsky, A. (1988). Combustion of pulverized coal using 
waste carbon dioxide and oxygen. Combustion and Flame, 72, 301–310. 

Weng, M., Günther, K. & Kather, A. (2013). Flue Gas Concentrations and Efficiencies of a 
Coal-fired Oxyfuel Power Plant with Circulating Fluidised Bed Combustion. Energy 
Procedia, 37, 1480–1489. 

Wu, X., Shen, J., Li, Y. & Lee, K.Y. (2015). Steam power plant configuration, design, and 
control. Wiley Interdisciplinary Reviews: Energy and Environment, 4(6), 537–563. doi: 
10.1002/wene.161 

Zheng, L. (2011). Overview of oxy-fuel combustion technology for CO2 capture. In Zheng, 
L. (ed.). Oxy-Fuel Combustion for Power Generation and Carbon Dioxide (CO2) 
Capture (1–13). Woodhead Publishing Series in Energy. 

  



107 

Original publications 
I  Lohiniva, L. & Leppäkoski, K. (2011). Tentative dependence analysis of process 

variables in a circulating fluidized bed boiler. In M. H. Hamza (Ed.), Proceedings of the 
31st IASTED International Conference on Modelling, Identification, and Control (pp. 
105–109). Innsbruck, Austria: Acta Press. https://doi.org/10.2316/P.2011.718-094 

II  Niva, L., Ikonen, E. & Kovács, J. (2015). Plant-wide control approach in a pilot CFB 
boiler. In Proceedings of the 2015 IEEE International Conference on Industrial 
Technology (ICIT) (pp. 411–416). Sevilla, Spain: IEEE. 
https://doi.org/10.1109/icit.2015.7125133 

III  Niva, L., Ikonen, E. & Kovács, J. (2015). Self-optimizing control structure design in 
oxy-fuel circulating fluidized bed combustion. International Journal of Greenhouse 
Gas Control, 43, 93–107. https://doi.org/10.1016/j.ijggc.2015.10.012 

IV  Niva, L., Hultgren, M., Ikonen, E. & Kovács, J. (2017). Control structure design for 
oxy-fired circulating fluidized bed boilers using self-optimizing control and partial 
relative gain analyses. IFAC-PapersOnLine, 50, 2023-2030. 
https://doi.org/10.1016/j.ifacol.2017.08.199. 

V  Niva, L., Hultgren, M., Ikonen, E. & Kovács, J. (2018). Self-Optimizing Control and 
Partial Relative Gain Analyses for Oxy-Fired Circulating Fluidized Bed Hotloop 
Control. Manuscript submitted for publication. 

Reprinted with permission from IASTED (I), IEEE (II), Elsevier (III, V), and IFAC 

(IV). 

Original publications are not included in the electronic version of the dissertation.  
  



108 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  C  T E C H N I C A

674. Isokangas, Elina (2018) Quantifying the groundwater dependence of boreal
ecosystems using environmental tracers

675. Tervasmäki, Petri (2018) Reaction and mass transfer kinetics in multiphase
bioreactors : experimental and modelling studies

676. Leinonen, Markus (2018) Distributed compressed data gathering in wireless
sensor networks

677. He, Jiguang (2018) Performance of MIMO and non-orthogonal transmission in
lossy forward relay networks

678. Matinmikko-Blue, Marja (2018) Stakeholder analysis for the development of
sharing-based spectrum governance models for mobile communications

679. Paaso, Henna (2018) Direction of arrival estimation algorithms for leaky-wave
antennas and antenna arrays

680. Pap, Nora (2018) Value-added processing of blackcurrants : Use of membrane
technologies for clarification and concentration of blackcurrant juice and
extraction of anthocyanins from blackcurrant marc

681. Tolvanen, Jarkko (2018) Novel sensor and switch applications for flexible and
stretchable electronic materials

682. Alatarvas, Tuomas (2018) Evolution of inclusion population in calcium treated
ultra-high strength steels : Novel applications of sample data treatment

683. Tomperi, Jani (2018) Predicting the treated wastewater quality utilizing optical
monitoring of the activated sludge process

684. Fazel Modares, Nasim (2018) The role of climate and land use change in Lake
Urmia desiccation

685. Kärnä, Aki (2018) Modelling of supersonic top lance and the heat-up stage of the
CAS-OB process

686. Silvola, Risto (2018) One product data for integrated business processes

687. Hildebrandt, Nils Christoph (2018) Paper-based composites via the partial
dissolution route with NaOH/urea

688. El Assal, Zouhair (2018) Synthesis and characterization of catalysts for the total
oxidation of chlorinated volatile organic compounds

689. Akanegbu, Justice Orazulukwe (2018) Development of a precipitation index-
based conceptual model to overcome sparse data barriers in runoff prediction in
a cold climate

C690etukansi.kesken.fm  Page 2  Thursday, November 1, 2018  10:20 AM



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-2129-8 (Paperback)
ISBN 978-952-62-2130-4 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2018

C 690

Laura Niva

SELF-OPTIMIZING CONTROL 
OF OXY-COMBUSTION IN 
CIRCULATING FLUIDIZED 
BED BOILERS

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, 
FACULTY OF TECHNOLOGY

C
 690

AC
TA

Laura N
iva

C690etukansi.kesken.fm  Page 1  Thursday, November 1, 2018  10:20 AM


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations and nomenclature
	List of original publications
	Table of contents
	1 Introduction
	1.1 Background
	1.2 Objectives and scope
	1.3 Contribution of this thesis

	2 CO2 mitigation in power plants
	2.1 Technological options for reducing net CO2 emissions
	2.2 Carbon capture and storage – CCS
	2.2.1 Capture technologies
	2.2.2 Transport and storage/utilization
	2.2.3 Status of CCS in power plants


	3 Air- and Oxy-combustion in CFB
	3.1 Fluidized bed combustion
	3.2 CFB process
	3.3 Advantages of CFB combustion
	3.4 CFB operation and control
	3.5 Oxy-combustion in CFB
	3.5.1 Oxy-combustion as CCS technology
	3.5.2 1G and 2G oxy-CFB
	3.5.3 Effects of oxy-combustion in CFB

	3.6 Operation and control of oxy-CFB
	3.6.1 Oxidant control
	3.6.2 Significance of flue gas O2 control
	3.6.3 Mode switching


	4 Control structure design
	4.1 Plantwide control
	4.2 Self-optimizing control (SOC)
	4.2.1 Role of SOC in control structure design
	4.2.2 Self-optimizing controlled variables
	4.2.3 Direct loss evaluation method
	4.2.4 Bottom-up design


	5 Control structure design in CFB
	5.1 Application: pilot scale CFB hotloop model
	5.2 Control objectives: cost function
	5.3 Constraints
	5.4 Degrees of freedom and manipulated variables
	5.5 Controlled variables
	5.6 Disturbances
	5.7 Brute force approach
	5.8 Displaying results
	5.9 Self-optimizing control in an air-CFB combustor
	5.10 Self-optimizing control in an oxy-CFB combustor
	5.11 From top-down analysis to bottom-up design

	6 Discussion and further topics
	7 Summary and conclusions
	References
	Original publications



